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Foreword

First of all, I would like to share the great pleasure of the successful five-day symposium with
every participant in the 5th Iketani Conference which was held in Kagoshima from April 18
(Tuesday) to 22 (Saturday), 1995.

Outstanding speakers enthusiastically presented thelr up- to the-minute results. Relatively
little time was allotted for each presentation to ensure as;much time as possible for intensive
discussions on the particular topics that had just been presented. I was delighted to see that
the lectures were of high quality, and the discussions were lively, exciting, and productive in
a congenial atmosphere. We also had 92 papers in the poster session, in which young (and
relatively young) scientists made every effort to present the novel results of their research in
advanced biomaterials and drug delivery systems (DDS). I believe some of the research is
most promising and will become noteworthy in the twenty-first century.

It was a privilege for me to deliver a lecture at the special session of the symposium. In my
introductory remarks, I pointed out five key terms in multifaceted biomaterials research:
materials design, concept or methodology, devices, properties demanded, and fundamentals.
I am confident that innovative progress in device manufacturing for end-use, e.g., artificial
organs, vascular grafts, and DDS, can be brought about only through properly designed
advanced materials that exhibit the desired functionality at the interface with any living body.
Fundamentals must be studied to elucidate the structure-property relationship in the nature
of the interaction of materials with biological elements from the standpoint of molecular and
cellular levels. Indeed, this was a guiding principle all through the sessions of the 5th Iketani
Conference.

The three days of sessions were most pleasurable ones for me. A number of innovative
devices were reported on the basis of a new concept or methodology. These devices will no
doubt enhance the quality of human life enormously. There were also several outstanding
studies on fundamentals, which, I believe, are now exploring new frontiers of basic science.
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VI

Thus, I regard this international symposium as a significant milestone which will surely open
for us a new age of science and technology of advanced biomaterials and DDS.

At this time, let me advise young scientists to respect fundamentals and devote themselves
to achieving the best background possible in a particular field of basic science. Innovative
progress in interdisciplinarily cooperative sciences can be achieved only by cooperation
between scientists of different fields when all of them are top-rank specialists in basic science.

This book is an official record of all the papers presented at the three days of sessions of the
5th Iketani Conference. The pleasure I felt at the conference is doubled by this publication,
because it will convey exactly to colleagues throughout the world the essence of the presen-
tations and discussions at this milestone symposium.

I would like to take this opportunity to express my heartfelt gratitude to Professor Naoya
Ogata and every member of the Triangle Research Collaboration for their enthusiastic efforts
to organize this superb international symposium. I also express most sincere apprectiation to
the Iketani Science and Technology Foundation for their generous financial support to the
symposium.

The distinguished contributions of Kagoshima University are highly appreciated. Espe-
cially, the Inamori Auditorium provided us a marvelous space and setting for the sympo-
sium. Finally, I extend my hearty thanks to all the participants, who found time in their busy
schedule to come and join this symposium to celebrate my 75th birthday.

2.4

Teiji Tsuruta, Ph.D.
Professor, Science University of Tokyo
Professor Emeritus, University of Tokyo



Preface

The 5th Iketani Conference on Biomedical Polymers was held at the Inamori Hall of
Kagoshima University from April 18 to 22, 1995. This international conference focused on
advanced biomaterials in biomedical engineering and drug delivery systems and was in
honor of Professor Teiji Tsuruta’s 75th birthday.

Synthetic polymers have been developed mainly as structural materials such as
fibers, films, or plastics since their production began on a large scale as Nylon in
1938. However, other new applications of polymers have been developed since 1980 in
terms of high value added materials. Biomedical polymers and drug delivery systems
have been developed as intelligent applications of polymeric materials. Such intel-
ligent polymers as biocompatible or stimuli-responsive polymers opened new areas of
application. Since 1980, many international conferences on multifunctional polymers have
been held in various parts of the world. This conference, however, had a slightly different
flavor.

The 5th Iketani Conference was to promote and stimulate the progress of biomedical
polymers. The focus was on biomedical engineering and drug delivery systems, which have
been moving toward great contributions in the fields of artificial organs and human health
care.

Animals or plants are composed mainly of proteins or cellulose, called natural polymers in
contrast to synthetic polymers. Both natural and synthetic polymers belong to the same
category in terms of macromolecules, but synthetic polymers are generally considered envi-
ronmentally nonadaptive materials. Recent developments in molecular design have led to
more sophisticated and intelligent polymers, especially in biomedical applications of syn-
thetic polymers. This international conference was organized around the concept of making
more intelligent approaches through good molecular design to match synthetic polymers
with natural polymers.

The conference was also organized in honor of Professor Teiji Tsuruta on his 75th birth-
day. Professor Tsuruta is one of the pioneers in the field of biomedical polymers and has
promoted research on biomedical polymers since 1970, following his marvelous work on
anionic polymerizations, especially the asymmetric polymerization of propyleneoxide. The
organizing committee wanted to celebrate his 75th birthday at this meeting to promote
further progress on biomedical polymers and to motivate and encourage young research
scientists.

Kagoshima is located in the southern part of Japan. Some people in Kagoshima say their
city is located at the heart of Japan. Modern Japan began in Kagoshima when the Meiji
Restoration, the Japanese revolution of 1868, opened a new era and brought an end to the old
feudal age. The energy of the fresh, young samurai of Kagoshima was able to destroy the old
Tokugawa clan and open a new era for Japan. We believed that Kagoshima was an ideal place
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to ferment a revolution in biomedical polymers, and the organizing committee decided on
Kagoshima as the conference site.

This 5th Iketani Conference attracted about 250 scientists from 11 countries and included
40 invited speakers and 92 poster papers. All participants made a lasting impression at the
conference. We believe the conference made a great contribution to progress in biomedical
polymers worldwide. We note that many poster contributors presented their excellent papers
in the poster session and two young scientists, Dr. Yasuo Suda of Osaka University and Mr.
Yuzo Kaneko of Waseda University, received the Triangle Research Collaboration Award for
their outstanding presentation. Finally, we would like to achnowledge the Iketani Science and
Technology Foundation for their full support of the conference. Without their support our
goal could not have been achieved. Many thanks are also due to the members of the Organ-
izing Committee, to Dr. A. Kikuchi, Tokyo Women’s Medical College, and Dr. T. Aoki, Sophia
University, and to the secretaries who made the conference a success.

Naoya Ogata
Sung Wan Kim
Jan Feijen
Teruo Okano
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Memories of the lketani Conference

1. Special Lecture by Professor
Teiji Tsuruta

Prof. Teiji Tsuruta delivered his special lec-
ture, titled “New Polymeric Materials Design
for Biomedical Applications,” on April 20,
1995. The lecture was concerned with the
syntheses of amino-containing polymers
and their biomedical applications, such as
cell separation, pH-responsive hydrogel sys-
tems, and gas separation membranes. The
work was carried out over the past two dec-
ades with his collaborators. Prof. Tsuruta’s
stimulating words encouraged all the par-
ticipants, especially younger scientists. After
the lecture, Dr. Sandrine A. Cammas of To-
kyo Women’s Medical College presented a
bouquet of beautiful flowers to Prof.
Tsuruta.

2. From the Banquet

1) A symposium banquet was held at the
Shiroyama Kanko Hotel on the evening of
April 20, 1995, with more than 200 partici-
pants. Prof. Naoya Ogata, Congress Chair-
man, presented an honorary plaque and a
gift of Satsuma Kiriko, famous glass art of
Kagoshima Prefecture, to Prof. Tsuruta.

2) Prof. Tsuruta awarded memorial plaques
to all invited speakers for their distinguished
contributions. Prof. James M. Anderson,
Case Western Reserve University, USA, re-
ceived his plaque from Prof. Tsuruta on be-
half of all invited speakers.
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3) Professor Allan S. Hoffman, University of Washington, USA, delivered a special address and toast at the banquet.
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CONTROLLED RELEASE SYSTEMS USING SWELLABLE RANDOM AND
BLOCK COPOLYMERS AND TERPOLYMERS

Nicholas A. Peppas*, Sarah Vakkalanka, Christopher S. Brazel, Amy S. Luttrell, and
Neena K. Mongia

Biomaterials and Drug Delivery Laboratories, School of Chemical Engineering, Purdue University,
West Lafayette, Indiana 47907-1283, USA

ABSTRACT

Recent advances on the use of N-isopropyl acrylamide-containing random and block copolymers and
terpolymers are presented. Such systems are shown to be dependent on temperature and pH (if
acrylic acid is an added comonomer). Their temperature-dependence is significantly increased in the
presence of block domains prepared by co- or terpolymerization. They are suited for release of
fibrinolytic enzymes and antithrombotic agents. Ultrapure poly(vinyl alcohol) gels are also studied
for release of ketansarin and related wound healing enhancers.

KEY WORDS: Swellable polymers, temperature-sensitive gels, pH-sensitive gels, epidermal
growth factors, fibrinolytic enzymes.

INTRODUCTION

Recent advances in the development of neutral and ionic swellable polymers have concentrated on
several aspects of their synthesis, characterization and behavior. Major questions that have been
addressed in recent work include:

- synthetic methods of preparation of hydrophilic polymers with desirable functional
groups;

- synthetic methods of preparation of multifunctional or multiarm structures including
branched or grafted copolymers and star polymers.;

- understanding of the criticality and the swelling/syneresis behavior of novel anionic or
cationic polymers;

- development of ultrapure polymers, such as crosslinker-free poly(vinyl alcohol) gels
produced by freezing-thawing of aqueous solutions;

- synthesis and characterization of biomimetic hydrogels;

- understanding of the relaxational behavior during dynamic swelling; and

- modeling of any associated dissolution or biodegradation.

CRITICAL BEHAVIOR OF NIPAAm-CONTAINING RANDOM AND BLOCK
COPOLYMERS

Hydrogels composed of lightly crosslinked N-isopropylacrylamide (NIPAAm) and methacrylic acid
(MAA) were synthesized and characterized for their sensitivity to external conditions and their ability
to control release of two antithrombotic agents, heparin and streptokinase. PNIPAAm is noted for
its sharp change in swelling behavior across the lower critical solubility temperatures of the polymer,
while PMAA shows pH-sensitive swelling due to ionization of the pendant carboxylic groups in the
polymer. Hydrogel copolymers of NIPAAm and MAA with appropriate composition were designed
to sense small changes in blood stream pH and temperature to deliver antithrombotic agents, such as
streptokinase or heparin, to the site of a blood clot.

Experiments were performed to show that hydrogels with certain compositions could show both
temperature- and pH- sensitivity, and that these changes could control release of heparin or
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streptokinase. Equilibrium and pulsatile swelling studies were performed on all polymers to
determine to what extent the hydrogels would respond to changes in environmental temperature and
pH, and how fast that response would be.

Synthesis of Temperature and pH-Sensitive, Swellable Co- and Terpolymers

NIPAAm (Eastman Kodak, Rochester, NY) was purified by recrystallization in benzene/hexane.
The polymers were synthesized either by free-radical copolymerization of MAA (Aldrich,
Milwaukee, WI) and NIPAAm, or by free radical terpolymerization of AA (Aldrich, Milwaukee,
WI), NIPAAm, and HEMA (Aldrich, Milwaukee, WI). The monomers were combined in various
molar ratios and ethylene glycol dimethacrylate (EGDMA) was added at 1 mol% of monomers to
form crosslinkd networks. When preparing the P(IMAA-co-NIPAAm) random copolymers (1),
deionized water and methanol were necessary to dissolve high concentrations of NIPAAm monomer.
A 50/50 mixture of the solvents was added in a total amount of 50 wt% of total monomers. 2,2'-
Azobis(isobutyronitrile) (AIBN) (Aldrich, Milwaukee, WI) at an amount of 1 wt% (of the total final
weight) was used as an initiator. Nitrogen was then bubbled through the mixture to remove
dissolved oxygen. The reacting mixture was then transferred to cylindrical polypropylene vials and

sealed, and reacted for a period of 24 hours at 50°C.

The random terpolymers could be prepared using only deionized water as a solvent. Water was
added at a total amount of 50 wt% (of the monomers-NIPAAm, AA, and HEMA). Ammonium
persulfate at 1 wt% (of the total weight-monomers, water, and EGDMA) and sodium metabisulfite at
1 wt% (of the total weight) were used as initiators. Nitrogen was bubbled through the mixture
following initiator addition and the contents were transferred to cylindrical polypropylene vials and

sealed. The terpolymerization was carried out in a 37°C constant temperature water bath. The

ensuing hydrogels were removed from the vials and allowed to dry at 25°C. When the cylindrical
samples became rigid, they were sliced into thin discs by the use of a diamond-blade rotary saw.

Block terpolymers consisting of NIPAAm, AA, and HEMA were prepared by a free radical
polymerization. NIPAAm at 10 mol% (of the total monomers-NIPAAm, AA, HEMA) was then
homopolymerized at room temperature in a beaker in deionized water, 1 mol% (of the total
monomers) ammonium persulfate, and 1 mol% sodium metabisulfite. This mixture was stirred for
approximately ten minutes, or until the viscosity increased slightly. In a separate beaker, 80 mol%
(of the total monomers) HEMA, 10 mole% (of the total monomers) AA, and 1 mole% (of the total
monomers) EGDMA were mixed and then added dropwise to the NIPAAm mixture. During this
addition, the reacting mixture was constantly stirred by a magnetic stir bar. Following the addition
of the monomers, the contents were immediately transferred to 10 mL polypropylene vials which

were sealed and allowed to react for 24 hours in a 37°C constant temperature water bath. The gels
were subsequently recovered and sliced into thin discs as above.

Thin discs (diameter of approximately 14 mm and a thickness of 0.8 mm) of the previously prepared

copolymers and terpolymers were dried to a constant weight in a vacuum oven at 37°C. They were
then placed in vials containing a pH=6 buffered solution and immersed in a water bath at 320-C for
at least three days in order to attain their corresponding equilibrium swollen state. The gel samples

(pH=6) were transferred to a pH=5 buffered solution at 37°C for 30 minutes and returned to the

pH=6 buffered solution at 32°C for 30 minutes. This pattern was repeated for several cycles. The
typical swelling behavior of a random terpolymer containing molar ratio of 10:10:80
NIPAAm:AA:HEMA is shown in Figure 1, as a function of oscillating pH from 5 to 6. The abrupt

swell/deswelling process is accompanied by significant changes in the swelling/deswelling rates
from 0.23 to 0.44 min-! .,

The very important temperature dependence of the same terpolymer, both in its random and block
form is shown in Figure 2 which shows that block terpolymers with just 10% NIPAAm behave in a
significantly different way. This is in agreement with the recent studies of Chen and Hoffman (2)
with grafted gels and Yoshida et al. (3) with comb-type gels.
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Antithrombotic Agent Release

Streptokinase (Calbiotech, La Jolla, CA) and heparin (Sigma, St. Louis, MO) loading and release
were carried out either by imbibition or by direct, low temperature co- or terpolymerization in
presence of th active agent. A typical release behavior for the same gel as before is shown in Figure

3 where instantaneous streptokinase release is placed in a pH=6 solution at 32°C, whereas the

release is significantly reduced when the same gel is place at pH=5 and 37°C. Yet the system is still
releasing streptokinase due to the hydrophilic, "neutral” HEMA component. It must be noted that all
these systems have significant bioadhesive behavior as tested by the classical tensiometric technique.
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Figure 3. Streptokinase Release under Conditions of Pulsatile Temperature and pH from Hydrogel
with a 10:10:80 NIPAAm:AA:HEMA Molar Ratio which was Loaded by Swelling in the Presence of

Drug.

ULTRAPURE POLY(VINYL ALCOHOL) GELS WITH MUCOADHESIVE
BEHAVIOR

Recent work on the use of ultrapure poly(vinyl alcohol) (PVA) gels has concentrated on their
application for epidermal growth factor release. Ultrapure hydrogels were prepared by exposing an
aqueous solution of 15 or 20 wt% PVA to repeated cycles of freezing for 6 or 12 hours at -20°C and

thawing for 2 hours at 25°C. The resulting gels are desirable in that the_y do not cgntain any
leachable toxic crosslinked agents. The properties of the PVA gels make them important biomaterials
for a variety of applications, including bioadhesive drug delivery systems.



The adhesive and surface characteristics of the PVA gels produced by the freezing/thawing technique
were examined using tensile techniques and contact angle measurements (Figure 4). As the number
of freezing/thawing cycles increased, the value of the work of adhesion decreased due to the increase
in the PV A sample degree of crystallinity. The PVA gels prepared from the 20 wt% solution that
were exposed to 2 cycles of freezing/thawing exhibited the greatest value of the work of adhesion.
Surface contact angle measurements of the PVA gel in contact with water were used to evaluate the
wettability of the PVA samples. The results showed that as the number of freezing/thawing cycles
was increased, there was a decrease in the contact angles. Therefore, increasing the crystallinity of
the PVA gel decreased the contact angle and increased the wettability of the PVA gels.

Work of Fracture (x 10°J)

Number of freezingthawing cycles

Figure 4. Work of fracture as a function of number of freezing/thawing cycles. PVA samples were

exposed to freezing followed by thawing for 2 hours. 15 wt% PVA, 6 hours freezing (O ); 15 wi%

}’VA, 12 hours freezing (D ); 20 wt% PVA, 6 hours freezing (@ ); 20 wt% PVA, 12 hours freezing
")

Crystallinity of these PVA gels was calculated using differential scanning calorimetry. Crystallinity
was determined by comparing the heat required to melt a PVA sample to the heat required to melt a
100% crystalline sample. The average degree of crystallinity of a PVA sample prepared from a 20
wt% solution that was exposed to 3 cycles of freezing/thawing was 8.7% on a dry basis.
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Figure 5. Fractional ketansarin release from a PVA sample prepared from a 20 wt% solution
exposed to 2 cycles of freezing for 12 hours followed by thawing for 2 hours.

Drug delivery studies were also conducted with ketansarin, a wound healing enhancer. Release
studies were conducted using PVA samples prepared from a 20 wt% solution that were exposed to 2
or 3 cycles of freezing for 12 hours followed by thawing for 2 hours (Figure 5). Results from the
release of the drug from the PVA sample exposed to 2 cycles showed that approximately 80% of the
ketansarin was released within 4 hours, with the majority being released within the first 100 minutes.
Ketansarin was released more slowly from the PVA gel that was exposed to 3 cycles, with only
approximately 70% of the drug being released within the first 4 hours. Overall, approximately the
same fraction of ketansarin was released from both of the PVA gels.
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POLYMER GEL-A NEW TYPE OF SOFT ENERGY TRANSDUCER

Yoshihito Osada and Jianping Gong

Division of Biological Sciences, Graduate School of Science,
Hokkaido University, Sapporo 060, Japan

Summary

The cooperative binding of a linear as well as a cross-linked polyelectrolyte
with an oppositely charged surfactant has been theoretically analyzed. The
hydrophobic interaction has been treated using the nearest neighbor interaction
model, while the electrostatic interaction has been calculated using the rod-like
model. The general formulas derived on the basis of the free energy minimum
principle predicted that the cross-linkage enhances the initiation process but
strongly suppresses the cooperativity due to the osmotic pressure in the network
domain. The theoretical results showed fairly good agreement with the
experimental data, confirming the essential features of the theory.

Key words: Gel, polyelectrolyte, cooperativity, electrostatic interaction,
hydrophobic interaction

Introduction

Biological materials are usually composed of soft and wet materials in the
body. This is in contrast with most of industrial materials such as metal, ceramics
and plastics that are dry and hard. Thus, arises the problem of how to design a
mobile machine using soft and wet materials, or how to afford the soft material to
make shape changes or to generate tensile stresses that can lead to motility without
the requirement of a rigid structure. One should notice that there are suitable
materials which largely satisfy these requirement. They are wet and soft and look
like a solid material but are capable of undergoing large deformation. That is the
polymer gel.

The system which undergoes shape change and produce contractile force in
response to environmental stimuli is called a "chemomechanical system". This
system can transform chemical free energy directly into mechanical work to give
isothermal energy conversion and this can be seen in living organisms, for example,
in muscle, flagella and in ciliary movement. Synthetic polymer network, "gel", is
the only artificial system able to convert chemical energy directly into mechanical
work. Gels are soft with respect to their environments. Machines made of metal or
silicon operates as closed systems. They do not adapt to changes in their operating
conditions unless a separate sensor system or a human operator is at the controls.
Gels, in contrast, are thermodynamically "open": they exchange chemicals with the
solvent surrounding them and alter their molecular state in the process of
accomplishing work. Such materials could be used wherever power for more
conventional devices is limited or difficult to obtain: underwater, in space or in the
human body.



We have recently developed a new type of electrically-driven
chemomechanical system which shows quick responses with worm-like motility.
The principle of motility of this system is based upon an electrokinetic molecular
assembly reaction of surfactant molecules on the hydrogel caused by both
electrostatic and hydrophobic interactions. We have made a comparative study on
the surfactant binding with oppositely charged linear and network polymers1»2 and
found that the cross-linkage enhances the initiation process but strongly suppresses
the cooperativity due to the osmotic pressure in the network domain.

Theory

We consider the electrostatic interaction between a solubilized linear
polyelectrolyte with negative charges and positively charged surfactants capable of
forming micellar-like complexes. The free energy of the system, F, can be written
as a sum of three terms

F=Fint + Fmobile + Fcomp m

where Fint is the free energy of the volume interaction of monomer links, Fmobile
the free energy of motion of micro ions in the solution, Fcomp the free energy of
surfactants bound with polyions. We denote AF, as the free energy change due to
the electrostatic binding, which equals the electrostatic potential energy on the
surface of the macroion, and AF), as that through the hydrophobic interaction. For
simplification, we supposed that AF. does not change with respect to the progress of
binding. AFy, depends on the chemical structure of the surfactant, particularly on
the size of alkyl chains. If we take account of the nearest neighbor interaction
between surfactant molecules, the binding of surfactant should occur in a
continuous sequence but not in a random distribution along the polymer chain.

The equilibrium value of {3, which is the ratio of the molar number of bound
surfactants to the total monomeric units, can be determined by minimization of the

total free energy of the system gg =0. Thus, we have

/ AFp
4B(1- —H-1]+1 +2p -1
InClv, = LFC}:WTAF“ -1 +1In \/ PAPARPC ) hot )

| 4BA-Pexp-3ER 1141 + 128

where Cf is the equilibrated molar concentration of surfactant in the polymer
solution. The second term of the above equation is a transition function that
becomes steeper with an increase in the value of AFy,.

Eq.2 indicates that the binding isotherm of the surfactant onto the linear
polyelectrolyte consists of two terms: the first term characterizes the transition
concentration (initiation process) and the second term characterizes the steepness of
the transition (cooperative process). The initiation process of the binding is
determined not only by the electrostatic interaction, but also by the hydrophobic
interaction, while the cooperative process of the binding is determined only by the
hydrophobic interaction, which is obtained from the slope of the binding curve at
B=0.5. If we denote the cooperativity parameter u and the initiation constant K as

(ﬂn,cis)) =4 3)

dp “p=os VU
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and

(é’ B=0.5 ~Hon @
we have u=exp(- %I%:I): 5)
and Ko=eveexp(- vae) 6)

Thus, the slope of the isotherm curve increases exponentially with an increase in
AFy. It is clear that K( characterizes the electrostatic interaction of the surfactant
with the polyelectrolyte that corresponds to the binding constant of the surfactant
molecule to sit to an isolated binding site on a polymer. u characterizes the
aggregation process of surfactant molecules already bound to the polyelectrolyte.
Since AFy<0 for the hydrophobic interaction, u>1 when the hydrophobic
interaction contributes to the binding. For the case of binding through a simple salt
formation, AF,=0 and u=1.

In the case of a cross-linked polyelectrolyte immersed in an oppositely charged
surfactant solution, the free energy of the system, F, is the sum of the free energy
of the outer solution, Fs, and the free energy of the polymer network, Fg:

F=F; +F, @)
Fg can be expressed as follows:

Fg = Fint + Fmobile + Fcomp + Fel (8)
where Fint and Fcomp are the same as those used before, Fobile is the free
energy of motion of microions in the network and Fe] the elastic free energy of the
network.

By minimizing the total free energy of the system %:0, we get the

equilibrium value of 3:

/ AFy
4B(1- S H-1)+1 + 2B -1 R
lIngVC - AFek+TAFh 1+1n \//—f( ﬁ)[CXp( kT) I B +In ((1+'3 Y)Vg

\/ 4B-B)exp(-3E0 1141 +1- 28 [1-(@+B-n](V-Vy)
)

is the molar concentration of the surfactant in the outer

M-N(a+8)

where Cé=
g
solution. The differentiation of the isotherm curve at B=0.5 now becomes

dInCE _ AF 4 1 dV,
=) =dexp(C- M)+ +- & (10)
Bp=0.5 2KkT 1-4(a-y)2 Vg dp
and
(IHC§Vc)ﬁ=0,5 _ AF. + AFy -1 +In [0.5+(a-y)]V, (a1

KT [0.5-(a-)](V-Vy)
where Vg, o, and y are the values at B=0.5. In a manner similar to the linear
polymer, we define
g
@) -4 (12)
dB B=0.5 Yué
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1 - K&
and — = Kgué (13)

C§)B=o.5
For the surfactant with strong hydrophobic interaction

AFy
exp(=2) =0 14
PO (14)
and << 1o dVy <0 (15)
4V, dp

which indicates that when the polyelectrolyte is cross-linked to form a network, it
behaves like a rigid polymer with respect to the binding, therefore u8 =1. This
shows that the surfactant-polymer network binding is not cooperative regardless of
the strong hydrophobic interaction.

Thus, it is seen that the presence of the cross-linkage introduces an extra ionic
osmotic pressure difference inside and outside the network. When B is small,
[P{]<< [P;], and the network always tends to swell which is balanced by the elastic
force. This swelling ionic osmotic pressure enhances the initial binding process but
suppresses the surfactant aggregation compared with those of the linear
polyelectrolyte. If we regard the polymer network as a cross-linked three-
dimensional polymer chain in water, the presence of the locally concentrated
counter ions, which originate the swelling osmotic pressure, makes the network
expand in competition with the conformational shrinkage on binding and thus
strongly reduces the cooperativity.

The described theoretical approach was compared with the experimental data
for the binding of dodecylpyridinium chloride (C12PyCl) with a linear and a cross-
linked poly(2-acrylamido-2-methylpropane sulfonic acid)(PAMPS). PAMPS is a
strong polyacid with fully ionized sulfonic groups as macroions and Ht as
counterions.

Fig.1 shows the theoretical binding isotherms(solid line) calculated from eq. 6
and the observed data (solid triangulars) obtained for C12PyCl bound with a linear
PAMPS. The theoretical calculation was carried out using the following values:
N=3x10"M, V(=6x10°L, V=0.01L, v=0.018L/M AFy/kT=-6.2, and AF/kT=-7.0.
We see that the theoretical curve fits quite well with the observed data when f8 is
less than 0.7. However, a deviation was observed when B exceeds 0.7. This could be
associated with the drastic conformational change of polymer chain from the
extended random coil to globules, which should occur at a certain B value. This
conformational change would largely decrease the surface potential energy AF. and
alter the binding equilibrium to give decreased binding of the surfactant.

The results of the theoretical (solid line) and the observed data (open circles)
for a polymer network are also shown in Fig.1. Again, the theoretical curve fits
well with the observed data in the range of 8 less than 0.7.

Figure 2 shows the theoretical and experimental binding isotherms of the
surfactants with different alkyl chain length bound to a network of q=50. Increasing
the alkyl size of the surfactant shifts the binding curves toward lower surfactant
concentrations, while it does not enhance the cooperativity. Deviation from the

experimental data is also observed at B=0.7 or higher.



12

1 1
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a
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=20 -18 -16 -14 -12 -10 =22 -20 -18 -16 -14 -12 -10 -8
InC,v, InCyv,
Fig. 1 Binding isotherms of dodecylpridinium Fig.2 Binding isotherms of surfactant with
chloride (C12PyCl) with a linear and a cross- different alkyl chain length to a network of
linked poly(2-acrylamido-2-methylpropane q=50. Solid lines are calculated curves using

sulfonic acid)(PAMPS). Solid lines are _ ; B :

calculated curves and pen circles (cross-linked éfh/k 1= gt(l), 6.2, d ‘:'0 from lgt. Cto I?g(l;lt

polymer) and triangulars (linear polymer) are OPénn;enCa} O:C i’aCl (LC18 3‘; ’

experimental data quoted from reference 1. ‘L12kydl, :C10PyCl) were quote
from reference 1.

In the above numerical calculation, we simply assumed that @=0 and y=0
which means that all of the surfactant ions in the polymer network have bounded
with the polyions, and we did not consider the equilibrium between the free
surfactant ions and the bound surfactant in the network domain. This is true only
when the surfactant has a very strong hydrophobic interaction and the polymer
network has a high cross-linking density. A numerical calculation of the general
situation in which the equilibrium of surfactants inside the network is considered
should be performed for the polymer network having a high degree of swelling.
Nevertheless, the calculated isotherms showed fairly good agreement with the
experimental data, which confirms the essential feature of the theory.
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COMMUNICATING WITH THE BUILDING BLOCKS OF LIFE USING
ADVANCED MACROMOLECULAR TRANSDUCERS
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ABSTRACT

This paper reviews the use of conducting electroactive polymers (CEPs) in biomolecular
communications. That is the use of CEPs in situations that demonstrate controlled interactions
with moieties of biological interest and the ability to monitor such interactions via the electronic
signals generated. As examples, the ability to manipulate CEP interactions with water, simple
electrolyte ions, amino acids, proteins and mammalian cells is discussed.

KEY WORDS: Conducting electroactive polymers, water interactions, ionic interactions,
amino acid interactions, mammalian cells.

INTRODUCTION

The ability to communicate enables us to monitor and stimulate other systems to achieve
enhanced performance. Such intersystem communications (especially those based on sight
and sound) have been revolutionised in recent years due to the development of new
communication tools (telephone, facsimile, video systems etc.). However, the development of
intrasystem communications has proven more difficult. We still, for example, have difficulty
in retrieving information from, and modifying the behaviour of the human system at the
molecular level.

Just as the development of intersystem communications required breakthroughs in new
materials it appears that intrasystem communication demands the same. The recent
development of materials that are biocompatible and that when combined with appropriate
communication systems have properties that can be used to monitor and stimulate molecular
events is poised to make a significant impact on how we communicate with biosystems. This
new class of materials is based on conductive electroactive polymers.

PROPERTIES OF CONDUCTING ELECTROACTIVE POLYMERS

Conducting electroactive polymers (CEPs) such as polypyrole, polythiophenes and polyaniline
(I-III) shown below:

@)j A @+ A @ NH —ﬁ: A

) an )
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are readily synthesised according to:
eg:
- +
ry 2. @ R
-e
N N oo (D

[n is normally between 2 and 4 and A- is a counterion incorporated during synthesis].

This simple polymerisation process can be used to provide materials with a diverse array of

molecular properties. For example, A~ may be a metal complexing agent, a polyelectrolyte, an
enzyme, antibody or even living cells. Each of these imparts their chernical functionality to the
resulting material.

CEPs, as the name implies, are electrically conducting materials. They are also electroactive,
being oxidised and reduced according to:

n ..

This latter property enables the chemical funtionality of the polymer system to be controlled in-
situ. As stated above, conducting polymers are capable of a diverse array of molecular
interactions and this can be modified by the A- incorporated during synthesis. The imposition
of electrical stimuli adds a further dimension in that this can be used to control the molecular
functionality. This is discussed below using examples of interest to biomolecular
communications.

Water: The interaction of CEPs with water is perhaps foremost in determining
biocompatibility. Our studies using dynamic contact angle analyses [1] revealed that the
strength of the interaction of CEPs with water can be controlled by attaching functional groups
to the polymer backbone or by incorporation of appropriate counterions. In fact in some
specific cases (eg. the incorporation of polyelectrolytes - see later) the interaction with water is
modified to such an extent that the materials become hygroscopic. The application of stimuli to
electrochemically reduce the polymer (Equation 2) modifies the strength of polymer-water
interactions since the material, in general, becomes more hydrophobic. Such interactions
(water/conducting polymer) can be monitored since the water content of these materials
influences the electronic properties. It is well known for example that the resistivity of
conducting polymers is dependent on the water content.

Electrolytes: Conducting polymers can be oxidised and reduced in a reversible manner
(Equation 2). These processes induced by electrical stimuli, involve ion movement and hence
control the interactions between CEPs and electrolyte ions. Using stand alone CEP
membranes, it is possible to use these phenomena to induce and control transport of electrolytes
across CEPs. In our laboratories [2] we have developed systems that demonstrate that the
controlled transport of simple ions such as Na*, K* and Ca2* is possible. Using a simple
electromembrane cell design (Figure 1) the electrically stimulated transport of ions can be
demonstrated (Figure 2).



Amino Acids: The interaction of amino acids has been studied by us {3] using inverse thin
layer chromatography (ITLC). This involves the use of the polymer to be studied as a coating
on the TLC plate. Using appropriate molecular probes (in this case amino acids), the strength
of molecular interactions can then be quantified. The effect of applied potential on such
interactions has also been studied and has been shown to have a dramatic effect on amino acid
polymer interactions. In work on sensors we have demonstrated that the interaction of amino
acids gives rise to electronically useful signals. This can be used to monitor interactions of
amino acids with CEPs in-situ, again confirming the use of these materials as two-way

biocommunication systems.

Figure 1

Figure 2
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Proteins: Using electrochemical quartz crystal microbalance experiments we have
demonstrated that the interaction of proteins with conducting electroactive polymers can be
controlled electrochemically. The EQCM technique enables the mass of a conducting polymer
to be monitored in-situ as electrical stimuli are applied. We have also verified the ability to
control such interactions in-situ using electrochemically controlled affinity chromatography [4].
The ability to control such interactions has been studied and used by us in the development of
new sensing technologies [5]. With all systems considered it has been shown that the use of
oscillating potential routines can ensure the control of protein-polymer interactions. This is true
even when antibodies are incorporated into the polymer to induce specific protein interactions.
As with all of the above interactions electronic signals can be generated as a consequence of
protein-polymer interactions.

Mammalian Cells: Mammalian cells (eg. human carcinoma, PC-12, fibroblast cells) can be
grown on conducting polymers and events within these cells can be stimulated using
appropriate electrical stimuli (Schematic 1). Again, the communication system is two way since
these molecular events give rise to electronic signals that can be used to monitor them.

Supply of
Nutrients
Membrane '/
Cell Culture Medium

[ S ey

Reservoir

Membrane 7 -
’ D
Removal Receiving
of Solution Activation
Products of Growth
Hormone
Factors

Schematic 1  Communicating with mammalian cells using advanced macromolecular
transducers.

BIOCOMPATIBILITY AND A LINE OF COMMUNICATION

An additional requirement of a material suitable for biocommunication is that it be
biocompatible. Over the last two decades much work has been focussed on the development of
synthetic materials that are biocompatible. Traditionally these systems, such as hydrogels, are
dynamic at the molecular level but provide no obvious conduit for communication.

Conducting electroactive polymer (eg. polypyrroles/polyelectrolyte composites) have been
shown to be "biocompatible" in that they can sustain mammalian cell growth. The

incorporation of polyelectrolytes (PE®) into conducting polymers during synthesis according to:

M = () o
N PEO N
H Ao )
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Table 1 Polyelectrolytes incorporated into conducting polymers.

Polymer Structure

Heparin \0

Dextran sulfate

results in materials with some unexpected and useful properties. The structures of some of the
polyelectrolytes used in this work are shown in Table 1. All of the composite polymer systems
are conductive and electroactive undergoing the expected oxidation/reduction reaction according
to equation 2.

They also have unexpectedly high water contents (up to 90%) and are hygroscopic. It is
presumably this hydrogel like property that enables the materials to interact with mammalian
cells and in fact sustain cell growth. To date we have considered the growth of human
carcinoma, fibroblasts, endothelial and PC-12 cells. This aspect of our work is discussed in
more detail elsewhere in this volume.

CONCLUSION

As with all communication systems biomolecular communications require materials that can
transduce events of importance (in this case molecular events). There must also be a line of
communication that permits behaviour (in this case molecular events) to be altered by
application of appropriate stimuli. As with all systems the materials used for communication
must be compatible with the environment in which they are to be used.

1t appears that conductive electroactive polymers will now provide these capabilities and we are
poised to enter a new world of communications.
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SUMMARY

For the purpose of preparing water-soluble natural and synthetic polymers,
which contian nucleic acid base units as the functional side groups, a diffe-
rent sorts of polymers, such as polyethyleneimine, polyamino acids and so on
were used as the base materials. The properties of the polymers derived, as
well as the specific interaction between nucleic base containing complementary
polymers were studied in detail. Introduction of such nucleic acid abse units
onto hyaluronic acid was also carried out. Applicabilities of these polymers
obtained, for example those as the controlled release system by using reversi-
ble photodimerization reaction of thymine bases were also shown.

KEY WORDS

water solubility, nucleic acid base, polyethyleneimine, polyamino acid,
hyaluronic acid

INTRODUCTION

The chemistry of functional nucleic acid analogs has received considerable
attention in recent years, and numerous works have been contributed on this
fieldf 1-3). On this line, we have been extending a comprehensive work in
particular on the preparation, properties and functionalization of a large
variety of such analogs.

Very recently, we have been concerning the preparation of water-soluble nucleic
acid analogs. As well known, the nucleic acid bases such as adenine, thymine
and so on are relatively hydrophobic, and therefore such base-containing ana-
logs are generally soluble in common organic solvents, but rather insoluble in
water. On the other hand, natural nucleic acids are hydrophilic and denatu-
rated in organic solvents. For aiming the new material target to natural nu-
cleic acids, it seems to be necessary to synthesize water-soluble analogs.

In the present paper, synthesis of water-soluble polyethyleneimine, polyamino
acids, for example poly-L- and -D-lysine derivatives containing nucleic acid
bases with spacers was shown. Besides of them, we studied further the syn-
thesis of hyaluronic acid derivatives conjugated with nucleic acid bases.

The studies on their properties, interaction of these polymers and applicabi-
lities were also done.

RESULTS AND DISCUSSION
Preparation of homoserine derivatives of nucleic acid bases

For example, starting from nucleic acid bases, the carboxyehtyl derivatives
of the bases were prepared by a Michael type addition reaction of ethyl acry-

18
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late followed by the hydrolysis. The carboxyethyl derivatives of the bases
were reacted with (&)-& -amino-J/ -butyrolactone hydrobromide to afford i -buty-
rolactone derivatives of the bases. For the coupling reaction, pentachloro-

phenyl ester derivatives were used with imidazole as a catalystL41].
Grafting onto polyethyleneimine

The grafting of nucleic acid base derivatives with a hydroxyl group onto poly-
ethyleneimine polymer backbone was also carried out by the activated ester me-
thod. Since the reactivity of the y -lactone is low, direct reaction of the
lactone derivative with polyethyleneimine was ineffective. Therefore, the
lactone derivatives were at first hydrolyzed to 3-hydroxybutyric acid derivati-
ves, followed by the condensation with polyethyleneimine using the activated
ester method. The grafting reaction was carried out in N,N-dimethylformamide,
to which a small amount of 4-pyrrolidinopyridine was added as an effective ca-
talyst. Nucleic acid base contents of the polymers were determined by UV spe-
ctroscopy of hydrolyzed samples. A quantitative calculations were done by
using the corresponding carboxyethyl derivatives as the standards. The base
units ( unit mole per cent ) on the polymer were tabulated in Table 1. ( PEI:
polyethyleneimine, Hse: homoserine )

Interaction study on the base containing PEI-Hse derivatives

The interaction study between water-soluble polyethyleneimine derivatives con-
taining thymine ( PEI-Hse-Thy ) and adenine {( PEI-Hse-Ade ) was at first studied
at pH 7.0, with continuous variation techniques. The hypochromicity values for
PEI-Hse-Thy and PEI-Hse-Ade system ( l:1 base unit ) were determined at pH 2.2
and 5.5. At pH 2.2, the hypochromicity was found to be negligible even after

3 days, while the value ay pH 5.5 was obtained as 7.1 %, which was comparable

to the value at pH 7.0. Adenine base has a pKa value at 4.15, and exists in

a protonated form at pH 2.2, and the protonated adenine base cannot form a com-
plex with its complementary thymine base. This may be the reason for the neg-
ligible hypochromicity value at pH 2.2 and the high value at pH 5.5. From

the facts, the polymer complex between PEI-Hse-Thy and PEI-Hse-Ade at pH 7.0

can be concluded to be due to the complementary base-base interaction.

The interaction study was then done for the system of PEI-Hse-Ura ( Ura: uracil
) and PEI-Hse-Ade at pH 7.0. The system showed the highest hypochromicity va-
lue when the base unit ratio is about 1:1 ( Uracil:adenine ), suggesting that
the formation of a stable 1:1 polymer complex due to the specific base-base
interaction. The hypochromicity value obtained ( 15.2 % ) was higher than that
for the PEI-Ade and PEI-Thy systems, which had no spacer groups. The interac-
tion between cytosine and hypoxanthine containing polymers, that is, PEI-Hse-
Cyt and PEI-Hse-Hyp was further studied. In this case, the formation of a
stable 1:1 polymer complexes was also observed, which is due to complementary
base-base interaction.

In the case of the interaction between PEI-Hse-Hyp and poly C, the complex for-
mation by base-base specific interaction was clearly seen in aqueous solution
at pH 7.0. The overall stoichiometry of the complex based on the nucleic

acid base units was approximately 2:1 ( hypoxanthine:cytosine ) under the con-
dition used. The maximum hypochromicity value, obtained as 26 7%, was smaller
than that of poly I and poly C system ( 33 % ), but higher than those of other
synthetic polymer analogue - polynucleotide systems. The interaction of PEI-
Hse-Ura and PEI-Hse-5 FU ( FU: fluorouracil ) with poly A was also studied.

Applicability of the polymer complexes

An exciting subject of the synthetic nucleic acid analogs in the field of poly-
meric drugs appears to be the interferon inducing activity. The most effec-
tive synthetic inducers of ) -interferon are found on the polymeric complexes
between nucleic acids and polynucleotides, such as a double-stranded helix of
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Table 1. Composition of Water-Soluble Nucleic Acid Analogs

Content of

Base Polymer the bases, % Yield, %
Adenine PEI-Hse-Ade 92 80
Cytosine PEI-Hse-Cyt 86 78
5-Fluorouracil PEI-Hse-5FU 91 68
Hypoxanthine PEI-Hse-Hyp 92 68
Thymine PEI-Hse-Thy 97 78
Uracil PEI-Hse-Ura 94 78
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poly C - poly I complex. It is known that the synthetic nucleic acid analogs
are incapable of inducing interferon in human fibroblast cell in nature. On
the other hand, it was found that the complexes of water-soluble polyethylene-
imine derivatives containing cytosine and homoserine as a spacer, that is PEI-
Hse-Cyt, with poly I is a highly effective J -interferon inducer in human
fibroblast cell. A reason for such high effectivity may be caused by the sta-
bility of PEI-Hse-~Cyt with poly I complex, and the high uptake of the complexes
by cells[ 2 J.

New polymers of hyaluronic acid derivatives containing nucleic acid bases [ 5)

Hyaluronic acid is a natural polymer of great interest in the pharmaceutical
and clinijcal practice. However, only a few studies on its chemical modifica-
tion of hyaluronan seem to have been reported. It is expected that the con-
jugation of nucleic acid base with hyaluronic acid derivatives is a good stra-
tegy to obtain a new type of biocompatible nucleic acid analogs.

Deacetylation
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The conjugation of nucleic acid base with sulfonated hyaluronan was achieved by
the ring opening reaction of 1,2-O-ethano derivatives of nucleic acid bases.
Thymine and 5-bromouracil bases were quantitatively conjugated to sulfonated
hyaluronan in 15 % and 24 7, respectively [ 6] .

An alternative method to get nucleic base containing hyaluronan includes its
synthesis via deacetylation of hyaluronic acid, though the problem of its de-
gradation cannot be avoided. Nucleic acid base conjugation with deacetyl-
hyaluronic acid was achieved in high content by the activated esterification,
which affords water-soluble derivatives. Content of the bases introduced
could be controlled by the variation of the ratio of bases and deacetylated
hyaluronic acid T72). By the investigation of CD and UV spectra, deacetyla-
ted hyaluronic acid derivatives conjugated with thymine base were found to form
polymer complex with poly A in neutral aqueous solution, through a specific
interbase interaction between thymine and adenine.

Studies on the applicability of such hyaluronic acid derivatives conjugated
with nucleic acid bases are also the subjects of great interest. Such deriva-
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tives were studied as a new concept of controlled release system, that is, the

photoresponsive controlled releasing system €8 3. Deacetylated hyaluronic
acid conjugated with thymine base was prepared as a drug releasing membrane,
and sucrose was used as a model drug substance. Thymine moiety in the mem-

brane was applied as the functional group, which provided reversible crosslinks:
i.e., formation and cleavage of thymine dimer structure, induced by UV light
photoreaction. The rate of sucrose releasing from the membrane was controlled
by the degree of photodimerization reaction at UV light ( 280 nm ), which led
to the slow release of sucrose. The results indicated that hyaluronic acid
conjugated with thymine base can be applied as an effective material for the
photoresponsive controlled releasing system.

The hyaluronic acid derivatives conjugated with thymine base was then studied
from another concept of controlled releasing system, that is, the specific in-
teraction and photoresponsive controlled release system. Again, deacetylated
hyaluronic acid conjugated with thymine base was applied for a drug release
membrane T93J .
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SUMMARY

Poly(N-isopropylacrylamide) (PIPAAm) is well-known to change its structure in response to
temperature in aqueous solutions [1,2]. Polymer chains of IPAAm hydrate to form expanded
structures in water at lower solution temperatures (<32°C). At temperatures above 32 °C, however,
the chains form compact structures by dehydration manifested as a lower critical solution temperature
(LCST) [2]. Telomerization chemistry is expected to control oligomer molecular weight and create
synthetic routes to semitelechelic oligomers averaging one functional end group per oligomer chain
[6]. Thiol compounds having functional groups as telogens are known to be effective in introducing
functional groups to the ends of growing polymeric chains and regulating polymer molecular weight
by radical telomerization via chain-transfer reactions [7]. The research described in this paper is
directed toward development and fundamental studies of biomedically relevant modulation systems
using the temperature-responsive polymer, PIPAAm with a functional end group, as switching
sequence. Temperature responsive semitelechelic PIPAAm polymer was attached to biomolecules,
crosslinked hydrogels and solid surfaces to create new, modified bioconjugates, graft type gels and
grafted surfaces, respectively.

Key Words : Poly(V-isopropylacrylamide), surface modification, hydrogels, biomolecule conjugates,
temperature-responsibility.

INTRODUCTION

Considerable research attention has
been focused recently on materials
which change their structure and
properties in response to external
stimuli. These materials, termed
"intelligent materials”, sense a
stimulus as a signal (sensor
function), judge the magnitude of
this signal (processor function),
and then alter their function in
direct response (effector function).
Introduction of stimuli-responsive
polymers as switching sequences
into both artificial materials and
bioactive molecules would permit
external, stimuli-induced
modulation of their structures and
"on-off"  switching of their
respective functions at molecular
ICVCIS[I-B]. Thermo-responsive surface Q::\u:t;:;l:r:or:pidn Temperature-responsive
Intelligent materials embodying P Ponse  enzyme

these concepts WOUld contnbute to Fig.1 Temperature-responsive Intelligent blointerfaces. Semi-tsiechelic poly(N-

the establishment of basic Iso;:rc:pyiac(rylamlde) car; b;| Intrc;duced Into solid surfaces, hydrogeis and

N . . . proteins (enzyme an oactive peptides s -off itch [
pI‘mCIPICS .fOI' fabl’lcatlng. novel hydrophlllc/h)ydrophnblc, swelling shrlnkln)g,u so?:b?alln::;ucblzs a:&
systems which modulate their active/inactive alterations.
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structural changes and functional changes in response to external stimuli. These materials are attractive
not only as new, sophisticated biomaterials but also utility in protein biotechnology, medical diagnosis
and advanced site-specific delivery systems. We have been studying the design of molecular
architecture of intelligent materials. PIPAAm was used to introduce a reversible switching function
correlated to hydration-dehydration changes of polymer chains in response to changes in temperature,
as shown in Figure 1.

INTELLIGENT MATERIALS SURFACE

We have reported hydrophilic/hydrophobic surface property alterations in response to temperature
changes using solid surfaces{4-7]. These surfaces demonstrated hydrophobic properties above the
LCST where PIPAAm chains existed as collapsed conformation. Both hepatocytes and endothelial
cells readily attached and multiplied on these grafted surfaces. When temperature is decreased below
the LCST to 4°C, the surface swells and becomes hydrophilic. Cells detached from these surfaces in
response to the hydration of grafted PIPAAm chain. Consequently, cultured cells could be easily
recovered from these surfaces by low temperature treatment with improved viability compared to those
harvested typically by enzymatic treatment. Since PIPAAm physical structures and properties are
readily controlled by simple changes in temperature without changing any chemical structure of the
polymer, temperature-responsive PIPAAm is unique and attractive as the molecular switching
component for the "biointerface" by altering interfacial properties and functions in response to external
temperature changes.

Two types of PIPAAm were used as surface modifiers: an end-functionalized PIPAAm with a carboxyl
end group (Fig.2a) and a poly(IPAAm-co-acrylic acid) polymer (Fig.2b). By means of dynamic
contact angle measurements in water, the wettability of terminally polymer grafted surfaces using end-
functionalized PIPAAm with an end carboxyl group were compared with that of multipoint polymer
grafted surfaces using PIPAAm copolymers containing carboxyl groups along the polymer chain. Each
PIPAAm grafted surface showed completely hydrophilic properties under 20 °C. Although multipoint
grafted surfaces demonstrated surface property changes near 24°C, the extent of decrease in the
hydrophilic property wassmall compared to that of the terminal grafted surfaces.

Terminal grafted surfaces demonstrated hydrophilic/hydrophobic surface property changes at 24°C
with small temperature increases. The value of cos@ changes from 0.63 at 20°C to 0.05 at 26°C.
Temperature responsive surface property changes which terminal grafted surfaces demonstrated were
more rapid and significant than that of multipoint grafted surfaces demonstrated. These features were

(A)
Temp. increase
_—
—
0 Temp. decrease WA
(B)

\\ Temp. increase
Z < %A

Temp. decrease

Fig. 2. Schematic illustration of phase transition corresponding to
temperature response for PIPAAm grafted surfaces; a) terminally
PIPAAm grafted, and b) multipoint graft PIPAAm surfaces, in
aqueous media
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suggested to be due to more effective restricted conformational freedom for PIPAAm graft chains
which influence polymer dehydration and hydrogen bonding with water molecules. Also, these
surfaces are shown to achieve on-off regulation of platelet contact-induced activation. These results
suggest a new concept wherein PIPAAm grafted surfaces could be concentrated at specific site in the
body by external temperature modulation.

INTELLIGENT HYDROGELS

In contrast to conventional crosslinked PIPAAm hydrogels, we have prepared a thermosensitive
hydrogel with a comb structure in which PIPAAm chains are grafted onto crosslinked networks
(Fig.1). Within the gel, terminally grafted chains have freely mobile ends, distinct from the typical
network structure in which both ends of the PIPAAm chains are crosslinked and relatively immobile.
With increasing temperature, grafted PIPAAm chains begin to collapse from their expanded
(hydrated) form to compact (dehydrated) forms. This collapse occurs before the PIPAAm network
begins to shrink, because of the mobility of the grafted chains. The grafted polymer chains dehydrate
to create hydrophobic nuclei which enhance aggregation of the crosslinked chains. Disks of comb-
type graft PIPAAm gels and [IPAAm homopolymer gels with identical thickness and diameters show
different de-swelling kinetics when the temperature is increased from below to above the phase
transition temperature (Fig.3a). Conventional IPAAm homopolymer gels shrunk very slowly after
the temperature was increased from 10°C to 40°C, requiring more than a month to reach equilibrium.
This gel shrunk gradually from the surface inwards, mediated by diffusion of the collapsing polymer
network and the release of entrapped water from the collapsing gel. As a dense, collapsed polymer
layer impermeable to water was

formed near the gel surface before

bulk gel collapse was initiated 100
(thermal convection is more rapid
than mass transfer), gel shrinking
was hindered after the initial stages
by intemal hydrostatic pressure. As
a result, the PIPAAm homopolymer
gel shrinkage rate was limited by
water permeation from the gel interior
through the collapsed polymer skin,
keeping water within the gel for
longer periods.

80

60

40

Swelling degree [ % ]

In contrast to the IPAAm
homopolymer gel, the comb-type
PIPAAm graft gel shrunk rapidly to
its equilibrium state. In the process,
the gel underwent large, rapid
volume changes with  marked
mechanical buckling, indicative of the
much greater aggregation forces
operating within the grafted gel.
Trapped water was rapidly squeezed
out from the gel interior. This result
is supported by the changes in
the amount of freezable water within )
two types of gel matrices determined Time [ min ]

by DSC. As can be seen in Fig.3b,

almost 90% of the freezable water Fig.3a) Shrinking kinetics of PIPAAm homopolymer (0)
was desorbed from the graft-type and comb-type grafed (@) PIPAAm gels after
PIPAAm gel within 20 min after the temperature increase from 10°C to 40°C.
temperature was increased to 40°C, Fig.3b) Chenges in water structure Inside of shrinking

al[hough non-freezable water content PIPAAmM homo;;olymer(o, freezable water; ®, non-

: ; freezable water) and comb-type grafted PIPAAm
remained nearly constant ?”d falrly (5, freezable water; A, non-freezable water) gels.
low. Therefore, we attribute the

marked swelling changes observed
for graft-type PIPAAm gel to the
large change in freezable water

Water content
per dry gel welght [ - ]
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content in the gel. In contrast to the graft-type PIPAAm gel, only 5% of the freezable water was
desorbed from the IPAAm homopolymer gelafter 60 min. Rapid shrinking of the graft-type PIPAAm
gel was due to the immediate dehydration of PIPAAm grafted chains in the gel matrix followed by
subsequent hydrophobic interaction between dehydrated grafted chains preceding shrinkage of the
PIPAAm network, affecting rapid expulsion of water from the gel matrix. The rapid shrinking and
release of most of the freezable water resulted in a large volume change, suggesting that a skin
structure that would reduce the de-swelling rate is not formed in this case. An increase in void
volume within the grafted PIPAAm network resulting from collapsed grafted chains may also
contribute to rapid release of water to the gel exterior.

In the case of a gel swelling in water at 10 °C from an equilibrium shrunken state (40° C), the swelling
rate was slower than the de-swelling rate, and no difference in swelling rate was observed between the
two types of gel. In both cases the amount of absorbed water increases in proportion to the square
root of time. These results indicate that polymer network diffusion is rate-determining for swelling.
The details of this process are currently under investigation.

INTELLIGENT BIOMOLECULES

Using PIPAAm, polymer-enzyme conjugates of lipase[9] and polymer-protein conjugates[10,11] by
covalent couplin were synthesized. Polymer-enzyme conjugates retained their native enzymatic
activities below the critical temperature, white these conjugates precipitated and their catalytic function

Time (min)

Figure 4. Speed of response towards temperature
changes (35 to 45°C) of PIPAAm-trypsin conjugate
solutions, whose concentration was normalized by
protein concentration; 250 pg/ml.

@c-(rypsin (single end attachment) (PIDAAotrypsin {multi-point attachment)
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were shut off above the critical temperature. These conjugates can be readily separated from reactive
mixtures as a precipitate by simple temperature changes after reaction and reused in cycles without
denaturation. In particular, the role of free mobile PIPAAm grafted chains were discussed from the
results of the rate of precipitation of the conjugate. Fig.4 shows the rate of transmittance change of
bioconjugate solution, clearly demonstrating the rapid temperature response of free mobile PIPAAm
grafted chains.

These new intelligent biointerface is an important basis to achieve drug targeted delivery at temperature
modulated targeted site.
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SUMMARY

A survey is reported on our activity performed in the last few years on the preparation of new
synthetic and semisynthetic polymeric materials endowed with bioerodible-biodegradable characters
and designed for applications in the practice of drug controlled release. The presentation will be
arranged into the following sections: 1) hydroxyl containing polyesters, that comprise polymers of
racemic and optically active glyceric acid, and copolymers of cyclic anhydrides, including also
carbon dioxide, with monoglycidyl ethers of reversibly protected polyols. 2) bioerodible
polycarboxylates as derived from the alternating copolymerization of maleic anhydride with alkyl
vinyl ethers followed by partial esterification of maleic anhydride groups. 3) multihydroxyl grafted
polysaccharides, including cyclodextrins. Typical examples of their applications in the release of
drugs are also presented.

KEY WORDS: hydrogels, hydroxyl containing polyesters, hydroxyl containing polycarbonates,
cyclodextrin derivatives, drug release

INTRODUCTION

Over the years an ever growing interest has focused attention of polymer chemists on the design of
polymeric materials aimed at the fulfilment of special needs in agrochemical, pharmaceutical and
biomedical exploitation areas. Flourishing information is currently available in single and multiauthored
books as well as on journals specifically addressed to the various areas of interest whose disciplinary
borderlines are getting increasingly narrower helping to overcome the barrier between fundamental
and applied research.

We got involved in the scientific activity pertaining to the present International Symposium almost
two decades ago! and thus we had been able to witness and appreciate the quantitative and qualitative
growth of the interdisciplinary field of Biomedical Polymers to which Prof. Tsuruta and his school
gave outstanding contributions and leading inputs.

In keeping with the ongoing research trend in the above mentioned area, in the present contribution,
we wish to report on the results attained in the preparation and characterization of multifunctional
synthetic and semisynthetic polymers and oligomers specifically designed for the practice of con-
trolled delivery of conventional and macromolecular drugs.

In particular attention will be focused on three types of polymeric materials that for convenience can
be classified as: 1) hydroxyl containing polyesters; 2) carboxyl containing alternating copolymers,
3) multihydroxyl grafted polysaccharides. Examples will be also presented of their utilization in the
formulation of polymeric drug delivery systems.

METHODS

Details on the synthetic procedures and descriptions of the characterization of the mentioned three
classes of multifunctional polymeric materials have been already reported in specific publications
that at any convenience can be quoted by following in that order. One can refer to ref. 2 for polymeric
materials of class 1, to refs. 3 and 4 for class 2, and to ref. 5 for class 3.
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RESULTS AND DISCUSSION
1. Hydroxyl ¢ontaining polyesters

Linear polyesters including polycarbonates that contain from one to four free hydroxyl groups in the
repeating units were prepared according to a two-step process. This consists of the polymerization of
suitable derivatives of protected polyols followed by the controlled removal of the protecting groups.
The preparation of monomeric precursors is critical to the success of the overall process. These
precursors must contain selectively and reversibly protected hydroxyl moieties that do no conflict
with the polymerization process and are capable of remaining unaltered during the polymer workup.
Among the several routes that usually apply to the synthesis of polyesters, we adopted pathways
based on hydroxyacid self-condensation, the condensation of bishydroxyl compounds with diacid
chlorides, and ring-opening alternating addition of epoxides to cyclic anhydrides or carbon dioxide.
Accordingly, we prepared polyesters with free hydroxyl groups directly attached to the polymer
backbone or in pendant residues at various distances from the main chain.

Polyglycerates of moderate molecular weights, were prepared by internal transterification reaction of
the corresponding 2- or 3-O-protected glycerates®’.

Series of new polyesters and polycarbonates containing free hydroxyl groups in the side chain have
been prepared by ring opening polymerization of cyclic anhydrides, including carbon dioxide, with
the glycidyl ethers of protected sequential polyols consisting of an odd number of carbon atoms,
followed by controlled removal of the protecting groups under mild conditions 8-10,

,0 0

0 R—C R—C
R—C Catalyst I CH,OH [
| |+ Cl—CHCHR — ——[-g O-CH,- cl:H- 0+— T» —[-g O-CH,- (IZH- 04—
Cc—O

o Y 0 CH,R 0 CHX

R' = CH=CH, (CHy)y, (CHp)3, C¢Ha, CsH)o;

R = isopropylideneglyceryl, diisopropylidenexylitolyl, diisopropylideneribitolyl, diisopropylidene-L-arabitolyl

X = glyceryl, xylitolyl, ribitolyl, L-arabitolyl

New functional polyesters were obtained by copolymerization of cyclic anhydrides, such as maleic,
succinic, glutaric, phthalic, and hexahydrophthalic anhydride, with glycidyl derivatives of protected
polyols, such as glycidylisopropylideneglycerol (GIG), glycidyldiisopropylidenexylitol (GDX),
glycidyldiisopropylideneribitol (GDR), glycidyldiisopropylidene-L-arabitol (GDA), glycidyloleol
(GOL), and N-glycidylpyrrolidone (NGP), in the presence of organoaluminum derivatives such as
bis(diethylaluminum) sulphate, triisobutylaluminum, and hexaisobutylalumoxane as catalysts.

NGP and GOL were obtained as o

racemic enantiomers mixtures, 0

whereas in the other cases rather _i;?/\ /\<(]) &N/\d Craflss~ O/\<|O
complex isomeric mixtures of °

optically inactive (GIG, GDX GIG NGP GOL

and GDR) and optically active
(GDA) diastereomers were ob-
tained.

By following the same reaction
principles, a series of new poly-
carbonates was prepared by
copolymerization of carbon
dioxide with the above reported GDX GDR GDA
glycidyl ethers at 35°C in the

presence of the diisobutylzinc/pyrogallol catalytic system. Polymerization products, soluble in mod-
erately polar organic solvents, such as acetone and chloroform, and characterized by molecular
weights included between 8-103 and 7-10%, are obtained in medium-low conversions, depending on
the chemical composition of the reaction mixture.
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The almost exclusive formation of cyclic carbonates was observed when an equimolar mixture of
tetraphenylporfinealuminum monochloride and tetrabutylammonium bromide was used as polymer-
ization catalyst.

Complete removal of the protecting isopropylidene groups was attained under mild conditions, by
stirring a polymer solution in 1:1 chloroform/methanol, at moderate temperature in the presence of a
catalytic amount of hydrochloric acid or a sulphonic ion-exchange resin.

2. Carboxyl containing alternating copolymers

Alternating copolymerization of maleic anhydride with alkyl vinyl ethers of monomethyl endcapped
polyethyleneglycols, followed by hemiesterification reactions of the anhydride moieties, led to a
series of carboxyl containing functional polyhydrocarbons with an hydrophilic/hydrophobic balance
and reactivity that make them particularly suitable for giving rise to new hybrid polymeric materials
by combination with proteins3.

AIBN
CHZGH + CHy=CH ——» m/CH—c\H—CHZ—CIH-

OsC\O/C:O OR O:C\O/C=O OR

ROH
m(-?H—?H—)x—é ICH—?H—}y—é (I:H-clH%—Z-(CHZ—(I:H~)3~5~

O=? (|1=O O=|C ?=O O=? (|:=O OR
OR' OR' OR' OH OH OH
R= C2H5, C4H9,CH3(OCH2CH2)n n=1-4

R'= CH3, C2H5, C4H9, C12H23, CH3OCH2CH2 X+y+z= 0.5

These new formulations have been found very promising in the controlled release of proteic drugs
such as a-interferon* and continuous research is currently undergoing in this area.

3. Multihydroxyl grafted polysaccharides

By grafting of glycidyl ethers of protected sequential polyols to polysaccharides, it has been possible
to attain a wide variety of new multihydroxyl containing polysaccharides including cyclodextrins.
New functional derivatives of B-cyclodextrin were prepared by grafting either the reported glycidyl
ethers of the mono- and diacetonides of alditols with 3 and 5 carbon atoms or N-glycidylpyrrolidone> 11,
Grafting reactions were carried out at 60°C under alkaline conditions by using 1-2 moles of glycidyl
ether per glucose residue. The reaction products resulted in all cases soluble in chloroform and were
characterized by a content of 0.5-1.0 glycidyl residue per glucose unit.

The isopropylidene groups of the

grafted products derived from pro- CH,0H YCH,~ CH- CH,- OCH,

tected alditols were removed at 45°C 1) CH,Y (I)H 0o

in methanol or in water/methanol OH + W/ OH
mixtures in the presence of an acid o © o
catalyst. By suitably tuning reaction OH 7 _NaOH OH 7

time and temperature, it was possible
to stop the reaction at various degrees

of deprotection thus allowing for the CH,0- CH,~ CH— CH,—R(OH)p, '
realization of complex mixtures of o] OH Sulfonic
cyclodextrin derivatives with inter- OH resin
esting rheological behavior. The pre- Or5

pared derivatives, both partially OH

protected or totally deprotected, were
in any case amorphous in nature.
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Their solubility in water generally increased with 230 ——m——F——F—
increasing the degree of deprotection to reach values injection  — Nifedipine _
larger than 3 g/g water, whereas their solubility in / .| |=—= Nifedipine/GIG-BCD
chloroform decreased from an upper value of more than ‘ 1 R
1.5 g/ml to a practical insolubility at 100% deprotection..

It is also interesting to note that B-cyclodextrin grafted
with glycidyldiisopropylideneribitol (grafting degree 0.5)
presented a water solubility that decreased with
temperature. Investigation of the effect of inherent struc-
tural parameters of the modified B-cyclodextrin on its
solubility and the dependence on temperature is at
present object of further attention.

New drug conjugates of antihypertensive drugs were A

prepared by complexation of nifedipine, corynanthine, | e
and oxprenolol with modified or commercially avail- 0 S0 100 150
able cyclodextrins. Some of the prepared drug/ Time (min)
cyclodextrin formulations were preliminary tested “in ~ Figure 1. Variation of blood pressure in
vivo” on spontaneously hypertensive rats to evaluate hypertensive rats by intraperitoneal admin-
their pharmacological activity. Improvement of drug istration of 5 mg mfedlpn}e, al.one. or
absorption and bioavailability and increased complexed with B-cyclodextrin derivatives
antihypertensive efficacy was obtained when

corynanthine and nifedipine were used as complexes with cyclodextrin derivatives!213 (Fig. 1).
Research is in progress as aimed at the evaluation of the uptake of complexes of other conventional
hydrophobic and proteic drugs with B-cyclodextrin derivatives as a function of type and extent of
functionalization.

Pressure (mm Hg)

NC,
COOCH;

CONCLUDING REMARKS

The potential has been stressed of new synthetic methods useful for the preparation of new versatile
multifunctional polymeric materials that appear to be valuable candidates for various applications in
biomedical and pharmaceutical fields!4.
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Bioconjugates from Synthetic Polymers
-How they can be married?-
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SUMMARY: Chemical modifications of biopolymers such as blood proteins or
enzymes were carried out to prepare novel bioconjugates which led to new separation
or recovery systems, by using temperature-responsive poly(N-
isopropylacrylamide)(PIPAAm) which showed reversible dissolution-precipitation
behaviors in water. Novel optical resolutions were developed to separate racemic

mixtures of a—amino acids by means of selective adsorptions of these racemes to
temperature-responsive and optically active PIPAAm derivatives. Complete optical
resolutions were attained by the optically active PIPAAm derivatives.

KEY WORDS: Bioconjugate, Enzyme, Trypsine, Optical resolution, Poly(N-
isopropylacryamide

1. INTRODUCTION

Poly(N-isopropylacrylamide) (PIPAAm) is a well-known water soluble polymer which
show unique and reversible hydration-dehydration changes in response to small
temperature changes(1). An aqueous solution of PIPAAm causes phase separation to
precipitate PIPAAm out of the aqueous solution at a certain temperature which is called
as a lower critical solution temperature (LCST), as illustrated in scheme 1. The LCST
of PIPAAm is 32°C and can be controlled from lower to higher temperatures by
changing compositions of copolymers of [IPAAm and other comonomers such as butyl
methacrylate (BMA) or N,N-dimethylacrylamide (DMA).

Poly(N-isopropylacrylamide)(P(IPAAm))is a water
-sofuble polymer at room temperature. Aqueous
solutions of this polymer exhibit a lower critical
solution temperature(LCST)around 32°C.

Scheme 1 Phase transition of poly(N-isopropylacrylamide(PIPAAm) in water
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“‘Temperature-responsive hydrogels derived from PIPAAm have been extensively
studied in terms of intelligent polymers to apply to biotechnological process control
such as drug-release systems (2-4), recovery of cultured cells (5,6), and immobilized
enzymes (7).

Telechelic oligo(IPAAm) (OIPAAm) having end carboxylic acid group was synthesized

by a radical polymerization of [PAAm in the presence of B-mercaptopropionic acid as a
chain transfer agent(8). The OIPAAm could be combined with biomolecules such as
blood proteins (9) or enzymes (10) and a novel separation and recovery systems was
established. =~ This paper deals with further extension of the application of the
temperature-responsive PIPAAm for the recovery of enzymes and for optical

resolutions of racemes of c.-amino acids.
2. MODIFICATION OF ENZYME

Modification of Lipase by PIPAAm which was reported in a previous paper (11) led to
study on the modification of Trypsine by PIPAAm by using the same condensation

reaction of OIPAAm with Trypsine as the case of Lipase. N-a-benzoyl-D,L-arginine
hydrochloride (BAONA) was used as a substrate for the hydrolysis reaction by
Trypsine. Fig. 1 indicates LCST behaviors of native and IDc-modified ( copolymer
from 90 mol% IPAAm and 10 mol% DMA of molecular weight 5,000, abbreviated as
IDc 10). in comparison with IDc 10.  The IDc-Trypsine exhibited the same LCST
behavior as that of the IDc-10 and native Trypsine did not show changes of
transmittance in the aqueous solution.  Dissolution and precipitation changes of the
[Dc-modified Trypsine was reversible by temperature changes.

Enzymatic activities of the IDc-modified Trypsine were measured as functions of
temperatures, as shown in Fig. 2. Fig. 2 indicates that the enzymatic activity of the
IDc-modified Trypsine rather increased in comparison with that of native Trypsine,
possibly owing to specific adsorption of the substrate onto PIPAAm chains through
hydrogen bonding. Table I summarizes values of Km and Vpax obtained from
Lineweaver-Burk plots of the hydrolysis reaction. Km of the IDc-modified Trypsine
was much smaller that of native Trypsine, while Vmax values were almost similar,

indicating that IDc-modified Trypsine could strongly adsorb substrates to enhance the
enzymatic reactions.
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Fie. 1 Effect of temperature on enzymatic activity
& of PIPAAm-conjugate trypsins
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of aqueous solutions of IDC and IDc- DMA(2mol%)), IDc5-T;modified by
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Table I Kinetic constants if IDc-trypsin conjugates

Km(103M) Vmax (10%M/sec)

Native 1.320 1.75
IDc-5T 0.278 1.77
IDc-2T 0.461 1.75

It is interesting to incorporate PIPAAm chains as multi-point attachment on the surface
of enzymes in order to compare enzymatic activities between single and multi-point
attachments of the temperature-responsive PIPAAm.  The multi-point PIPAAm
abbreviated as PIDAAc was obtained by a radical terpolymerization of IPAAm, DMA
and acrylic acid. The concept of enzyme modifications either by single or multi-point
attachments of IPAAm is schematically shown in Scheme 2.

Fig. 3 indicate stabilities of the enzymatic activities of IDc- and PIDAAc-modified
Trypsine, which show that the IDc-modified Trypsine is stable with much
improvements of the enzymatic activity in comparison with that of native Trypsine,
while that of PIDAAc-modified slightly decreased with time. Single-point attachments
of PIPAAm on the surface of Trypsine might cause a protection of denaturation, while
multi-point attachments of PIPAAm might induce some morphological change of
Trypsine so that the enzymatic stability might decrease. Nevertheless, the modification
of Trypsine by temperature-responsive PIPAAm resulted in a great improvements of
both enzymatic activity and thermal stability of Trypsine.

HOOCCH2CH;S--CHy —GH— /-CHa—CH-)-H (CHa—CH — /— CHp —~CH— /—CHy— ‘f" In
co ¢o co co COOH
NH NH L)\
H3C-C-CHy HC  CHg H3C~CCH3  H3C  CHy
b H PIDAAC
IDc
GDc-trypsin (single end attachment)) (PIDAAc-trypsin (multi-point attachment))

€ ko

Scheme 2 Concept of enzyme modification by single or multi-points attachements of
temperature-responsive PIPAAm

Relative activity

Incubation time (hr)
Fig.3 gg%?:ility of PIPAAm-trypsin/Tris-HCI buffer (pH8.15) solutions, incubating at
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Since IDc-modified enzymes precipitate as droplets at temperatures above the LCST,
these conjugates can be easily separated from the reaction phase by applying centrifugal
separation, followed by a simple removal of supernatant after temperatures of the
reaction phase raised above the LCST. Fig. 4 indicates relative enzymatic activities of
IDc- or PIDAAc-modified Trypsine as functions of repeated number of cycles. The
IDc-modified Trypsine slightly decreased the enzymatic activity which was superior to
that of native Trypsine, while the enzymatic activity of the PIDAAc-modified Trypsine
was inferior to native Trypsine. These results suggest that the single-point attachment
of PIPAAm is better to maintain the enzymatic activity of Trypsine.

O Native

Relative activity

0.4r W Dc-trypsin
A PIDAAc-trypsin
0.2f
0.0 *
0 1 2 3 4

Number of cycle

Fig. 4 Enzymatic activitics of PIPAAm-trypsin after recycling by temperature change
beyween 4° and 50°C.

3. OPTICAL RESOLUTION BY OPTICALLY ACTIVE PIPAAm

Optical resolution of racemic mixtures is very important in pharmaceutical and
agricultural drugs since optical isomers are normally very difficult to separate by
conventional separation methods such as distillation or recrystallization because they
have almost similar chemical and physical properties, yet their biological and medical
responses are different.  These optical isomers are separated by chromatographic
methods by utilizing small differences in absorption and desorption behaviors of these
optical isomers onto various adsorbents. When optically active groups are
incorporated into the temperature-responsive PIPAAm, it is expected that chiral
interactions of the optically active sites in PIPAAm with substrates may lead to optical
resolution owing to a strong adsorption of one side of isomers, when the IPAAm is
dissolved with racemic mixtures of substrates in an aqueous solution and the dissolved
PIPAAm starts to precipitate out of the aqueous solution by heating above LCST.
Base on this expectation, optically active N-isobutylacrylamide (IBAAm) was
synthesized, followed by copolymerization with IPAAm, in order to obtain optical
active PIPAAm derivatives. Synthetic route is shown as below:

C=CH  + CH3“*?H—CH2*CH3 CHCl  CHy=(H
/C N NI, 0°C,4hr ﬁ}()
a Yo NH
*,
/[
CH3 CH(Hy

Acryloyl chloride (S)-(+)-butylamine Iso-butyl acrylamide
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Poly(IBAAm) (PIBAAm) and poly(IPAAm-co-IBAAm) containing more than 30
mol% of IBAAm did not dissolve in water. ~ LCST behaviors of poly(IPAAm-co-
IBAAm) having 20 mo% of IBAAm are shown in Fig. 5, which also indicates LCST
behaviors of the copolymer in the presence of L-Tryptophan (L-Try). Fig. 5 also
shows LCST behavior of optically inactive (raceme of isobutyl moiety) poly(IPAAm-
co-IBAAm) in the absence and in the presence of L-Try. LCST of optically inactive
copolymer was 29°C, while that of the optically active copolymer shifted to 45°C, some
16°C higher temperatures. When L-Try was added to the aqueous solution, the LCST
shifted to higher temperatures than that of copolymers themselves, some 10°C higher
temperatures, respectively. The shift of LCST to higher temperatures can be ascribed
to the increase of hydrophilicity of the copolymers owing to the adsorption of L-Try,
indicating a strong chiral interaction between the copolymer and L-Try.

100 Table II
—_ Adsorption of Try to poly(IBAAm-co-[PAAm)
& 75 in aqueous solution
g
=
S 50 -
p= Code D-Trp/mmot -1 L-Trp/mmol I-1
E Chiral moiety  12x10-2 (53 %)  0.00 (0.0 %)
=
s 25 Racemic moiety 2.1x10-2 (9.2 %)  3.1x10-2 (13.2 %)
[ \ u

O 1
10 20 30 40 50 60 70
Temperature("C)

Fig. 5 LCST behaviors of 1wt% aqueous solution of poly(IBAAm-co-IPAAm)
(light=500nm)
o: Chiral polymer+L-Try , ® : Racemic polymer+L-Try
o: Chiral polymer+water, o : Racemic polymer+water

Racemic Try was dissolved in an aqueous solution of the optically active copolymer
below LCST and temperature was increased above LCST so that the copolymer
precipitated simultaneously with adsorption of L-Try. Supernatant of the solution was
analyzed to identify the ratio between L- and D-Try in the solution.  Results are
summarized in Table II, which indicates that optical resolution of racemic Try was
attained. Thus, a novel optical resolution method was developed by using optical
active PIPAAm derivatives.  This novel separation method is very useful for large
scale optical resolutions.
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PLASMA MODIFICATION OF POLYMERIC SURFACES FOR BIOMEDICAL
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SUMMARY

In general the chemical composition of surfaces of biomaterials has to be tailored for a specific
application. Using different types of glow discharge techniques it is possible to achieve a well
defined chemical composition of the surface. Using the plasma immobilization technique it is
possible to selectively introduce funtional groups or poly(ethylene oxide) chains on the surface. By
using a tetrafluoromethane (CF4) plasma fluorinized surfaces can be obtained. Poly(tetrafluoro
ethylene)-like surfaces can be obtained by treating polymer surfaces covered with glass with a CF4
plasma. Furthermore the fluorine introduced by a CF4 plasma treatment can be etched off by an
argon plasma treatment in a controlled way. This yields polymer surfaces with a wide range in
surface wettability. These surfaces have been evaluated with respect to the adhesion of granulocytes
and lymphocytes.

Key words: Glow discharge treatment, plasma immobilization, fluorination, teflon-like surfaces,
leukocyte adhesion

INTRODUCTION

The success of a polymeric material in biomedical applications is not only determined by its
mechanical properties, but also to a large extent by its surface properties. Therefore an increasing
demand to tailor the surface properties of polymeric materials exists. Surface modification is
generally applied for three purposes; changing the barrier properties especially of membranes,
adjustment of the surface free energy or introduction of functional groups which can be used for
further covalent coupling of bioactive compounds. Several methods like wet oxidation and surface
grafting have been developed to modify the surface properties of polymers. Among the most
promising methods in this respect are glow discharge techniques, in which a partially ionized gas
(a plasma) is used to alter the surface chemistry of polymeric materials.

The use of plasma techniques to modify polymeric surfaces has some distinct advantages. Firstly
using these techniques only the outermost surface is modified leaving the bulk properties
unaffected, in contrast to techniques like gamma induced grafting. Furthermore solvents are not
required, which is environmentally favorable. The surface modification procedure is generally a
fast single step. Due to the fact that the modifying phase is a gas these techniques can be used to
modify surfaces of objects with complex three dimensional shapes. Plasma techniques can be
operated batch wise or on-line and can be applied on a large industrial scale. However these
techniques have also some drawbacks. Glow discharge processes are operated at reduced pressure
and require a good process control, e.g. by optical emission or mass spectrometry. This translates
directly into a relatively high investment in equipment. The operational costs however are low.

The main feature of plasma modified polymeric surfaces is that they possess a unique surface
chemistry. This is inherently due to the complex nature of the plasma phase. A plasma consists of
neutrals, excited neutrals, electrons and ions. Furthermore a wide spectrum of electromagnetic
radiation is emitted, including short wave UV radiation. All these constituents affect the chemical
composition of the surface. A plasma is thus a highy reactive medium. On the other hand the action
of many different reactive species in the plasma leads to a complex surface chemistry. This
situation is further complicated by some post plasma phenomena as post plasma oxidation, e.g.
quenching of radicals by oxygen [1] and ageing [2].

In this paper we want to discus some strategies to use plasma techniques in order to obtain surfaces
with a predefined surface composition. We will focus on plasma treatment techniques although
considerable progress is made in the plasma polymerization field, e.g. by plasma polymerization at
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low substrate temperatures [3]. Two approaches will be discussed, plasma immobilization and
plasma fluorination.

PLASMA IMMOBILIZATION

In order to selectively introduce one type of functional group on polymer surfaces, which can be
used for further covalent coupling, we have developed the plasma immobilization process (Figure
1). In this process a pre-adsorbed layer of a surface active agent is immobilized on a polymeric
substrate by a treatment with an inert gas plasma. The pre-adsorbed layer is most likely crosslinked
to the substrate by short wave UV radiation emitted from the plasma phase. By selecting a proper
surfactant the required functionality can be introduced.

Polymer surface with immobilized surfactant (after drying)

Figure 1: Schematic presentation of the plasma immobilization method. A layer of a surfactant pre-
adsorbed on a polymeric surface is plasma treated to immobilize this layer to the substrate [4].

The feasibility of the plasma immobilization method was shown by immobilizing a layer of sodium
dodecylsulfate on poly(propylene) (PP) [5]. Using this method 25 % of the pre-adsorbed layer was
immobilized and intact sulfate groups, available for ion exchange were introduced on the PP
surface. Furthermore this method has successfully been used for the introduction of amine groups
on poly(ethylene) (PE) [6]. Approximately 50 % of a pre-adsorbed (mono)layer of decylamine
hydrochloride was immobilized on PE by an argon plasma treatment of 2 seconds. The presence
and the reactivity of the introduced amine groups was checked by reactions with different aldehyde
containing compounds.

The plasma immobilization technique was also used to immobilize different poly(ethylene oxide)
containing surfactants on PE in order to obtain non-fouling surfaces [7,8]. The PEO containing
surfactants were successfully immobilized by argon or helium plasma treatments and showed a
remarkable decrease in fibrinogen adsorption. Also in this case an optimal treatment time was
observed. By treating the pre-adsorbed layer too long, the PEO chains are probably degraded,
which renders the surface less non-fouling. Furthermore it was shown that unsaturated surfactants
are more efficiently immobilized, which is readily explained by the assumed UV induced
crosslinking of the surfactant to the surface.

In order to introduce carboxylic acid groups on PE the plasma immobilization method was also
applied to a pre-adsorbed layer of polyacrylic acid (PAAc) on PE. It was not possible to immobilize
this layer to the PE substrate {9]. Before the pre-adsorbed PAAc layer could be immabilized it was
etched off. The large difference in etching rates of PAAc (200 A/min) and PE (6 A/min) during
argon plasma treatments illustrate this effect. A detailed investigation showed that PAAc is
selectively decarboxylated during argon plasma treatments by short wave UV radiation
(wavelength < 150 nm) emitted from the plasma [10].

In order to introduce carboxylic acid groups a different approach was followed. PE films were
treated directly with an oxidizing carbon dioxide plasma. This yields highly wettable, oxidized
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Adherent
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PTFE

Adherent
lymphocytes
(mm- 2)

PTFE
Figure 2: In vitro adhesion of purified granulocytes and lymphocytes under static conditions on
surfaces with different hydrophilicities [12]. The surfaces were obtained by fluorination of PU films
followed by etching of the fluorinated layer by an argon plasma treatment. The surface compositon,
amounts of fluorine and oxygen as determined by XPS measurements and the advancing contact
angle measured in water with the Wilhelmy Plate technique are noted for all surfaces. The
unmodified control surfaces (PTFE and PU) are also shown in this figure.
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surfaces with a large variety of oxygen containing groups (epoxide, hydroxyl, ketone/aldehyde and
carboxylic acid groups) [11]. These groups were detected and quantified by selective gas phase
reactions followed by XPS (X-Ray Photoelectron Spectroscopy). In contrast to the plasma
immobilization method, the surface chemistry obtained by the direct oxidation contains a wide
variety of functional groups. One aspect of these oxidized surfaces should however be mentioned.
Oxidized polymer surfaces are very dynamic systems which are sensitive to their storage conditions
e.g. storage in air or in water, storage time and temperature [2]. Generally their surface wettability
decreases with increasing storage time and temperature.

CONTROLLED FLUORINATION OF POLYMERIC SURFACES

One of the best ways to obtain a low surface energy polymeric surface is fluorination. Especially
when the degree in fluorination can be controlled a range of surface energies can be obtained,
which can be utilized for the study of e.g. cellular adhesion to solid surfaces. We have applied
tetrafluoromethane (CF4) plasma treatments to fluorinate different types of polymer surfaces (PE
[91, PAAc [10] and polyurethane (PU) [12]). From kinetic studies it was shown that the degree of
fluorination can be controlled by changing the plasma treatment time. In the treatment time window
from 0.01-10 s. (in our treatment system) the amount of fluorine incorporated on the surface is
directly proportional to the logarithmic of the treatment time. At longer treatment times the surface
composition reaches an equilibrium. This equilibrium is the result of the balance between
fluorination and etching of the surface. Etching of the surface is due to chemical etching and
sputtering. A mathematical model has been derived to describe the kinetics for the CF4 plasma
treatment of PAAc. Using this model the surface composition over 5 decades of plasma treatment
times could be fitted [10].

By covering the polymer surface during the CF4 plasma treatment, e.g. with a glass cover, it was
possible to obtain totally fluorinated surfaces [10]. XPS measurements showed that the surface
chemistry of CF4 plasma treated covered PAAc is comparable to that of poly(tetrafluoro ethylene)
(PTFE). For instance the Cls envelope was similar to that of PTFE. This indicates that the surface
modification is primarily due to fluorine containing radicals (e.g. F radicals) and that the etching is
due to sputtering. By covering the surface, the sputter component of the process is blocked,
rendering the surface PTFE like.

The possibility to fluorinize and defluorinize surfaces was used to obtain a set of polymer surfaces
with different surface hydrophilicity. The primary aim of this study was to investigate the effect of
the surface wettability of poly(urethane) (PU) films on the adhesion of leukocytes [12]. The PU
films were fluorinated with a CF4 plasma and subsequently treated with an argon plasma to etch the
fluorinized layer away. In a in-vitro adhesion study with either purified granulocytes or
lymphocytes it was shown that the adhesion of both types of cells increased with increasing surface
hydrophilicity. Although surface wettability and the chemical composition of the surface are
directly related, the increase of the adhesion seems primarily governed by the wettability and less
by the surface composition. This is illustrated by the fact that the two control surfaces (PTFE and
PU) used in this study fit nicely in the adhesion curves.

CONCLUSIONS

Although plasmas are very reactive systems, capable of modifying inert polymer surfaces, they can
also be used to obtain tailor-made polymer surfaces. The plasma immobilization method offers
opportunities to selectively introduce functional groups or poly(ethylene oxide) chains.
Furthermore by using CF4 plasma treatments, especially on covered samples, it is possible to
obtain well defined, even PTFE-like, surfaces.
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SUMMARY

Multifaceted aspects of biomedical materials researches were discussed in terms of five key words:
devices, properties demanded, concept or methodology, materials design, and fundamentals.
Properly designed poly(HEMA )-graft-polyamine copolymers(HA) were found to form microdomain
structure and exhibit unique biomedical behavior at the interface with living cell, such as different
adhesivity against lymphocyte subpopulations, B cell and T cell. The conformational transition of
polyamine chains under physiological pH-range was closely related with the cell recognition
mechanism. Some of HA copolymer surfaces containing a small amount of polyamine portions
became inert enough against lymphocytes as well as blood platelets to reject their attachment. This
behavior was discussed in terms of random network concept of water molecules on material surface.
The excellent in vivo blood compatibility of HEMA-STY triblock copolymer was explained by a
similar mechanism. Results of microdomain formation of poly[4-bis(trimethylsilyl)methylstyrene]
poly(HEMA) diblock copolymer were discussed referring to its physicochemical and biomedical
properties. Discontinuous 270-fold change of swelling degree in response to pH changes was
observed in a newly designed segmented polyamineurea. Another multiblock polyurea was also
designed using poly(sil-amine) segments which showed LCST behavior in addition to the pH-
sensitivity.

KEY WORDS

materials design, polyamine copolymers, microdomain structure, conformational transition,
inert surface

INTRODUCTION

Multifaceted aspects of biomedical materials researches are discussed in terms of five key words:
devices, properties demanded, concept or methodology, materials design, and fundamentals. A
majority of researches focused on device-manufacturing for end-use. Innovative devices are
manufactured on the basis of a new concept or methodology. To approach the target device, new
materials designs should be carried out by utilizing synthetic-, biologically derived-, and/or
hybridized-materials. Fundamentals must be studied to elucidate structure-property relationship in the
nature of interaction of materials with biological elements from the standpoint of molecular and
cellular levels. Thus, it is evident that the aforementioned five elements play complementary role with
one another in the progress in biomedical materials researches.

Two decades ago, we found a new and convenient method for syntheses of a series of amino-
containing monomers, oligomers and polymers. This finding prompted us to search new
opportunities as materials for biomedical applications, under the cooperation with Professor Sakurai
and his group. Newly designed polyamine-graft copolymers were found to form microdomain
structure and exhibit unique biomedical behavior at the interface with living cells, e.g. blood platelets
or lymphocytes. Scanning electron micrographs of adhering platelets or lymphocytes on the surface
of polyamine-graft copolymers showed that most of the adhering cells keep their native shape, in
contrast with the extensive shape change observed for cells binding to the surface of polystyrene or
poly(HEMA) [1, 2]. Our intention was to elucidate structure-property relationship in the nature of
interaction between the microdomain-structured polyamine-graft copolymers and living cells such as
platelets and lymphocytes.
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DESIGN OF POLY(HEMA)-graft-POLYAMINE COPOLYMERS(HA)
AS MATERIAL FOR CELL SEPARATION

In the course of our biomedical studies on interaction between cells and various amino-containing
polymers, we became interested in different adhesion properties of lymphocyte subpopulations, B
cell and T cell, on the surface of poly(HEMA )-graft-polyamine copolymers(HA):

CH3
{ CHCH} ------ £ CH2C},
0=COCH2CH20H

H2
CH24 l;lCHzCHleCHzCHz-@-CHzCHz )-I:JCHzCHzl;JH
Et  Et "Bt Et

Properly-designed HA surfaces exhibited preferential adhesivity to B cell over T cell under
physiological conditions, which enabled us to achieve an effective cell separation by utilizing HA
surfaces|3, 4]. Further studies showed that origin of the cell recognition by the HA surface comes
from the conformational transition(followed by phase transition) of polyamine chains on the
copolymer surface in response to pH difference under physiological conditions. The length of the
polyamine chains and their density on the surface are the most influential factors determining the
phase transition process. After detailed studies on materials design, the most effective condition was
established with HA 13(3750), which contains 13 wt% polyamine of molecular weight(Mn) being
3750. Here, the recovery of T cell at pH7.3 was almost quantitative.

It was previously confirmed that the lymphocyte adhesion on HA surface was caused primarily by
ionic interaction at the cell materials interface[5]. A higher value(4.6) of isoelectric point for T cell
than that(3.8) for B cell may explain the higher susceptibility of T cell adhesion to the decrease in
ionic character of HA surface which resulted from the sharp transition to the aggregate state[6-8]. On
HA13(11000) surface, the efficacy of B/T separation was very low because of the high retention of T
cells on this surface even at a<0.5. To know ionic character of HA surface in operative in contact
with cell in aqueous media, the streaming potential measurements were carried out. The T potential of
HA copolymers was extremely sensitive to the change in chain length of polyamine grafts.
Especially, the T potential of HA13(11000) was significantly more positive at pH7.4. It is probably
reasonable to assume that the slipping plane having enough positive charge exhibits adhesivity to T
cell as well as B cell[4]. In contrast with HA copolymer, another block copolymer, poly(HEMA)-
graft-poly(4-diethylaminoethylstyrene)(HME), exhibited only inferior characteristics in recognition of
the lymphocyte subpopulations because of the low dependency of the phase transition process of
HME upon its surrounding pH variation[9].

DESIGN OF BIOINERT SURFACES USING HA-COPOLYMERS WHICH CONTAIN
A SMALL AMOUNT OF AMINO GROUPS

It has long been believed that water-soluble polymers, e.g. poly(ethylene oxide), poly-acrylamide and
poly(vinyl alcohol), are inert to any of biological elements. A number of trial were carried out to
improve biocompatibility of polymeric materials by conjugating water soluble polymers, especially
poly(ethylene oxide), onto the base-material surfaces. It is to be noted, however, that the PEO-
modification does not always bring about good biocompatible surfaces| 10].

In the course of our study with HA copolymer columns, we observed frequently that some of HA
copolymer surfaces having a small number of polyamine grafts became inert enough against blood
platelets as well as lymphocytes to reject their attachment|8, 9, 11, 12]. For instance, platelet
attachment scarcely took place on the surface of HA2(containing N*in 0.1-0.3wt%) in contrast with
poly(HEMA), where more than 90 percent cell attachment was observed on the surface. A similar
cell-retention profile was also observed on the surface of poly|N-methyl-N-
(4vinylphenethyl)ethylenediamine(AVEMA )-co-HEMA [(HAV){ 13, 14].
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The inertness of poly(HEMA) surfaces, which contain a small amount of amino group, was
confirmed also by analysing results of frontal chromatograms of lymphocytes|2]. Another
quantitative evaluation for affinity of lymphocyte subpopulations toward HAVcopolymer surfaces
was carried out by using a novel technique, hybrid field-flow fractionation/adhesion
chromatography(FFF/AC)| 14, 15].

Besides the aforementioned examples, there are available several other ones which show the unique
biomedical effect as surface modifier of a small quantity of amino groups: e.g. Sepacell-PL,
Hemophan and DIPAM(or Methacrol)|[ 16-18].

Interesting swelling behavior was found in the HAV copolymers containing AVEMA in one and two
mole%][13, 14}. The total water content of the swollen copolymers, HAV1 and HAV2, were
increased by 150% and 175%, respectively, compared with that of poly(HEMA) itself. Free water
content of the HAV copolymers was found 4 to 5 times larger than that of poly(HEMA). This result
is probably explained by the instabilization of the random network structure[19, 20} of water
molecules by introducing a small amount of amino groups to the poly(HEMA) matrix. Protonated
amino groups destroy their surrounding hydrogen bonds to produce deficient spot in the
networks[21]. Thus, the network structures become unstable, so that the resident time of trapped
proteins will be shorter compared with the case of poly(HEMA). Recent study[22, 23] revealed that
the surface of polyamine-graft-polystyrene copolymer(SA) containing 6wt% of polyamine portion
exhibited a minimal adsorptive property against bovine plasma fibronectin(FN) and vitronectin(VN),
the both of which are known to mediate cell-adhesion processes.

The random network concept may probably be applicable, in principle, to an elucidation of the
excellent in vivo blood compatibility of HEMA-STY copolymer|24, 25]. The random network
structure of water molecules on HEMA-STY surface must be very labile under the influence of
hydrophilic-hydrophobic lamella structure, where protein residence time will be too short to cause
conformational change of trapped protein molecules. The Vroman effect will be operated easily on
the surface. This may be the reason why albumin, a blood protein of the biggest population, was
found in the form of monomolecular layer keeping its native conformation. Since albumin is not a
cell-adhesive protein, there was presumably no chance for blood cells to adhere to the HEMA-STY
surface.

We synthesized poly[4-bis(trimethylsilyl)methylstyrene(BSMS)}-poly(HEMA) diblock copolymer to
approach new materials possessing both excellent blood compatibility and oxygen permeability.
Anionic polymerization of BSMS was carried out with BuL.i as initiator in THF at -75C. Then, a
1.5-molar amount of 1, 1-diphenylethylene(DPH) was added to the reaction system to stabilize the
living end of poly(BSMS), whereupon a THF solution of LiCl and 2-(trimethylsiloxy)ethyl
methacrylate(ProHEMA) were added, successively. We prepared a series of block-
copoly(BSMS/HEMA) samples, BH(30), BH(58) and BM(80), in which the mole ratio
BSMS/HEMA was 30/70, 58/42, and 80/20, respectively.

TEM examination of BH(30) film prepared by casting from DMF solution showed "island/sea” like
microdomain structure. DSC measurement of BH(30) and BH(58) films supported also the
formation of microdomain structure. Another unique property of the block-copoly(BSMS/HEMA) is
its remarkably higher water absorbing capacity compared with the corresponding random copolymer.
SEM observation revealed that rat platelets adhered to BH(30) surface scarcely suffered shape change
in contrast with the serious shape change with formation of pseudopods on the surface of
poly(BSMS). Studies on gas permeation through the block-copoly(BSMS/HEMA) as well as more
details on the mode of interaction with living cells are now under way.

DESIGN OF STIMULI-SENSITIVE SEGMENTED POLYAMINEUREA
AND POLY(SIL-AMINEUREA)

The pH-dependent morphology change which had been observed on the surface of poly(HEMA)-
graft-polyamine copolymers(HA) prompted us to explore another novel polymeric materials:
segmented polyamineurea(SPAU) having repetitive array of polar(ethylenediamine) and apolar(1, 4-
dlethylenephenylene) units in the main chain|26]. The SPAU-EDA(EDA as chain extender) exhibited
reproducible swelling/deswelling in response to a slight change of the surrounding pH- value. For
instance, SPAU-EDA maintained at 30°C a high swelling degree of 40 below pH5.2, whereas drastic
shrinking took place to decrease the swelling degree down to 0.15 at pHS5.5 which is 1/270 of the
initial value at pH5.2. The shift of ethylenediamine units from the doubly protonated trans
conformation to the deprotonated random coil conformation is presumably the trigger for this phase
transition{27].
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We recently found a convenient method to prepare poly(sil-amine) telechelic oligomers through
anionic polyaddition reaction between divinylsilane(e.g. dimethyldivinylsilane) and diamine(e.g.
N, N'-diethylethylenediamine)[28]. Comparative studies of poly(sil-amine)(PSiA) and polyamine
were carried out. Similarly to the case of polyamine, remarkable pH-dependency of turbidity of PSiA
solution was observed. On the other hand, PSiA exhibited much higher temperature sensitivity than
polyamine in the turbidity point. DSC measurements of PSiA solution showed that the solution at
pH7.4 gave an extremely sharp endothermic peak (AH26.6kcal/monomeric unit) at 57°C which
coincided with the turbidity point. This can be regarded as LCST. The corresponding AH for
polyamine was only 11.5 kcal/monomeric unit. It is to be noted that only 0.2 increase in pH(7.2-7.4)
value caused more than 10°C decrease in the turbidity point of PSiA. Studies on synthesis and
properties of poly[(sil-amine)urea] is now under way.

REFERENCES

1. Kataoka K, Okano T, Sakurai Y, Nishimura T, Maeda M, Inoue S, Tsuruta T (1982) Effect
of microphase separated structure of polystyrene/polyamine graft copolymer on adhering rat
platelets in vitro. Biomaterials 3: 273-240

2. Maruyama A, Tsuruta T, Kataoka K, Sakurai Y (1988) Quantitative evaluation of rat lympho-
cyte adsorption on microdomain structured surfaces of poly(2-hydroxyethyl methacrylate)/
polyamine. Biomaterials 9: 471-481

3. Tsuruta T (1987) Biomedical behavior of some amino-containing polymers in contact with
blood constituents. Makromol Chem, Macromol Symp 12: 323-331

4. Tsuruta T (1990) Synthesis and evaluation of polyamine graft and block copolymers as novel
biomaterials for cell separation. Makromol Chem, Macromol Symp 33: 243-251

5. Maruyama A, Tsuruta T, Kataoka K, Sakurai Y (1987) Polyamine graft copolymer column for
separation of rat B and T lymphocytes: Role of ionic interaction between matrices and lympho-
cyte. Makromol Chem Rapid Comm 8: 27-30

6. Nabeshima Y, Tsuruta T, Kataoka K, Sakurai Y (1989) Structural control of poly(2-hydroxy-
ethyl methacrylate)-graft-polyamine copolymers for differential retention of rat lymphocyte
subpopulations. J Biomater Sci Polymer Edn 1: 85-97

7. Kikuchi A, Mizutani S, Kataoka K, Tsuruta T (1991) Resolution of lymphocyte subpopulations
derived from rat spleen by polyamine-graft-PHEMA copolymer. Polymers for Advanced Tech-
nologies 2: 245-251

8. Kikuchi A, Kataoka K, Tsuruta T (1992) The role of protonation and conformation transition of
polyamine-graft-PHEMA copolymer surfaces. J Biomater Sci Polymer Edn 3: 355-374

9. Kataoka K, Sakurai Y, Nabeshima Y, Sasaki Y, Maruyama A, Tsuruta T (1991) Selective re-
tention of lymphocyte subpopulations on polyHEMA -graft-polyamine copolymer: Effect of
chemical structure of polyamine graft. Kobunshi Ronbunshu 48: 201-209 (in Japanese)

10. Llanos GR, Sefton MV (1993) Does polyethylene oxide possess a low thrombogenicity? J Bio-
mater Sci Polymer Edn 4: 381-400

11. Kataoka K, Sakurai Y, Hanai T, Maruyama A, Tsuruta T (1988) Immunoaffinity chromatogra-
phy of lymphocyte.subpopulations using tert-amine derived matrices with adsorbed antibodies.
Biomaterials 9: 218-224

12. Maruyama A, Tsuruta T, Kataoka K, Sakurai Y (1989) Elimination of cellular active adhesion
on microdomain-structured surface of graft-polyamine copolymers. Biomaterials 10: 291-298

13. Kikuchi A, Karasawa M, Kataoka K, Okuyama K, Tsuruta T (1993) Amino-containing poly-
mers as non-adsorbable surface for platelets. Akutsu T, Koyanagi H (eds) Artificial Heart
(Springer-Tokyo) 4: 29-32

14. Kikuchi A, Karasawa M, Tsuruta T, Kataoka K (1993) Differential affinity of Lymphocyte
subpopulations toward PHEMA surface derivatized with a small amount of amino groups--
evaluation under the regulated shear stress. J Colloid Interface Sci 158: 10-18

15. Bigelow JC, Gidding JC, Nabeshima Y, Tsuruta T, Kataoka K, Okano T, Yui N, Sakurai Y
(1989) Separation of B and T lymphocytes by a hybrid field-flow fractionation/adhesion chro-
matography technique. J Immunological Methods 117: 289-293 »

16. Renier M, Anderson JM, Hiltner A, Lodoen GA, Payet CR (1993) Infrared spectral analysis of
extractables from poly(etherurethane urea)(PEUU) elastomers. J Biomater Sci Polymer Edn 5:
231-244



18.

19.
20.
21.

22.

47

. Brunstedt MR, Ziats NP, Schubert M, Hiltner PA, Anderson JM (1993) Protein adsorption

onto poly(ether urethane ureas) containing Methacrol 2138F: a surface-active amphiphilic addi-
tive. J Biomed Mater Res 27: 255-267

Brunstedt MR, Ziats NP, Robertson SP, Hiltner A, Anderson JM (1993) Protein adsorption to
poly(ether urethane ureas) modified with acrylate and methacrylate polymer and copolymer
additives. J Biomed Mater Res 27: 367-377

Stillinger FH(1980) Water revisited. Science 209: 451-457

Rice SA, Sceats MG(1981) A random network model for water. J Phys Chem 85: 1108-1119
Maeda Y, Tsukida N, Kitano H, Terada T, Yamanaka J (1993) Raman spectroscopic study of
water in aqueous polymer solutions. J Phys Chem 97: 13903-13906

Taira H, Tanaka A, Kataoka K, Tsuruta T, Hayashi M (1994) Adhesion and growth behavior
of bovine aortic endothelial cells on polyamine graft copolymer. Jpn J Artif Organs 23: 695-
699 (in Japanese)

23. Taira H, Kataoka K, Tsuruta T, Hayashi M (1995) Bovine aortic endothelial cells culture on

24.

25.

26.
27.

28.

polyamine graft copolymer surfaces: Influences and roles of adsorbed fibronectin and vitro-
nectin from-serum in cell culture. JpnJ Artif Organs 24: 42-47 (in Japanese)

Nojiri C, Okano T, Jacobs HA, Park KD, Mohammad SF, Olsen DB, Kim SW (1990) Blood
Compatibility of PEO grafted polyurethane and HEMA/styrene block copolymer surfaces. J
Biomed Mater Res 24: 1151-1171

Nojiri C, Okano T, Koyanagi H, Nakahama S, Park KD, Kim SW (1992) In vivo protein
adsorption on polymers: visualization of adsorbed proteins on vascular implants in dogs.

J Biomater Sci Polymer Edn 4: 75-88

Koyo H, Tsuruta T, Kataoka K (1993) Synthesis of novel types of segmented polyamineurea
and polyamine-poly(ethylene oxide) block copolymer. PolymerJ 25: 141-152

Kataoka K, Koyo H, Tsuruta T (1995) Novel pH-sensitive hydrogels of segmented poly
(amineureas) having a repetitive array of polar and apolar units in the main chain.
Macromolecules 28 (in press)

Nagasaki Y, Honzawa E, Kato M, Kataoka K, Tsuruta T (1994) Novel stimuli-sensitive tele-
chelic oligomers. pH and temperature sensitivities of poly(silamine) oligomers.
Macromolecules 27: 4848-4850



Novel Approaches
to Drug Delivery Systems
and Future Trends



NEW ORAL DRUG DELIVERY SYSTEM

Raphael M. Ottenbrite and Ruifeng Zhao, Center for High Technology Materials, Chemistry
Department, Virginia Commonwealth University Richmond, VA 23284-2006, USA

Sam Milstein, Emisphere Technologies Inc., 15 Skyline Drive, Hawthorne, NY 10595, USA

ABSTRACT: A new oral drug delivery system is discussed with respect to its specific
dependence on pH and ability to enhance absorption of pharmaceutical agents. This technique
not only can be used to deliver the protein and polar macromolecular drugs which are currently
administered by injection, but also can be used to administer antigens and vaccines.

KEY WORDS: oral drug delivery, proteinoid microsphere, chaperon, heparin, inteferon.

INTRODUCTION

Oral administration of protein and polar macromolecular drugs has been considered one of the
greatest challenges in oral drug delivery since these drugs are easily hydrolyzed and digested by
acids and enzymes in the gastrointestinal (GI) tract. In addition, oral administration of these
drugs usually results in extremely low to no biocavailability due to their poor membrane
permeability in the GI tract [1-3].

Many small molecules are chemically and structurally stable and remain unchanged by oral
delivery. However, macromolecular drugs such as heparin, insulin and human growth hormone
are very sensitive to the enviromental components in the GI tract since their activity is directly
related to specific molecular structures. Successful oral drug delivery requires that the drug-
carrier be resistant both to the attack by enzymes and to the impact of pH gradients (pH changing
from ~1-3 in the stomach to ~6-7 in the intestine), and also be capable of passing through the
intestinal membrane without permanently altering its structure or function. Specific digestive
processes can efficiently transform proteins and polysaccharides into smaller molecular fragments
that are pharmacologically ineffective [1]. Currently these drugs and newly developed
biotechnology drugs have to be administered via injection.

Recently, oral drug delivery research has focused on using natural or synthetic polymers as drug
carriers to protect these drugs through the GI tract [2-3]. Meanwhile, the use of microsphere
or nanoparticles to protect these drugs from degradation is being investigated [4-5].

PROTEINOID MICROSPHERES

Thermally synthesized copoly(amino acids), or proteinoids, are known to form microspheres.
These proteinoid microspheres have been studied mainly by Fox ez al as protocellular models [6].
Recently, an application of these proteinoid microspheres as a delivery system for pharmaceutical
agents was patented by Steiner and Rosen [7]. The merit of this application is the oral delivery
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and release of an encapsulated active pharmacological agent. This novel drug delivery system
has been demonstrated to be viable for several different kinds of pharmacological agents
including insulin and heparin.

The core of this technology involves delivering therapeutical agents such as polysaccharides and
proteins which are being presently administrated via injection. Small amino acid-based
compounds called proteinoids, made simply by thermal condensation of specific amino acids, are
used. The solid material obtained, after the condensation process, is finely ground and extracted
with sodium hydrogen carbonate solutions. The extracts are lyophilized to yield a lightly colored
product. This proteinoid material is composed of small peptide molecules ranging in size from
300 to 800 daltons, mostly consisting of tri- and tetrapeptides. The structures of these proteinoids
are complex mixtures of diastereomerically linear, cyclic and branched chained peptides [1].

These proteinoids spontaneously form microspheres with pharmaceutical agents at low pH
conditions (pH~1-3), which are insoluble and can be isolated. Under higher pH conditions
(pH ~6-7), the microspheres disassemble, releasing the encapsulated material [1]. To encapsulate
a drug, the proteinoid material is dissolved in water at pH 7. This solution is added to a
therapeutically desirable drug dissolved in a low pH solution with vigorous shaking. Under these
acidic conditions, the proteinoids form microspheres with encapsulated drugs ranging in size from
5 to 10 microns [8]. The size is usually dependent on the proteinoid used and the agitation
methods, i.e., the microspheres produced from handy agitation ranges from 10 to 15 microns
while smaller spheres are formed by ultrasonic sound agitation (0.5 microns). The unique
characteristic of these microspheres is that they remain intact in the acidic enviroment of the
stomach (pH~1). In upper GI tract, the higher pH (pH~6-7) causes the microspheres to solubilize
and disassemble, allowing the drug to be released for absorption [1]. In this manner, the
proteinoid microspheres are able to protect a therapeutic agent from gastric acids and enzymes
in the stomach and then release it into the intestinal absorption area.

The ability of these proteinoid materials to inhibit the activity of proteases in the intestine has
been examined by in vitro assays. The results indicate that some proteinoids permit a
competitive inhibition process of both trypsin and chymotrypsin at concentrations in the
millimolar range. The K; values have been seen for these proteinoids in the 10-400 mM range.
Interestingly, most of the proteinoid carriers studied show inhibition of both trypsin and
chymotrypsin within this range even though the structures of the proteinoids would suggest
greater specificity for one enzyme over another.

Standard heparin and low molecular weight heparin (LMWH) microspheres were chosen as the
model system. Heparin is a well-known anticoagulant and widely used for the prevention and
treatment of thrombic diseases. Currently, both standard heparin and LMWH have to be
administered intraparenterally to evaluate clinical efficacy. In vivo evidence indicates that the
LMWH delivered by this technique was rapidly absorbed. It was found that heparin orally
administered in proteinoid spheres resulted in a significant increase in clotting time, which was
detectable 30 minutes after dosing. This same phenomenon has been observed in all of the
species that have been tested [1]. Data on six different animal species, which include mice, rats,
guinea pigs, dogs, and primates, as well as a completed phase I human trial, with LMWH
encapsulated in proteinoid microspheres also demonstrated successful oral delivery with this
system (Figure 1) [1].
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Figure 1. Oral Dosing of Heparin in Rats; @ baselines, 4 subcutaneous injection, W heparin

+ carrier I, Y heparin + carrier . (Unpublished Results, Emisphere Technologies Inc.)

CHAPERONED ORAL DELIVERY

In the development of new pharmaceutical reagents, the initial design is usually focused on the
therapeutic functions and the physicochemical requirements. Only secondarily are design features
devoted to characteristics that are related to drug delivery to the biological target. Consequently,
innumerable therapeutic compounds have been eliminated due to the inability to achieve
therapeutic levels of reagent in appropriate anatomical compartments. This is a design fault
which neglects blood and membrane transport requirements. Consequently, this compromise
provides optimal bioactivity but due to low delivery efficiency, very high doses to achieve
therapeutic effects are usually necessary.

As discussed earlier, oral delivery, from a practical viewpoint, is the best mode of administration.
Presently, an effective way to deliver proteins, glycoproteins, glycosaminoglycans, and new
technology macromolecules, is of prime interest. The main problem resides in the fact that due
to enzymatic and hydrolytic digestion, their structural properties are altered which affects their
physicochemical properties.  Furthermore, poor absorption or delivery to the necessary
biocompartments is common. The ideal oral delivery system would involve an agent that could
associate with the drug so as to protect it from the hostile environment of hydrolytic and
enzymatic degradation while in the stomach as well as enhance the rate of absorption from the
GI tract. This mode of activity would entail a chaperon-like conduct by the carrier with respect
to the drug, i.e., serve as a protector from hostile environments while presenting the drug to the
absorption site.

Protein transport modes in and out, through and between cells, is observed in Nature. To effect
these modes of transport nature causes a transient protein conformational change into a
“transportable state”. This “transportable state” is different from the native conformation, and
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after being transported, the drug returns to the native state. For example, liposomes and
synthesized proteins are translocated to appropriate cellular organelles by a variety of mechanisms
including chaperons [9]. The current understanding of protein conformation suggests that there
exist a number of discrete conformations ranging from the native to the denatured state [10]. A
current model of the protein suggests that the folding, after the establishment of the secondary
structures, involves sequential steps to achieve the native state [11]. The available data on
chaperons indicate that part of their functions is to keep the proteins in their nonactive (partially-
folded) state. Furthermore it has been demonstrated that partially unfolded proteins pass through
membranes more readily than in the native state [12].

Milstein [13] has recently postulated that oral drug delivery can occur under the following
conditions: a) the drug exists in an intermediate conformation that is neither the native state nor
the fully denatured state; b) the conformational intermediate is readily reversible to the native
state with the full biological activity when in systematic circulations and/or at its biological
target. Evidences supporting this theory is described by Rosen[7] with respect to effective oral
delivery of both proteins and nonproteins. It is clear that sphere formation and drug
encapsulation by proteinoids is a non-covalent process. It is only recently that evidence has been
obtained that enhanced drug uptake from the GI tract is the result of drug complexation with the
carriers.

It has been found that specific synthetic proteinoid materials (Mw 300-800) can effect therapeutic
uptake of drugs such as interferon, growth hormone and calcitonin within minutes after ravage
administration. Shown in Figure 2 is the effect of a synthetic chaperon with interferon (IFN).
No IFN absorption is indicated by normal oral ingestion, however, in conjunction with the
chaperon the absorption from the GI tract is very rapid and is similar to the profile experienced
by an intramuscular injection of IFN. These data indicate that a synthetic carrier may mimic the
behavior of natural chaperons, that is, change the conformation of a protein such that its
adsorption from the GI tract is enhanced. Therefore, by combining the appropriate carrier with
a specific drug, a complex can be formed with physicochemical properties that effect membrane
transport.
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Figure 2. Oral Administration of a-IFN with and without Chaperon in Rats; 4 1.0 mg/kg IFN,

A 1.0 mg/kg IFN with 800 mg/kg Chaperon. (Unpublished Results, Emisphere Technologies
Inc.)
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2) a-IFN with 5 mg.mL Chaperon, 3) a-[FN with 10 mg/mL Chaperon, 4) a-IFN with 25
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Figure 4. Reversible Denaturation of a-IFN By A Synthetic Chaperon, a) Nature a-IFN alone,

b) «-IFN with a Chaperon, c¢) a-IFN with the Chaperon after Dialysis. (Unpublished Results,
Emisphere Technologies Inc.)
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Physical evidence for complex formation which would be related to partial denaturation of
protein drugs has been obtained by differential scanning calorimetry (DSC), circular dichroism,
isothermal titration and NMR techniques. Shown in Figure 3 are the effects of a synthetic
chaperon on the DSC transition for a-interferon (-IFN). As the concentration of the synthetic
chaperon was increased, the transition peak (1) migrated to lower temperatures and decreased
intensity (2-4) until the chaperon concentration was 100 mg/mL when the transition was
completely suppressed (5). This change was attributed to complexation of the chaperon with the
drug in a non-native state. This complexation is reversible, as shown in Figure 4. Without the
chaperon present, the DSC for the native state of «-interferon is very clear and sharp (Figure 4a).
After addition of the chaperon, no transition is observed due to denaturation (Figure 4b).
However, after dialysis by which the chaperon material was removed, the IFN returned to its
native state to produce its characteristic DSC transition (Figure 4c). Present studies are being
carried out with chaperons made from amino acid residues and with respect to their influences
on heparin in vivo and by physicochemical evaluation.
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ABSTRACT

Poly(B-malic acid), PMLA, is known as a worthwhile degradable and bioresorbable drug carrier, which
bears pendent reactive carboxylic acid groups usuable to tailor make macromolecular prodrugs.
Fluoresceinamine (F1), has been covalently bound to poly(malic acid) as a model of a drug molecule to
prospect the fate of poly(malic acid)-drug conjugate in contact with living cells, and especially cell uptake.
For this, Fl was bound to poly(B-malic acid) through amide bound using DCC as the coupling agent.
Three partially benzylated FI-PMLA conjugates were also synthesized by attachement of benzyl alcohol
residues to pendent carboxylic acid groups via ester bonds. LASER-microspectrofluorometry (L-MSF)
and fluorescence microscopy were used to evaluate the in vitro uptake of the conjugates by tumor cells
K562 (A human erythroleukemia). It is shown that cell uptakes are polymer-dependent, molecular weight-
dependent and hydrophobe-dependent.

KEY WORDS: macromolecular prodrug, fluorescent labelling, intracellular uptake, laser-
microspectrofluorometry (L-MSF)

INTRODUCTION

During the past two decades, increasing attention has been paid to the concept of high molecular weight
prodrugs to transport drugs from one body compartment to the other, to decrease the side effects of toxic
drugs and to achieve a more selective administration of the active molecules to cells [1-4]. During the
pionering phase, people have used commun water-soluble polymers as carriers. However, the need to
concieve bioresorbable macromolecular carriers which could be eliminated from the body after the
liberation of the drug, was recognized very soon [5]. On the other hand, drug-polymer conjugates should
liberate the drug only after being within the cells. Ideally, degradation of the conjugate should take place
in the lysosomal compartments by exposure to a number of digestive enzymes at an acidic pH (4-5) in
order to release the parent drug in situ [6-8]. Based on these remarks, poly(B-malic acid), PMLA>0H,q,,
was synthesized and the properties of this polymer and of its derivatives were investigated in detail
according to the list of specifications of bioresorbable polymeric drug carriers [9]. The methods available
to monitor the fate of polymeric prodrugs in living cells are limited. For the last two years, we have
prospected the use of LASER-microspectrofluorometry (L-MSF) to investigate the behavior of fluorescent
poly(B-malic acid) derivatives in contact with living cells [10-12], according to a new methodology
previously used for the study of fluorescent drugs (Doxorubicin and Daunorubicin for example).

In the past years, an important progress has been made in microspectrofluorometry by the use of LASERS
as excitation source and by the advent of optical multichannel analyzers (OMA) for the detection of
fluorescence signal. LASER excitation permits a spatial resolution of about 1uym and high excitation
efficiency. Spectrographic dispersion on optical multichannel analyzers has eliminated monochromator
scanning of a fluorescence spectrum, thus considerably reducing acquisition time. This arrangement
decreases excitation power requirement, thus reducing heating effect, photodamage and photobleaching of
the sample which are severe inconveniences during in vitro studies. L-MSF can then study weak signals
from volumes of a few cubic micrometers in single cell compartiments, with good spectral resolution,
signal to noise ratio and stability.

In this paper, we wish to report the synthesis of fluorescent polymeric conjugates by coupling

fluoresceinamine (F1) to racemic poly(B-malic acid) (PMLASCH ). The resulting models of polymeric
prodrugs were characterized and their intracellular fate was investigated in cultures of tumor cells K562 (a
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human erythroleukemia) by LASER-microspectrofluorometry and fluorescence microscopy. Data are
discussed in terms of cell penetration and of the hydrophobization of the drug-polymer conjugates.

MATERIALS AND METHODS

Poly(B-benzyl B-malate) (PMLA, Be1oo) (Mw ~ 30 000; Mw/Mn = 1.5) was obtained from B-benzyl
malolactonate as previously described in literature [13]. After hydrogenolytlc cleavage of the benzyl ester
protecting groups to liberate the pendent COOH groups, PMLAS%H, o, (Mggc ~ 37 000 in aqueous
solvents, with reference to polystyrene sulfonate standards) was obtained. Fluoresceinamine isomer II was
purchased from Aldrich-Chem. Co. N,N'-dicyclohexylcarbodiimide, 99%, and benzyl alcohol, 99%, were
purchased from Janssen Chimica. These materials were used without further purification. The synthesis of
poly(B-benzyl malate-co-B-malic acid) copolymers and the coupling of the dye were made in two steps :
first, activation of carboxylic acid groups of the poly(B-malic acid) with DCC to form a reactive
polyanhydride, and secondly, nucleophilic attack of the benzyl alcohol hydroxyl group and of the
fluoresceinamine amino group on anhydride groups to form respectively an ester and an amide bond.

Cells : Human K562 leukemic cells [14] were grown in DMEM supplemented as described above. The
sensitive K562 cell lines were provided by the biochemistry laboratory of the Pharmacy Departement
(Reims University, France). Uptake studies were carried out with cells which had been in exponential
phase since the day before experiment, then centrlfuged transferred in 15 ml tubes suitable for cell
culture at a density of 105 cells/ml and incubated in DMEM containing Fl or a labelled polymer
(PMLA,Fly or PMLA,BeyFly) at 37°C in a moisted air/COy incubator. The cells were then washed three
times with” fresh PBS to remove adherent conjugate from their surface, the drug free medium was then
added. The cells were seeded on a cover - slide in a Petri dish containing PBS for the
microspectrofluorometric and fluorescence microscopic analyses. The first sampling was carried out at a
incubation time of 3h.

L-MSF : Fluorescent emission spectra from a volume within a living cell were recorded with a
microspectrofluorometer (modified Raman Spectrometer OMARS 89, DILOR, Lille, France) as already
described [15]. By means of an optical microscope (Olympus BH2) equipped with a 100x water phase
contrast immersion objective (Leitz Fluotar), a laser beam was focused on a spot of less than 1um in
diameter. Sample observation and collection of fluorescence emission were obtained through the same
optics. The actual fluorescence sampling was restricted by means of a suitable pinhole diaphragm on the
image plane of the microscope objective. The emission light signal, spectrally dispersed by a diffraction
grating, was detected with an optical multichannel analyzer, made of a cooled 512-diode array and
optically coupled to an image intensifier. Data were collected locally, and then transferred to a computer
for analysis with a lab-developed software. Laser power and instrumental response were controlled by the
daily use of rhodamine B as an external standard. Following different treatments, including free FI;
PMLA,Fly or PMLA,BeyFly, the cells were scraped from the culture dish and seeded in a dish containing
PBS. At least 20 spectra from the same intracellular location were accumulated in order to obtain a signal
to noise ratio of about 30. The reported data were collected from 20 different cell nuclei within the first
15 min following transfer of the cells into PBS. Sample heating, photobleaching and photodamage were
checked and found to be negligible under our experimental conditions. The laser power on the sample was
4 pW and the illumination time 1 sec. Phase contrast microscopy was used to show that cells remained
viable after repeated fluorescence determinations.

Fluorescence Microscopy of K562 cells treated with free Fl; PMLA,Fl; or PMLA,Be,Fl,: To
determine the cellular site at which the free Fl or labelled polymer is localized, the treated cells were
examined and photographed by microscopy using fluorescence excitation.

RESULTS
Qualitative analysis

Photomicrographs of K562 cells incubated with (a) free Fl, (b) poly(B-malic acid)/F1 (PMLA,FI

conjugates and (c) hydrophobized poly(B-benzyl malate)/Fl (PMLA BeyFly) conjugates were taken at ZIh
(Fig.1). Weak fluorescence diffuse and homogeneous was observed for free Fl in (a). Fl is a molecule
which can handly penetrate in the cells. An opposite behavior was noticed with the conjugates. Indeed the
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later are able to penetrate in the cells via a pinocytic phenomenon, thus leading to an intense intracellular
fluorescence (b) or a localized cytoplasmic fluorescence (c).

@ ®) ©

Fig.1 Photomicrographs of cells incubated with free Fl (a), PMLA,FIy (b) and PMLA,BexFly (c) after 24
hours

Quantification of fluorescence

The fluorescence spectra of conjugates appeared to be different from that of free Fl. The intracellular
uptake of Fl was determined after incubation of cells with free Fl, with PMLA Fl, or with PMLA Be,Fl
at identical concentrations (10-5M) and for various incubation times. Cells were §tudied for Fl content 3K
and 24h after the addition of drugs to the medium. The fluorescence emissions arising from the nucleus or
the cytoplasm of a cell treated with Fl or conjugates polymer/Fl1 were expressed as the sum of
corresponding spectral contributions of Fl and intracellular autofluorescence (Fig.2).

Fig.2 Nuclear I and cytoplasmic II intracellular spectra of the cells incubated with polymer/Fl conjugate
after 3 hours. A: Intracellular experimental spectra; B: Intracellular autofluorescence; C: Fluorescence of
Fl1 or polymer/Fl conjugates

The intracellular fluorescence of Fl after 3h of incubation with free F1 was diffuse and identical in nucleus
and cytoplasm. Intracellular Fl levels increased with the incubation time as shown by data at 24h post
inoculation. In K562 cells incubated with PMLA Fl,, the intranuclear fluorescence of Fl, after three
hours of incubation, was 2-3 times higher and the cytoplasmic fluorescence was 3-5 times higher,
compared with the same cells incubated with free Fl. It can be seen that the polymer/F] conjugates became
associated with the cells rapidly (even at 1h of incubation time), and over a 3h incubation period there
was a little progressive accumulation of fluorescence in both the nucleus and the cytoplasm. In the case of
PMLA/FI conjugates, no significant increase in intracytoplasmic fluorescence was observed 24 hours
post-ncubation, while a clear increase of intranuclear fluorescence was observed as a function of the
incubation time (Fig.3).
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Fig.3 Drug uptake in K562 cells as a function of time : intranuclear fluorescence with free Fl (O) or
polymer/Fl1 conjugate (®) and intracytoplasmic fluorescence with free Fl (A) or polymer/Fl conjugate(A)

Using conjugate fractions of different molecular weight, experiments were carried out to investigate the
effect of the size of PMLA/FI and PMLABex/Fl conjugates on the rate of pinocytic capture and
intracellular hydrolysis (Fig.4).
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Fig.4 Drug uptake in K562 cells as a function of molecular weight of various conjugates after 3 hours of
incubation in nucleus (O) and cytoplasm (A) and after 24 hours of incubation in nucleus (®) and
cytoplasm(A)

Whereas the rate of pinocytic capture of the different fractions was clearly related to size, the proportion
of captured conjugate subject to intracellular hydrolysis after three hours of incubation was independent of
the size (the intranuclear fluorescence after 3hr of incubation was identical for all fractions of
conjugates).Also, the intracellular fluorescence (nuclear and cytoplasmic) after 24 hr of incubation, with
poly(B-benzyl malate)/F] conjugates was higher than with poly(B-malic acid)/Fl conjugates. This feature
shows that the incorporation of hydrophobic residues (benzyl residues) into PMLA/FI conjugate increased
the affinity for the plasma membrane and consequently dramatically enhanced the rate of pinocytic uptake
by cells.

CONCLUSION

The use of fluoresceinamine as a marker allowed us to use LASER-microspectrofluorometry to evaluate
the polymer uptake by K562 cells. The internalization process of adsorptive pinocytosis, in which bulk
extracellular fluid is constitutively engulfed by the cell, occured at variable rates between cell types, and
appeared to be dependent on the metabolic state of the cell. The results of the present study demonstrate
that, compared with free Fl, the covalent attachement of Fl to polymers led to an increase in the uptake of
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the Fl by the cells; this enhanced uptake was still apparent after prolonged periods of incubation.
Fluorescently labeled polymers were found to accumulate in the cytoplasm. The kinetics of intranuclear
accumulation of Fl (Fl released from the conjugates localized into the lysosomal vesicles), as a function of
time, was rapid in sensitive K562 cells. The uptake of polymer/Fl conjugates by the cells was five fold
greater than that of free Fl. Further work is under way to investigate the behavior of PMLA/doxorubicine
conjugates by the same techniques.
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NOVEL BIOADHESIVE, PH- AND TEMPERATURE-SENSITIVE GRAFT COPOLYMERS
FOR PROLONGED MUCOSAL DRUG DELIVERY

A. S. Hoffman!, G. H. Chen!, S. Y. Kaang', Z. L. Ding, K. Randeri’ and B. Kabra?

! Center for Bioengineering, FL-20, University of Washington, Seattle, WA 98195, USA
2Alcon Laboratories, Ft. Worth, TX 76134, USA

INTRODUCTION

In this paper we describe the synthesis of new bioadhesive polymer structures and compositions
that have been designed for application as vehicles for prolonged opthalmic drug delivery. The
major polymer component in these studies is high molecular weight PAAc, which is a well-known

bioadhesive polymer.1 PAACc is often incorporated into a delivery formulation in order to increase
the residence time of a drug delivery vehicle in contact with mucosal surfaces. If the residence time
of a drug formulation is prolonged by increased adherence to a mucosal surface, such as the eye,
then it would also be desirable to slow down the release of the drug, so that it would be delivered
over the period of retention of the formulation on the eye surface. In order to accomplish this, we
have incorporated a more hydrophobic component, in this case a temperature-sensitive polymer,
into the drug formulation.

There are three ways that a temperature-sensitive component can be incorporated together with a
bioadhesive component (PAAc) in a formulation: (1) as a physical mixture with PAAc, (2) in a

random copolymer with AAc, or (3) as segments in graft or block copolymers with PAAc.2
Physical mixtures of PAAc and PNIPAAm tend to physically separate and release drug too
rapidly at body temperature and pH. Random copolymers of the two are not satisfactory becausc
they lose temperature-sensitivity and do not have sufficient hydrophobic character when the
content of the AAc component reaches levels where bioadhesive properties are observed. The
graft copolymer structure is most effective because (a) it combines both bioadhesive and
hydrophobic properties in one single molecule, (b) retains both behaviors independently over a
wide pH range, and (c) doesn't permit physical separation. This is the rationale for the work
described in this paper, which will include the synthesis, physical properties and drug delivery
kinetics of this unusual family of graft copolymer matrices.

METHODS
Synthesis of graft copolymers

Graft copolymers having PAAc as the backbone and grafied side chains of NIPAAm or NIPAAm-
BMA copolymers may be prepared in two ways: 1) by copolymerization of the macromonomer

of oligomers of polyNIPAAm or copolyNIPAAm-BMA with AAc (e.g.4’5) or 2) by coupling
oligomers of polyNIPAAm or poly(NIPAAm-co-BMA) onto the PAAc backbone through the
reaction of amino terminal groups of the oligomers with the PAAc carboxyl group. Hydrogels may
also be prepared by including crosslinker (MBAAm). Fig. 1 shows a schematic graft copolymer
structure and Fig. 2 shows the synthesis of the graft copolymer by the second method, i.e.,
conjugation of the amino-terminated oligomer onto the PAAc backbone. The details of the

synthesis of such graft copolymers have been reported elsewhere.

62



63

Temperature-sensitive grafted chains

Figure 1 Schematic structure of graft copolymer with a temperature-sensitive polymer
grafted to a bioadhesive polymer backbone.
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Figure 2a Synthesis of amino-terminated PNIPAAm
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Figure 2b Synthesis of graft copolymer of PNIPAAm-g-PAAc by coupling amino-PNIPAAm
to PAAc backbone
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Figure 3 Light absorbance of polymer solutions vs. temperature. Effect of (a) composition
(at pH 7.4), and (b) pH ( for the 50 wt% NIPAAm graft copolymer).

Figure 4 The cloud points of the graft copolymer (50 wt% PNIPAAm) vs. pH, showing four
regions A—D.

Figure 5 The cloud points of random copolymers of NIPAAm and AAc, and of graft

copolymers of PNIPAAm-g-PAAc plotted against the copolymer AAc content at pH 4.0 and
7.4
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Figure 6 Comparison of the phase transitions of the 50 wt% PNIPAAm graft copolymer
with the 50 wt% P(NIPAAm-BMA) graft copolymer (at pH 7.4).

Figure 7 Percent of timolol maleate release from various polymer matrices vs. time (PBS
buffer, pH 7.4, 34 °C)

Timolol maleate, an ophthalmic drug (D), was used as a model drug to evaluate the copolymers as
matrices for controlled drug release. The polymer solutions plus the drug (5 wt% drug, 95 wt%
polymer) in methanol (10% w/v) were cast onto glass discs and dried to form films. These discs
were immersed in PBS buffer, pH 7.4 at 34°C with vigorous stirring, and the amount of the drug
released from the polymer films at various times was measured by a UV spectrophotometer at 294

nm.
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RESULTS AND DISCUSSION

Fig. 3a shows the effect of temperature on the light absorbance of aqueous solutions of different
NIPAAm graft copolymer compositions and one physical mixture and Fig. 3b shows the effect of
pH on the transition temperature. Even though the carboxyl groups in PAAc are ionized at pH
7.4, the graft copolymers all start to show an LCST phase transition at almost the same
temperature as PNIPAAm, independent of the overall composition. With as high as 80 wt% of
AAc, the graft copolymer still shows the onset of turbidity at pH 7.4. The presence of the ionized
PAAc backbone seems only to reduce the magnitude of the turbidity and to widen the temperature
range of the response, indicating that even when it is ionized, the PAAc backbone does not change
the phase transition property of the polyNIPAAm graft chain. However, as pH is lowered, it can
be seen that the LCST is also lowered, possibly due to H-bonding between the -CONH- groups of
PNIPAAm with the -COOH groups of the PAAc. Fig. 4 shows the cloud points of the 50% graft
copolymer of PNIPAAm-g-PAAc as a function of pH and temperature. Fig. 5 shows clearly how
the cloud points of random and graft copolymers dramatically differ as a function of composition,
at two different pHs. Fig. 6 shows that the copoly(NIPAAm-co-BMA) oligomer and its graft
copolymer exhibited a cloud point in PBS around 26°C, which is 6°C lower than PNIPAAm.

The release of timolol maleate from the two different graft copolymers at 34°C and pH 7.4 is
significantly retarded in comparison to release from matrices of PAAc, random copolymers of AAc
and NIPAAm, or physical mixtures of PAAc and PNIPAAm. These data are shown in Fig. 7.
These interesting graft copolymers should be useful as sustained-release, bioadhesive drug delivery
vehicles at physiologic conditions. Such dual-sensitivity, "hybrid intelligent" graft and block
copolymers may also have many exciting new uses.
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ENHANCED INTESTINAL ABSORPTION OF PEPTIDES BY COMPLEXATION OF
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SUMMARY

Protein synthesized within a living cell must be transported across biological membranes to
reach their target site. This transport is accomplished through the use of a class of carrier,
termed chaperones, and involves binding of the protein, which is in an intermediate state, to
the carrier. Using this natural model as a conceptual starting point, evidence is presented
that, in a fully aqueous solution, certain small molecular weight compounds can be added to
proteins which will significantly enhance membrane penetration of the protein. Using
iodinated human growth hormone, in isolated tissue and perfusion studies of the rabbit
intestine, small molecular weight compounds, termed proteinoids, cause a five-fold increase
in the permeability coefficient. Evidence is presented that this is a passive absorption
process with no demonstrable changes in the absorbing membrane.

KEY WORDS: chaperones, proteinoids, human growth hormone, molten globular state,
stress proteins

INTRODUCTION

Oral delivery of peptides continues to be an unachieved goal although significant advances
have been made during the past five-ten years. The major issues inhibiting absorption
across mucosal tissue, especially intestinal tissue, appear to be self-association of the
peptide; proteolytic destruction of the drug by lumenal, brush-border, and tissue proteases;
and low permeability across the intestinal tissue. The first two of these three issues can be
addressed through fairly conventional formulation approaches, including microencapsulation.
The latter issue of permeability appears much more intractable and has classically been
addressed through the use of penetration enhancers or by covalently modifying the peptide.
Each of these approaches can create significant regulatory problems and are much more
difficult to develop into a commercial product. An alternative novel approach to improve
penetration has been suggested by Milstein (1). In this case, modelled after the normal
biological approach of protein absorption across biological membranes, the non-fully active
peptide, which exists in solution in equilibrium with the fully active peptide, is complexed
with a low molecular weight carrier. The complexed peptide is much more permeable
across biological tissues.

Cellular Movement of Recently Synthesized Peptides

How does a recently synthesized peptide cross a biological membrane to reach its site of
action? To answer this question it is worthwhile examining the relatively brief history of
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heat shock proteins (2). Thirty years ago it was noted that following a sudden increase in
temperature all cells increase production of a class of molecules that protects them from
further damage. The phenomena was referred to as the heat shock response and the class of
molecules produced were referred to as heat shock proteins (HSP). Subsequently, we have
learned that a wide variety of environmental assaults, such as alcohols, metabolic poison,
and stress, produce HSP. HSP’s are now commonly referred to as stress proteins and it is
known that they are far more than just defensive molecules and, indeed, participate in a
variety of metabolic processes, including the pathway of protein synthesis and transport
across biological membranes. Stress proteins bind to newly synthesized proteins as they are
being folded and assembled into their mature form. This prevents premature folding. The
stress protein may dissociate from the protein and allow it to fold into its functional shape or
to associate with other proteins. These HSP or stress proteins are now commonly referred
to as molecular chaperones (3). By definition (4), molecular chaperones are a family of
unrelated classes of proteins that mediate the correct assembly of other polypeptides but that
are not components of the functional assembled structures.

The proposed function of chaperone proteins is to assist polypeptides to self-assemble by
inhibiting alternative assembly pathways that produce incorrect structures. Naturally, the
peptide-chaperone complex allows movement of the peptide across a biological barrier.
Whether the chaperone-peptide complex moves together across the membrane or the
chaperone merely presents the partially folded peptide to the membrane surface, varies on a
case by case basis.

Milstein (1) began with the premise that peptides in solution exist in equilibrium in a variety
of states, one of which is the fully active form. Support for this assumption of various

Permeability Coefficient (x10-6 cm/sec)

Fig. 1
Effect of E198 on hGH permeability in various regions of the rabbit intestine.
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states of the peptide have been recently reported for the enzyme lactate dehydrogenase (5).
He further identified specific small molecules that would non-covalently bind to certain
peptides. The bound form would entail the non-fully active peptide and a number of these
small molecules. Thus, for example, he found that the following sulfonamide,

¢-S0,-NH-¢-CH,CH,CH,COO®Na®

referred to as E198, would bind to human growth hormone. Evidence for the binding is
through Differential Scanning Calorimetry. We have examined the permeability
characteristics of iodinated human growth hormone in the presence and absence of E198,
using isolated rabbit intestinal tissue studies.

Figure 1 shows the influence of E198 on '25I-hGH permeability across rabbit intestinal
tissue. A variety of metabolic agents to test for the presence of an active transport process,
including ouabain and amiloride, confirmed that the process involved passive diffusion.
Evidence that E198 is not a classic penetration enhancer is found by examining the influence
of this agent on the permeability of mannitol, which classically employs the paracellular
route for drug permeation and progesterone, an agent that uses the transcellular route, as

14C-Progesterone

1 v ) b 1 v 1 v

Control HH

E198 150mg/ml HH

0 2 4 6 8 10
Permeability Coefficient (x10-7 cm/sec)

3H-Mannitol

LI L L L

Control HH

E198 150mg/mL HH

0 1 2 3 4 5 6
Permeability Coefficient (x10-6 cm/sec)

Fig. 2
Effect of E198 on absorption of 14C_progesterone and H-mannitol through rabbit duodenal
tissue.
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shown in Fig. 2. Further evidence that E198 is not a classic penetration enhancer was the
absence of tissue damage or change as judged by enzymatic markers and dyes.

The precise mechanism of membrane penetration, i.e., does E198 penetrate across the tissue
with hGH or does it simply present hGH to the tissue, is not yet known but is actively being
pursued in this laboratory. What is clear, however, is that small and large molecular weight

substances can bind and stabilize intermediate peptide conformers whose physicochemical
properties allow for improved intestinal absorption.
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SUMMARY

From the pharmaceutical point of view, the bioavailability, that is the amount and rate of absorption,
is the most important factor determining the drug quality with respect to its efficacy and safety.
Then, the bioavailability is controlled by well-designed dosage forms, for which interactions with
surrounding components are applicable.  Practically there are afforded various possibilities of
modification of the interaction and then of control of drug delivery by a design of dosage forms,
using polymers. The present talk will contain, as example, enteral delivery of insulin by Eudragit
microsphers with protease inhibitors, topical mucosal drug delivery systems with adhesive polymers,
and nasal delivery of salmon calcitonin by functional powder preparations using microcystalline
cellulose. These polymers are guaranteed already as pharmaceutically safe ones.

KEY WORDS : safe polymer, microspheres, adhesive tablet, nasal powder

INTRODUCTION

Researches in controlled drug delivery with view to development of new drugs are getting quite active
internationally, as it is shown by noticeable recent advances in drug delivery systems (DDS) which
includes transdermal therapeutic systems (TTS) and targeting therapies.

The basic technology of DDS is concerned with enhancement and control of bioavailability of drugs,
which is in relation with the efficacy and safety of drugs. The bioavailability is controlled by well
designed dosage forms. DDS or TTS are the most advanced dosage forms which afford the control
of bioavailability. For the control of bioavailability, there are two main approaches. One is
concerned with chemical modifications of active ingredients, for example, prodrug, antedrug,
conjugation and immobilizing.  The other is with the formulation approach by applications of
interaction of drug with the surrounding components, such as: (a) at molecular level, that is, inter-
molecular interactions (for example, complex formation, molecular dispersions and so on); (b) at
particle level, that is, particle-particle (and/or molecular-particle) interactions (for example, matrix,
microcapsules, particle coating, tablets, capsules, and so on); and c) miscellaneous (combinations of
the above two, or with a devise). The surrounding components thereby include body tissues and
organs, and thus a triple interaction among drug, dosage form and body components should be
considered. Practically there are afforded various possibilities of modification of the triple interaction
and control of drug delivery by a design of dosage forms, especially using polymers, as some
examples will be shown.

ENTERAL DELIVERY OF INSULIN BY EUDRAGIT MICROSPHERES WITH PROTEASE
INHIBITORS?

As a new pharmaceutical approaches to design an oral dosage form of insulin, we developed insulin
microspheres (IMS) prepared with polyacrylic polymer (Eudragit L 100), which contained such
protease inhibitors as aprotinin, Bowman-Berk inhibitor, soybean trypsin inhibitor and chymostatin.
These preparations were administered orally with a 20 U/kg insulin dose to normal and diabetic rats.

IMS without protease inhibitor and with soybean trypsin inhibitor or chymostatin produced no
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marked hypoglycemic response in both groups of rats (Fig. 1). A significant continuous
hypoglycemic effect was obtained after oral administration of microspheres containing aprotinin or
Bowman-Berk inhibitor in both groups of rats when compared with controls. The efficacy order of
four protease inhibitors incorporated into the microspheres was aprotinin 2 Bowman-Berk inhibitor >
chymostatin = soybean trypsin inhibitor.
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Fig. 1. Hypoglycemic effect of insulin microspheres (IMS) administered orally to
normal and diabetic rats. (@) Control; (O) IMS without protease inhibitor; (A) IMS
containing soybean trypsin inhibitor; (A) IMS containing chymostatin; () IMS
containing aprotinin; (CJ) IMS containing Bowman-Birk inhibitor. Each point
represents the meantS.E.  Comparisons calculated at each period against controls:
*p<0.05, **p<0.01.

Since we found aprotinin is a good material for our experimental purpose, next we found by in situ
loop method, in the use of aprotinin, there is a site dependency of the enzyme inhibitory activity of
aprotinin, on the absorption of insulin from gastrointestinal tract. We made 6 to 7 cm loops in the
intestines and made experiments on duodenum, jejunum, ileum and colon. Regarding the serum
glucose level when we administered insulin in the different segment loops of gastrointestinal tract, it
decreased in jejunum a little bit, and in the ileum, it decreased most. In ileum, the level decreased
depending on the dose, as the AUC and the cumulative change in glucose clearly depended on the
dose of aprotinin. The result mentioned already suggests there is a possibility that insulin can be
administered orally if insulin and the inhibitor in a high concentration can be released from the
microspheres in the distal small intestine.

As the next step we designed the microspheres which makes both the concentrations of insulin and
aprotinin at the absorption site. Three types of IMS were prepared using copolymers having pH-
dependent solubility, Eudragit L100 (L), Eudragit S100 (S), and a 1:1 mixture of these (LS). In a
release study, the insulin release rate from S-IMS was much slower than that from L-IMS at pH
below 7.0.

We investigate the distribution of insulin microspheres of two different types of Eudragit after oral
administration, at seven different sections of gastrointestinal tract where No. 1 is stomach as the
starting point. No. 2 to 7 correspond to the small intestine (Fig. 2). In the case of Eudragit L which
usually dissolves over pH 6, the microspheres dissolves between duodenum and jejunum. In the
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Fig. 2. Distribution of L-, LS- and S-IMS in the intestinal tract of rats. Each column
represents the mean of 4-6 determinations.

Fig. 3. Hypoglycemic effects of L-, LS- and S-IMS administered orally to rats. (O)
Control ( insulin-free microspheres ); (@) IMS; (A) IMS containing aprotinin. Each
point represents the meantS.E. Comparisons calculated at each period against

controls: *p<0.05, **p<0.01. Comparisons calculated at each period for IMS vs IMS
containing aprotinin: *p<0.05, ** p<0.01.

case of Eudragit S which usually dissolves over pH 7, the microspheres dissolves between ileum and
colon. In the one-to-one mixture of Eudragit L and S, it dissolves between jejunum and ileum.
These results suggest the insulin microspheres dissolved slower in vivo than in vitro, and this may be
due to the low water content and high viscosity conditions in the intestinal tracts. Conclusively,
Eudragit S dissolves a little be too late to make the concentration of insulin and aprotinin high around
ileum and the microspheres of Eudragit L seems better.

In an in vivo experiment, the decrease serum glucose was the highest in the insulin microspheres of
Eudragit L (Fig. 3). The relative hypoglycemic efficacy compared with an intravenous
administration hereby obtained was 3.6% by the insulin microspheres containing aprotinin in use of
Eudragit L. As you understand, the hypoglycemic effect by our enteric insulin microspheres for oral
administration is still insufficient compared with those in intravenous administration. However, our
data may afford a kind of technology of targeting, as to ileum, not only of insulin but also of other
peptide drugs.  Our present trial has been on a use of enzyme inhibitors, but this technology may
be extended to a use of absorption enhancers, or a combination of inhibitors and enhancers.
Anyhow, we should investigate much more to increase the bioavailability of insulin.
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TOPICAL MUCOSAL DRUG DELIVERY SYSTEMS WITH ADHESIVE POLYMER?2)

In our series of studies of several topical mucosal adhesive dosage forms containing hydroxypropyl
cellulose (HPC), first we tried to design a new topical dosage form for carcinoma colli. For this
study, we combined HPC and carbomer (CM) to make disks or sticks by compression. In order to
design a suitable formulation, we premininarily investigaed the release rate of drug and the ‘water
absorption (related to the adhesiveness). The release rate of drug increased with the concentration of
HPC (Fig.4), while the water absorption increased with the concentration CM (Fig.5). When placed
on portio vaginalis of voluntary patients, this preparation swelled well with the body fluid, sticking to
the disease part with a good adhesiveness.
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Following this work, we tried an oral mucosal dosage form for the absorption of insulin; an adhesive
tablet for aphthous stomatitis, the product of which is on market on the brand name of "Aftach,” and
adhesive powder spray for extensive stomatitis which is on market on the brand name of "Salcoat.”

As the third ones, we tried to apply the adhesive dosage forms to nasal application and a powder
dosage form for nasal absorption of insulin resulted in about one-third bioavailability in comparison
with intravenous administration in beagle dogs; this dosage form has been applied to the one for nasal
allergy, which is on market on the brand name of “Rhinocort”.

NASAL DELIVERY OF SALMON DELIVERY OF SALMON CALCITONIN BY FUNCTIONAL
POWDER PREPARATIONS USING MICROCRYSTLLINE3)

Salmon calcitonin was administered into rabbit nostrils as powder mixtures with base materials and
the effects of the materials on plasma calcitonin levels were compared. The results showed that
microcrystalline cellulose, which is water-absorbing and water-insoluble but not mucosa adhesive,
gave the highest absorption, whereas hydroxypropyl cellulose, which is water-absorbing and gel-
foaming, or lactose, which is water-soluble, failed in significant absorption. Plasma calcitonin levels
were neither detected with a liquid formulation.

In an in vitro study, microcrystalline cellulose didn’t cause any disturbance in ciliary movement of
mouse nasal mucosa. In an in vivo study, litle irritation was observed in histpathological
examinations of rabbit nasal mucosa after microcryatalline cellulose administrations. Then the salmon
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calcitonin powder preparation was applied to humans (Fig. 6). The results so far showed that the
bioavailability was excellent (5-10%) and the dose-responded absorption with less variations were
observed. The preparations are well tolerated by patients and better therapeutic effects than an
existing liquid formulation are expected.

100

[ —e— Microcrystalline cellulose
£ i —o0— Hydroxypropy! cellulose
Je 80 |k —+— Lactose
E :
o) -
g_ 60 |
SE [
58 s
3 40 |
3 |
g i
a 20
o

0 'lJl‘_‘l|| [AA) I k I.I.ll,il\gl;‘l'l
0 10 20 30 40 50 60 70

Time(min.)

Fig. 6. Plasma salmon calcitonin level after nasal administration of powder
preparations with different base materials.

It is clear that calcitonin can be fairly effectively absorbed through the human nasal membrane without
using absorption promoters such as surfactants. The exact mechanism of this absorption is still under
investigation, but at least the high deposition, local high concentration, rapid drug release and local
residence are the reasons why the high bioavailability is shown.
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SUMMARY

For past two decades, we have been developing various kinds of drug delivery systems such as lipo-
somes and O/W-emulsions those are coated by cell specific polysaccharide, biologically labile drugs
stabilized by complexation with hydrophobized polysaccharides, cell-fusogenic liposome, and lipo-
somal vaccines. In this article, basic concept for establishing these systems, methodologies for
making them, and practical examples using these systems will be briefly described.

KEY WORDS: drug delivery system (DDS), liposome, emulsion, protein drug, liposomal vaccine

INTRODUCTION

Different from ordinary molecules consisted of totally covalent bonds, supermolecule is defined as a
molecule that is consisted of weak and noncovalent bonds such as hydrogen bond, ionic bond,
dipole-dipole interaction and/or hydrophobic interaction. In the “Ringsdorf model”, macromolecular
prodrugs are designed and formed by chemical conjugation of totally covalent bonds. Different from
the macromolecular prodrugs, in the supramolecular assembly system, we do not need worry about
chemical and/or biochemical cleavage of the linkage between the true drug and its carrier after in vivo
administration or cell uptake. Since 1982, we have been developing various kinds of drug delivery
systems based on the concept of supramolecular assembly. Active targeting of drugs to a specific cell
or tissue is the most important problem for developing an intelligent drug delivery system (DDS).
For past two decades, we have made effort to establish a system of the active targeting DDS using
several supramolecular assembly systems. With biologically labile drugs such as protein drugs or
antisense, in addition, direct introduction of these drugs into cytosol of target cell is required to escape
the digestion by lysosomal enzymes in endosome. For this purpose, a fusogenic liposome, which is
modified by poly(ethylene oxide)-bearing lipid, was newly developed. In medicine, not only
diagnosis and treatment but prophylaxis, especially preventive treatment, also is important. In this
sense, a potent liposomal vaccine also was newly developed. These new concepts and methodologies
will be introduced.

SITE SPECIFIC DELIVERY USING CELL SPECIFIC POLYSACCHARIDE-
COATED LIPOSOMES

Saccharide determinants play an important role in biological recognition, such as antigen-antibody
interaction and cell-cell adhesion. Since 1982, we have developed a methodology to achieve receptor-
mediated targeting in a liposomal DDS. For this purpose, we have synthesized several polysac-
charide derivatives that were partially modified by chemical conjugation of an additional amino sugar
or sialic acid, and we found that coating the liposomal surface by these polysaccharide derivatives
was also able to control the cell specificity of the liposome. Using such specifically modified lipo-
somes, we could succeed treatment of several infectious and cancer diseases in experimental animals.
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Synthesis of hydrophobized polysaccharide

For example, a cholesterol derivative as activated using a dicyanate spacer was reacted at 80 °C for 8 h
with pullulan Mw 55000, Mw/Mp = 1.54) in dry DMSO containing pyridine. Ethanol was added to
the reaction mixture, and the suspension was kept overnight at 4.0 °C. The precipitates were sepa-
rated, purified by dialysis against water using Seamless Cellulose Tube (VISKASE SALES Corp.),
and lyophilized to give white powder. The degree of substitution of cholesterol group was deter-
mined by 'H-NMR. When pullulan (Mw 55000) was substituted by 2.0 cholestero%rgroups per 100
anhydroglucoside units, for instance, it was coded as CHP-55-2.0 [1,2].

Coating of liposomal surface with hydrophobized polysaccharides

The cholesterol-bearing polysaccharide effectively coated the liposomal surface [1, 3-6]. The
polysaccharide-coated liposomes are physicochemically stable against the external stimuli such as pH,
ionic strength, and in vivo biodegradation by lipases, lipooxidases, and serum proteins compared
with the conventional liposome [6].

Effective delivery of drugs to a target cell or tissue largely diminishes the toxic side effect and in-
creases the pharmacological activity. Targeting of drugs to a specific cell or tissue is the most impor-
tant problem for developing useful drug delivery system (DDS). The polysaccharide-coated lipo-
somes are expected to be an excellent drug carrier.

Amylopectin- or mannan-coated liposomes showed a unique specificity to phagocytes such as
macrophages, monocytes, and neutrophils [6]. We have synthesized also several pullulan derivatives
those were chemically modified in part additional sugars such as galctose, glucose, mannose, and
sialic acid which show high affinity for specific cells. The uptake of these polysaccharide-coated li-
posomes by various cells was controlled by changing only the terminal sugar residue of the polysac-
charide [7,8]. For example, 1-aminolactose-bearing pullulan-coated liposome was effectively inter-
nalized by rat and human liver cancer cells (AH66 and HuH7) [9].

Effective activation of macrophages by an immunomodulator is a basic requirement in immunother-
apy. Anti-fungal drugs also must be delivered into cytosol of host phagocytes for perfect treatment
of intracytoplasmic pathogens. In order to more effectively modulate the in vivo adjuvant activity of
immunopotentiators and antimicrobial agents, macrophage-specific liposomes as coated with mannan
or amylopectin derivatives (CHM or CHAp) were used as the targetable carrier to macrophages [5,10-
12]. The CHM-coated liposome that is encapsulating poly(maleic acid-alt-7,12-dioxa-
spiro[5,6]dodec-9-ene) (MA-CDA) showed an effective activation of mouse peritoneal macrophages
[10,11]. The maximum macrophage activation as induced by liposomal MA-CDA increased by 3.2
times in comparison with that of free MA-CDA. High cytostatic activity of mouse alveolar
macrophages induced by i.v. was observed in the liposomal MA-CDA [5].

CHAp-coated liposomes were used to target to alveolar macrophages in the treatment of several ani-
mal models of infectious disease, experimental Leginonella pneumophila in guinea pig [13], and
Pulmonary Candidiasis in mice [14]. The CHAp-coated liposomes that were encapsulating antibiotics
(sisomycin or amphotericin B) showed a remarkable treatment efficacy, which was much better than
the conventional liposome at the same dosage [14].

CHP-coated egg PC liposomes were significantly accumulated at brain tumor in rat [15]. The accu-
mulation of the CHP-coated liposome increased by 4.5 times at the tumor and by 2.1 times at the ipsi-
lateral brain, and decreased by 4 times at the spleen compared with that of conventional liposome.
Survival of 9L glioma-implanted rat was investigated by cis-platinum diamino dichloride-loaded lipo-
some. Average survival (35.3 days for the group treated with the CHP-coated liposomes) was statis-
tically (P < 0.05) significant compared with that of the untreated group (20.3 days) [15].

We have developed also an improved technique for binding onto the liposomal surface a monoclonal
antibody fragment specific to a target tumor cell. This method involves coating the outer surface of
liposome with a pullulan derivative and subsequent covalent binding of the SH group bearing anti-
body fragment to the pullulan derivative on the liposomal surface [16,17]. The sialosylated LewisX
(CSLEX1)-conjugated liposome was prepared by introduction of SH-bearing anti-sialosylated
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LewisX fragment (IgMs) to the maleimide group-bearing pullulan-coated liposome. The binding of
immunoliposome to human lung cancer cells (PC-9) drastically increased by factors as much as 447
compared with the binding of pullulan-coated liposome without antibody. PC-9 transplanted mice
were treated with the immunoliposome. The adriamycin-loaded immunoliposome showed a strong
tumor suppression for athymic mice in which human lung cancer PC-9 was subcutaneously implanted

[18].
Increased colloidal stability of O/W-emulsion of lipophilic drug

Cholesterol-bearing polysaccharide derivatives are unique amphiphilic polymers and show strong
binding to hydrophobic substances and high colloidal stability. Therefore, the polysaccharide itself is
a good stabilizer for O/W-emulsions [19,20]. A water-insoluble antitumor drug, a-linolenic acid
(ALA), was nicely emulsified by CHP in water. The emulsification of ALA by CHP gave a higher
and improved anti-tumor activity compared with free ALA in both in vitro and in vivo experiments
[21].

Hydrophobized polysaccharides as a carrier for labile protein drugs

The CHP self-aggregates strongly interact with various soluble proteins and enzymes [22-24]. QOne
CHP nanoparticle complexes with one protein for bovine serum albumin (BSA , My,=67000), one for
a-chymotrypsin dimer (Chy)(My,=49000), three for interferon o (My=18750), four for cytocrome ¢
(My=12480) and ten for insulin (My=5735). The maximum amount of the protein bound to the CHP
nanoparticle depended on the molecular weight (or the size) of protein. The complex showed an
excellent colloidal stability without any precipitation. In addition, no dissociation of the protein from
the complex was observed at all even after keeping for a week at pH 7.2 and 25 °C. Electrostatic
interaction was not so important for the complexation. The CHP self-aggregate has hydrophilic
hydrogen bondings domain and also hydrophobic cholesterol domain. Such an amphiphilic property
of the nanosize hydrogel plays an important role for complexing soluble proteins that have both
hydrophobic and hydrophilic patches on their surface.

The CHP self-aggregate complexed with Chy and formed colloidally stable nanoparticles (RG = 12
nm), which was confirmed by high performance size exclusion column chromatography. The Chy
dimer bound to one CHP nanoparticle at pH 4.2 and 25 °C. Chy was localized deeply inside the ma-
trix of the CHP hydrogel, not in the region close to the surface of the hydrogel nanoparticle. The he-
lix content of Chy increased from 9 % to 29 % upon the complexation, while the B-form content de-
creased from 34 % to 21 %. The enzymatic activity (V max) of complexed Chy decreased up to 1/88
at pH 8.0 compared with that of free Chy, while Km did not change much. No dissociation of Chy
from the complex was observed even after a week at 25 °C. However, Chy was released from the
complex by the addition of BSA. Released Chy still kept almost the same enzymatic activity as that of
free Chy before the complexation. This means that native conformation of Chy was recovered after
the dissociation.

For free Chy, the CD ellipticity (at 222 nm) of complexed Chy was completely lost within 2 h at the
elevated temperature. With the complexed Chy, on the other hand, its ellipticity still remained more
than 85 % of the original value even after heating for 6 h at 92 °C. Regarding the secondary structure,
the thermal denaturation of the protein was drastically prevented upon the complexation with the CHP
self-aggregate. After heating the complex at 92 °C for 1 h, Chy was released from the complex by
adding BSA. For released Chy, 74 % of the original enzyme activity was still kept. DSC mea-
surement showed that no thermal unfolding of complexed Chy undergoes over a temperature range of
10- 100 °C. Even at 90 °C, the helical content of complexed Chy little changed compared with that at
25 °C. The thermal unfolding of Chy was significantly retarded upon the complexation.

FUSOGENIC LIPOSOME

For introduction of biologically active substances into cells, two possible paths have been considered;
namely, endocytosis and fusion. In endocytosis, labile materials such as protein, enzyme, or nucleic
acids are mostly and easily digested by lysosomal enzymes in endosome. Therefore, fusion of li-
posomal membrane with cytoplasm membrane is required for efficient and direct delivery of such the
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fragile materials into cytosol. Recently, we provided a fusogenic liposome as prepared by mixing
simple egg PC and an artificial lipid, 2-[w-hydroxy(oxyethylene)x-a-yl]-1,3-bis-(dodecyloxy)-
propane (abbreviated as PEO-lipid(n = x). The PEO-lipid modified liposomes undergo the fusion
with plant protoplast or mammalian cell such as tumor cells and lymphocytes [25].

LIPOSOMAL VACCINE

Effective internalization of antigen into antigen presenting cells is most important process for the en-
hancement of immunogenicity by endogeneous antigen [26]. The adjuvant activity of liposome for
inducing effective humoral and cellular immune responses have been demonstrated in several sys-
tems. The CHM-coated liposome that is loading a HTLV-1 related protein, (gag-env hybrid protein)
was used in vivo immunization of WKA/H rats. WKA/H rats were subcutaneously immunized twice
at one week interval by the gag-env hybrid protein-reconstituted liposomes. One week after the
second and last immunization, HTLV-1* tumor cells ( TARS-1 ) were intradermally challenged. In
addition, splenic cells were simultaneously obtained for inspecting the generation of CTL. The
splenic cells isolated were in vitro sensitized with mitomycin-C treated TARS-1 cells. Killer cell ac-
tivity against TARS-1 was observed only by the case immunized with the CHM-coated gag-env-re-
constituted liposome. The pretreatment of rats with carrageenan strongly inhibited the generation of
CTL, and tumor rejection was not observed. These results indicate that the effective immunization
require phagocytic process of CHM-coated gag-env-liposome most likely by macrophages.

Recently, we have developed an artificial boundary lipid, 1,2-dimyristoylamido-1,2-deoxyphos-
phatidylcholine (D14DPC). When such the Dj4DPC-containing liposome is coincubated with mam-
malian cells, several membrane proteins and/or enzymes are effectively and directly transferred from
intact cell to the liposome. Both the activity and the native orientation of membrane proteins trans-
ferred were retained quite well even after transferred. Using this convenient technique, hence, a tu-
mor surface antigen (TSA) from several tumor cells such as BALBRVD [27], B16 melanoma, and
human lung cancer cell to D14DPC-containing liposomes was directly transferred for making a potent
liposomal vaccine.
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SUMMARY

A series of biodegradable polyphosphazenes with amino acid ester side groups were prepared
starting from the poly(dichlorophosphazene). It was demonstrated that the rate of hydrolytic
degradation can be varied by introduction of small amounts of depsipeptide side groups. Some
selected polyphosphazenes were used to prepare implant devices containing mitomycin C (MMC).
In vitro release studies demonstrated that the release rate can be controlled by the amino acid side
group composition. Initial in vivo data indicates that i.p. implanted devices show promise for the
treatment of tumour bearing animals.

KEYWORDS

Polyphosphazenes, biodegradation, mitomycin C.

INTRODUCTION

Biodegradable polymers show great promise in the design of drug delivery systems. The
specifications for the candidate polymer, i.e. their in vivo degradation rate, are conditional on the
specific therapeutic application. Hence, there is a need for a variety of polymers with a variable
range of degradabilities. A family of polymers where a large variability in properties is feasible are
the polyphosphazenes. These are polymers with an inorganic backbone consisting of alternating
nitrogen and phosphorous atoms linked by alternating single and double bonds. Starting from
poly(dichloro phosphazene) a broad range of polymers with variable properties can be prepared by
nucleophilic displacement reactions [1-4] :

Cl R

I l
by — B

Cl R

It was reported before by Allcock and co-workers, who extensively explored the field of
polyphosphazene synthesis, that amino-substituted polyphosphazenes (e.g. R-R' = ethyl esters of
amino acids) are susceptible towards hydrolytic degradation [5-7] and hold promise as
biodegradable materials.

Searching for biodegradable polymers with an adjustable rate of degradation we prepared a series
of polyphosphazenes substituted with different amino acid ethyl esters and variable amounts (0-
10%) of a depsipeptide [8,9]. The latter are hydrolysis sensitive and generate pendant carboxyl
groups that can promote the backbone degradation [10]. Biodegradable polymers are of interest
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for the preparation of implantable drug delivery systems. One application is the use of cytostatic
containing matrices that can be implanted following surgical resection of primary carcinoma's [11].

A number of the polymer derivatives were selected for the preparation of small tablets containing
the cytostatic agent mitomycin C. The effect of polymer composition on the drug release was
evaluated in vitro. Finally, MMC-containing tablets were tested in vivo using tumour bearing mice.

RESULTS AND DISCUSSION

Polyphosphazenes containing ethyl glycinate (GlyOEt) and a small number of depsipeptide side
groups ethyl 2-[O-(glycyl)lactate] (gly-lacOEt) were prepared as described before [8]. Pellets,
prepared by heat compression, were incubated in phosphate buffer pH 7.4 at 37°C. Mass loss with
incubation time was determined. The results shown in Fig. 1 clearly demonstrate the remarkable
effect of the depsipeptide side groups on the polymer degradation.

time (days)

Fig. 1 : percent mass loss of poly[(ethyl-2-(O-glycyl lactate ester)-co-(ethyl glycinate)phosphaze-
nes] in PBS at 37°C.

Where as poly[bis(ethyl glycinate)phosphazene] degrades slowly over a period of several months,
the introduction of 1% of Gly-lacOEt side groups results in a desintegration of the pellet after
about 2 weeks. It was further observed that the introduction of the depsipeptides results in an
increased hydrophilicity of the polymer matrix.

Polymers with different mechanical properties and hyrophilic/lipophilic balance can be prepared by
proper selection of the amino acid ester side groups [8].

Polyphosphazenes containing ethyl phenylalanate (Phe) and/or ethyl glycinate (Gly) side groups
were selected for the preparation of MMC containing tablets.

The composition of the selected polymers is summarized in Table 1.
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Table 1 : Composition of selected amino acid substituted polyphosphazenes

[-N=P-(NHR 1 )(NHR)-]-

Code R1 =H)N-CH,COOEt Rp = HypN-CH-COOEt
CHyD
Gly100 100 0
Phe25 75 25
Phe35s 65 35
Phe5S0 50 50
Phe70 30 70

Tablets (5 mm x 2 mm, 60 mg) containing 0.3 mg, 1.6 mg or 3 mg MMC were prepared by heat
compression of the drug with one of the selected copolymers or a blend of two polymers. The
release characteristics were examined in vitro. The results of release experiments performed in PBS

at 37°C are shown in Figs. 2 and 3.

—O— Gly100 —— Phe35

100

80

60

40

7% release MMC

20

——C— PheS0

Fig. 2 : In vitro release of MMC from polyphosphazene matrices prepared from polymers having

time (days)

different amino acid ester side groups.

—2— PF-aca-
MMC
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Fig. 3 : In vitro release of MMC from matrices prepared by blending polyphosphazenes with
different side group compositon (Phe25, Phe70).
Percent Phe25 in blend : A = 100%, B = 60%, C = 40%, D = 0%.

From this data it can be seen that the rate of release depends on the polymer composition.

In one particular case (Fig. 2) MMC was substituted on its aziridine nitrogen with g-amino caproic
acid and the prodrug was then coupled with poly(dichlorophosphazene). Remaining P-Cl gorups
were substituted with ethyl glycinate.

Release studies demonstrated a rapid desintegration of the tablets. This is most likely due to
hydrolysis of the MMC resulting in pendant carboxyl groups that catalyse backbone degradation.

Tablets containing 0.3 mg, 1.6 mg or 3 mg of MMC in polyphosphazenes Gly100, Phe35 and
Phe50 were implanted in the peritoneal cavity of mice bearing i.p. inocculated C26 murine
colorectal cells. A preliminary study indicated that all implants containnig 0.3 mg MMC were
ineffective. Implants containing 3 MMC caused severe toxicity. Polyphosphazene matrices
containing 1.6 MMC gave promising results.

Table 2 : Effect of MMC-containnig matrices* on the survival of mice
bearing C26 colorectal cells.

Treatment median survival T/C
(days) (%)

none 154 100
Gly100 4.0 26
Phe35 55.0 357
Phe50 22.6 146

*Tablet of 60 mg containig 1.6 mg MMC.

As shown in table 2, the implant based on the polymer Phe35 resulted in a substantial increase of
the median survival time. These matrices are at present evaluated in more detail.
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SUMMARY

Effectiveness of several approaches aiming at hepatic and renal targeting of drugs and proteins is
compared from various aspects. Receptor-mediated endocytosis of macromolecules with sugar
moieties, scavenger receptor-mediated endocytosis of polyanions, and general -electrostatic
interaction of polycations with cell surfaces are characterized through pharmacokinetic analysis at a
whole body level in order to evaluate their potentials in drug targeting. Based on the obtained
results, superoxide dismutase (SOD) was derivatized to various forms and mannosylated SOD and
cationized SOD showed inhibitory effect against injury induced by ischemia/reperfusion in the liver
and kidney, respectively. Molecular design of a carrier system with galactose residue was further
discussed and it was concluded that the cellular uptake rate of macromolecules was controlled by the
density of galactose on the molecular surface. The maximal affinity was given at surface density of
higher than 1.0 x 10 molecules/A? in the case of globular proteins. However, higher extent of
modification is required in the case of vitamin Ky conjugate utilizing poly L-glutamic acid (PLGA) as
a carrier backbone.

KEY WORDS: receptor-mediated endocytosis, superoxide dismutase, galactose receptor, targeting,
molecular design

INTRODUCTION

Chemical modification of drugs especially with macromolecular carriers would offer a promising way
to optimize their delivery since diverse physicochemical and biological characteristics can be
introduced to them through it [1]. In our series of investigation, systemic disposition characteristics
of macromolecular drug carriers were explored in relation to their physicochemical and biological
functions with the clearance concept-based pharmacokinetic analysis and a strategy for rational
design of a targeting system was constructed as shown in Fig. 1 [2]. It was concluded that
macromolecules with molecular weights larger than 70,000 and weak anionic nature would result in
superior accumulation in the target site due to its large area under the plasma concentration-time
curves (AUC).  This approach had been successfully applied to the design of macromolecular
prodrugs of anticancer agents aiming at passive and monoclonal antibody-mediated tumor targeting
[3].  However, absolute targeted amounts of drug were still limited due to restriction in
extravasation and interstitial diffusion of macromolecules as well as insufficiency in uptake capacity
of the target cells. In contrast to solid tumors, the liver has some advantages for specific targeting
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Hepatic uptake clearance (ul/hr)

Urinary excretion clearance (ul/hr)

Fig. 1 Effect of physicochemical properties of macromolecules on their in vivo disposition

such as the discontinuous sinusoidal wall which enables macromolecules to gain free access to
parenchymal cells and high and ligand-specific endocytic activity of parenchymal and non-
parenchymal cells [4]. In the same way, the kidney would also be a good candidate for drug
targeting [5].

In this presentation, various approaches which aim at hepatic and renal targeting will be compared by
the pharmacokinetic analysis at the organ and the whole body levels. Discussion will be focused on
the efficacy of a carbohydrate recognition mechanism in hepatic targeting of drugs and proteins and
effect of modification extent is further examined for approaching to a rational design of a targeting
system.

MATERIALS AND METHODS

By way of targeting mechanisms to the liver, four types of biological interactions such as
asialoglycoprotein receptor-mediated endocytosis by hepatocyte, mannose receptor-mediated
endocytosis by nonparenchymal cells, scavenger receptor-mediated endocytosis of polyanions by
nonparenchymal cells, and universal electrostatic interaction of polycations were adopted in our
study. Bovine serum albumin (BSA; M.W.=67,000) was used as a model protein, and coupling of
monosaccharides was carried out according to the method of Lee et al [6]. Two types of BSA
conjugates with 1-thiogalactoside (Gal-BSA) and 1-thiomannoside (Man-BSA) were synthesized.
Cationized BSA (Cat-BSA) was synthesized by coupling 1,6-hexamethylenediamine to the carboxyl
groups of BSA by using 1-ethyl(3-dimethylaminopropyl)carbodiimide hydrochloride. ~ Succinylated
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BSA (Suc-BSA) was also synthesized by reacting with succinic anhydride and about 40 amino
groups were modified per one BSA molecule. Similar approach was carried for recombinant human
SOD (M.W.=32,000) including conjugation with polyethylene glycol (PEG), carboxymethyldextran
(CMD), and diethylaminoethyldextran (DEAED). All SOD derivatives were confirmed to keep
more than 50 % of original enzymatic activity of SOD. Gal-BSA and Gal-SOD with different
modification extents, and galactosylated derivatives of immunoglobulin G (IgG; M.W.= 150,000)
soybean trypsin inhibitor (STI, M.W.=20,000), and lysozyme (LZM; M.W .=14,000) were also tested.
All protein derivatives were radiolabeled with ''In using diethylenetriaminepentaacetic acid
anhydride. ~ The galactosylated conjugate of vitamin Ks was synthesized employing PLGA
(M.W.=25,000) as a carrier backbone.

In vivo disposition profiles of these compounds were evaluated in mice and the obtained results were
quantified by clearance concept-based pharmacokinetic analysis.  Hepatic targeting efficacy of
galactosylated derivatives with different modification extents was analyzed based on a physiological
pharmacokinetic model including an uptake process with Michaelis-Menten kinetics and hepatic
blood flow shown in Fig. 2. The targeting potentials were further studied in the isolated rat liver
perfusion experiment.  Isolated kidney perfusion experiment was also carried out and renal
disposition characteristics of macromolecules were analyzed by separating into three processes, i.e.,
glomerular filtration, tubular reabsorption, and peritubular tissue uptake.

—max.p
vp dt =(Qc-QC, - Kmp+cc)
dc,
or vp—atn (QC,-QC,-CLC,)
V,Tfl_(oc -Qc, - 'KT“-”’W-CO
X Vg
dt K, ,+C

Cp : concentration in the compartment of the plasma

C, : concentration in the compartment of the sinusoid and
Disse spaces

: amount accumulated in the compartment of the liver-
intracellular space

V, : volume of the compartment of the plasma pool (1.5 ml)

V, : volume of the compartment of the sinusoidal and Disse
spaces (0.15 ml)

Q : hepatic plasma flow rate (85 mi/hr)

max, - Maximum velocity of the hepatic uptake

K, : Michaelis constant of the hepatic uptake

Vmax,p : Maximum velocity of the extra-hepatic elimination
Kn,p: Michaelis constant of the extra-hepatic elimination
CL,: clearance of the extra-hepatic elimination

X

vV,

Fig. 2 Physiological pharmacokinetic model for analyzing the disposition of galactosylated proteins

RESULTS AND DISCUSSION
Cell-specific delivery of proteins by chemical modification

In mice, the hepatic uptake clearance of Gal-BSA achieved at 83.4 ml/hr at a dose of 0.1 mg/kg
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which was approximately equal to the hepatic plasma flow, suggesting that Gal-BSA was almost
completely taken up by the liver parenchymal cells during a single passage of the liver via receptor-
mediated endocytosis. On the other hand, Man-BSA and Suc-BSA were accumulated preferentially
in nonparenchymal cells. Unlike them, Cat-BSA showed non-specific distribution between these
cell types simply depending on their effective surface area.

Disposition and therapeutic characteristics of SOD derivatives

Among SOD derivatives which can be classified as 1) long circulating type (SOD-PEG, SOD-
CMD); 2) cell-surface targeting type (Cat-SOD, SOD-DEAED); 3) intracellular targeting type for
hepatocyte (Gal-SOD) and 4) resident macrophages and endothelial cells (Man-SOD) via
carbohydrate-recognition mechanism; and 5) cellular targeting type via scavenger receptor (Suc-
BSA), Man-SOD showed superior effect against hepatic ischemia/reperfusion injury.  Protein
derivatives also showed specific delivery patterns in the perfused kidney. In the kidney, Cat-SOD as
well as SOD-PEG showed inhibitory effect against renal injury due to ischemia/reperfusion treatment.

Molecular design of a carrier system with galactose as a homing device

Relationship between extent of modification with galactose residues and hepatic uptake clearances of
proteins was studied at various doses as shown in Fig. 3. In this figure, the apparent values of
hepatic uptake clearances are compared in relation to surface density of galactose residues and total
numbers of galactose per one molecule. The effect of extent of galactose modification on affinity to
hepatocyte was further elucidated in terms of Michaelis constant of the hepatic uptake (K,;) and
maximum velocity of uptake (V,,,, |) estimated by pharmacokinetic analysis with a physiological
model (Fig. 2). It was concluded that the ligand-recognition by the receptor is controlled by the
density of galactose on the protein surface and maximum affinity can be achieved at a density higher
than 1.0 x 10” molecules/A?.

Fig. 3 Relationship between hepatic uptake clearances and the surface density of galactose residues
(left) and the number of galactose residues (right) on Gal-BSA and Gal-SOD
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Preparation and pharmacological effect of vitamin Ks-galactosylated PLGA conjugate

The conjugate of vitamin Ks with galactosylated PLGA, a biodegradable backbone, shown in Fig. 4
exhibited remarkable accumulation in the hepatocytes as well as anti-hemorrhagic effect in mice
having the warfarin pretreatment. However, the highest affinity was observed in the conjugate with
18-20 galactose molecules which is higher than the case of globular proteins, suggesting the effect of
molecular shape of carrier backbone.

CcOo- CH N CO- CH N CcO- CH NH
G
CHz CH2 (IZHz
n-(x+y) (I:O y

NH
CH2
CHz
r'u-l HeC
CH,OH OH
H O S-CH2- C
OH NH
HO

Fig. 4 Chemical structure of vitamin Ks-galactosylated PLGA conjugate
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ABSTRACT The design of biorecognizable biomedical polymers has to be based on a
sound biological rationale. Using this rationale, the principles of the design, synthesis, and
characterization of biorecognizable polymers are demonstrated on several examples including:
targetable water-soluble carriers of bioactive compounds, the relationship between the supramolecular
structure of polymer conjugates and their biorecognition, poly(ethylene glycol) conjugates,
bioadhesive polymers for colon-specific drug delivery, and biodegradable hydrogels.

KEY WORDS Biorecognition of polymers; targetable polymeric prodrugs; supramolecular
structure of polymers in solution; PEO - chymotrypsin conjugates; PEO - dextran conjugates;
photocrosslinking of proteins; biodegradable hydrogels; oral delivery of proteins.

INTRODUCTION

The synthesis, analysis, and characterization of biorecognizable polymers offers a great challenge.
Energetically favorable interactions of polymer conjugates with recognition systems developed during
evolution call for a high level of complementarity of the receptor and ligand structures. The
characterization of the structure-property relationship of biorecognizable polymers requires an
interdisciplinary approach. In addition to a detailed analysis of polymer structure, and
characterization of their properties by physicochemical methods, a repertoire of sophisticated
biological assays must be used to evaluate biological properties of the polymer conjugates. It is
important to choose biological characterization methods which permit the correlation to be made
between the chemical and supramolecular structures of the conjugates and their biological response.
The principles of this approach to polymer design, synthesis, and characterization will be
demonstrated on several examples described below.

TARGETABLE WATER-SOLUBLE CARRIERS OF BIOACTIVE COMPOUNDS

These systems have to be biorecognizable on two levels [1]. First, on the cellular level at the plasma
membrane tg be internalized by a subset of cells by receptor-mediated pinocytosis. Second, they
have to be recognized intracellularly in the lysosomal compartment on a molecular level by lysosomal
enzymes to release the bioactive moiety. The design of such biorecognizable macromolecules was
based on the behavior of natural systems. The differences in biorecognition of glycoproteins vs.
asialoglycoproteins were a basis for the synthesis of N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymers, containing N-acylated galactosamine as the biorecognizable moiety. The detailed
physicochemical characterization of these hybrid macromolecules is very important to avoid artifacts
in the characterization of their biological properties. The binding, cell surface biorecognition, uptake
and subcellular trafficking of HPMA copolymer conjugates with Hep G2 hepatocarcinoma cells has
been characterized by confocal fluorescence microscopy. The intrinsic fluorescence of adriamygin, or
the labeling of the macromolecules with fluorescein were used as tools for the detection of
intracellular concentration levels [2]. The essential feature of confocal imaging of fluorescent
specimens is that light from out-of-focus regions is eliminated from the detection system. Electronic
processing of the stored images provides an accurate measure of fluorescence intensity and its 2-
dimensional distribution. A three dimensional image representing the distribution of the fluorophore
throughout the cells may be recreated from a series of two dimensional images [3]. The results
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obtained permitted a detailed characterization of the biorecognition at the plasma membrane, cellular
uptake, and subcellular trafficking of the polymers studied. Independent verification of the lysosomal
localization of the polymer conjugates was obtained by the detection of the emission spectra of an
intracellularly localized fluorescein label. The intracellular biorecognition of oligopeptide side-chains
in HPMA copolymers by enzymes was studied with the aim to answer the following questions: a)
what is the steric hindrance of the macromolecular backbone on the formation of the enzyme-substrate
complex; b) is it possible to predict the structure of biorecognizable substrates from the data on the
crystal structure of enzyme-inhibitor complexes? The determination of the kinetics of substrate
cleavage permitted the quantitative characterization of biorecognition.

The lysosomal cleavage of adriamycin from a biorecognizable HPMA copolymer - adriamycin
conjugate can be demonstrated microscopically. Two HPMA copolymer conjugates were incubated
with Hep G2 cells. One contained tetrapeptide side-chains (Gly-Phe-Leu-Gly) degradable by
lysosomal enzymes, the other a Gly-Gly sequence which is not susceptible to lysosomal cleavage [4].
After incubation with the HPMA copolymer - galactosamine - glycylglycyladriamycin conjugate the
adriamycin fluorescence was visualized predominantly in the lysosomal compartment [2]. On the
contrary, when Hep G2 cells were incubated with the HPMA copolymer - galactosamine -
glycylphenylalanylleucylglycyladriamycin conjugate, fluorescence in the nuclear structures was
observed (Fig. 1). Therefore, this technique permits the detection of the transport of the drug,
released from the polymer carrier in the lysosomal compartment, across the lysosomal membrane, via
the cytosol into the cell nucleus.

Fig. 1. Internalization of HPMA copolymer - galactosamine - glycylphenylalanylleucylglycyl-
adriamycin conjugate by human hepatocarcinoma cells Hep G2.

The Hep G2 cell line (ATCC) was cultured in MEM medium supplemented with 10% fetal bovine serum at 37 OC in
5% COz atmosphere. Cells were grown on a coverslip for 48 h. Before incubation with polymer conjugates they were
rinsed by PBS, transferred into MEM medium without serum and incubated at 37 °C in 5% CO for 1 h to permit the
turnover of the asialoglycoprotein receptors, and the release of bound serum proteins. Polymer conjugates (100 pg/mL)
were added to the medium and incubated for 20 h. After incubation, the cells were washed 4 x with PBS, fixed for 20
min with freshly prepared paraformaldehyde at room temperature, and rinsed with PBS. The inverted coverslip was
mounted on a glass slide in PBS, pH 7.0, 50 mM NaN3, 90% glycerol. A Bio-Rad MRC 600 laser scanning confocal
imaging system attached to a Zeiss Axioplan microscope with a x 63 objective was used. Excitation was achieved with
a krypton/argon laser using the 488 nm line (BHS block filters).

Ovarian cancer has the highest mortality of any gynecological malignancy. Biorecognizable
polymeric conjugates have a potential for the intraperitoneal treatment of ovarian cancer. Binding of
drugs to macromolecular carriers should result in the decrease of their peritoneal permeability and
permit sustained exposure of tumor cells to high concentrations of cytotoxic agents with, presumably,
lower nonspecific toxicity when compared to free drugs. Monoclonal antibodies OV-TL 16 possess a
high specificity against an antigen expressed on OVCAR-3 ovarian carcinoma cell line as well as on
human ovarian tumors of different types. The potential of the OV-TL 16 antibody as a targeting
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moiety of HPMA copolymer - cytotoxic drug (adriamycin or chlorin eg) conjugates was evaluated
[5]. Various methods of binding the OV-TL 16 and its Fab fragments to HPMA copolymer-drug
conjugates were studied. The affinity constant (Ka, M-1) of the wild OV-TL 16 antibody was 4 x
10-8; by covalent binding to the HPMA copolymer - drug conjugate the affinity constant decreased.
In accordance with previous data [6], the decrease in the affinity constant was related to the chemistry
of binding. A smaller decrease was observed when the antibody was bound to oxidized carbohydrate

moieties near the hinge region when compared with binding via €-amino groups of lysine residues.
The binding, biorecognition at the cellular surface, the uptake and subcellular trafficking of HPMA
copolymer conjugates has been characterized by confocal fluorescence microscopy. Solution
properties of polymer drug conjugates were assessed by fluorescence quenching. The affinity of the
HPMA copolymer - drug - Ab conjugates to the OVCAR-3 cell line, their uptake and intracellular
localization were determined [5].

SUPRAMOLECULAR STRUCTURE OF POLYMER CONJUGATES

An important factor influencing the biorecognition of polymer conjugates are their solution properties.
HPMA copolymers containing side-chains terminated in hydrophobic anticancer drugs may form
aggregates by random association of macromolecules by point-like contacts. Formation of aggregates
was characterized by quasielastic light scattering and the concomitant changes in biorecognition by
physicochemical and biological methods. The results obtained by quasielastic light scattering
correlated well with the enzymatic biorecognition of HPMA copolymers containing side chains
terminated in a leaving group [7], as well as with the changes in the quantum yield of singlet oxygen
formation [8] and fluorescence quenching [S] of copolymers containing covalently bound
photosensitizers at the side-chain termini.

SOLUBLE POLYMERS AS A TOOL IN ANALYZING BIOLOGICAL PROCESSES

Photodynamic therapy of tumors involves the delivery of a photosensitizing drug to the diseased
tissue followed by illumination with light of a wavelength appropriate for absorption by the
sensitizer. It is most widely believed that the generation of singlet oxygen is ultimately responsible
for the phototoxic effects resulting in cell destruction, although other reactions, such as the formation
of radicals may be involved [9]. Singlet oxygen generated by the illuminated photosensitizers may
lead to the formation of crosslinks between protein molecules [10]. One suggested mechanism
involves the photosensitized oxidation of histidine residues in one protein molecule followed by a
nonphotochemical coupling with an amino group of another protein molecule to form covalent
crosslinks. The mechanism of these reactions was evaluated on tailor-made synthetic model

macromolecules. HPMA copolymers containing €-aminocaproic side-chains terminating in histidine
or lysine were used to model the photosensitized crosslinking reactions of proteins. The amount of
intermolecular crosslinking (the reaction did not reach the gel point) was calculated from the changes
in molecular weight distribution upon illumination using the kinetic theory of rubber elasticity. The
results obtained correlated well with photocrosslinking of a model protein, ribonuclease A [11].

POLY(ETHYLENE GLYCOL) CONJUGATES

Covalent modification of proteins with semitelechelic hydrophilic polymers alters their
biorecognition. The characterization of the degree of substitution, site of substitution, and
conformational changes are extremely important in the determination of the structure-properties
relationship. Conjugates of PEG with chymotrypsin were characterized by their ability to degrade
low and high molecular weight substrates. The results obtained indicated that substrate-size-
dependent specificity of PEG-modified enzymes cannot be explained solely by steric hindrance
considerations. The decreased activity of PEG-modified enzymes toward protein substrates is
consistant with the well documented ability of PEG to exclude proteins from its surroundings and
with the influence of protein unfolding on the susceptibility to degradation [12].

Another example of PEG protein repulsion activity is the study of dextran and PEG modified dextran
degradation [13]. PEG of molecular weight 2,000 as well as 5,100 were conjugated to dextran (T-
40) yielding three different degrees of substitution. The biodegradation of six PEG-dextran
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conjugates was evaluated, using dextranase, isolated rat cecum cell free extracts (CFE), and rat liver
lysosomal enzymes. All the substrates were degraded by dextranase; however, the rate of the
degradation decreased with an increase in the degree of modification as well as in the molecular
weight of PEG. When incubated with CFE, these conjugates were degraded with reduced rates, but
a similar trend was observed, indicating the presence of an endoacting dextranase in the rat cecum
contents. The modified dextrans, however, resisted degradation by lysosomal enzymes in vitro
during 36 h incubation at 37 °C. The results, as compared to those published on the modification of
dextrans with low molecular weight reagents, demonstrated the PEGs' unique effects on the
interaction of modified substrates with proteins. It appears that PEG conjugation reduced the
enzymatic degradability of dextran conjugates not only due to the modification of dextran structure
and the sterical hindrance to the formation of the enzyme-substrate complex, but also by the
participation of PEG chains in the repulsion of enzyme molecules.

However, other hydrophilic polymers also possess protein repulsion properties. Recently, we have
shown that the modification of polystyrene nanospheres with semitelechelic polyHPMA prevents
their biorecognition by the reticuloendothelial system in mice [14].

BIOADHESIVE HPMA COPOLYMERS FOR COLON-SPECIFIC DRUG DELIVERY

Water soluble HPMA copolymers were designed as bioadhesive colon-specific drug carriers [15].
Their design was based on the concept of site-specific binding of carbohydrate moieties
complementary to colonic mucosal lectins [16] and on the concept of site-specific drug (5-
aminosalicylic acid) release by the microbial azoreductase activity present in the colon [17]. A
monomer containing 5-aminosalicylic acid was incorporated into the copolymer together with the
fucosylamine (bioadhesive moiety) containing comonomer by radical copolymerization. The in vitro
release rate of 5-ASA from HPMA copolymers by azoreductase activity in guinea pig cecum was
approx. 2.5 times lower than from a low molecular weight analog. The azoreductase activities in
cecum contents of guinea pig, rat, and rabbit as well as in human feces were determined [18]. The
ratio of relative activities for rat : guinea pig : human : rabbit was 100 : 65 : 50 : 28. Both in vitro
and in vivo HPMA copolymers containing side-chains terminated in fucosylamine showed a higher
adherence to guinea pig colon when compared to HPMA copolymer without fucosylamine moieties.
The incorporation of 5-ASA containing aromatic side-chains into HPMA copolymers further
increased their adherence probably by combination of nonspecific hydrophobic binding with specific
recognition [18].

RELATIONSHIP BETWEEN THE DETAILED STRUCTURE OF HYDROGELS
AND THEIR BIODEGRADABILITY

Novel hydrogels based on N,N-dimethylacrylamide copolymers which are pH-dependent and contain
biodegradable azoaromatic crosslinks are studied to achieve colon-specific peptide and protein
delivery [15]. In the low pH of the stomach, the degree of swelling of gels is low and the drugs can
be protected from digestion. As the gel passes down the GI tract, the swelling slowly increases due
to the increased pH, however no drug is released in the small intestine. In the colon, the swelling
reaches an extent that crosslinks become accessible to microbial azoreductase activities and mediators.
The gel is then degraded and the drug is released from the gel.

To evaluate the influence of the detailed hydrogel structure on the rate of degradation, these hydrogels
were synthesized by three synthetic methods: crosslinking copolymerization [19], crosslinking of
polymeric precursors [20], and by a polymer - polymer reaction [21]. The detailed structure of the
networks, i.e., content of crosslinks, unreacted pendent groups, and intramolecular cycles was
determined. It was shown that the biodegradation of the hydrogels by gastrointestinal enzymes
depends on their detailed structure. These structural changes may influence not only the rate of
degradation, but can cause a change of degradation mechanism from bulk degradation to surface
erosion [20].
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NANOSCOPIC VEHICLES WITH CORE-SHELL STRUCTURE FOR DRUG TARGETING
Kazunori Kataoka

Department of Materials Science, and Research Institute for Biosciences, Science University of
Tokyo, 2641 Yamazaki, Noda, Chiba 278, JAPAN

SUMMARY Relevant properties of block copolymer micelles for the vehicles used in drug delivery
were highlited in this paper. These properties include (i) prolonged circulation time in blood
compartment due to decreased RES uptake, (ii) considerable thermodynamic stability featured by low
cmc value as well as by slow dissociation rate, (iii) loading of hydrophobic drug into the micelle core
without precipitation, (iv) strage stability in both solution and freeze-dried form, and (v) passive
accumulation to target site through direct extravasation. Further, structure and function of several
types of polymeric micelle drugs were explained based on differences in the driving force of
micellization. Hydrophobic and electrostatic interactions are two major basis for the formation of
stable micelles in aqueous milieu. Impressive anti-cancer activity including the cure of solid tumor
was evidenced for Adriamycin(ADR)-conjugated micelles prepared from block copolymer of

poly(ethylene glycol) and poly(c, 3-aspartic acid).

KEY WORDS: block copolymer, polymer micelle, long-circulating carrier, Adriamycin,
polyion complex

FEATURES OF BLOCK COPOLYMER MICELLES RELEVANT FOR DRUG DELIVERY

There has been a strong impetus for developing efficient systems for site-specific delivery of drugs
by the use of appropriate vehicle systems. Nanoscopic vehicles having a microcontainer separate
from the outer environment are promising for this purpose. Indeed, impressive results are reported
for the use of natural vehicles, i.e., viruses and lipoproteins for delivery of drugs as well as of
external genes, yet the tailoring process is rather complex and choice of incorporated substances is
considerably restricted. Conceptual features of these natural vehicles is the self-assemblage of’
macromolecules to form supramolecular structure (core-shell structure) in nanoscopic size. This
feature can be modeled in a much simpler manner through the tailoring of the association of synthetic
macromolecules with desired character. Block copolymers composed of hydrophobic and
hydrophilic segments have the potential to form self-associates (micelles) in aqueous milieu[1]. The
hy.drophobl.c segment form_s.hydrophobxc core of the Table 1 Properties of polymeric micelles
micelle, while the hydrophilic segment surrounds the relevant for drug delivery
core as a hydrated outer shell. Since most drugs :
have a hydrophobic character, these drugs are easily =~ Smalisize (:20nm)
. . . Apparent thermodynamic stability
incorporated in the inner core segment by covalent Solubilization of hydrophobic drugs
bonding or non-covalent bonding through Low RES uptake (i.e.,stealth properties)
hydrophobic interaction with core-forming  Modified biodistibution of drugs

. Storage stability in freeze-dried form
segments. The features of block copolymer micelles Size of micelle may aliow direct extravasation
relevant for drug delivery are summarized in Table 1.

Firstly, block copolymer micelle has a characteristic size range. In a ideal situation where both
segments of the block copolymer undergoes clear phase separation in the micelle, core-shell
structured micelle with diameter of several tens of nm should be formed as schematically shown in
Fig. 1. This size range has a quite important meaning from a standpoint of drug targeting, because
the drug vehicle should have a sufficient permeability into tissue to deliver the drug into the target
located outside of the vasculature. Direct extravasation of the vehicle is a key process to achieve
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sufficient drug accumulation to the target. It is known  solventincompatible solvent compatible
that endothelial linings of some of the capillaries are seomen \\QQ_OJW‘/ seament
discontinuous, and macromolecules and small particles micelization

are possible to escape from the blood compartment to ¥

tissue interstitial space through small holes of the S

capillary. The size of the hole is in the range of 60- %, Tﬁ\/

100nm. Capillaries in liver are the typical example of this N\"éé:*%

type of capillaries with discontinuous endothelial linings
lacking basement membrane (sinusoidal capillaries).
Indeed, low dencity lipoprotein (LDL)with size of ca.
20nm easily penetrate these small holes of the liver
capillary to deliver cholesterol into liver parenchymal cells[2]. Discontinuous-typed capillary is also
found in the tissue of solid tumors[3]: the fact gives rationale to deliver anti-cancer drug to solid
tumor using vesicular carrier system including block copolymer micelle. In this way, direct
extravasation of block copolymer micelle installing anti-cancer drug at solid tumor may be achieved.

Fig. 1 Micellization of block copolymer
in a selective solvent

It should be noted that, to achieve adequate accumulation of the carrier system into the localized target
such as tumor, the carrier requires long-circulating property in the blood compartment. Thus, renal
clearance of the carrier should be reduced to ensure prolonged circulation. As threshold molecular
weight of renal clearance is reported to be ca. 50,000 for synthetic polymer with random-coil
conformation[4], block copolymer micelle with apparent molecular weight over one million certainly
shows negligible renal clearance, indicating its promising feature to work as long-circulating carrier.
However, other than renal clearance, clearance through reticulo-endothelial system(RES) plays a
substantial role in the disposition of particles in the blood compartment. Cells in RES locates in the
organs such as liver and spleen, and these cells routinely uptake foreign substances, particularly,
vesicles and particles. To achieve prolonged circulation in the bloodstream, carriers should escape
from RES recognition. In the case of polymer micelle, property of the corona is substantially
important to make the micelle stealth toward RES. Hydrophilic polymers with low interfacial free
energy against water are preferable to be used as shell forming segments of polymer micelles.
Further these hydrophilic polymer chains in the shell or the palisade of polymer micelles are fixed to
the core as polymer brush through one-end with another end free in the solution. Thus, large steric
repulsion is expected when the polymer brush has enough flexibility, allowing to prevent the strong
interaction with cell and proteins.

While the bock copolymer micelles generally have the association number of ca.200 with a
considerably small (<10nm) core, highly dense palisade of polymer brush should surround the rigid-
core to form soft-shell of the micelle. This soft-shell/rigid-core structure is a unique feature of the
block copolymer micelles, and surely contributes the micelle to reveal stealth property toward RES
recognition. Although a variety of hydrophilic polymer chain can be used to prepare the shell region
of the micelle, poly(ethylene glycol) (PEG) is the most suitable for this purpose because of its high
flexibility and low-toxicity. '

Core of the block copolymer micelle serves as the drug microreservoir. Particularly, apparent
solubility of highly hydrophobic drug can be increased dramatically, even higher than the solubility
limit of free drug, through the incorporation into the micelle core. Once drug is successfully
incorporated in the micelle core, the biodistribution of the drug is solely determined by the nature of
the palisade of the micelle without the influence of the drug itself because the drug in the core should
be segregated from the outer environment. Thus, modulation of drug biodistribution can be achieved
by the use of block copolymer micelle as the carrier.

There are several advantages in block copolymer micelles from pharmaceutical view point[5]. For



98

example, high water solubility is ensured because drug-loaded core with hydrophobic property is
effectively segregated from aqueous milieu by hydrophilic palisade, which contributes to increase the
water solubility. Further, drug-loaded micelle can be stored in freeze-dried form, and is redissolved
without any difficulties. Micelle sterilization is readily achieved by micro-filtration because the size of
the micelle is smaller than the sieve of microfilters used for sterilization.

A unique physicochemical property of block copolymer micelles is their thermodynamic stability.
Amphiphilic block copolymers with glassy hydrophobic segments form a considerably stable micelles
with extremely low cmc in aqueous milieu. For example, micelles from poly(ethylene glycol)-

poly(3-benzyl L-aspartate) (PEG-PBCA) diblock copolymer were determined to have cmc values of
5-10mg/1[6], which are extremely low compared to cmc values of micelles from surfactant such as
sodium dodecylsulfate. Strong cohesive force in the core may be responsible for these low cmc
values. From a standpoint of using micelles for vehicles in drug targeting, dissociation rate of
micelles has a critical meaning. It is well-known that dissociation rate of surfactant micelles is in the
order of milliseconds. On the other hand, release rate of constituent polymer chains (unimers) from
block copolymer micelles is expected to be quite slow when the micelles have a core associating
through strong cohesive forces or having a glassy structure[7]. This feature allows polymer micelles
to reach the target site before decaying into unimers in the bloodstream. Furthermore, polymer
micelle system with a programmed decaying property can be designed by tailoring the chemical
structure of the micelle-core.

It should be noted that polymer micelle may achieve both prolonged in vivo half-life and low chronic
accumulation toxicity by controlling the decaying process of the micelle as schematically shown in
Fig. 2. The most serious discrepancy of polymeric carriers is that extending half-life by increased
molecular weight to avoid renal clearance results in the Micelle form Monomeric form
increased toxicity due to the non-specific tissue \3}9‘
accumulation. This discrepancy may be overcome in -
polymer micelle system by regulating the molecular )
weight of the constituent block copolymers (unimers) to
be lower than the threshold of renal clearance. In this l l

long half life smooth excretion

way, unimers may be slowly dissociate from the

micelle, lending themselves to excrete smoothly from
the kidney. Fig. 2 Control of renal clearance through the
programmed decay of the micelie

In the following sections, results from our research group will be briefly explained, focusing on
some of the relevant properties of bock copolymer micelles aforementioned[5,8].

BLOCK COPOLYMER MICELLES FOR CANCER TREATMENT

We have prepared micelle-forming polymeric anti-cancer drug by conjugating hydrophobic anti-
cancer drug, Adriamycin(ADR), to bock copolymers of poly(ethylene glycol)-poly(aspartic
acid) (PEG-PASP)[9,10]. Structural formula of the conjugate is shown in Fig. 3. Polymer micelle
thus prepared exhibited advantageous pharmaceutical CH3 {OCH2CHe N HOOCHNHI~COCH,CHRH)-Fy
properties including high water solubility, prolonged CHeCORe  COR:
storage in freeze-dried state, and simple sterilization by
microfiltration. This polymer micelle-ADR has high  # - ox «
potency to cure murine solid tumors by i.v. injection[11].
Further, prolonged in vivo half of the polymer micelle drug
was evidenced through the study using the micelle labelled
with radio isotope, indicating a relatively low RES
uptake[12].

COCH20H
“OoH

——NH
Fig. 3 Structural formula of ADR conjugate
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Further, enhanced accumulation of the micelle into slid tumor was clearly observed. Of interest, the
tumor accumulation ratios (tumor/heart and tumor/muscle) at 24h for the micelle-forming conjugate
are an order of magnitude increase compared to free ADR as summarized in Table 2[12]. This
remarkable selectivity is considered to be

due to the enhanced vascular permeability Table 2 Tumor/organ accumulation ratios of micelle-forming
as well as to the poor lymph transports in ADR-conjugate and free ADR at 24h

tumor as discussed by Maeda et al[3].

Sample % dose per g % dose per g
. . . . . tumor/% dose per tumor/% dose per
Chemical conjugation of cisplatin to PEG- g heart 2 muscle
PAsp by ligand substitution reaction was ADR 0.90 1.5
successfully done recently to obtain micelle-forming 12 40

cisplatin-conjugated micelles, which were ~ ADR-conjugate!
very stable in aqueous solution[13]. In a
sharp contrast with ADR-conjugated 1) Properties of the conjugate: Mw of PEG; 12,000, Mw of
system, there was observed no micelle F’Asp; 2,100, micelle diameter; 40nm. Carboxylate groups

. . .. . in PAsp segment of the block copolymer were almost
disruption upon the addition of sodium

quantitatively substituted by ADR.
dodecyl sulfate, suggesting the
intermolecular complexation by diamineplatinum(II) bridges. Other than conjugated-form, free
cisplatin may also be entrapped physically in the micelle core, which should be released from the
micelle to give additional cytotoxicity. Indeed, the cisplatin micelle showed 1/8 to 1/5 in vitro
cytotoxicity of intact cisplatin against murine B16 melanoma cells in 24-72h incubation.

Besides the micelles showing the passive accumulation at tumors, the preparation of micelles which
are able to recognize specific sites is of interest. To achieve this goal, we have recently prepared
block copolymer micelles having functional groups at the each chain ends of PEG palisade[15].
These micelles form through the association of PEG-PBLA block copolymers with functional groups

at the a-position of PEG. Targetable micelles can be prepared from these functionalized micelles by
linking targeting moieties including sugars and proteins.

POLYION COMPLEX MICELLES FOR DELIVERY OF CHARGED COMPOUNDS

The formation of a palisade of hydrophilic segments surrounding the core of water-incompatible
segments is the reason for prevention of progressive aggregation of the core and for stabilization of
the monodispersive nano-associates (micelles) of amphiphilic block copolymers in aqueous milieu.
Obviously, this concept of nano-associate stabilization by the hydrophilic palisade can be extended so
as to include the case of macromolecular association through a force other than hydrophobic
interaction; yet surprisingly, such attempts have not been reported. Recently, we were succeeded to
prepare stable and monodispersive nano-associates through electrostatic interaction between a pair of
oppositely-charged block copolymers with PEG segments[16]. We selected biodegradable poly(L-
lysine) and poly (aspartic acid) as the polycation and polyanion segments in the block copolymer,
respectively, with the intention of application of the nano-associates as novel drug carrier. The size of
the nano-associates was determined to be 30nm by dynamic light scattering, being unchanged before
and after freeze-drying. Viscosity measurement as well as laser-doppler electrophoresis provided
evidence of the stoichiometry of the nano-associate formation. Worthy to mention is that charged
drugs and proteins can be entrapped stably in this nano-associate. Further, stable nano-associates
were found to form spontaneously between DNA and PEG/Poly (L-lysine) block copolymers. These
results show a quite promising feature of these nano-associates based on block copolymer as vehicles
used for site-specific delivery of charged drugs and biologically active compounds.
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THIRD PHASE IN POLYMER DRUG DEVELOPMENT:
— SMANCS AS A PROTOTYPE MODEL DRUG FOR CANCER TREATMENT —

Hiroshi Maeda

Department of Microbiology, Kumamoto University School of Medicine, Kumamoto 860, Japan

INTRODUCTION

Tumor cells are essentially identical to the normal cells of the host in view of biochemical or
molecular biological events and machineries thereof. However, I see a great difference between
tumor and normal cells exists at the tissue level, particularly in tumor blood vessels. Therefore, it is
a wise choice to develop a drug which will seek and find this unique character at the vascular
level[1]. Macromolecules with biocompatible nature can be best utilized in this respect since we
found that they leak out at the tumor blood vessels more selectively and remain uncleared in the
tumor tissues for long time: i.e. extravasation into interstitial tumor tissue is much enhanced, but the
clearance from tumor is greatly suppressed compared to the normal tissues. I coined this phe-
nomenon as enhanced permeability and retention (EPR) effect of macromolecules and lipids in solid
tumorf{2-5].

Many genetically engineered proteins [as phase I polymer drug] of less than 50kDa have great
potentials if their plasma half-life(t1/2) is long enough and targeted to the diseased site. Because
many cytokeines or interleukines have extremely potent biological activity most of them need to be
delivered selectively to the diseased site, otherwise systemic side effects overwhelms therapeutic
value, as seen in TNF, IL-2 or even interferons. These problems can be solved simply by
conjugating biocompatible polymers making the size above the renal threshold. This class of drugs
can be classified as phase II polymer drugs which exhibiting longer plasma t1/2.

In addition to the primary action of native molecules, the secondary functions may be added to the
polymer-drugs such as metal chelating, immunopotentiating, free radical scavenging/resistant, anti-
clot forming or oily formulability. This class may be classified as phase III polymer drugs, in which
SMANCS [poly(styrene-co-maleic acid)[SMA]-conjugated neocarzinostatin (NCS)] belongs.
Figure 1 shows the chemical structure of SMANCS.

Polymer Conjugation Results in Prolongation of Plasma Half-Life and Enhanced
Tumor Targeting Effect

SMA is used for car wax, floor polishing, and it is also used more recently for blending to the paper
pulp. We conjugated two chain of SMA[1.6kDa] to a small antitumor protein NCS[12kDa]. NCS
has highly potent biological activity but very rapid renal clearance(t1/2 in mice: 1.9 min) made either
too toxic or ineffective(Fig. 2)[5]. The conjugate showed about 10 times longer plasma ti/2, and it
also binds to plasma albumin, and exhibits EPR effect, which means highly tumor targeting; upto
10-30 fold accumulation in tumor over normal tissues, or drug concentration in tumor/blood ratio of
5-10. The same phenomenon, i.e. enhanced accumulation, was also observed at the inflammatory
site[6] in many different macromolecular drug [e.g. ref. 6, 7]. These findings are now validated in
HPMA-polymer-conjugated doxorubicin and PEG-conjugates of IL-2 and TNF[8-10]. These are
examples of phase II polymer drugs.

New Properties Acquired by Polymer Conjugation

SMANCS with half-n-butylester type exhibits high lipophilicity, which made oily formulation in
Lipiodol (iodinated poppy seed oil ethylester) possible. SMANCS in Lipiodol can be arterially

101



102

(SMA).-NCS
o\*& ©‘o’o"°
« %o \a 10 o
LY o~ Ser- %, %
X P oP -5\-1\“"’") Ser-Ser G’”"“s, /5 &\Qs«
o "4 RIS

o o> 80
g D o pa-hso-AlaAsp. o,
W ¢ s,
N & N

s}
< 4 2 %
Q. - -Ser- %. z @(
I \u\_c‘\\, Leu-Ser. 43".4/00 s, > \
oF ‘e, " 5 a—z.‘%"
g %, % %S\
O %, q.:‘ > [
;) k7 ¢ z © \
2 e = b4
£ 3
HsCO 2 2% — ¢
hJ 2 [ =
Ry |
2 18 o
o % > T
K s >, 5 9-0-
e 554 Fo%
HO - NHCHa b > 5 g~o~é
N I ~ B
OH & )

A
Chromophore & & :9
8 TN S~ .
> % Hoog. sy S & & SMA:
%, it O &
sy,
~d¢

) o8 v
. RN asy-aud ™ e NS
protein P — ot

7] &
‘EIV-SAQ.WQ-A\E)‘\“\

Ai 1 H or NH.

Neocarzinostatin(NCS) Az, As I HiNH« or CuHs
m+n : 5.5 (average)
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Figure 3. Plasma clearance of neocarzinostatin (NCS) and SMANCS in human cases[19]

administered (e.g. into the hepatic artery for hepatoma) with use of catheter, and extremely high
tumor targeting is observed by this tactics (tumor/blood ratio of 2,000 or more, see Table I)[11].
Consequently excellent therapeutic effects but very few side effects were observed. In addition,
tumor imaging become much sensitive and clearer under X-ray CT scan, and subsequent dosing
regimen can be more quantitatively determined according to the tumor size[11]. Further, induction
of interferon and activation of cellular immunity are observed which are not inherited characters in
SMANCS from parent NCS [e.g. ref. 12, 13].

Clinical Outcome: Present and Future

At present SMANCS is approved for use in primary hepatoma. Its efficacy is entirely depend on
how adequately drug filled the tumor and condition of patients. Clinical efficacy as judged by
survival span is unprecedentedly good for the patients with inoperable/advanced stage hepatoma
otherwise they will die within 3-4 months; conventional treatments, either by surgery or
chemotherapy, will have one year survival rate of less than 2-3% (Fig. 2). SMANCS treatment
results in one year survival rate of 90% and that of five year survival of 35% if not with severe liver
cirrhosis. Cause of death was usually liver cirrhosis (or hepatic failure) but not by tumor. Most
frequent side effects is transitory fever in about 50% of the subjects. There is no toxicity in the
liver, kidney, lung or in the bone marrow. Quality of life is better than any other cancer treatments.
General clinical application of SMANCS therapy to other tumors such as those of kidney,
gallbladder, bile-duct, pancreas, stomach and the lung await for further development although its
efficacy has been demonstrated preliminary[14, 15].

Another use of macromolecular drug is intracavitary administration[16] via intraperitoneal or
intrapleural route. The rationale of this route of administration is that macromolecules are retained in
the tumor compartment much longer time than low molecular weight drugs such as mitomycin C or
5-FU. Free floating cancer cells are thus more accessible to the drug and readily killed, and ascites
of Papanicolaou class V (with many definitely tumorous cells) become class I (all cells are normal
and free of tumor cells) within one week[16 and unpublished data].

In conclusion, polymer conjugated anticancer drugs have many unique characters and they are much
advantageous in pharmacokinetics and tumor targeting efficacy than conventional low molecular
weight drugs. This notion can be now generalized with proteins and SMANCS[1], HPMA
polymers[17] and other PEG-protein conjugates[e.g. 9, 10]. To enhance tumor delivery of
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Table I. Accumulation of “C-iodinated fatty acid. Intrahepatic arterial dose: 0.3 ml.
Tumor implanted in the liver of rabbits. From Ref. 11 with permission.

Radioactivity DPM/g (x10%)

Organs and tissues 15 min 3 days
Tumor 1252.58 130.94
Liver (adjacent)*) 56625 17.02
Liver (remote)” 28.95 6.89
Small intestine 1.06 4.44
Lung 2.66 2.02
Kidney 1.61 2.57
Stomach 10.97 —

Heart 2.65 1.72
Large intestine 0.35 1.06
Spleen 2.39 3.28
Bladder 0.28 1.31
Brain <0.1 0.38
Muscle <0.1 0.46
Skin <0.1 1.42
Mesenteric lymph node 0.15 2.21
Cervical lymph node 0.22 1.61
Thymus 0.22 0.93
Serum 0.58 1.03
Plasma cells 0.86 1.57
Bone marrow <0.1 2.97
Urine (excreted) —_ 1.14
Urine (vesical) <0.1 1.06
Bile 70.91 1.78

** To and from tumor.

polymer drugs further, angiotensin II induced hypertension will be practically feasible. At least two
fold increased drug delivery to solid tumors and suppressing the drug delivery to normal
tissues/organs such as the bone marrow and the kidney are observed due to contracted blood
vesseles in normal organs[18].
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SUMMARY

Poly(ortho esters) prepared by the condensation of 1,2,6-hexanetriol and an alkyl orthoacetate are
viscous, semisolid materials at room temperature that can be injected using a blunt needle. The
hydrolytic erosion of these materials can be controlled by varying the amount of Mg(OH);
incorporated into the polymer. When tetracycline was physically incorporated into the polymer,
excellent, erosion-controlled, linear release was achieved with rates proportional to the amount of
Mg(OH),. Adhesion studies using bovine teeth with a polymer containing 10 wt% tetracycline and 1
wt% Mg(OH)3 in a simulated oral environment demonstrated strong adhesion with cohesive failure of
the polymer occurring at 118 mN/cm2. Toxicological studies have shown that the polymer is non-
toxic in acute oral toxicity studies in rats when administered at 3.3g/Kg. Chronic oral dosing at 3.3
g/Kg for 4 weeks also had no effect. Acute intravenous studies using polymer hydrolysate
administered at 1.0g/Kg also had no effect.

KEY WORDS Periodontitis, tetracycline, poly(ortho ester), bioerosion, drug release

INTRODUCTION

Periodontitis is a group of dentoalveolar infections that are one of the major causes of teeth loss.
These infections are caused by a pathogenic flora established within the gingival sulcus which later
deepens to form a periodontal pocket. The bacterial microflora deep within the periodontal pocket
differs significantly from that in the supragingival environment in that it contains more anaerobes,
more Gram-negative organisms and a greater proportion of motile species [1-8]. Treatments are
based on strategies that shift the microflora within the periodontal pocket to that observed around
healthy teeth and gingiva and a widely used treatment is to mechanically remove plaque and calculus
followed by local treatment with antimicrobial agents. Clearly, controlled release devices that would
maintain a therapeutically effective concentration of an antimicrobial agent within the pocket for the
desired length of time would significantly improve treatment [9]. In this manuscript we describe the
development of such a system.

RESULTS

In previous manuscripts we have described the synthesis of a bioerodible polymer that at room
temperature has an ointment-like consistency [10]. Because this material can be injected using a
blunt needle, it is an interesting candidate for the treatment of periodontal disease provided that
bioerosion and rate of tetracycline can be accurately controlled, the polymer is non-toxic and that
sufficient bioadhesion to the tooth surface takes place to securely anchor the polymer in the
periodontal pocket.

The structure of the polymer is shown in Scheme 1. When 1,2,6-hexanetriol is used in the
synthesis, the hydrolysis products are 1,2,6-hexanetriol and a carboxylic acid whose identity is
determined by the nature of the R-group [11]. The toxicology of 1,2,6-hexanetriol has been
established and show to be nontoxic [12]. Because the polymer is comprised of highly flexible
chains, it is a semisolid at room temperature even at molecular weights as high as 50 Kdaltons.
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The structure of the polymer is shown in Scheme 1. When 1,2,6-hexanetriol is used in the
synthesis, the hydrolysis products are 1,2,6-hexanetriol and a carboxylic acid whose identity is
determined by the nature of the R-group [11]. The toxicology of 1,2,6-hexanetriol has been
established and show to be nontoxic [12]. Because the polymer is comprised of highly flexible
chains, it is a semisolid at room temperature even at molecular weights as high as 50 Kdaltons.
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Scheme 1

Development of a clinically useful tetracycline delivery system for the treatment of periodontal
disease based on the polymer shown in Scheme 1 requires the completion of the following tasks: (1)
demonstration that the polymer can control the release of tetracycline at the desired rates and for the
desired lengths of time, (2) demonstration that the drug-filled polymer can reside in the periodontal
pocket for the desired 7 to 10 days, (3) demonstration that the polymer is non-toxic and (4)
demonstration of efficacy by treatment of dogs with naturally occurring periodontal disease. Tasks
1, 2 and 3 have now been completed and the dog study is about to be initiated.

Drug Release Studies

Because poly(ortho esters) contain a pH-sensitive linkage in the polymer backbone, acidic excipients
can be used to accelerate polymer hydrolysis rates and basic excipients can be used to retard polymer
hydrolysis rates [13]. This is one of the major advantages of poly(ortho esters) because very small
changes in the concentration of the excipient dispersed in the matrix translate into significant changes
in the rate of polymer hydrolysis and concomitant rate of drug release.

The ability to control hydrolytic erosion and rate of tetracycline release was determined by physically
incorporating 10 wt% tetracycline and the desired amount of Mg(OH); into the polymer, placing the
mixture into a well within an erosion cell and pumping a phosphate buffer (pH 7.4) through the
erosion cell at 10 ml/h. Samples (20 ml) were collected using an automatic fraction collector and
assayed for tetracycline using reversed phase high performance liquid chromatography (HPLC).

Results of these studies are shown in Figure 1 which plots release of tetracycline from a propionate
polymer (R’ = CH3CHp) as a function of amount of Mg(OH); dispersed in the polymer matrix [14].
Release of tetracycline in the absence of Mg(OH)3 is extremely rapid, while the addition of as little as
0.5 wt% Mg(OH); results in a sustained release over about 10 days. Addition of 1 wt% prolonged
the release to about 25 days and 2 wt% produces a release estimated to last about 75 days. Because
in all cases drug depletion and total polymer erosion was noted, satisfactory control over device
lifetime and rate of tetracycline release is possible.

Residence in the Periodontal Pocket

Prolonged residence of an ointment-like material in the periodontal pocket can only occur if there is
sufficient bioadhesion between the polymer and the tooth surface. To determine the magnitude of
this bioadhesion force, we have developed a microload cell and used extracted bovine anterior teeth
as adhesive substrates [14]. Although human and bovine teeth give different average responses, the
adhesiveness of both tooth surfaces for different adhesives are not significantly different [15,16].



108

2 100
2 so

@ 0% MgOH
E 60 0.5% MgOH
« 1% MgOH
2 4 2% MgOH
5

(8]

>

2 20

[+ o4

[

w

[

TIME - days
Figure 1. Cumulative release of tetracycline from a 27 kDa propionate polymer at pH 7.4
and 37°C as a function of Mg(OH); concentration. 0.1M phosphate buffer, drug loading
10 wt%. Reproduced with permission from Biomaterials, 16 (1995) 313-317.

We have found that for the pure polymer, the required force of detachment was 392 mN -cm2,
However, because the detachment occurs by cohesive failure of the polymer and not by failure of the
bond between the polymer and the bovine tooth, this value is a minimal value and the true value of
the adhesive bond is very likely significantly higher. However, this test was carried out on the neat
polymer with no incorporated drug and excipient. Further, it was carried out on teeth surfaces that
have not been exposed to proteins normally present in the oral environment. When the adhesion
study was repeated using a formulation containing 10 wt% tetracycline and 1.0 wt% Mg(OH) using
teeth that had been exposed to dog serum (Sigma), rinsed with saline and kept wet with saline, the
detachment force decreased to 118 mN cm2. Again, as with the pure polymer, separation occurred
by cohesive failure of the polymer and not between the bond between the specimen and polymer.
The lower value indicates that polymer integrity has been weakened by the incorporation of
tetracycline and Mg(OH),. However, it is clear that the final formulation is also capable of strongly
adhering to teeth.

Sterilization

Due to the temperature and moisture sensitivity of poly(ortho esters) dry heat sterilization or steam
sterilization is not a viable option. Ethylene oxide sterilization was also discarded as an option
because this method could, despite extensive outgassing, leave toxic residues in the polymer. Thus,
the only practical sterilization method is radiation sterilization. In this application, radiation
sterilization is particularly attractive because the polymer-drug mixture can be sterilized as the final
product in a hypodermic syringe.

However, radiation sterilization is not without problems because high energy radiation can lead to
crosslinking and polymer chain cleavage. To determine the optimum radiation conditions,
incremental doses of cobalt 60 radiation were used and the effect on polymer physico-chemical
properties determined [17]. In these studies two different polymers having molecular weights of
33.3 and 17.4 kDa were exposed to radiation doses ranging from 0.5 to 4.0 Mrads. The results of
these studies are shown in Table 1.

Toxicology

Because there is the potential for ingestion of the polymer during treatment, acute and chronic
feeding studies were carried out. Further, during bioerosion of the polymer, systemic absorption of
hydrolysis products will take place so that acute intravenous toxicity studies using polymer
hydrolysate were also carried out. All toxicological studies were carried out using adult Sprague
Dawley rats using a doubly precipitated polymer which was then irradiated at 2.5 Mrad and stored in
a dry-box at room temperature until use.
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Table 1. Effect of Gamma-Sterilization on the Molecular Weight and the
Dynamic Viscosity of Two Different Molecular Weights Poly(Ortho Esters)

POE - 33.3 kDa POE - 17.4 kDa
Dose My Viscosity My Viscosity
[Mrad] [kDa] [Pa.s] [kDa] [Pa.s]
0.5 21.6 7082.52 10.3 804.47
1.0 18.6 2212.78 9.5 579.43
1.5 15.3 919.59 8.5 445.92
2.0 11.9 508.98 8.4 321.25
2.5 11.0 294.50 7.3 146.44
3.0 7.9 254.19 5.7 94.82
3.5 6.6 294.41 6.2 313.26
4.0 6.3 251.44 5.9 170.49

Reprinted with permission from Pharm. Res. 11 (1994) 1485-1491

Acute Oral Toxicity of Intact Polymer: The intact polymer was emulsified in a vehicle consisting of 2
w/v % aqueous methyl cellulose solution with the aid of 1.6 w/v Tween 80 and administered to rats
at a dose level of 3.3'g/Kg. No deaths or adverse clinical signs were observed during the study and
no gross abnormalities were observed during necropsy. Thus, the polymer is non-toxic when
administered as a single dose of 3.3 g/Kg to rats.

28-Day Chronic Oral Toxicity of Intact Polymer: The emulsified polymer prepared as already
described was administered daily to rats at doses of 0.76, 1.64 or 3.27 g/Kg for 28 days. At
necropsy, no gross abnormalities were observed in the tissues or external features. Histopathologic
examination revealed no significant microscopic findings and no target organs for poly(ortho ester)
toxicity. All hematology and clinical chemistry parameters were in the normal range. Thus, the
polymer is non-toxic when administered daily at a maximum oral dose of 3.3 g/Kg for 4 weeks.

Acute Intravenous Toxicity of Polymer Hydrolysatg: Sterile polymer was hydrolyzed by placing a
known weight of the polymer in sterile buffered saline, pH 7.4 at 37°C for 15 days. The hydrolyzed
polymer was filtered through sterile 0.2 micron filters and diluted as necessary. Rats were given 10
ml/Kg of sterile PBS containing hydrolyzed polymer equivalent to 0.5, 1.0 or 1.5 g/Kg, based on
the weight of starting polymer. Rats given doses greater than 1.0 g/Kg had ataxia immediately
following dosing, but recovered within 30 seconds and exhibited no other adverse clinical
symptoms. The rats were kept under observation for 15 days. No gross abnormalities were
observed following necropsy.
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SUMMARY

The question of whether stratum corneum lipid liposomes (SCLL) might be a good model system
for investigating the lipoidal pathway of the stratum corneum has been examined in two kinds of
studies: (a) permeant release from SCLL and (b) fluorescence anisotropy experiments employing
appropriate fluorescent probes. Semi-quantitative correlations were found, this suggesting SCLL
may potentially be a good model for studying drug transport in the stratum corneum.

KEY WORDS

Short chain n-alkanols; 1-alkyl-2-pyrrolidones; Enhancement factor; Fluorescence anisotropy;
Stratum corneum lipid liposomes

INTRODUCTION

As part of our research to gain mechanistic insights regarding the transport of drug molecules across
skin, we have been studying the influences of chemical transport enhancers in a systematic fashion.
Recently, [1,2] we completed the investigation of two homologous series, the short chain n-alkanols
and the 1-alkyl-2-pyrrolidones (AP's) as enhancers for permeant transport across hairless mouse skin
(HMS), especially as enhancers for the lipoidal pathway of the HMS stratum corneum. The important
finding of this investigation (shown in Fig. 1) was the following: the potency of an enhancer for the
lipoidal pathway of the stratum corneum was found, surprisingly, to be essentially the same in both
homologous series when compared at equal alkyl group chain length, and the potency increased by
around a factor of 3.5 per methylene group in both series. A main purpose of the present study was
to examine whether or not SCLL would be a suitable model for gaining insights regarding the
lipoidal pathway of the stratum corneum. The approach taken was (a) to determine SCLL bilayer
transport enhancement induced by the AP's at iso-enhancement concentrations obtained with HMS
stratum corneum and (b) to measure fluorescence anisotropies with fluorescent probes positioned
in the SCLL bilayer in the presence of the n-alkanols and the AP's.

MATERIALS AND METHODS
The SCLL (consisting of 55% by weight epidermal ceramides, 25% cholesterol, 15% free fatty acids,

and 5% cholesteryl sulfate) were prepared as previously described [3]. Basically, two kinds of studies
with the SCLL were carried out: 1, to perform SCLL bilayer permeability studies and to determine
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whether there would be a correlation between the transport behavior of the SCLL bilayers and that
of the lipoidal pathway of HMS; more specifically, the question studied was whether the same
transport enhancement behavior seen with the AP's for HMS would be found with the SCLL bilayers;
and 2, to perform fluorescent probe studies to determine whether or not there would be a correlation
between steady-state fluorescence anisotropy changes (and therefore fluidity changes) with probes
partitioned in the SCLL bilayers and the transport enhancement found in HMS when the comparisons
are made under iso-enhancement concentration conditions, i.e., at concentrations of the n-alkanols
or of the AP's giving the same lipoidal pathway transport enhancement with HMS.
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Fig. 1 Relationship between carbon number of the 1-alkyl-2-pyrrolidones ( O )
and the n-alkanols ([] ) and their "iso-enhancement" concentrations at Egpg = 10.
Here Eyms = (Pr x/Pr pps) F where Py, x and Py _pgg are the permeability

coefficients of the solutes passing through the lipoidal pathway when X/PBS and
PBS are the solvents, respectively. PBS is phosphate buffered saline and X/PBS
is a solution of enhancer X in PBS. F is the solute activity coefficient ratio which
can be obtained from the solute solubility ratio (if Henry's law is obeyed).
Corticosterone was the probe permeant for the 1-alkyl-2-pyrrolidones and
hydrocortisone for the n-alkanols. The line shows a 0.55 slope.

RESULTS AND DISCUSSION

SCLL bilayer permeability studies

The strategy employed was to determine the SCLL bilayer permeability increase (over the control)
when each of the AP's was present as its iso-enhancement concentration (as established in the HMS
studies). Model permeants employed were D-glucose, D-mannitol, 3-O-methyl-D-glucose, and
raffinose. The release rates of the permeants from the SCLL were determined using an ultrafiltration
technique. The results are shown for the case of Eys = 10 in Fig. 2. Permeability coefficients
calculated for the data in Fig. 2 and also for the case of E ;s = 4.0 were used to calculate the
enhancement factor Eq, . Fig. 3 presents the relationship between Eg;; and Eyys for the AP's.
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Fig. 2 Release of D-mannitol, D-glucose, 3-O-methyl-glucose and raffinose from
SCLL in PBS ( [J ) and for conditions of Egpmgs = 10 (i.e., O, 30% EP; A, 6%
BP; WM, 0.5% HP and @ , 0.05% OP) after correction for the burst effect. Each
data point represents the mean and the standard deviation of three determinations.
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Fig. 3 Relationship between Egcpp and Egpygs of D-mannitol, D-glucose,

3-O-methyl-glucose and raffinose.
the SCLL permeability coefficients for the solute in a solution of enhancer X in

PBS and in PBS, respectively.
Symbols: A, BP; [] ,HP; (O ,0OP.

ESCLL = (Pfosz) F where PX and PPBS are

F and Eyyg are defined in the Fig. 1 caption.
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1t should be noted that the SCLL bilayer and the lipoidal pathway of HMS compared in the present
study are very different. Obviously, these two systems have very different macroscopic and possibly
microscopic structures. While the release of solutes from the liposomes is trans-bilayer, some
investigators believe that the diffusion in the stratum corneum is parallel to the bilayers (lateral
diffusion) [4], implying that the mechanism of diffusion in the SCLL bilayer and that for the lipoidal
pathway of HMS may be different (trans-bilayer vs. lateral). Moreover, the lipid compositions in
SCLL and the lipoidal pathway in HMS are not exactly the same, and lipid-protein interactions are
possibly involved in HMS. Especially because of these many differences in the SCLL and HMS
systems studied, the good correlation seen between the enhancement effects of the different AP's on
SCLL and the enhancement effects seen with the lipoidal pathway of HMS is particularly remarkable;
this suggests the correlation is likely not accidental, i.e., the SCLL bilayer may be a useful model for
the lipoidal pathway of the actual stratum corneum. Additional systematic research is required to
fully understand the relationship between the iso-enhancement effects of the AP's on SCLL and the

lipoidal pathway of HMS.
Fluorescent probe studies of SCLL bilayers

The intercellular lipid domain is generally accepted as the lipoidal pathway of drug diffusion through
the stratum corneum. It is also believed that transdermal enhancers have the ability to fluidize this
lipid domain. Some specific regions such as the semi-polar interfacial regions of the intercellular lipid
bilayers or the ordered hydrocarbon region near the interface may be viewed as the possible rate-
limiting micro-environments of the lipoidal pathway. To test this hypothesis, SCLL have been used
as a model to study the effects of the n-alkanols and the AP's on steady-state fluorescence
anisotropy.

14 1

1 1-alkyl-2-pyrrolidones
12 1

n-alkanols

n-pentanol

PBS control

—_
o
1

Rotational correlation time (ns.)
Rotational correlation time (ns.)
(o))
1

n-butanol

2 9 16 2 6 9 16
Carbon No. Carbon No.
Fig. 4 Effects of n-alkanols and 1-alkyl-2-pyrrolidones under iso-enhancement

(Egms = 10) conditions on the average rotational correlation time obtained with
fluorescent probes (C2 to C16) in stratum corneum lipid liposomes (SCLL).
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As in the SCLL bilayer permeability studies (above), the strategy employed was to conduct
experiments under the iso-enhancement concentration conditions (as defined above). Steady-state
fluorescence and fluorescence lifetimes were determined for the fluorescent probes, the n-(9-
anthroyloxy) fatty acids located at graded depths in the SCLL bilayer (at C2, C6, C9, and C16) in
the absence of and in the presence of the n-alkanols or the AP's at their iso-enhancement
concentrations corresponding to the enhancement factor, E;p,s = 10.

The data were used to calculate rotational correlation times and these are presented in Fig. 4. The
results in Fig. 4 support the view that the appropriate microenvironment (primary action site) in the
stratum corneum lipid bilayer for transport enhancement of lipophilic drugs induced by the short
chain n-alkanols and AP's is the intermediate depth region (C2-C9), where the lipid alkyl chains are
highly ordered and densely packed, rather than the deep hydrophobic interior. The n-alkanols and
AP's at iso-enhancement (E,;s=10) concentrations induced increases in fluidity of around a factor
of two in this intermediate depth region but caused only small changes in fluidity in the region near
the bilayer center. Thus, the Ey,,s values are not quantitatively proportional to these fluidity changes
but the Eg; values are closer to these changes. Possible factors that need to be considered are the
following: (a) it is not clear whether the rotational motion of the fluorophore should be a correlate
of the translational diffusion of a permeant. The 'cavity volume' involved in the rotational motion of
the fluorophore might be significantly smaller than the 'free volume' required for diffusion of large
molecules; (b) the enhancement factor, E, may be dependent on the molecular size of the permeant;
Liu [5] found that large steroids like B-estradiol, estrone, and hydrocortisone were enhanced 10-fold
by 30% ethanol whereas ethanol as a permeant was enhanced only 2- to 3-fold; (c) the enhancement
factor accounts for both the permeant's partitioning tendency and diffusivity; it is expected that lipid
fluidization by the n-alkanols and AP's in the rate-limiting microenvironment would increase both the
partitioning tendency and diffusivity for a permeant, yielding a possible squaring effect upon E. From
the correlation found between these observed fluidity increases and the transport enhancement
induced in the lipoidal pathway of HMS by the AP's and the n-alkanols, one may conclude that the
SCLL may be a useful model mimicking the microenvironment and the barrier properties of the
lipoidal pathway of the stratum corneum.
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TRANSBUCCAL DELIVERY OF POLAR COMPOUNDS
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ABSTRACT

Passive diffusion of polar solutes and weak electrolytes through canine buccal mucosa was
investigated in vitro as a function of pH and solute molecular weight. The diffusion
experiments were performed using modified Ussing chambers at constant temperature
(37°C). Oxygen aeration and circulation of the Locke’s solution maintained viability of the
tissues throughout the experimental period. Transepithelial potential was monitored to assure
tissue viability. Polar solutes (urea, glycerol, mannitol) exhibited molecular weight
dependent permeation. The neutral species of a series of weak electrolytes (formic acid,
benzoic acid, methyl amine and phenylethyl amine) permeated more rapidly than either
charged species, reflecting contributions of both paracellular and transcellular pathways.
However, the lower molecular weight, positively charged species (methyl amine) exhibited
higher K* than the negatively charged weak electrolyte (formic acid), suggesting a
molecular weight dependent selectivity of the paracellular pathway for positive species.

KEYWORDS: Buccal Delivery, Transport Mechanisms, Permeation, Transbuccal,
Diffusion

INTRODUCTION

Transbuccal delivery is an alternate delivery route for selected drugs such as peptides and
proteins, which are unsuitable or less efficacious when delivered by other routes of
administration. Human buccal epithelium is a highly vascularized, nonkeratinized squamous
layer of cells composed of strata of varying cell types and maturity [1]. The major barrier
strata include the compact differentiated nonkeratinized epithelial cells, a stratum of less
flattened cells of varied differentiation including basal cells and the deeper porous basal
lamina [2]. While the buccal membrane is perceived as an attractive alternate delivery route,
permeation mechanisms and the influence of solute size and degree of ionization on
permeation through buccal mucosa are not well defined [3]. Therefore, relative contributions
of solute molecular size and ionization on permeation through transcellular and paracellular
pathways of buccal mucosa are being investigated in vitro.
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EXPERIMENTAL MATERIALS AND METHODS
Buccal Tissue Preparation

Fresh canine buccal membranes were obtained from animals immediately after being
sacrificed. Epithelial tissues were removed and then placed in ice-cold and oxygen-rich
Locke’s solution. The underlying connective tissues were subsequently removed to isolate
the buccal membranes, which were then mounted on Ussing chambers with the epithelial side
facing the donor chamber.

Permeability Measurements

Modified Ussing chambers were used for the permeability studies. The chambers consisted
of two half-cells (7 ml/cell) and were surrounded by a water-jacket to maintain constant
temperature (37°C). Oxygen aeration and circulation in the Locke’s solution was
accomplished by bubbling oxygen through the media. Transbuccal potential difference (PD)
and short circuit current (Isc) were measured during the diffusion experiments. Transbuccal
resistance (Rt) was calculated [Rt = PD(1000)(Area)/(ISC)] from the open circuit potential
difference and short circuit current. Selected model compounds (CH- or *C- labelled) were
introduced into donor chambers, then aliquots were withdrawn from the receiver chambers as
a function of time. Solute concentrations in donor and receiver chambers were determined
by liquid scintillation counting on a Beckman LS-1800 scintillation counter. The effective
permeability coefficients (K,.;) were then calculated:

Vreceiver dcraceiver./dL Equation 1
A(Cdonor'Creceiver)

erff =

where V... i8 the receiver chamber volume, dC,.../dt is the change in receiver chamber
concentration with time, A is the diffusional area of the cell and Cgygpo-Creceiver iS the donor to
receiver concentration gradient. Linear regression of receiver sample data collected after
achieving constant flux across the membrane was used to calculate dC,.ey./dt. The dilution
effect of sample replacement in the receiver chamber was normalized in the calculations.

RESULTS AND DISCUSSION
Electrophysiologic Parameters and Tissue Viability

Typical plots of buccal short-circuit current membrane potential and resistance as a function
of time are shown in Figure 1. Representative membrane potential, short-circuit current and
resistance values are -28(+6) mV, 21(+7) nA and 1.7(£0.4) x 10° Q-cm?, respectively.
Buccal epithelia exhibit electrical potential differences between the mucosal and serosal sides
due to the ion transporting properties of the cells [4]. Thus, a change in potential difference
signifies the breakdown of active "pump" mechanisms for ion transport or the development
of "leaks" in the membrane. The magnitude of the transepithelial potential can be used to
monitor the buccal epithelium viability. The membrane potential was maintained over the
experimental time period.

Molecular Size Effects on Permeability

Urea (60 MW), glycerol (92 MW) and mannitol (182 MW) were employed to study the
effects of molecular size on permeability. The permeability coefficients decreased with
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Fig. 1. Typical Isc, PD and Rt plots Fig. 2. Molecular size effects of nonionized
as a function of time. polar solutes on permeability.

increasing molecular weight of the polar compounds as expected (Figure 2). The effective
permeability of these polar compounds reflects diffusion via both the paracellular and
transcellular pathways.

Ionization Effects on Permeability

In order to determine the effects of ionization on transport mechanisms through the buccal
mucosa, formic acid (46 MW; FA), benzoic acid (122 MW, BA), methyl amine (31 MW;
MA) and phenylethyl amine (157 MW; PEA) were selected as model compounds. Diffusion
experiments performed under controlled pH conditions provide insight into the role(s) of
ionization on permeation along the selected permeation pathway(s). The effective
permeability coefficients are strongly dependent on pH or solute ionization. Figures 3 and 4
illustrate the effects of pH on the percent of the solute ionized and the resultant effective
permeability coefficients of the two higher molecular weight, weak electrolytes, benzoic acid
and phenylethyl amine. Table 1 provides insight into the effect of pH and resultant
ionization on the effective permeabilities of the lower molecular weight, weak electrolytes,
formic acid and methyl amine. The effective permeability coefficients decrease with
increasing ionization fractions.
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Fig. 3. pH dependent ionization fraction Fig. 4. pH dependent ionization fraction
of benzoic acid and the effective of phenylethyl amine and the
permeability coefficient (K effective permeability coefficient
of benzoic acid. K, of phenylethyl amine.
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Table 1. pH Dependent Ionization Fraction and Effective Permeability Coefficients (K,
for Formic Acid and Methyl Amine.

Solute pH X Koot pH X Kpete

(cm/sec) (cm/sec)
Formic Acid 2.8 0.90 1.3(+0.3)x10° 102 O 4.5(+0.4)x107
Methyl Amine 11.6 1.0 12.4(+2.4)x10° 65 0 25.0(+4.3)x107

A mathematical model developed by Ho [5] models diffusion across the buccal membrane
and separates the effective permeability coefficient into the contributions for the individual
cellular layers:

1 2 . 1 + 1 P | Equation 2
Kiert Kape  Key + KX + K#(1-X) K; KaL

where K, is the effective permeability coefficient, K,p. is the permeability coefficient of the
aqueous boundary layer, K the permeability coefficient of the intermediate cell layer, Ky, is
permeability coefficient of the basal lamina, K, the intrinsic permeability coefficient for
neutral molecules through the transcellular pathway, K, the intrinsic permeability coefficient
for neutral molecules through the paracellular pathway, K,* is the intrinsic permeability
coefficient for cationic/anionic species through the paracellular route, and X is the fraction of
the nondissociated species of a weakly acidic or basic solute at the aqueous buffer
solution/membrane interface. If the aqueous boundary layer, intermediate cell layer and
basal lamina barriers to transport are considerable less than that of the compact cell layer,
then Equation 2 may be simplified to Equation 3.

erff = (Kcell + Kp)X + Kpi(l—X) Equation 3

From Equation 3, K,* can be calculated from the plots of solute permeability versus fraction
ionized. Both cationic and anionic solutes diffused through the buccal mucosa, although the
neutral species permeated through the buccal mucosa more effectively than the ionized
species. These data suggest that there are multiple pathways and barriers to transport. The
neutral species have higher permeability coefficients through buccal mucosa than either
negatively or positively charged solutes. Neutral species may permeate the buccal mucosa
via either paracellular or transcellular pathways. However, charged solutes diffuse through
the buccal mucosal primarily by paracellular pathways. For lower molecular weight weak
electrolytes (formic acid and methyl amine), the positively charged species exhibited higher
permeability coefficients as compared to the negatively charged species. This likely reflects
selectivity of the more negatively charged paracellular pathway.
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CONCLUSIONS

Polar solutes may diffuse across buccal mucosa via either paracellular and or transcellular
pathways. Passive diffusion of polar solutes through buccal mucosa was dependent on
molecular size. For weak electrolytes, the effective permeability was dependent on
ionization of the compounds. The neutral species exhibited higher permeability coefficients
through the buccal mucosa than either the positively or negatively charged species.
However, there was also a molecular weight dependence on the permeation of charged
species. The lower molecular weight, positively charged species permeated the buccal
mucosa with higher K, * than the negatively charged species. This suggests that the
paracellular pathway is selective for low molecular weight, positively charged solutes.
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SUMMARY

Receptor-mediated endocytosis (RME) is important both as a clearance mechanism for biologically
active polypeptide and as a target of drug delivery system (DDS). We have been kinetically
analyzing the RME of epidermal growth factor (EGF) in hepatocytes and constructed a kinetic
model describing RME. We examined the uptake kinetics of DDS for antisense oligonucleotide and
demonstrated that the balance of the affinity of the DDS carrier for antisense and for the receptor is
important to improve the targeting efficiency. The hepatic handling of hepatocyte growth factor
(HGF) was analyzed using the liver perfusion system. HGF was found to be eliminated not only
via RME, but also by the other nonspecific mechanism. Since the heparin-like substance on the
cell-surface plays a role in such a clearance, we designed heparin-HGF complex as a DDS for the
prevention of the nonspecific clearance.

KEY WORDS : receptor-mediated endocytosis, drug delivery system, epidermal growth factor,
hepatocyte growth factor, antisense oligonucleotide

INTRODUCTION

A remarkable feature of the disposition of polypeptides is the contribution of RME to their
clearance in the body [1,2]. In addition, drug targeting utilizing RME is expected to have promise as
a drug delivery system (DDS) to carry some drug specifically into the target cell expressing
receptors on its plasma membrane [3,4]. Therefore, it is important to analyze the RME process
kinetically, both to clarify the pharmacokinetics of polypeptide itself and to estimate the efficiency
of drug targeting via polypeptide receptors. This study focuses on the kinetic analysis of RME of
epidermal growth factor (EGF) and hepatocyte growth factor (HGF).

RESULTS

(1) Kinetic analysis of receptor-mediated disposition of EGF in liver

Multiple indicator dilution method in a single-pass perfusion system enables us to analyze the rapid
interaction between EGF and liver cell-surfaces with a liver architecture maintained. In this
technique we injected both '*’[-EGF as a test compound and '*C-inulin as a reference compound
into the portal vein and measured the time profile of the radioactivity in the hepatic vein outflow
(Dilution curve). The recovery of a tracer
'’I.LEGF in the outflow was only 20% of that of
"C-inulin (Fig. 1A). On the other hand, when the
'PI.EGF was coinjected with 30 ug of unlabeled

Fig.1 Representative dilution curves for
14C-inulin and =I-EGF without (a) or
with (b) 30 pug unlabeled EGF

0.8

a O MC-inulin EGF, this recovery was reduced almost to the

0.6 e I5LEGF comparable level with '‘C-inulin (Fig. 1B),
04 (Tracer dose) indicating the saturation of the binding and/or

€ uptake by the liver [5]. We estimated association
E 0.2 o rate constant (k, ), dissociation rate constant
g ey e S OOO02029 (k), and sequestration rate constant of EGF, and
Z 089 10 20 30 the receptor density by fitting all the data
& b 0 MC-inulin obtained at any dosages to the kinetic model [5].
z 06 e IBLEGF In the analysis of the internalization process, we
£ o4 (Tracer + cold 30 jig) measured the timgsproﬁles of both surface-bound
o and internalized ' “’I-EGF, separately [6]. A plot
0.2 of an internalized amount of EGF against the

, integrated amount of the surface-bound EGF

0 10 20 30 . . .
Time [sec] enables us to obtain the internalization rate

constant (k;,). The k;, value thus obtained was

int
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0.33 min" [6). By the similar kinetic analysis, the degradation rate constant was found to be about
0.005-0.03 min™ in the isolated [7] and cultured [8] hepatocytes, which is much slower compared
with the internalization process. We measured the recovery of the extraction ratio of a tracer
'*I-EGF after a perfusion of an excess unlabeled EGF (20 nM) [9] in the presence of cycloheximide
to prevent the newly synthesis of the receptor. The externalization rate constant (k) of the
receptor was estimated to be 0.015 min™ [9].

(2) Consideration of the efficiency of drug targeting based on the kinetic model for RME
Based on the kinetic mode! describing RME, the preferable combination of ligand and receptor in
view of the efficiency of drug targeting can be discussed. At steady state, the uptake rate of the
ligand can be expressed by:

Vuplake = Vmax,app Cp / (Km,app + Cp) Eq' (1)
where,

Km,BPP = (kt / kinl) X {(koff + kin() /kon} =ax {(koff + kml) /kon} Eq (2)

max,aj = (O) = kexl Vsyn / kdeg R Eq (3)

S 5
The k,, C,, p{/syn, and R, (0) are internalization rate constant for unoccupied receptors, plasma
concentration, newly synthesis rate of receptors, and receptor density in the absence of the ligand,
respectively. Based on Eq. (1), the uptake rate of the ligand cannot exceed V. .. although the
uptake rate increases as ligand concentration increases. The o (= k;,, / k) represents the acceleration
of the internalization rate constant of the receptor induced by the binding to the ligand. When the
ligand extensively induces receptor internalization, the a value is high, resulting in the high efficiency
of drug targeting. The V. value is proportional to the R, (0) value, indicating that the efficiency
of drug targeting is high when we target densely expressed receptors on the cell-surface. Both the k,,
and k, are positively correlated to the V... value, indicating that the receptor which is transported
rapidly between the cell-surface and cell-interior can be used as a preferential targeting site

(3) DDS of antisense oligonucleotide utilizing asialoglycoprotein receptor

We attempted to develop DDS of antisense oligonucleotide targeted toward the asialoglycoprotein
receptor. Based on the idea originally designed by Wu et al. [3,4] we prepared a mixture of the
carrier (lactosylated BSA covalently bound to polylysine, L-BSA-PLL) and oligonucleotide, being
composed of an antisense sequence against the transcriptional region of human ICAM-1. The
advantage of this strategy is the minimal decrease in the biological activity of antisense
oligonucleotide because of no covalent binding between the carrier and antisense. However, since the
binding is reversible, it can be speculated that the affinity of the carrier to the antisense is important
for the targeting efficiency. In fact, an equilibrium dissociation constant (Kd) was 11 nM while the
binding capacity was 1.6 oligonucleotides per 1 L-BSA molecule. Next, the kinetic analysis of the
uptake of "’I-L-BSA-PLL or *’P-antisense alone by cultured rat hepatocytes was performed. Both
the carrier and antisense uptake consist of saturable and non-saturable component (Km=2.48,

. . Vmax=0.01pmol/min/m rotein, k
Fig 2. Uptake of antisense DNA/L-BSA-PLL (non saturable uptake) =14 1 Umin/mg
complex by rat hepatocytes protein for L-BSA-PLL and Km=2.1u M,

10 Vmax=0.093 pmol/min/mg protein, k=0.023
—&— DNA M T Vmin/mg protein for antisense). Since the
—A— DNA 100M uptake clearance (v/c) is much higher for
L-BSA-PLL than antisense, the enhancement
of the antisense uptake by the carrier was
expected. However, such an enhancement
was, in fact, minimal and at most twice the
amount (Fig. 2). In addition, the increase in
the uptake of oligonucleotide could be
particularly observed at more than 100 nM of
L-BSA-PLL (Fig. 2), which can occupy

—T T T almost all of the cell-surface receptor
0 100 200 300 considering that the Km value for L-BSA-PLL

RQA. is 2.5 nM. To clarify the reason for such a

L-BSA-PLL (nM) limited enhancement of oligonucleotide

—&— DNA 100nM
T

Uptake amount (ul/mg)
w
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Fig 3. Kinetic model describing the uptake Fig 4. Simulation of enhancement of
of the antisense, carrier, and complex antisense DNA uptake by carriers
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uptake, the uptake of oligonucleotide in the presence of L-BSA-PLL was simulated (Fig. 3, 4) based
on the kinetic parameters representing the uptake of either oligonucleotide or L-BSA-PLL alone. In
this study the Michaelis-Menten equations were used to describe the uptake of both antisense
oligonucleotide and the carrier. The binding of the carrier and oligonucleotide was described by the
Langmuir equation (Fig. 3). We assumed that the unbound carrier can competitively inhibit the
uptake of the complex of the carrier and oligonucleotide and has a same affinity for the receptor as
that of the complex (Fig. 3). Based on this model, we confirmed that the enhancement of the
oligonucleotide uptake could be observed exclusively at a higher concentration of L-BSA-PLL than
its Km value, as in case of Fig. 2. This result can be explained when we consider that the
nonsaturable uptake clearance (k) of the carrier is much higher than that of oligonucleotide. When
the uptake of oligonucleotide was simulated in assuming that the nonsaturable uptake of
L-BSA-PLL is negligible (k = O)(Fig. 4A), an enhancement of the uptake could be especially
observed at a L-BSA-PLL concentration around the Km value while it was minimal at a higher
concentration of the carrier where the saturation of receptor-mediated uptake occurs (Fig. 4A).
Since the affinity of the L-BSA-PLL to the receptor is higher than its affinity to the oligonucleotide,
we can intuitively speculate that a relatively higher concentration of L-BSA-PLL than the Kd value
for the binding to antisense should exist to make almost all the oligonucleotide form a complex with
L-BSA-PLL, resulting in the saturation of the binding and/or uptake via the asialoglycoprotein
receptor induced by free L-BSA-PLL and a minimal enhancement of oligonucleotide uptake by the
carrier. To overcome such a minimal enhancement we have to utilize the carrier with a much higher
affinity for the antisense. To predict the case when the affinity between the carrier and
oligonucleotide is much higher, the oligonucleotide uptake was also simulated in assuming that such
an affinity is approximately 10 times higher (Kd = 1.0 fM) where the nonspecific uptake of the
carrier is also negligible (Fig. 4B). In this case, a dramatic enhancement of the uptake
(approximately 50 times higher than oligonucleotide alone) can be observed (Fig. 4B). For example,
avidin-biotin system is known to have such a high affinity and is now utilized as a DDS carrier for
the polypeptide and antisense [10,11].

(4) Receptor-mediated and non-specific clearance of HGF

HGF is the most potent mitogen for hepatocytes [12]. HGF receptor expressed on hepatocytes has
a strong affinity for HGF with an equilibrium dissociation constant of 20-40 pM [12]. In addition,
the non-specific binding of HGF to cell-surface is very high. Such non-specific binding sites are
considered to be heparin-like substances since HGF has an affinity for heparin [12]. Therefore, it
seems to be likely, that not only the HGF receptor, but also other non-specific binding sites
contribute to the elimination of HGF. After the liver perfusion of a tracer concentration of
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'2’I_LHGF, an ice-cold buffer containing heparin was perfused to remove relatively non-specific

binding, which presumably represents the binding of HGF to cell-surface heparin-like substance
[13,14]. A significant heparin-washable binding was detected (Fig. 5A|). After the
"heparin-washing," so-called "acid-washing" was done to remove the receptor-bound "*’I-HGF. The

Time (min)

heparin-resistant and acid-washable binding was also observed in the outflow during the
acid-washing (Fig. 5A). An excess unlabeled HGF (135 pM) can reduce especially the latter
binding, suggesting that the latter binding mainly represents receptor binding (Fig. SA, 5B). After
both heparin-_and acid-washing, the liver still contained radioactivity, presumably representing the
internalized '*’I-HGF (Fig. 5A). A clear saturation was observed also in the internalized fraction,
suggesting that HGF is taken up via RME. In addition, the internalization of '*’I-HGF was still
observed even in the presence of either an excess unlabeled HGF (Fig. 5B) or phenylarsine oxide
(Fig. 5C), an inhibitor of RME. These results suggest that HGF is taken up by not only RME, but
also non-specific clearance mechanisms.

(5) DDS of HGF for the decrease in nonspecific clearance

To decrease the nonspecific binding and/or uptake HGF, we designed heparin -HGF complex as a
DDS of HGF (Fig. 6)[15]. If the heparin-like substance on the cell-surface plays a role in the
nonspecific clearance, the HGF molecule prebound to heparin cannot bind to such a binding site,
resulting in the increase in the plasma residence time of HGF (Fig. 6). We have already
demonstrated that the heparin-HGF complex shows lower plasma clearance than HGF alone. In
addition, we found that the complex retains the proliferative activity of HGF, assessed as the
incorporation of '**I-deoxyuridine in cultured rat hepatocytes [15].

Fig.6 Hepatic Handling of HGF
or Heparin-HGF Complex
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CONCLUSION

It is demonstrated that the balance of (i) an affinity of the carrier to the receptor, (ii) an affinity of
the carrier to the drug, and (iii) a concentration of the carrier is essential to improve the efficiency of
DDS utilizing RME. It is suggested that heparin-HGF complex can be utilized as DDS for the
increase in plasma residence time although the further studies such as the analysis of the mechanism
for the decrease in the HGF clearance, examination of the biological activity in vivo, and the
screening of the other heparin-like substance with a low activity of heparin have to be done.
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ABSTRACT

Significant progress has been made for the last decade in the research of drug delivery systems.
For the sustained action, to maximize efficiency and minimize side effects of drugs, novel
polymeric carriers or devices have been introduced. Intelligent drug delivery systems can
defined as a novel drug delivery which shows drug release based on metabolite concentration or
regulated or modulated via external stimuli. In this paper, macromolecular drug delivery by
using thermosensitive polymers is reviewed.
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INTRODUCTION

Recently, increased numbers of peptide and protein drugs have been in demand for the
development of delivery systems. Conventional polymers are difficult to use in macromolecular
drug delivery due to problems with fabrication and impermeable characteristics of
macromolecular diffusion. Self regulated drug delivery (1) and modulated delivery systems (2)
have been proposed using novel stimuli sensitive systems.

This manuscript includes the concept of macromolecular drug delivery by utilizing
thermosensitive hydrogels. No product is currently available for the delivery of peptide drugs
using stimuli sensitive polymers. though extensive research is currently underway for the
synthesis, characterization and application of these polymers, and eventually basic research in
this area will be utilized for therapeutic application. Peptide drugs and proteins cannot be
delivered effectively in conventional dosage forms. For such therapeutic agents, new drug
delivery carriers should be developed. It is important to construct a system where drug delivery
occurs when it is required. The auto feedback concept is shown in Figure 1 (3).

When a stimuli is necessary, the delivery systems or carrier will respond to external stimuli
(magnetic field, temperature, electric current, ultrasound, and photo-irradiation) or internal
stimuli (pH, ionic strength, metabolites, enzyme substrate and biochemical bindings) to effect
drug release. Stimuli responsive polymers, based on function. can be divided into open loop and
closed loop systems. Table 1 and Table 2 list the mechanisms of hydrogels responding to the
environmental stimuli (4).

It is known that pH-sensitive hydrogels contain pendant groups composed of weakly acidic or
basic moieties, such as carboxylic acids and primary or substituted amines, or strong acids and
bases, such as sulfonic acids and quatenary ammonium salts. The ionization state of these
pendent groups change in response to pH changes, leading to water increase swelling properties.
Recently Peppas and Klier (5) have studied the effect of pH and swelling on drug release
behavior using graft copolymers of poly(ethylene glycol) (PEG) with poly(methacrylic acid)
(PMAA). PMAA and PEG form complexes due to hydrogen bonding between the acidic protons
of the carboxyl groups and the ether oxygens on PEG. Crosslinked poly(MAA-g-PEG) gels
showed transition with pH change of external media.
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Fig. 1 Auto feed-back drug delivery

Dong and Hoffman (6) have prepared heterogeneous hydrogels possessing both pH- and
temperature-sensitivity, by using N-isopropyl acrylamide (NiPAAm), acrylic acid and vinyl
terminated polydimethylsiloxane loaded with indomethacin. At gastric conditions (pH 1-4 and
370C), the gel did not swell because the lower critical solution temperature (LCST) of the gel is
below 370C. However, at pH 6.8-7.4, the gel's LCST shifts above 37°C and begins to swell due
to ionization and repulsion of AAc groups. In vitro release studies of indomethacin showed that
only a negligible amount of indomethacin was released at pH 1.4 within 24 hours. However, at
pH 7.4 more than 90% of the total drug was released. The release profile resembled zero order
kinetics for 5 hours, suggesting a swelling-controlled mechanism. The release rate of
indomethacin from the gels at pH 7.4 changed, depending on the acrylic acid content.

Siegel et al (7), prepared pH-sensitive hydrogels having ionizable groups from hydrophobic n-
alkyl methacrylate (AMA) and N,N-dimethylaminoethyl methacrylate (DMA). These gels
demonstrated sharp transitions in swelling, depending on the comonomer ratio and the length of
the alkyl side chain. Factors influencing swelling properties of pH sensitive polymers were
extensively discussed elsewhere (4).

The use of electro-sensitive polymers as drug delivery systems is based on the electro-kinetic
phenomena of electrolyte gel or the electric properties of polymer surfaces. Eisenberg and
Grodzinsky (8) reported permeability changes for neutrzl solutes or proteins across
poly(methacrylic acid) or collagen membranes with an electric field. These changes were
attributed to the variation of membrane hydration due to the intramembrane pH changes through
electro-diffusion process. This hydration change and additional factors such as electro-osmotic
or electophoretic augmentation of solute transport are responsible for the control of solute
permeability. Osada et al. (9) studied an electrically stimulated drug delivery system to deliver
pilocarpine, glucose, and insulin using gels and microspheres of polyelectrolytes such as
poly(acrylic acid), poly(methacrylic acid), and poly(N.N-dimethylaminopropyl acrylamide). The
modulated release of solute from these polyelectrolyte gels was explained by gel shrinkage under
electric current, resulting in the forced release of imbibed drug solution. Yuk et al (10)
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Table 1 Responsive closed-loop systems (From Reference 4)
Stitnulis Hydrogel Mechanism
pH Acidic or Basic Hydrogel Change in pH ==

change in swelling==>
change in release of drug

lonic strength Ionic hydrogel Change in ionic strength==>
change in concentration of ions inside gel ==>
change in swelling ==
change in release of drug

Chemical species Hydrogel containing Electron donating compounds ==>
electron accepting formation of charge transfer complex ==
groups change in swelling ==>

change in release of drug

Enzyme-substrate Hydrogel containing Substrate present ==>

immobilized enzyme enzymatic conversion ==>

product changes swelling of gel ==>
change in release of drug

Compelitive binding Concanavalin A Increase in glucose concentration ==
hydrogel containing displacement of glycosylated insulin by
competitive binding sites =>
release of glycosylated insulin

Table 2 Responsive open-loop systems (From Reference 4)

Stimulis Hydrogel Mechanism

Magnetic Magnetic particles Applied magnetic field ==>
dispersed in alginate change in pores in gel ==>
microspheres change in swelling ==>

change in release of drug

Thennal Thermo sensitive Change temperature ==
hydrogel, e.g. poly(N- change in polymer-polymer and
isopropylacrylamide) water-polymer interactions ==>

change in swelling ==>
change in release of drug

Electrical Polyelectrolyte hydrogel Applicd clectric field ==;
change in membrane charging and
electroophoresis of charged drug ==>
change in swelling ==
change in release of drug

Ultrasound irradiation Ethylene-viny! alcohol Ultrasound irradiation ==>
hydrogel temperature increase ==>
release of drug
Photochemical 2-Hydroxyethyl Photoirradiation ==>
methacrylate hydrogel photosensitization of azobenzene moiety ==>
containing azobenzene change in swelling ==

in side chain change in release of drug
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demonstrated the controlled release of hydrocortisone using calcium alginate/polyacrylic acid
composite as a gel matrix for the electric current-sensitive drug delivery systems. In this system,
the key factor for controlling the release rate was also the swelling changes of the matrix.

Kwon et al (11) synthesized copolymer gels of AMPS with n-butylmethacrylate (BMA) loaded
with a positively charged solute (edrophonium chloride) by an ion-exchange method. The drug
was released only when an electric field was applied and "on-off" drug release was achieved.
The mechanism was explained as an ion exchange between positive solute and hydroxy-onium
ion produced at the anode by water hydrolysis. They also achieved "on-off" drug release
utilizing the dissociation of the polymer complex in an electric field (12). Poly(ethyloxazoline)
(PEOX) and poly(methacrylic acid) (PMAA) form solid complexes by hydrogen bonding below
pHS5, and the complex dissolves above pH 5.4. When an electric current was applied the matrix
dissolved at the surface facing the cathode, because the local pH increased near the cathode and
resultant hydrogen bonding was disrupted. Insulin was released from the matrix with dissolution
in response to application of the electric current. The release rate at each "on" state was nearly
constant because of the surface erosion mechanism of decomplexation. Furthermore, a
polymeric ionic complex of polyallglamine and heparin was also designed by Kwon et al (13).
The heparin release showed "on-off" profile by varying the local pH modulated with electric
current.

Thermo-Senstive Hydrogels for Macromolecular Drug Delivery

Polymers demonstrating swelling-deswelling changes in response to temperature have been
extenswely studied. As shown in Figure 2 both negative or positive thermosensitive polymers
can be designed, based on the concepts of hydrophoblc interaction and hydrogen bond or ionic
interaction respecnvely Recently N-isopropyl acrylamide (NiPPAm) and its derivatives have
been studied due to the unique propemes of low solution critical temperature. Both laboratories
(LCST) concurrently, of Hoffman and Kim have initiated innovative research in this area (14-21)
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Poly(acrylamide) gels normally swell with increasing temperature, while poly(N-alkyl
substituted acrylamide) gels deswell. Under this influence, the thermosensitivity is attributed to
the hydrophilic/hydrophobic balance of water-solubilized polymer chains and is readily affected
by the size, configuration, and mobility of alkyl side groups, as an example, a sharp swelling
transition occurs at 320C for NIPAAm. These gels have been studied for applications in solute
separations (22), concentratmg dilute solutions (23), immobiliztion of enzymes (14) and for drug
delivery, application and partition coefficients have been investigated in detail (24). Recently,
thermally induced detachment of cultured cell has been attempted using grafted NiPPAAm (25).
Hydrophobic butylmethacrylate (BMA) was introduced into gels to increase mechanical strength,
and achieved complete "on-off" regulation of drug release in response to external temperature
changes (26,27).

Recently, an IPN (interpenetrating polymer network) consisting of NiPAAm and polyurethane
was studied for the delivery of the hydrophilic macromolecular drug, heparin (28). * Both
methods for the design of IPN and blended polymers are in Fig. 3 and Fig. 4. The NiPAAm
polyurethene blend was coated onto a commercial polyurethane based catheter. The material
was placed in a heparin solution at low temperature and extensive swells and drug loading
occurred and the system will deswell in body temperature for the slow release heparin as shown
in Fig. 5. The heparln loaded catheter was placed in a vein (canine) and demonstrated excellent
blood biompatibility (29).
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Fig. 6
A schematic presentation of bead formation from pH/temperature sensitive terpolymer

One advantage for the use of thermosensitive polymers is the possiblity of peptide and protein
loading in aqueous phase without organic solvent. The drug can be loaded in aqueous solution or
less viscous gel at low temperature, and a gel or solid matrix can be formed spontaneously as the
temperature increases. Based on this concept polymeric beads were made from linear
pH/temperature-sensitive polymers, poly(N-isopropylacrylamide-co-butylmethacrylate-co-
acrylic acid) and evaluated as a potential polypeptide drug carrier. The loading efficiency, pH-
dependent release, and preservation of bioactivity of loaded drugs was studied. The beads were
formed by precipitation of the polymers at the interface of a cold aqueous solution and warm oil
phase, and subsequent drying process, as shown in Figure 6 (30).

The critical step in this bead formation and aqueous drug loading was found to be the initial
formation of the skin layer, which was influenced by the oil bath temperature. The peptide drug
loading efficiency was significantly increased by adjusting the ionic strength of the aqueous
polymer/drug solution. As an example, the loading and release rate of insulin at pH 7.4 and
370C was controlled by the acrylic acid content of the terpolymers, while minimal swelling and
release were observed at pH 2.0 and 370C, regardless of the acrylic acid content. The bioactivity
of insulin released from the beads at pH 7.4 and recovered from the beads which were kept in rat
stomach for 5 h was maintained. SEM of a bead obtained by this method showed smooth surface
of bead with skin formation. Poly(NiPAAm)-co-butylmethacrylate-co-AA) was also used to
fabricate human calcitenin (hCT) delivery. By varying the percentage of AA, increased amounts
of hCT were loaded into the polymer. The increased amounts of AA also helped to stabilize the
protein. It was found that the hCT released from NiIPAAm/BMA/AA was active, while hCT load
in NiPAAmM/BMA (noAA) lost activity. This was verified by CD studies which demonstrates
hCT activity in acid polymers (31).
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NOVEL BIOMATERIALS AS ARTIFICIAL CORNEA VIA PLASMA INDUCED
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SUMMARY

The primary objective of this study is to prepare a highly biocompatible polymer membrane by
surface modification and to further develop an artificial cornea. Novel heterobifunctional
membranes prepared by grafting different functional polymers onto silicone rubber membranes were
achieved. In this work, we report preparation and surface characterization of the heterobifunctional
membranes, and their biological analysis (in vitro and in vivo studies). Based on the biological
analysis, the heterobifunctional membrane exhibits high potential to be used as artificial cornea.

KEY WORDS: plasma induced grafted polymerization, silicone rubber membrane, artificial cornea,
epithelium, penetrating keratoplasty

INTRODUCTION

When a progressive corneal ulceration or a penetrating corneal injury with tissue loss occurs,
emergency penetrating keratoplasty (PK) or lamella keratoplasty (LK) is carried out to restore
ocular integrity and to avoid further complications such as extensive chamber angle synechia, angle
closure glaucoma and endophthalmitis (1-3). An artificial cornea is badly needed for PK or LK.

The preparation of artificial cornea has been under study in our laboratory (4). It is found that three
important issues have to be dealt with if one is to obtain an artificial cornea. First, the implant is
required to be completely covered with corneal epithelial cell (CEC). Secondly, downgrowth of
CEC has to be suppressed when the implant is kept in the living cornea for a long period of time.
Finally, the process of wound healing has to be considered because the implant need to be tightly
fixed on the host cornea. Based on the above consideration, a heterobifunctional membrane is
developed to be used as the artificial cornea (Figure 1). Upperside of the membrane is capable of
improving the attachment and growth of cells, whereas lowerside of the membrane can suppress the
adhesion strength of either cells or protein.

For the sake of comparsion, a homobifunctional membrane is also developed. In this work, we
report preparation, surface characterization and biological analysis on homobifunctional and
heterobifunctional membrane. The grafting of 2-hydroxyethyl methacrylate (HEMA) or collagen
serves the purpose of improving attachment and growth of CEC, whereas the grafting of 2-
methacryloyloxyethyl phosphorylcholine (MPC) suppresses the downgrowth of CEC (5).
MATERIALS AND METHODS

MPC is supplied by Prof N. Nakabayashi (Tokyo, Japan). 1,1-diphenyl-2-picryhydrazyl (DPPH)
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was used to determine the amount of peroxides on surface of silicone rubber membrane (SR) by Ar-
plasma treatment. Collagen type I (Sigma) was utilized to improve attachment of epithelium. Plasma
Treatment: SR was activated by Ar plasma treatment. Moreover, the peroxide group was produced
by exposing samples in oxygen gas.

RESULTS

Peroxide group analysis
SIMS study

Negative spectra of SIMS for controlled SR and Ar-plasma treated SR are shown in Figure 2. For
controlled SR (Figure 2(A)), the main peak appears at 15 D, which is -CH3 group. A 33 D peak is

observed in Figure 2(B). This peak reflects the formation of peroxides on the surface of Ar-plasma
treated SR.

DPPH study

In Figure 3, the amount of peroxides is plotted as a function of plasma treatment time. Maximum
amount of peroxides was reached at treatment times of 60 s, 60 s, 80 s at different treatment powers
of 60 W, 30 W, and 5 W, respectively. However, the amount of peroxides started to decrease when
plasma treatment time was more than that for reaching maximum amount of peroxides in each case.
This is due to the fact that the peroxides are partially converted into an inactive species after
prolonged plasma treatment. Furthermore, amount of active peroxides is studied as a function of
storage time (30°C, air). The peroxide concentration can be maintained constant within a time
period of 2 h. However, it would quickly decay to 50 % of the original concentration at a storage
time of 4 h, and would completely decompose at a storage time of 12 h. Therefore, graft
polymerization must be carried out within the interval of 2 h after plasma treatment.

Grafted polymerization
ATR-FTIR study

The grafting of various polymers on the surface of SR was achieved as evidenced by ATR-FTIR
study. The absorption peaks of hydroxyl group and carbonyl group appeared at 3300 cm-! and
1720 cm-1, respectively, when pHEMA, pAA, or pMPC was grafted onto SR.

ESCA study

The high resolution Cls of ESCA spectra for various SR grafied with different polymers were
obtained. The Cls spectra was deconvoluted by different functional peaks such as 285 eV (-C-H),
286.4 eV (-C-N), 287.7 eV (-C-0), 289.1 eV (-HN-C=0), and 290 eV (0=C-0). The values of the
deconvoluted peaks are listed in Table 1. Binding energies of -OH and -C=0 group were found for
the spectra of both SR-g-HEMA and SR-g-AA. Binding energies of -C-N and -NH-C=0 were also
found for the spectra of SR-g-MPC and SR-g-AA-collagen, respectively. SR grafted with pHEMA,
pPAA, pAA-collagen, and pMPC by plasma modification was achieved as confirmed by ESCA study.

Biological analysis
In vitro study

The cellular biocompatibility was considered according to four aspects (6): 1. the basal cellular
function related to cell proliferation and cell protein content; 2. the specific related to its
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morphology and synthesis of functional protein, 3. the bioactivation of the cell phenotype
expression; 4. the integration of cell based on the attachment to foreign matrix. As a result of the
above consideration, the ability of migration, attachment and proliferation of CEC were investigated
to define the reaction of cellular entity with the various modified SRs in our study. Migration and
proliferation of CEC to controlled SR were negligible (Figure 4(A), Figure 5). The morphology of
CEC attaching onto the surface of controlled SR was poor as evidenced by the presence of CEC
pseudopodium (Figure 6(A)). Moreover, migration of CEC from cornea to the surface of SR-g-
MPC did not occur (Figure 4(B)). In CEC attachment study, a few suspended cells were found for
SR-g-MPC, which did not adhere and grow onto the surface. This indicated that the morphology of
CEC onto the surface of SR-g-MPC was abnormal (Figure 6(B)). The proliferation of CEC onto
SR-g-MPC was also suppressed completely (Figure 5). Evidently, the surface of SR-g-MPC was
incapable of CEC migration, attachment and growth. This is due to the fact that MPC contains
polar head group of phospholipid (7). Additionally, CEC migration from cornea to respective SR-g-
HEMA and SR-g-AA-collagen was observed and CEC spread fully over the surfaces within 96 h
(Figure 4(C), 4(D)). Moreover, CEC attaching onto these surfaces was confluent within 72 h
(Figure 7), and morphology of CEC on these surfaces was similar to that of normal CEC (Figure
6(C), 6(D)). In the proliferation study, SR-g-HEMA and SR-g-AA-collagen were found to be
capable of providing a suitable environment for CEC growth (Figure 5). A layer of pHEMA grafted
onto SR serving as a water content surface is responsible for SR-g-HEMA's excellent proliferation
behavior. The satisfactory results of in vitro evaluation for the biocompatibility of SR-g-HEMA,
SR-g-AA-collagen and SR-g-MPC allowed us to further proceed to in vivo study.

In vivo study

PK technique was used and rabbits were served as animal model. Anterior chamber (AC) depth was
measured by slit lamp microscope to evaluate the occurrence of CEC downgrowth. For
homobifunctional SRs study, AC depth was lost for controlled SR at post-operative week one
(Figure 8(A)). This implied that iris was adhered to the SR surface, and subsequently drowngrowth
of CEC occurred (3). At post-operative week three, the AC depth for SR-g-HEMA and SR-g-AA-
collagen were less deeper than that of normal AC. Additionally, a depth of AC for SR-g-MPC was
similar to that of normal AC (Figure 8(B)). The iris was not adhered to the surface of SR-g-MPC.
Therefore, the downgrowth of CEC was not occurred. Some of complications also have been
observed. The peripheral opacity of eye for controlled SR and SR-g-AA-collagen was observed.
The peripheral neovascularization of eye for SR-g-AA-collagen was also revealed. Furthermore, the
modified SRs were stained by immunofluorescence to evaluate the migration of CEC. In Figure 9,
The immunofluorescence views of photographs for controlled SR and SR-g-MPC were shown to be
white color. This indicated that the migration of CEC was not occurred in these samples. On the
other hand, the CEC covered completely over the surface of SR-g-HEMA or SR-g-AA-collagen at
post-operative week three.

For the heterobifunctional membrane, upperside and lowerside surfaces were grafted with collagen
and MPC, respectively. It was found that a depth of AC was kept (Figure 10(A)). CEC covered
completely over the SR upperside surface as shown in Figure 10(B). The upperside surface grafted
with collagen was capable of improving the CEC migration from the host cornea, whereas the iris
was not observed on the lowerside surface grafted with MPC. This indicated that no adverse
reaction of inflammation such as vascular invasion for heterobifunctional membrane occurred. The
heterobifunctional membrane is indeed promising for clinic application as judged by in vivo study.

CONCLUSION

Alterations in the physicochemical properties of the modified SR surfaces prepared by plasma
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Figure 1. Schematic for biofunction of Figure 2. Negative spectra of SIMS for A.
heterobifunctional membrane controlled SR, B. Ar-plasma treated SR (60 W,
60 s, 200 mtorr)

Table 1. The ratio of functional group on various «_ 8

surface of silicone rubber membrane by ESCA E
Q
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Figure 3. Formation of peroxide group on SR

using Ar-plasma treatment

1 glcm?is unit, * 60W, 200 mtorr, 60 sec

Figure S. Proliferation of epithelium onto various Figure 7. Attachment of epithelium onto various
modified SR modified SR

induced graft polymerization were achieved and assessed by a combination of SIMS, ATR-FTIR
and ESCA. A novel type of heterobifunctional membrane with upperside favoring cells attachment
and growth, and lowerside suppressing cells adhesion is successfully developed. The excellent
affinity of CEC for SR-g-HEMA and SR-g-AA-collagen are evaluated by three methods of in vitro
study, whereas SR-g-MPC exhibits the poor capacity of CEC. This heterobifunctional membrane is
found to be potentially applicable for artificial cornea based on in vitro and in vivo studies. Long

term evaluation of an animal model and pathology study will be carried out to further application of
artificial cornea in the near future.



Flgure 4. Migration of epithelium for A. controlled SR B SR-g- MPC C SR-g-HEMA, and D— h
~ SR-g-AA-collagen
o ;

Flgure 6 Morphology of eplthellum onto A. controlled SR
and D. SR-g-AA-collagen
/|
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Figure 8. Slit lamp photographs for A. controlled SR, B. SR-g-MPC, C. SR-g-HEMA, and D.
SR-g-AA-collagen

Figure 9. Immunofluorescence photographs for A. controlled SR, B. SR-g-MPC, C. SR-g-
HEMA, and D. SR-g-AA-collagen

Figure 10. A. slit lamp photographs, B.
immunofluorescence photographs for
heterobifunctional membrane
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ABSTRACT

Polysiloxanes derivatized with alkyldisulfide anchors have been grafted with hydrophobic
perfluoroalkyl or hydrophilic poly(ethyleneoxide) side chains. These terpolymers chemisorb
spontaneously from dilute solution to metal substrates (gold, silver, copper), forming adherent
monolayer polymer films expressing the surface chemistry of the grafted chain. High-
resolution XPS, SIMS and ToF-SIMS have shown that those polymer films: (1) are stratified
monolayers, having distinct regions enriched in each component, (2) are enriched in their
outer atomic surface levels by the grafted side chain and (3) can be lithographed and
patterned to form spatially tailored films of distinct chemistry. The robust character of these
films has several advantages over conventional self-assembled monolayers, particularly for
many applications where film oxidation/removal is a problem (e.g., biological environments,
sensing, mechanics, friction).

KEY WORDS

Self assembly, surface modification, ultrathin films, gold, poly(siloxanes)

INTRODUCTION

We have pursued a new strategy for controlling the interfacial chemistry and architecture of
polymer surfaces. This method combines principles of organization adapted from both
Langmuir-Blodgett and self-assembled organic arrays(1,2). Polymer films, one molecular
‘layer in thickness (30A), bind spontaneously to solid surfaces, mediated by chemisorption.
Multipoint polymer anchoring stabilizes these arrays from conditions that destroy monomeric
self-assembled films. Micro-patterned chemistry can be fabricated using lithographic methods,
coating pre-lithographed gold lines or directly milling structures from films. More
importantly, grafting of these polymers with pendant, non-anchoring functional side chains,
the chemisorbed polymer films are enriched with this grafted chemistry in their outer surface.
This provides a convenient route to tailoring polymer surface properties for a number of
applications where thin stable organic films are required, including biomedical surfaces. Our
work has investigated many features of these ultrathin polymer arrays on surfaces(3-7).
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MATERIALS AND METHODS

Polymer synthesis

We have reported the synthesis and characterization of a number of polymers and their
respective assemblies as bound monolayers on solid surfaces(3-7). Generally, our strategy
follows a polymer analog reaction, where linear polymer chains are grafted with sulfur or
silane terminated alkyl chains. In some cases, an additional side chain chemistry is grafted,
creating a terpolymer with a specific chemical character. Perfluoralkyl and poly(ethylene
oxide) grafts have been a focus. Two basic families--poly(acrylates) and polysiloxanes--have
been investigated. Figure 1 shows the architectures we have studied as thin films.

polyacrylate grafted polysiloxane

OCH
—(CHZ-(IDH)—;(CHZ(IDH)-E‘- ?Fa o
o £o (i d
Q gHg (THZ)"’ i ¥
CHz | Si- = e}
o e, b
3 3 CH
Ch). x=10,16,22 (iH:) ) —(% o-}-@ﬁso
n:m=8:2, 6:4 CHy My, T
S-S-(CH,)4CHs I QHe
G Qe 6
$ S-S-(CHy),CHa —si
1 i(OMe)3
(CH210
S-8-(CH2),CHa

Figure 1: Chemical structures for polymeric ultrathin film-forming materials(3-7).

Polymer molecular weights are typically 40,000-60,000. However, we have investigated a
cyclic siloxane oligomer with pendant mercaptopropyl chains(4). In addition, we have
combined polymer films with monomeric alkyl or perfluoroalkyl thiols in composite thin
films(4, unpublished work).

Polymer Monolayer Films Assembly

Gold substrates for dithioalkyl-polysiloxane self-assembly were freshly prepared by
evaporative deposition of a layer of 1500-2000A gold (99.999%, Johnson-Mathey) onto Pd-
coated (200 A) silicon wafer surfaces in a diffusion-pumped thermal evaporator at a base
pressure of 6 x 107 Torr. Immediately following deposition, the chamber was back-filled
with purified N,. These gold-coated substrates were immediately cut into 3 cm x 0.8 cm
pieces and immersed into polymer-CHCI, solutions (0.1-1.5 mM) for up to 72 h, followed by
thorough, sequential rinsing with CHCl,, EtOH, and Millipore water, and drying under pure
N,. Monomeric self-assembled films of octadecane thiol and pentanethiol were fabricated for
comparison from dilute ethanolic solutions on identical gold substrates.

Polymer Ultrathin Film Characterization

Ellipsometry has been used to measure film thickness on gold(3). Contact angle analysis uses
both water and hexadecane as probe liquids. Reflectance FTIR (polarized) has also been
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used(3) to analyze polymer structure. Cyclic voltammetry using aqueous phase redox probes
has been applied to characterize film microstructures on gold electrodes(4,6,7). Angular
dependent x-ray photoelectron spectroscopy and static secondary ion mass spectrometry have
proven critical for high-resolution chemical and structural information on assembled films.
Instrumentation has been made available through NESAC/BIO, the Surface Analysis Center at
University of Washington.

Patterning of Surface Chemistry

We have applied lithographic processes to create two types of micropatterned organic thin
films with the intent to grow cells within borders or directionally along surfaces.
Conventional photolithographic methods were used to fabricate micron-scale gold lines on
semiconductor-grade silicon oxide wafers in a commercial integrated circuit fabrication
process in a Class 100 clean room. A second method was used to etch patterns into
homogeneous thin films assembled on unpatterned gold surfaces using an automated
commercial ion mill (610 Series focused ion beam workstation manufactured by FEI
Company, Hillsboro, OR). Milled patterns were 20 pum long lines with widths varying from
0.5 to 2.0 um. High resolution imaging of patterned film chemistry has been performed at
PHI Electronics (Minnesota) using a state-of-the-art time-of-flight SIMS instrument.

RESULTS AND DISCUSSION
Film Surface Chemistries

A substantial amount is already known about SAM films on gold.[2] The interfaces of these
films present an organized array of functional groups, depending on their chemistry. This
interface can be analyzed by wet (contact angle) and dry (UHV surface analysis) techniques
to investigate interfacial properties. For example, CF,-terminated alkylthiols have a layer
thickness of 17A (monolayer) an aqueous contact angle of 111° (hydrophobic), and XPS and
SIMS spectra consistent with dense-packed arrays of perfluoroalkyl chains packed nearly
perpendicular to the gold surface. Octadecane thiol, by contrast, has a monolayer thickness of
25A, a contact angle of 100°, and XPS and SIMS spectra consistent with a dense hydrocarbon
layer tilted 30° off normal on the gold surface. The higher-energy, shorter thioundecylalcohol
has a layer thickness of 17A, a contact angle of 40° (hydrophilic) and XPS and SIMS spectra
consistent with a dense-packed array of hydroxyl groups. Each system presents an organized
chemical array at the interface.

Polymeric surfaces, while much more stable and durable, tend to have more defects and holes
than monomeric SAM monolayers, presumably because large molecule anchoring precludes
the required side chain close-packing. Nevertheless, we have shown that interesting polymer
surface structures and surface chemistries, all in a monolayer arrangement on a solid support,
are possible with such a strategy.[11-15] Bound monolayer polymeric arrays can present
surfaces grafted with perfluoroalkyl chains or hydrophilic polyethylene oxide, both surfaces of
biomedical interest. Each surface reacts uniquely to protein and cellular environments
(unpublished data). Additionally, lithographed and patterned surfaces at the sub-micron level
are readily formed from all of these monolayer assemblies, allow surface chemistry to be
tailored spatially and permitting presentation of defined surface chemical patterns on surfaces
at high resolution to biological systems.

Angular-dependent X-ray photoelectron spectroscopy (ADXPS)

Figure 2 shows a typical high resolution XPS carbon 1s spectrum, detailing the four types of
carbon in monolayer films of siloxane terpolymers on gold. The peak centered at 285 eV is
characteristic of the hydrocarbon species (e.g., CH, present in the alkyl side chains while the
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Figure 2: XPS Cls spectra for perfluoroalkyl-  Figure 3: XPS Cls spectra for PEO-
grafted polysiloxane monolayer surface. grafted polysiloxane monolayer surface.

peak at 287 eV results from C-O (ether) carbon present in the side chains. Fluorocarbon
species present in the perfluoroalkyl side chains give rise to the peaks at 292 eV (CF, groups)
and 294 eV (CF, groups). Quantitation of high-resolution spectra from the various chemical
species in these systems can be compared as a function of depth to yield depth-dependent
comparisons of film composition. The increasing F:C ratio with decreased sampling depth is
consistent with the presence of a perfluorocarbon overlayer at the films' outermost surfaces
attenuating the carbon signals from film layers underneath. Additionally, as a function of
decreasing depth, fluorine signal increases beyond the stoichiometric bulk content, further
supporting the presence of an enriched perfluorocarbon overlayer in these polymer monolayer
films. This is paralleled by the predicted opposite trend in carbon signal with take-off angle;
that is, a consistent decrease in carbon below its bulk content with increasing take-off angle
(decreasing depth). Sulfur content steadily decreases with decreasing sampling depth,
reaching concentrations significantly below the stoichiometric bulk content at the shallowest
sampling depth. This observation is consistent with the sulfur anchor groups located under
the films adjacent to the gold interface. Furthermore, because the silicon signal remains
roughly constant despite the various changes in other species with sampling depth, the ratios
of fluorine:silicon, carbon:silicon and sulfur:silicon are further evidence for a layered polymer
monolayer structure: perfluoroalkyl-enriched outer surface layer, siloxane-enriched
intermediate stratum, and an anchoring layer containing sulfur (disulfide) anchoring chains.

Therefore, the structural picture supported by FTIR, XPS and SIMS data on these monolayer
films is one where perfluoroalkyl side chains extend away from the substrate-anchored
siloxane backbone to enrich the outermost film region in an orientation more vertical than
horizontal to the substrate plane. The only specific chemical interactions mediating this
organization are the gold-thiolate bonds formed by anchoring side chains. This ensures that
some fraction of the alkyldisulfide grafted chains are directly adjacent to the gold surface.
Intrinsic immiscibility between this anchored alkyl component and more mobile siloxane and
perfluoroalkyl substituents promotes formation of a stratified organic film, rich in
perfluorinated groups near its surface.
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Poly(ethylene oxide) (PEO) grafts can also be added to these films using several strategies(8).
We have grafted PEO to siloxane backbones prior to film assembly, after film assembly or in
a sequential manner: binding a self-assembling anchoring layer, then attaching the polymer
backbone and then grafting PEO. Figure 3 shows a series of XPS spectra for PEO-grafted
siloxanes as covalently assembled on surfaces sequentially. An olefin-terminated monomeric
self-assembled film was first deposited and then derivatized with polysiloxane using
hydrosilation chemistry. This is seen clearly in the differences between the lowest XPS curve
(hydrocarbon only) and the middle XPS curve. PEO was then added covalently to the
siloxane layer on the surface. The characteristic ether peak for C-O bonds is seen adjacent to
the hydrocarbon signal from the siloxane backbone.

CONCLUSIONS

Ultrathin polymer films with an array of biomedically relevant chemistries can be formed as
stable, chemically bound monolayers on surfaces. These surfaces express the chemistry of
their side chain grafts as an enriched side chain overlayer within a 30A film architecture.
Like their monomeric self-assembled organothiol analogs, these polymer films should exhibit
interesting and useful properties as biomedical interfaces, yet without the stability/oxidation
problems that the monomer films experience. Use of these polymers to mimic or immobilize
heparin, attach proteins, act as sensor substrates and other surface modification applications is
anticipated.
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SUMMARY

Biocompatible polymers should induce appropriate response from the host living bodies. Therefore
they should be able to deliver appropriate messages. Biospecific random copolymers obtained by
random substitution with suitable chemical groups of polymers like crosslinked polystyrene are
biomaterials capable of mimicking the natural messenger molecules of a living system. The
biospecific activities of the random copolymers depend on the overall chemical composition of the
final product. Indeed, random copolymers endowed with antigen-like abilities have been synthesized.
We recently developped a detailed analysis of the chemical structure of the specific sites responsible
for the "factor VIII - like antigen" or "DNA-like antigen" properties of polystyrene derivatives
synthesized by random derivatization. As a consequence, it appears that biospecificity is a continuous
function of randomness from purely statistical distribution of chemical functional groups to the
strictly defined chemical structure of ligand receptor molecules in living system.

KEY WORDS : Biospecificity Random Polystyrene derivatives - Factor VIII-like antigen - DNA-
like antigen

INTRODUCTION

Each constituant of any living system exchanges messages with its environment. These are essentially,
of electrical and chemical nature. As a consequence, each constituant of a living system behaves
normally when it receives, from the environment, normal messages both qualitatively and
quantitatively. As early as 1894, Emil Fischer showed that the basis of molecular recognition
between a substrate and its binding site is the "key-lock system" implying geometrical
complementarity and meaning that the recognition of chemical messengers is based on the formation
of a specific complex between the messenger and its receptor. Polymeric messengers can be
generated by grafting synthetic keys on a polymer backbone. Alternatively this goal has been reached
in case of antigen-like polymers by random substitution of polystyrene with suitable chemical groups
capable of mimicking the functional groups borne by the natural antigen. These random copolymers
are endowed with either factor VIII - like or DNA-like antigen capacities.

BIOACTIVE COPOLYMERS AND ANTIBODIES

Antibodies are proteins, immunoglobins (Ig), which are produced by B lymphocytes when they
recognize a definite antigen. Antigens are toxins, proteins, DNA or may be molecules at the surface
of a foreign biomaterial. The specificity of antibodies directed against an antigen such as factor VIII
(FVIID) or DNA is correlated with the chemical nature of the variable regions present into the Fab
fragment of these antibodies. Insoluble polystyrene derivatives with suitable chemical groups
randomly grafted onto the macromolecule backbone possess sequences capable to have some similar
structural aspects of the antigen. These constitute bioactive sites i.e. keys involved in the
establisment of specific interaction with a given antibody. When anti-FVIII or anti-DNA antibodies
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are under consideration, the above mentioned suitable groups are on the one hand sulfonate groups
and on the other, either methylester tyrosylsulfamide groups [1] or phosphodiester groups
respectively [2] (Fig. 1).
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Fig.1 General chemical structures of derivatized polystyrene resins : Polystyrenes bearing sulfonate
and methylester tyrosylsulfamide groups (TyrOMe) and polystyrene bearing sulfonate, hydroxyethyl
sulfamide, hydroxyethyl sulfamide phosphomonoester (PME) and phosphodiester (PDE).

Derivatized polystyrene and anti-FVIII antibodies

Factor VIII (FVIII) plays an important role in the maintenance of hemostasis. Its deficiency results in
a severe bleeding desorder referred to as haemophilia A. Some severely affected haemophiliac A
patients (10 %) develop antibodies against FVIII resulting in a rapid neutralization of FVIII in
patients treated with FVIII concentrates. Various therapeutic approaches have been proposed to
deplete plasma of these antibodies based on extensive plasma exchange but they remain non-specific
methods and present some risks for the patients. It is therefore of interest to prepare synthetic
immunoadsorbants able to interact specifically with anti-FVIII antibodies. Several studies have
identified a specific sequence on the FVIII molecule as parts of the binding sites to the antibodies
which neutralizes FVIII procoagulant activity. Indeed it was found that residues Asp1663 - Ser1669
neutralized FVIII activity [3]. We postulated that the methylester tyrosylsulfamide groups were able
to mimic part of the FVIII epitopes recognized by anti-FVIII antibodies, taking into account that the
binding regions of FVIII to these antibodies is often located at or near a tyrosyl residue. Based on
this hypothesis, crosslinked polystyrene beads were randomly substituted with different overall ratio
of sulfonate groups and methylester tyrosylsulfamide groups (TyrOMe). The adsorption of these
antibodies in dynamic conditions using a chromatographic process was assessed. Haemopbhilic plasma
containing anti-FVIII antibodies was loaded onto a column and kept under circulation. The residual
concentration of anti-FVIII antibodies and total IgG was determined. Results show that the
adsorption of anti-FVIII antibodies and total IgG onto the derivatized polystyrene beads which
overall rates of substitution of TyrOMe groups were different, depends on the rate of these groups
(Fig.2). It has to be emphasized that beads with a substitution ratio from 15 to 25 % of TyrOMe are
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those which show maximal adsorption of anti-FVIII antibodies while the same beads adsorb
minimally the total IgG.
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Fig. 2 Adsorption of anti-FVIII antibodies and total IgG to polystyrene beads derivatized with
methylester tyrosylsulfamide groups from haemophilic plasma which anti-FVIII titer was 90 BU/m!
and 38 BU/ml respectively (BU : Bethesda Unit).

Adsorption isotherms of anti-FVIII antibodies from haemophilic plasma and of total IgG from
normal plasma, respectively, onto a number of derivatized styrene beads have been established using
ELISA and clotting time procedures [4]. Results show that the adsorption obeys the Langmuir law.
This allowed us, to calculate the apparent affinity constants (Kaff). The Kaff values of anti-FVIII
antibodies are relatively high (109 M-1) and a maximum is observed at about 15 to 25 % of TyrOMe
groups while, those of total IgG are low (between 104 and 105 M-1) (Fig 3).
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Fig 3 Apparent affinity constants (Kaff) of anti-FVIII antibodies and total IgG, respectively, versus
the percentage of units bearing TyrOMe groups for different derivatized polystyrene beads.

The results demonstrate that random substitution of polystyrene with sulfonate and methylester
tyrosylsulfamide groups endows the resulting random copolymer with the ability to interact
specifically with the anti-FVIII antibodies of haemophiliac A patients. Moreover the above results
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imply that specific sites are created onto the polymer as a result of the random substitution. These
sites mimic the epitopes of the FVIII molecules involved in the interaction with the antibodies. They
are constituted of a combination of sulfonate and methylester tyrosylsulfamide groups. The
probability of occurence of the specific sites reaches a maximum when the TyrOMe groups
substitution rate is in between 15 and 25 %. Resins made of such polystyrene derivatives are
promising candidates to perform the plasmatic epuration of haemophiliac A patients by affinity
chromatography resulting in a total depletion of the anti-FVIII antibodies and a small one of the total
IgG.

Phosphorylated polystyrene and anti DNA antibodies.

Systemic Lupus Erythematosus (SLE) is an auto immune disease. The diagnosis of SLE is based on
the fact that the patients sera contain antibodies which were demonstrated "in vitro" to interact
specifically with DNA and/or phospholipids. Considering the structure of native DNA it appears that
phosphodiesters of deoxyribose are probably at least part of the epitopes of the antigenic DNA sites
involved in the biospecific interactions between DNA and SLE anti-DNA antibodies. We therefore
postulated that randomly phosphorylated polystyrene could be endowed with DNA-like antigenic
properties as far as SLE anti-DNA antibodies are under concern. Indeed, such polymers were
demonstrated to interact specifically with DNA antibodies [2]. In order to investigate in more details
the structure of the DNA-like antigenic site responsible for the above mentioned specific interactions,
the synthesis and the characterization of crosslinked polystyrene substituted with PME and PDE
groups (Fig 1) were performed and their interactions with anti DNA SLE antibodies assessed.

Based on the analytical data (elemental analysis and acidimetric titration) a Monte Carlo computation
was achieved in order to determine the distribution of PDE and PME groups along the
macromolecular chains. The results of both the chemical characterization and the computation are
summarized in Fig (4) [5].
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Fig 4 Dependance of the PDE (@) PME (©) content of phosphorylated crosslinked polystyrene
versus the overall P content. Compositions are expressed in moles of either PDE, PME or P per
mole of monomeric units. Curves are the results of the Monte Carlo computations.

These results show that the distribution of PDE and PME groups obeys a Markow statistics with a
local effect distribution law, as described by AD. Litmanovich [6]. Indeed, this distribution is
controlled by the fact that PDE formation results from a rapid two step reaction. The first step,
formation of PME, is rapid if two vicinal OH groups are free, the second step, formation of PDE,
occurs with a rate which depends on the availability of free OH groups adjacent to vicinal OH groups
on PME. PME formation is a slower reaction when the vicinal OH groups are substituted and the
reaction stops at the PME stage when the above requirements are not fulfilled [5].
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Measurements of the adsorption of SLE anti-DNA antibodies to the phosphorylated polystyrene
resins was carried out by use of 1257 labelled anti bodies directed against the Fc fragment of human
Immunoglobulins. Indeed the resins were first incubated with SLE patients sera diluted in buffer then
with the labelled anti Fc antibodies solutions. Controls were obtained by the incubating the resins
with normal immunoglobulins. Results, summarized in fig 5 show that recognition of adsorbed anti-
DNA SLE antibodies present a maximum for resins which phosphorus (P) content is in between 18
and 22 % whereas no variation of the normal IgG recognition is observed [7].
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Fig 5 Adsorbed SLE anti DNA antibodies (@) and normal IgG (O) recognition by radiolabelled anti
human Fc antibodies as a function of the phosphorus content of the resins.

Moreover these results confirm that the interaction between the phosphorylated polymers and the
anti-DNA antibodies involve the antigen recognizing fragment of the antibodies and are therefore

highly specific.

Based on the above data, computations were performed in order to determine the probability of
occurence of combinations of PME and PDE groups along the macromolecular chains as a function
of the phosphorus content of the polymers. These probabilities vary and present maxima for P
contents of the polymer which depend on the composition of the sequences. Results showed that the
probability of occurence of some sequences built of PDE groups reached a maximum for P contents
in between 18 and 22 %. Considering that these sequences were most probably the biospecific DNA-
like antigenic sites we computed the distances between the phosphodiesters and found them similar
to actual distances between phosphodiesters in native DNA [5].

The above experimental study and computation data demonstrate that phosphorylated random
polystyrene derivatives mimic DNA as far as the antigenic properties with regard to SLE patients
anti-DNA antibodies are under consideration. The random phosphorylation of hydroxylated
polystyrene creates on the macromolecular chains biospecific antigenic sites made of combination of
PDE groups with a probability that depends on the phosphorus content of the resins. The distances
between the PDE groups in the sites are similar to those of phosphodiesters within the DNA double
helix. It is likely that structure both the DNA-like antigenic sites and the natural antigenic sites in the
DNA double helix have similar structures ie have at least two or three PDE groups which distances

are the same.
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CONCLUSION

It is generally believed that biospecific molecular recognition is strictly associated with specific
molecular structures. In contrast, our discovery that random copolymers are able to achieve
biospecific molecular recognition in living systems establishes that biospecificity is a continuous
function of randomness arising from a purely statistical distribution of functional groups to the
precisely defined chemical structures of ligand- receptor molecules in the actual living systems [9].
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STRATEGY AND BIONIC DESIGN OF VITAL FUNCTIONING
VASCULAR WALL RECONSTRUCTION
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Abstract

Several models of hybrid artificial grafts were developed, which were prepared from vascular cell
types and collagen on artiificial grafts. Tissue regeneration potentials of these models, including time-
dependent cellular segregation, orientation and phenotypic alteration and production and self-
assembling of extracellular matrix components such as collagen and elastin were throughly studied.
Incorporation of three cell types markedly enhanced vascular wall reconstruction.

Keyword: hybrid graft, collagen, endothelial cell, extracellular matrix

(1) Structure and Function of Vessel Wall

Living vascular wall is composed of three different cell types such as endothelial cell (EC), smooth
muscle cell (SMC) and fibroblast (FC), each of which resides in a respective layer; the intima
monolayerly lined with endothelial cells (ECs) which lie on a basement membrane, the media
composed of SMCs embedded in extracellular matrices (ECMs) mainly composed of collagen, elastin
and mucopolysaccharides, and the adventitia mainly composed of FCs and ECMs. An EC-
incorporated artificial graft has been expected to provide nonthrombogenic potential similar to natural
vessel at the blood-contacting surface. This is due to the inherent nonthrombogenic nature of ECs,
which have built-in antiplatelet, anticoagulant and fibrinolytic functions. Beside nonthrombogenicity, a
vital functional arterial replacement may require an appropriate tissue regeneration with highly
organized fashions. At the blood-contacting intima, ECs align parallel to the direction of the blood
flow, whereas SMCs in the media are highly oriented circumferentially. SMCs should be contractile-
phenotype as same as those in healthy native tissues. As for ECMs, collagen and elastin, both of
which are classified as structural proteins, are self-assembled or self-associated to form oriented fiber
bundles or amorphous layers, respectively.

(2) Strategy of Vascular Wall Reconstruction

Several types of preconstructed hybrid vessels, depending on vascular cell types incorporated, were
prepared. Our interest has been focused on how a hybrid graft, in which a vascular tissue has
preconstructed to some extent in vitro, undergoes to remodel and regenerate a vessel wall resembling
natural ones in vivo, and which model restore vascular wall at an earliest implantation period. Cellular
events of concern are cellular segregation, orientation and phenotypic alteration, and biomolecular
events are regeneration of collagen and elastin and self-assembling to form fibers or layers.

(3) Hierarchic Hybrid Artificial Graft : Step-by-Step Structuring

Prototypic models of novel hybrid vascular grafts prepared were based on organ reconstruction
technology, an essential feature of which is a layer-by-layer construction. Irrespective of models, an
EC monolayer was formed on an artificial basement membrane (ABM). Model 1 is an intimal model
in which only ECs are incorporated, to cover monolayerly the entire luminal surface. In more
biomimic models, SMCs and/or FCs were incorporated beneath the endothelium. Figure 1 shows
our preconstructed vessel wall models where Model II is a bilayered hybrid tissue into which intimal
and medial layers were hierarchically incorporated. Model III is a three-layered hybrid tissue in
which ECs, SMCs and FCs reside in respective layers. Model IV is a bilayered one which is
composed of three cell types. Underneath endothelium, SMCs and FCs are homogeneously
distributed. Regardless of models, ECM component used was type I collagen which spontaneously
forms fibers upon thermal incubation at 37°C.

The step-by-step layering was schematically shown in Figure 2. Designed ABM is a complex gel of

type I collagen and dermatan sulfate, which have been proven to impart enhanced EC adhesion and
growth and reduced platelet adhesion. The hybrid media or adventitia was constructed via entrapping
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Figure 1: Four different types of hybrid artificial grafts
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Figure 2: Preparation methods of hybrid artificial grafts.
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Table 1: Summary of Morphogenesis Process of Hybrid Grafts with Different Degrees of Hierarchy

Model Il
Model | Mokl |l (ECSMCFC) Model V
(EC) (ECSMC) Model IV ECFC)
(ECSMC+FC)
Intima Hydrodynamic Stability (Early Phase) Good Very Good Very Good
Media SMC Orientation/Segregation 12-26 weeks 4-12 weeks 2-4 weeks -
Phenotypic Alteration (Contractile type %) 42% (12 weeks) 61% (12 weeks) 86%(12 weeks)
100%(23 weeks)
Elastin Production >26 weeks 12-26 weeks 4 weeks (regeneration)

({regeneration) 26 weeks (layering)

Adventitia Collagen Regeneration (Early Phase) Very Small Small Medium Very Large
(occulusion due to
excassive production)

Orientation 12 weeks 4-12 weeks 2-4 weeks

EC: Endothelial Cell, SMC: Smooth Muscle Cell, FC: Fibroblast

of SMCs or FCs in a collagen gel, which was achieved by mixing of cells with a cold collagen
solution and subsequent incubation at the physiological temperature.

(4) Morphogenesis: Remodeling & Regeneration

These hybrid tissues constructed on luminal surfaces of small-caliber artificial grafts (Dacron artificial
grafts: inner diameter; 4 mm, length; 6 cm) were implated in canine arteries for up to 12 months. The
remodeling and regeneration processes were evaluated and discussed at cellular, biomolecular and
whole tissue levels, respectively.

At the luminal surfaces, the integrity of ECs of Model I grafts in terms of EC coverage and
orientation at 2 week's implantation were somewhat poor as compared with those of Model II and III
grafts. However, at longer implantation period, complete endothelialization and cellular orientation
parallel to the direction of blood flow were achieved, regardless of models used.

The cellular dynamics largely depended on models used. For Model I, the transmural invasion of
SMCs occurred at 4 weeks, and its migration to and accumulation at the subendothelial layer and
circumferential orientation occurred at 12 weeks. Phenotypic reversion from synthetic (as implarted)
to contractile-phenotype needed one year of implantation. On the other hand, for Model II grafts, into
which SMCs were pre-incorporated, SMC migration to the subendothelial layer and circumferential
orientation were completed within 12 weeks of implantation and phenotypic alteration occurred within
several months. For Model III grafts into which three vascular cell types are incorporated, these
cellular events were markedly accelerated. The regeneration and subsequent macromolecular
assembling of collagen and elastin occurred with time, which also depended on models used. The
regeneration and subsequent circumferential orientation of collagen fiber bundles were enhanced with
an incorporation with SMCs or FCs. When both cell types were incorporated at the same time, a
markedly accelerated regeneration and remodeling was achieved. Especially, the incorporation of FCs
in Model III grafts exhibited a remarkably enhanced elastin regeneration and remodeling potential.
There was no difference in tissue regeneration potentials between Model III and IV grafts, At
Model IV grafts, FCs (stained with fluorescent-labeled lipid) were migration into outer regions of
vascular wall, whereas SMCs migrated to the subendothelial layer. Thus, cell segregation really
occurred in vivo.

At the whole tissue level, a general tendency was that a vascular tissue is thickened as the implantation
proceeds at an earlier peirod, but eventually thinned down at a later period. The period of wall
thickening coincided with the period of invasion and proliferation of SMCs and FCs. The wall
thinning seems to occur when collagen fiber bundles were circumferentially oriented and SMCs were
also elongated to orient themselves circumferentially and segregated. Sooner or later, synthetic-
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Figure 3: Vascular wall regeneration and remodeling process
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Figure 4: Regeneration potentials of three different types of hybrid artificial grafts.
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phenotyped SMCs were reverted back to the contractile type. Thus, it is suggested that, once a suitable
extracellular environment was formed around cells, normal wound healing process proceeds to
remodel a regenerated tissue.

(4) Conclusion

Table 1 summarizes time-dependent vascular wall regeneration and remodeling potentials for three
different types of hybrid vascular grafts. The scenario of tissue remodeling is schematically shown in
Figure 3. Our study showed that a preoriented, hierarchically structured hybrid vascular tissue
undergoes to self-reorganize by responding to pulsatile stressing in vivo, resulting in the formation of
vital vascular tissue with high degrees of structuring, segregation, orientation and phenotypic
reversion. The resultant tissues were biomimic to those of natural vessels. As a structure of the tissue
becomes closer to that of natural one, a more reliable and faster tissue regeneration occurred (Figure
4). Especially, the incorporation of three vascular cell types into hybrid grafts significantly enhanced
the tissue regeneration. Thus, preconstructed vascular tissues effectively modulated by themselves as
to provide structural assembling and functional adaptation in vivo.
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SURFACE MODIFICATION OF BIOMATERIALS BY TOPOGRAPHIC AND
CHEMICAL PATTERNING
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SUMMARY

The surface modification of polymers to form structures to aid tissue repair is described. The
modification of polydioxanone, polyimides and polymethacrylates by forming topography on the
50nm to 10um scale by photolithography, and by embossing is described and compared methods.
with surface chemical modification with laminin.The effects of such treatments on cell orientation,
morphology, adhesion and speed of movement are compared. The potential for use of these
methods in prostheses is considered with inclusion of a practical example from tendon repair.

KEY WORDS microfabrication, nanofabrication, cell behaviour, cell activation, polymers
INTRODUCTION

The use of biomaterials in medical prostheses introduces the possibility of interactions in both
directions between the biomaterial and the cells of the organism. The aim in the use of prostheses
is to achieve a perfect integration of cells and biomaterial. This perfection might be envisaged as
an effective alliance between the two in which neither cells nor biomaterial is damaged. Though
success in attaining this would be notable there is a still higher target to aim for. This is the
development of biomaterials that encourage the correct rebuilding of the missing or damaged tissue
and which then disappear as the cells develop the correct tissue structure. We term such materials
‘templates for tissue repair’.

It is clear from work such as that of Aplin & Hughes [1] on the derivatisation of surface with
immobilised proteins that specific surface chemistries can control cell attachment and cell shape.
Similarly Curtis & Varde [2] showed that cells can react to the topography of the substrate. Since
cells in tissues are exposed to the surrounding specific chemistry of nearby cells and intercellular
materials and to the varied topographies offered by surrounding cells and intercellular materials it
is clearly worth investigating these effects systematically examining the effects of specific surface
chemistry or precise topography of biomaterials on cell functions in relation to tissue building and
rebuilding.

The cell functions that contribute to tissue formation include adhesion, cell spreading, mechanical
tension exerted by cells, cell orientation, cell movement, gene expression, secretion of extracellular
materials and the maintenance of the correct water balance in those materials.

There have been many studies on the derivatisation of surfaces which affect cell adhesion eg
[3.4.5], and on extracellular material production, quite a number on cell spreading and almost
nothing on the other cell functions just listed. The same story is true for the effects of substratum

topography.

The work I shall describe is an investigation of the effects of topography on cell behaviour,
especially on polymers. However, the question of whether the cells respond to topography or
chemistry or both arises frequently and needs resolution.

MATERIALS AND METHODS

1. Topography

Primary methods

There are two main methods for producing topography on a surface,. etching (erosion) and
deposition. The topography can be patterned either by steering a bean over the surface or by using
a mask.
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Summary of Fabrication Methods that may be used on polymers

Erosion Laser
Argon ion ablation
Oxidative plasma
Electron bean
Chemical erosion (Etching)

Deposition Photosensitisation
Electron beam
Modification Any of above

Scanning near field optical methods

Erosion can be used to produce relief at least as great as 20pm or as little as a few nm. The lateral
resolution depends on many factors but only in quite exceptional circumstances can structures with
detail as narrow as 150nm be produced by photolithography and a usual limit for many fabricators
is 2pm. Electron beam methods allow resolutions of a few nm.

2. Secondary replicative methods

Once a master, either positive or negative, has been formed they can be used to produce multiple
copies of the topography. The techniques used are casting and embossing. Casting can be capable
of very great precision and details of 2nm dimension have been replicated. Embossing is inherently
less precise because the material being embossed flows into the mould but rarely reaches an
equilibrium state before the embossing pressure is removed. There are two advantages in this
method : first large areas can be prepared by repeated embossing, second, subsurface damage to
the polymer by ion beam etc methods is avoided.

3. Surface chemical modification

It should be noted that two main types of method for attaining surface modification are available. In
the first the polymer is exposed to a reagent that oxidises or hydrolyses the polymer. Methods
include glow discharges or reactive plasmas usually with oxygen species as the reactive material
but sometimes using nitrogen species instead. Because of the natural solubility of atmospheric
gases in polymers it is very easy to obtain effects such as oxidation even when fairly thorough
attempts have been made to exclude oxygen. On most polymers reagents such as these produce a
wide spectrum of results including production of carboxyl, hydroxyl, peroxide and epoxide groups.
Chain scission in the polymer may also take place. In the second type reagents are added that
attach groupings to the surface, typically these are silane derivatives and these in themselves may
confer desirable properties on the surface. Alternatively the silanes are intermediates in the addition
of further groupings, for example azide silanes may be used for the photoactivated addition of
proteins or amino-groups, as in aminosilanes, can be used for the addition of proteins or peptides.

4. Characterising the surface.

A wide range of methods can be used such as SEM, Surface plasmon resonance, interferometry,
SPM (AFM), STM, ESCA, SIMMs, binding studies with suitably labelled reagents. In our studies
we used SEM, binding studies, interferometry and have begun to use SPM. Interest has switched
from methods that give overall averaged results such as groups per cm’ to those that give
microdetail. Quite often small areas of the surface will be defective either because of surface
marks, dirt or because local variations in polymer composition or polymerisation will affect the
extent to which the material reacts.

5. Establishing the cells on the material
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In simple experiments cells of a wide variety of types ( endothelia B10D2.PCE. mouse and
HGTHN human), fibroblast ( BHK21 C13 and human fibroblast (local stock)), P388D1
macrophage-like cells, and epithenal cells were trypsinised and then plated onto the surfaces of
the fabricated polymers, glass coverslips or tissue culture polystyrene surfaces after these had been
sterilised in 70% ethanol. Plating densities were 40,000 cm™. Standard serum-containing culture
medium were used. In further experiments cell behaviour in serum-free conditions was examined
and the fast-adhesion procedure described by Wojciak-Stothard et al [6] was used which allows
cells to establish viable adhesions in a few minutes. In general terms more complex methods of
obtaining cells on the structures may include use of systems to permit migration of the cells into the
area of interest, sequential attachment first of one cell type and then of the other, or attaching cells
onto one surface and then allowing them to transfer to the other.

6. Interaction types

The effects of topography and of patterned chemical cues ( lines ) has been examined in terms of
cell orientation, cell spreading and occasionally cell adhesion and cell movement speed. Standard
methods described by Curtis and Lackie [ 7] by Wojciak-Stothard et al [ 6] and by Curtis [8] were
used.

RESULTS
On topography

Cells orient to the lines of discontinuity on the structure, that is to the edges of grooves and ridges,
see Fig. 1. Unless the grooves are very wide the cells normally contact the substratum only at the
edges of the ridge and groove wall and along the ridge top. In other words they span the groove and
may, if the cells are large enough, span across an intervening ridge. Most cell types show
accelerated movement on this type of structure with speeds increasing up to 200% in extreme cases.
Neurons show accelerated extension. Orientation increases with groove depth and decreases with
groove width. Actin condensation occur in the cell directly over the discontinuity where groove
wall and ridge top intersect. [6]. There is suggestive evidence [9] that cell adhesion may be
activated by contact with groove/ridge topography.

Similar reactions occur on fibres [ 2,9]. More complex topographies [10,11] are also reacted to but
there is no general theory yet which leads to an ability to predict how a cells will behave. Using
160nm wide grooves Clark and his colleagues [12] found that cells react in different ways to
topography depending on whether they are isolated or in groups. We have made grooves in
polymethylmethacrylates, polyimides and in polydioxanone and alignment and movement effects
are very similar. on these surfaces and differ very little from those achieved on fused silica
topographies.

Fig.1. Epitenal cells on 10 pm grooves 3 um deep.
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Combining topographic and chemical patterning.

We made structures which contained both groove/ridge structure and bands of laminin patterned at
a similar scale. The laminin bands were oriented either with the same orientation and register as the
topography or at 90 degrees. We studied neuron guidance to discover which type of environmental
clue had the greater effect on cell extension. Fig. 2.. For these cells types and structures both
chemical patterning and topography have about equal effect on cells though the growth cones are
much more extensive on laminin substrata than they are on bare fused quartz.

Fig .2. Topographic and chemical clues affect orientation to similar extents.

ALIGNMENT 0 degrees = aalignment to structure
90 degrees - alignnment to adhesive tract

In organ culture and in vivo

An organ culture system [13] was set up using bisected tendon with a grooved surface to bridge
between them. This encouraged the reformation of a nearly normal tendon tissue which rejoined the
two fragments in several weeks. In vivo experiments are in progress using this approach to aid the
production of correctly oriented tissue structure [13]

DISCUSSION
Which types of cells react to topography.

Nearly all cell types so far studied show reactions to topography though it is important to
appreciate that the degree of reaction to a given topography may vary considerably from cell to
cell. For example DRG neurons are aligned by 2 um deep grooves but not by 1 pm deep ones
while endothelia and epitena may be aligned by grooves down to in depth. Complex relationships,
not yet understood, exist between groove depth, width and pitch. Probably this range of behaviour
provides us with the opportunity to produce structures which will select certain cell types for
extensive movement and orientation.

The problem of surface chemical modification by fabrication.

Even the relatively unreactive treatments such as argon ion ablation may produce chemical
alterations in polymers and there is the possibility that these alterations are different on surfaces
which were parallel to the ion beam than those which were normal to it. To obviate this possibility
polymers were given a brief blanket oxidative etch which is non-directional to remove any
chemical differences. The argument that differences in this chemical modification produce the cell
orientation seems unlikely for reasons set out in the next paragraph.

Do cells react to topography alone ?

Many of the methods of producing topography are open to the objection that they may either
produce different chemistries on surfaces of different aspect or reveal any pre-existing
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inhomogeneities in the substratum. To minimise such possibilities we have examined the reaction
of cells to nanometric grooves where the groove walls are only a few protein molecules high.
Perhaps the most convincing argument that the cells are not reacting to chemical variations between
walls and horizontal surfaces is that when the cells are grown in the presence of various different
protein molecules that can adsorb from the medium the reaction to topography remains the same.
It is likely that different species of protein would show different adsorption reactions to differing
substratum chemistry. Topographic reactions are the same in high or low serum media, or in the
presence of laminin in serum-free media.

Competition or alliance between chemistry and topography.

Obviously both types of clue may be fabricated onto a polymer surface and our results suggest that
they can be used to reinforce the effects of each other. However, it should be noted that just as the
discontinuities in the topography appear to control cell orientation and activation so the edges of the
chemically patterned areas have most effect on cell position, and this suggests that discontinuity
fabrication may be in itself a powerful tool for positioning cells.

Woven structures have been extensively used to aid tissue repair. Our investigations on the
behaviour of cells on various types of topography suggests that this approach may be unwise.
Though cells may migrate along the fibres and form an oriented structure they also align to the
fibres crossing at 90 degrees and pools of immobile cells tend to accumulate at the intersections.
The resulting tissue structure [14] is composed of cells arranged concentrically around the spaces in
the fibres. This may perhaps be valuable for some types of tissue construction but is not typical of
many.
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ABSTRACT

Interleukin-4 (IL-4) mediated foreign body giant cell (FBGC) formation on
poly(etherurethane urea) (PEUU) in vivo was studied using the subcutaneous cage system
in mice. Purified goat anti-mouse IL-4 neutralizing antibody (ILAAb), normal goat
nonspecific control IgG (gtlgG), recombinant murine IL-4 (mulL4), or PBS was injected into
the implanted cages containing PEUU every two days for 7 days. The injection of IL4Ab
significantly decreased the FBGC density on PEUU cage-implanted in mice, when compared
with the nonspecific gtlgG or PBS injection controls. Conversely, the FBGC density was
significantly increased by the injection of mulL4 when compared with nonspecific gtlgG and
PBS injection controls. Confocal scanning laser microscopy (CSLM) was employed to
visualize the spatial arrangement of the filamentous actin cytoskeleton of adherent
macrophages and IL-4-induced FBGCs in vitro. Whereas the material surface-associated
punctate actin structures occurred across the entire ventral cell surface in
monocytes/macrophages cultured on PEUU, the structures became restricted to the
periphery of the ventral cell surface upon addition of IL-4 as fused macrophages acquired
FBGC phenotype. Our data suggest that IL-4 participates in FBGC formation on
biomaterials in vivo and in vitro and that dramatic reorganization of the cytoskeleton occurs
during FBGC formation.

KEYWORDS: interleukin-4, foreign body giant cell, polyurethane, actin, confocal microscopy

INTRODUCTION

The presence of lymphocytes and monocyte-derived macrophages in the biomaterial-
associated inflammatory milieu is well-documented [1). IL-4, derived from T helper
lymphocytes, modulates a variety of immune and inflammatory responses in vivo.
Particularly relevant to long-term material biostability is the effect of IL-4 in inducing mouse
or human macrophage fusion to form FBGCs in vitro in a surface property-dependent
manner [2,3]. Monocyte-to-macrophage morphologic development is initiated by adhesion
and is generally characterized by marked cytoplasmic spreading. This morphologic
transformation is hypothesized to occur through the extensive reorganization of cytoskeletal
elements and the establishment of intracellular adhesive structures. Reorganization of
filamentous actin of monocytes cultured on coverslips has been reported [4,5]. Filamentous
actin can be visualized fluorescently with CSLM which offers several notable advantages
over conventional fluorescence microscopy. Out-of-focus light, which results in nonspecific
signal and loss of resolution, is eliminated from the final image. Thin optical sections
imaged through the specimen facilitate the localization of the fluorescent signal in three
dimensions and can be projected into one high-resolution composite image.
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MATERIALS AND METHODS

PEUU was prepared from p-diphenyl-methanediisocyanate and poly(tetramethyleneoxide)
in an approximately 1.6 to 1 capping ratio and chain extended with ethylenediamine [6). For
the in vivo FBGC formation study, PEUU film (1 x 2 ¢cm?) was rolled and placed inside of
cylindrical, stainless-steel wire mesh cages (1.5 cm in length and 0.8 cm in diameter) and
gas-sterilized with ethylene oxide. A 1.5 cm clean incision was made on the skin at the
posterior region of the backs of female, 8 weeks old, Balb/c mice. Each sample was
implanted subcutaneously through and away from the incision site. Sterile, nonabsorbable
silk surgical sutures were used to close the incision. To determine the applicability of the
cage system in mice, total and differential leukocyte concentrations from cages containing
PEUU and empty-cage controls were determined at 4, 7, and 14 days post-implantation.
To determine the effects of the antibodies on FBGC formation, 100 to 500 ug of IL4AAb, 100
ng of mull4, 100 to 500 ug of gtlgG, or PBS were injected directly into each cage
containing PEUU on days 0, 2, 4, and 6. All injections were made in volumes of 0.25 ml.
Antibodies were obtained as lyophilized, affinity-purified IgG and reconstituted in sterile
PBS. The mice were sacrificed after 7 days of implantation. PEUU specimens were stained
with modified Wright’s stain and the adherent cells were measured with a computerized
video analyzer system.

For in vitro cytoskeletal CSLM analysis, PEUU was punched into 15 mm disks, inserted into
24 well tissue culture plates, and secured with silicone rubber rings. Human peripheral
blood monocytes were isolated by a non-adherent method [3] and added at a concentration
of 1 x 10° monocytes/well. Cultures were maintained for 10 days and were treated
essentially as described [3]. Briefly, cultures were maintained until day 3 in RPMI-1640
culture medium containing 25% autologous serum. On days 3 and 7, medium was replaced
with RPMI-1640 containing 25% heat-treated (56°C for 1 hour) autologous serum and 10
ng/ml IL-4 was added. Specimens were stained with May-Grunwald/Giemsa for light
microscopy. For double label CSLM, rhodamine phalloidin and YOPRO-1 were used to
stain filamentous actin and DNA, respectively.

RESULTS AND DISCUSSION

Comparable total leukocyte, PMN, and lymphocyte concentrations were observed for cage-
implanted PEUU without injections and empty cage controls indicating similar inflammatory
response up to 14 days of implantation (data not shown). This data confirmed the
applicability of the cage system in mice. At 7 days post-implantation, the FBGC density for
the 100 to 500 ug of ILAAD injection groups was significantly lower than both PBS and 100
to 500 ug/ml of gtlgG controls (Table I). FBGC kinetic analysis was used [6] and the
results further indicated that the number of macrophages participating in FBGC formation
was decreased in the presence of IL4Ab. Conversely, the FBGC density for the mulL4
group was significantly higher than both nonspecific gtlgG and PBS controls. FBGC kinetic
analysis showed that the number of macrophages participating in FBGC formation was
increased in the presence of mull4. The adherent macrophage densities and average
FBGC sizes were not significantly different among all injection groups.

Light microscopic analysis of PEUU showed similar FBGC morphology of extensive
cytoplasmic spreading, pseudopodial extension, and randomly arranged nuclei between in
vitro and in vivo specimens (data not shown). Fluorescent CSLM was used to image
filamentous actin organization in adherent cells. After an initial 2 hour incubation,
monocytes showed only a diffuse staining pattern (Fig. 1a). By day 3,
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Table 1. Adherent Cell Density on PEUU Cage-Implanted into Mice at 7 Days Post-
Implantation with Direct Injection of mulL4, IL4Ab, gtlgG, or PBS Controls (mean ¢ s.e.m.)
Treatment Adherent Adherent Average

(n - value) Macrophage FBGC FBGC Size

(cells/cm?) (cells/cm?) (x 10°® mm?)

100 ng mull4 (3) 80200 ¢ 12960 6100 ¢ 460 # 2.90 ¢ 0.90

500 ug ILAAD (2) 83340 + 15680 2320+ 320 % 4.69 £ 0.62

250 ug ILAAD (4) 53040 £ 20170 1410 260 £ 2.09 + 1.80

100 ug ILAAD (4) 52490 + 14990 2380 £ 910 ¢ 237090

500 g gtlgG (2) 77420 + 4390 3770 ¢ 150 397+ 0.57

400 ug gtlgG (3) 75270 + 14040 3720 £ 220 1.94 1 0.75

250 ug gtlgG (4) 63620 ¢ 13130 4430 + 1010 2.80 ¢ 0.49

200 g gtlgG (3) 62650 £ 26510 3600 ¢ 1110 378121

100 ug gtlgG (7) 62190 + 20280 4320 + 970 294 1 0.87

PBS control (12) 73120 + 21130 4280 + 1050 3.58 ¢+ 1.09

4 indicates values which are significantly different at 9% confidence level (p < 0.01)

when compared with PBS and nonspecific gtlgG controls as determined by independent
student’s ¢ -test. No differences were observed for respective values between gtlgG and PBS.

monocytes/macrophages began forming punctate adhesions across their entire ventral cell
surfaces which remained through day 10 (Figs. 1b and 1c). However, the addition of IL-4
induced extensive cell fusion, increased cytoplasm irregularity, and promoted the
reorganization of the actin cytoskeleton by day 10. Punctate fluorescence became restricted
to the periphery of the ventral cell surfaces (Fig. 1d). Furthermore, F-actin was also
generally absent from the cell cytoplasm except for a sphere encasing clusters of nuclei.
Interference reflection microscopy and protein exclusion studies of adherent macrophages
demonstrated the formation of closed compartments by the creation of tight seal along the
periphery of the cell [7,8]. Our current data suggest that IL-4 mediated filamentous actin
reorganization along the ventral cell surface may be a mechanism by which adherent
macrophages/FBGCs form closed compartments. These closed microenvironments may
allow the concentration of phagocytic activities, reactive oxygen intermediates, acid and
enzymes at the cell-material interface.

CONCLUSIONS

Our results demonstrate that the subcutaneous cage-implant system is applicable in mice to
address the mechanisms of biomaterial-associated FBGC formation in vivo. We observed
that FBGC density on PEUU cage-implanted into mice was significantly decreased by the
direct injection of ILAAb into the cages when compared to nonspecific IgG and PBS
injection controls by 7 days post-implantation. Conversely, the injection of mull4
significantly increased FBGC density when compared with the controls. In vitro FBGCs
were morphologically similar to FBGCs observed in vivo. Significant reorganization of
filamentous actin from a pattern of diffused cytoplasmic staining to ventral surface-
associated punctate staining occurred over a 10 day culture period of human
monocytes/macrophages. The addition of IL-4 induced FBGC formation and further
restricted the punctate pattern to the periphery of the ventral cell surface and to a
perinuclear sphere. Our data support a role for IL-4 in mediating FBGC formation on
biomaterials in vivo and in vitro and suggest that a unique actin cytoskeleton organization
characteristizes the FBGC phenotype.
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Fig. 1. Fluorescent CSLM visualization of filamentous actin of human monocytes,
macrophages, and FBGCs cultured on PEUU in vitro. Adherent monocytes/macrophages not
treated with IL-4 following incubations of (a) 2 hours, (b) 3 days, and (c) 10 days. (d) FBGC
following 10 day incubation with 10 ng/ml IL-4 added on days 3 and 7; arrows indicate location
of nuclei (not shown) visualized by double label CSLM. Scale bar represents 25 ym.
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ABSTRACT

This paper overviews the current tissue engineering which makes the use of cells and polymers
for tissue regeneration and tissue substitution. The tissue regeneration which, in a narrow sense,
is the major purpose of the tissue engineering can be performed by seeding cells on a resorbable
polymer scaffold or by using a polymer scaffold alone or with incorporated cell growth factors
but without seeded cells. Implantation of polymer scaffolds with or without cells results in new
tissue regeneration in vivo under simultaneous bioabsorption of the scaffold. On the contrary, the
polymers used for tissue substitution are non-resorbable and function as the substrate for cell
attachment and/or immunoisolation of cells. To date, the liver and pancreas have been most
extensively studied for the temporary and permanent substitution, respectively.

KEY WORDS: tissue engineering, polymer scaffold, tissue regeneration,
tissue substitution, cell seeding

INTRODUCTION

Materials implanted in the body have been mostly used for permanent tissue or organ replacement
up to now. However, the biomaterials would not need to be permanently implanted, once the
damaged tissue or organ has been repaired. It should be noted that most of our tissues are known
to be self-repairable if proper assistance is provided for the tissue repair. The assistance includes
scaffolds for the tissue regeneration, cells, and growth factors. The scaffolds made from
biomaterials should be resorbed in the body after completion of the tissue regeneration, because
those foreign-bodies are no more necessary. This modern technology which aims at such tissue
regeneration with the use of biomaterials is called tissue engineering. This is a new field in the
biomaterials research, although regeneration of some tissues has already been clinically applied
using this new technology. The well-known example is skin regeneration using artificial skins
which function as scaffold for cell proliferation and disappear when skin is regenerated. This
article will describe the basic concept and fundamentals of the tissue engineering performed with
the use of polymeric biomaterials and some examples of the tissue engineering under
investigation. Here tissue or organ substitution using cells and polymers, often called bioartificial
organs or hybrid-type artificial organs, is included in the category of tissue engineering, since
cells play an important role in these artificial organs, similar to the tissue regeneration.

TISSUE REGENERATION

The major role of polymers used in the tissue engineering is either to provide scaffold (or
template) to cells which produce the tissue or to keep a space for cell proliferation.

Scaffold providing

Most of the polymer-supported tissue engineering makes the use of scaffold provided by
bioabsorbable polymers. This tissue engineering involving scaffolds sometimes needs cell
seeding to the scaffold prior to the implantation, but in some cases does not.
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1. Without seeded cells

Recently Brittberg et al.[1] have shown that cultured autologous chondrocytes can be used to
repair deep cartilage defects in the femorotibial articular surface of the knee joint. As full-
thickness defects of articular cartilage in the knee have a poor capacity for repair, they performed
autologous chondrocyte transplantation in patients, but without use of any scaffold. In this case
the defective cartilage in the patient knee must have functioned as the scaffold for the new
cartilage regeneration. However, if the tissue to be repaired is like a large hole, scaffold will be
required which should work as a substrate for the cells to attach and proliferate. The cells come
from the adjacent healthy tissue and the bioabsorbable scaffold disappears after regeneration of
the tissue. We have revealed that a porous collagen sheet works very well as the scaffold of
dermis regeneration[2]. A thin silicone sheet was covered on the collagen layer to prevent the
body water loss and infection, but an addition of glycosaminoglycan to the collagen layer was not
necessary[3]. This idea was extended to regeneration of esophagus and it was found that a
bilayered tube composed of a silicone layer inside and a porous collagen tube outside could
construct a new esophagus tissue covered with a mucous membrane. The silicone tube fell down
into the stomach of dogs when the new tissue was constructed from the bilayered tube
anastomosed to the dog esophagus[4]. A tracheal tissue could be also regenerated from a collagen
sponge when implanted in the dog trachea[5]. Regeneration of broken anterior cruciate
ligament(ACL) was attempted with the use of poly(L-lactide) fibers. The result on goats and
sheep were as good as those of a non-resorbable ligament assist device[6].

2. With growth factors

It has been reported that bone is formed at the ectopic site where a carrier with incorporated bone
morphogenic protein(BMP) is implanted[7]. The carrier may function not only as a base for the
sustained release of BMP but also as a scaffold for bone formation from osteoprogenitor cells.
Recently we have found that basic fibroblast growth factor (bFGF) can trigger bone formation
when a gelatin hydrogel is implanted in a cavity formed in the rabbit mandibula after being
impregnated with bFGF[8]. In this case osteoblasts present in the adjacent bone may be
responsible for the bone regeneration.

3. With seeded cells
The dermis of skin can be regenerated from a polymer scaffold as mentioned above, whereas
epidermal regeneration requires seeding of epidermal cells to the resorbable scaffold prior to its
implantation. Similar to the dermis, some tissues need cell seeding for the regeneration. The
well-known example is cartilage regeneration. Indeed, a large number of investigations have
been reported on the cartilage regeneration from chondrocytes alone or chondrocyte-scaffold
constructs. Langer et al. revealed that a cartilaginous tissue could be formed when a
polyglycolide mesh was subcutaneously implanted in nude mice after seeding with chondrocytes
harvested from hyaline cartilage on the articular surface of newborn calf shoulder[9]. In this
connection we found that an addition of bFGF to a collagenous scaffold seeded with the rib
cartilage of rat greatly accelerated the cartilaginous tissue regeneration in nude mice[10]. Joint
resurfacing by the regeneration of articular cartilage was also reported by Freed et al.[11]. They
used rabbit articular chondrocytes and synthetic, biodegradable polymer scaffolds, and then
implanted them as allografts into full-thickness defects in the knee joints of adult rabbits. We
have shown that repair of lost mandibula is possible when a poly(L-lactide) tray containing
autologous cancellous bone marrow is implanted into the lost site[12]. This tissue engineering is
at present under clinical trial. Vacanti et al. extensively studied cell transplantation using
bioabsorbale polymers as cell scaffold[13]. They seeded single cells and clusters of fetal and
gdult rat and mouse hepatocytes, pancreatic islet cells, and small intestinal cells onto
iodegradable polymers of polyglycolide, polyanhydrides, and polyorthoester. The polymer-cell
constructs were implanted into host animals. In some cases the hepatocyte implantation was
successfully engrafted, but no pancreatic islets could survive implantation. Arterial tissue
regeneration has been also studied by several research groups using biodegradable tubes or
conduits with seeded endothelial cells, but promising results have not yet been reported. One of
the major reasons is the difficulty in balance between the new tissue formation and the material
resorption. Burst will take place if the tube material is resorbed before strong tissue is
constructed, because the tube is always under high blood pressure.

Space keeping
The scaffolds described above are implanted into patients, since the patient living body which
needs new tissue regeneration is lacking the scaffold required for cell attachment and
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proliferation. On the contrary, there are such
cases that have a scaffold for tissue
regeneration in own living body but are not
able to regenerate tissues. One reason for that
is that there is no space available for new
tissue generation, because a fibrous tissue
present in direct contact with the damaged
tissue to be repaired is occupying the space
required for the tissue regeneration. In such a
case the space which allows tissue
regeneration should be secured by means of
biomaterial. The membrane used for
therapeutic treatments of periodontal disease
is an example. This is called Guided Tissue
Regeneration(GTR) in the periodontal
surgery. Fig.1 shows implantation of a
membrane to keep a space[14]. To date,
polytetrafluoro-ethylene (PTFE) has been
used for patients as the membrane. As this
PTFE membrane requires surgical reoperation

for the removal because of its non- Fig.1 Space keeping for regeneration
bioabsorbability, we have developed a porous, of lost attachment apparatus in
bioabsorbable membrane from a glycolide- periodontal disease

lactide copolymer which is more slowly
bioabsorbed than collagen but more quickly
than polylactide membrane[15].

Nerve guides which allow repair of broken peripheral nerves also aim primarily at keeping space
for generation of a new nervous tissue. In addition, the nerve guides should maintain nerve
growth factors released from the nerve in repair and allow nutrient supply from the outside. In
the beginning of this kind of investigation silicone and collagen tubings had been used as a nerve
guide, but recently glycolide-lactide copolymers are widely used for the nerve guide preparation.
We have used a crosslinked gelatin tubing as a nerve guide because this material satisfies all the
requirements as the guide[16].

TISSUE SUBSTITUTION

When tissues or organs have undergone severe damage, they have been often replaced or
substituted with non-resorbable biomaterials. However, some of tissues and organs are too
difficult to be replaced by non-biological, man-made materials because of their very poor
biofunctionalities compared with natural ones. The tissue engineering with polymer scaffolds has
also failed in producing their new tissues or organs. Among such organs are the pancreas and
liver that biosynthesize proteins. Thus, an alternative is to hybridize metabolic cells with
polymers. They are called hybridized artificial organs, in which the polymer component
functions primarily to isolate the heterologous cells from the attack by the host immune system.
Therefore, the purpose of the tissue engineering using hybridized artificial organs is not to
regenerate new tissues in vivo, but to substitute the lost biofunction of organs with the cell-
polymer constructs. Such tissue substitution is performed either temporarily or permanently.

Temporary substitution

Temporary substitution of the liver has been attempted both by implantation of polymer-
hepatocyte constructs and by extracorporeal circulation. From the clinical point of view, the liver
substitution by extracorporeal circulation seems to be much more practical. Indeed, Demetriou et
al.[17] and Sussman et al.[18] have clinically applied cell-seeded hollow fiber devices to patients
in an extracorporeal circulation system with good results. Demetriou et al. used microcarriers for
attaching porcine hepatocytes and placed the cell-seeded microcarriers in the outside of the
hollow fibers, while Sussman et al. attached C3A cells directly on the outer surface of hollow
fibers. We keep hepatocytes inside hollow fibers with agarose gel which prevents the cell
migration inside the fibers[19].
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Permanent substitution

Langerhans islets of the pancreas are mostly used for permanent substitution of devastated
pancreas. For this purpose Langerhans islets are encapsulated in microbeads, hollow fibers, or
small bags. The encapsulating polymers function as an immunoisolation membrane. The
currently used polymers here are hydrogels from alginate-poly(L-lysine) ion complex, agarose,
and poly(vinyl alcohol). Recently we have found that immunoisolation of these hydrogels can be
achieved not by preventing the permeation of immunoglobulin through the hydrogels but by
consuming complement proteins until arriving at the encapsulated Langerhans islets[20]. The
complement consumption will result from deactivation, trapping, or destruction of complement
molecules during traveling through the hydrogel matrix. It was also revealed that aggregation of
Langerhans islets in the hydrogel matrix had to be avoided[21]. Otherwise, the Langerhans islets
would undergo reduction in their activity. Langerhans islets obtained from human cadavers and
encapsulated in alginate-poly(L-lysine) ion complex microbeads have been clinically applied by
Soon-Shiong et al.[22].

CONCLUSION

In summary it may be concluded that the tissue engineering which makes the use of cells and
polymers seems very promising for tissue regeneration and substitution. This is because any
foreign-body polymers do not remain any more in the body in the case of tissue regeneration
when autologous tissues are formed, while in the case of tissue substitution the cells seeded on a
polymer surface or encapsulated in a polymer container will synthesize and secrete required
proteins. The cell-polymer constructs work temporarily for the period of extracorporeal blood
circulation only or permanently if implanted into the body. Schematic illustration of the tissue

Tab.I Materials and Technologies Required for
Tissue Engineering

Materials for Technologies for

Scaffold or template | Isolation of cells and tissues

Keeping space Large-scale cell culture
Immuno-isolation Gene, protein, and cell
manipulation

Antithrombolization | Control of material resorption
Cell proliferation Sustained drug delivery

Tissue Substitution I Tissue Substitution IT Cell differentiation
(implantation) (extracorporeal circulation)

Fig. 2 Illustrative Representation of Tissue Engineering

Without Cultured Cells
e.g. Dermis, Peripheral Nerve,
Fractured Bone Reunion, Esophagus,
Periodontal Tissue, Ligament, Dura,
— Tissue Regeneration Bladder
(with Resorbable Materials)

'With Cultured cells

Tissue Engineering — e.g. Total Skin, Maxillomandibula,
Bones, Cartilage, Blood Vessel,
Trachea (also with non-resorbables)

Implantation (permanent)
e.g. Pancreas, Liver

L Tissue Substitution
(with Non-Resorbable

Materials) Extracorporeal Circulation (temporary)

e.g. Liver

Fig.3 Tissues and Organs under Investigation by Means of Tissue Engineering
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engineering is given in Fig.2. It is not yet established which tissue needs cell seeding and which
tissue does not require the cells. The materials and basic technologies needed for the tissue
engineering are presented in Tab.l. The problems to be solved for the success of the tissue
engineering include the source of cells, the large-scale cell culture technology, and the material
biodegradation rate balanced with that of tissue generation rate. Fig.3 represents the tissues which
have been the target of current tissue engineering studies.
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Abstract

Biomimetic glycopolymers recognized by cell surface receptors, transporter and the like were synthesized and
cell-polymers interactions were evaluated. Galactose- or glucose-carrying polystyrene derivatives were shown to be
highly recognizedby hepatocytes or erythrocytes via specific receptors or transporters and were applied to cell and tissue
engineering.
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Introduction

Glycoconjugates such as glycoproteins, glycolipids, and proteoglycans are important in cell-cell or cell-matrix
interactions in living systems. Glycoconjugates usually have very complicated structures and the structure-function
relationships of such molecules remain to be solved. Polymer chemistry can be used to mimic natural glycocojugates
in a simplified synthetic manner to clarify the biological phenomena mediated by sugar recognizing receptors and
transporters. As compared with protein chemistry based on gene engineering, glycotechnology based on synthetic
chemistry has lots of advantages, such as simplification of preparations and variation of modifications (Fig.1).
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Fig.1: Synthetic Schemes of Asialoglycoprotein Model Polymer and Applications to Super Glycopolymers
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Molecular recognitions of sugar moieties involve many receptors specific to various growth factors and cytokines
as well as glucose-transporters and galactose-transferase on cell surfaces (Fig.2). The synthesis of sugar-carrying
polymers mimicking some glycoconjugates recognized by receptors may allow control of cell attachment and cell
functions. Some polymers carrying various sugars may specifically make multiple and multivalent interactions with
cells as if the recognition of the cell surface topology were made plainer(Fig.2). The interaction may enhance
the accuracy of cell recognition, which will facilitate gene and drug targeting as well as selective isolation and culture of
cells. In this paper, we reviews our recent works relating to the biomimetic design of cell specific glycopolymers and
their applications to cell labeling, cell culture, cell targeting for diagnosis, artificial organs and drug(gene) delivery
systems(DDS, GDS)
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Fig.2: Design of Multiligands Polymers recognizing Cell Surface Topology
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Materials and Methods
The syntheses of various sugar-carrying homopolystyrene derivatives and other biomimetic glycopolymers in

Fig.1 andFig.3 were made accordingto reported method) . The physicochemical evaluations of these polymers and
cell-polymer interactions were also made as mp(rtedz)s).

Results and Discussion
Asialoglycoprotein-mimicking Polymers for Hepatocytes Culture 34)5)

We reported that a lactose-carrying polystyrene, poly N-p-vinylbenzyl-[O- 8 -D-galactopyranosyl-(1-4)-D-
gluconamide] (PVLA, Fig.1), is a useful substratum for hepatocytes on PVLA which were distinct from those on
naturally occurring substrata such as collagen, fibronectin, laminin, and proteoglycan. It was reported that hepatocytes
on PVLA showed a round morphology and expressed highly differentiatedfunctions. They could be detachedeasily by

treating the culture dish with EDTA to remove Ca2*ions from the medium. It was demonstrated that the adhesionis
mediatedby the galactose-specificinteractions between hepatocytes and PVLA which carries highly concentrated
8 -galactose residues along the polymer chain. Proliferation and diffrentiation of hepatocytes are regulated not only by
soluble factors but also extracellular matrices. For example, DNA synthesis in cultured hepatocytes is induced by
several soluble proteins such as insulin, epidermal growth factor (EGF), and hepatocyte growth factor (HGF), and
inhibited by transforming growth factor- 8 (TGF- 8 ). Extracellular matrices such as collagen, laminin, and fibronectin
have been recently revealedto control spreading, migration, adhesion, and proliferation of hepatocytes since they have
several globular domains which are specializedfor binding to a particular molecule or cell. Cell-cell contactis also
important in controling proliferation and differentiation of hepatocytes. In these interactions, cell-matrix interactions
are especially important. The surroundings of cells are arranged through these interactions which may determine to
control functions and cell-shapes.

We are interested in the regulation of the proliferation, differentiation, and shapes of hepatocytes using an artificial
cellular matrix, PVLA, as a substratum (containing an ideal ligand to asialoglycoprotein receptors on hepatocytes).

Morphology and responses of hepatocytes are investigated using PVLA as a culture substratum, especially in
focusing on the effect of the surface density of the PVLA substratum. The surface density of PVLA on polystyrene
dishes was determined using fluorescein-labeled PVLA as a probe under a fluorescence laser microscope. PVLA-coated
surfaces were observed by scanning electron microscope and atomic force microscopies (AFM) under air and water,
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cultured on various amounts of PVLA on polystyrene culture dishes.
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which showed that PVLA molecules were adsorbed patchily on low density surfaces and uniformly concentratedall over

the dish on high density surfaces. It was suggested from the requirement of the CaZ*ion, inhibitation of galactosyl
substances, and localization of receptors that the adhesion of hepatocytes to both low and high PVLA-density surfaces is
mediated by galactose-specificinteractions between PVLA and asialoglycoprotein receptors. At low PVLA densities

(0.07 e g/ cm2), the hepatocytes were flat and expressed high levels of 3H—t.hymidine uptake and low levels of bile acid
g

secretion. Contrastingly, at high PVLA densities (1.08 ¢z g/ cm2), they were round and expressed a low level of 3H-
thymidine uptake and a high level of bile acid secretion. The shapes, proliferation, and differentiation of hepatocytes
could be regulated by varying the densities of PVLA absorbed to polystyrene dishes(Figd). We assume that there are two
recognition mechanisms operating between PVLA and hepatocytes: (1) adhesion through highly concentrated or
clustered galactose-specific interaction; and (2) responses in shapes, proliferation, and differentiation by PVLA-coating
densities.

Supra-molecular assembly of Amphiphilic Glycopolymers for drug and Gene Delivery System 2
We also demonstrated that , owing to the hydrophilic-hydrophobic structures, a PVLA molecule can form a
tightly coiled conformation in water. In addition, several polymer molecules are inclined to aggregate mutually to form
a kind of supra molecular assemblies. Several hydrophobic drugs could be includedin PVLA micelles. We also found
that the hepatocyte cells recognized the galactose moiety of PVLA, mediatedby asialoglycoprotein receptor which
exsisted onto hepatocyte cells.
Directed toward pharmacological applications of lactose-carrying polystyrene, its body distribution, clearance

from blood, and specific binding to receptors have been investigated using radiolabeled PVLA. When 125 1 Jabeled
PVLA was injectedinto rats through their tail veins, the radioactivity was distributed highly to liver, less to thyroid
gland, cecum-large intestine, urine, feces, and blood, and much less to lung, heart , kidney, spleen, pancreas, small
intestine, and urinary bladder (Table1). Its concentration to the liver was visible by the whole-body autoradiography. It
was clarified that about 97% of PVLA was distributed to parenchymal liver cells and only the rest to nonparenchymal
liver cells. The radioactivity in blood was decreasedwith time accordingto a biexponential curve. Two open
compartment models are proposed on the basis of the pharmacokinetic analysis of the equation, which elucidated that

PVLA migrated rapidly from blood to parenchymal liver cells. Specific binding between 1251 jabeled PVLA and
asialoglycoprotein receptors on parencymal liver cells was demonstrated by its inhibition with asialofetuin.

Dissociation constant of the bond estimated by Scatchard analysis was Kd=1.4 x 109M. The binding was as strong as
those of several naturally occuring asialoglycoproteins. These properties of PVLA, as liver-specific targeting materials
using galactose ligands as recognition signals to asialoglycoprotein receptors, are speculated to be closely related with
the conformational structures of PVLA which can carry drugs in their hydrophobic regions.

Table 1. Percentage radioactivity distribution of 125]-labeled PVLA per total weight of tissue

Tissue Radioactivity (% of dose)

15 min lh 24h
Blood 3.08£0.08 1.99+0.12 0.4410.07
Thyroid Gland 0.13+0.02 0.331£0.03 2.4810.41
Heart 0.08+0.01 0.06£0.01 0.03+0.00
Lung 0.20£0.02 0.111£0.01 0.05%£0.01
Liver 61.31£0.07 58.81+0.99 53.48%1.71
Kidney 1.00+0.01 0.3610.02 0.13%£0.02
Spleen 0.12+0.01 0.09£0.01 0.06+0.00
Pancreas 0.0710.00 0.05+0.00 0.02£0.00
Stomach 1.91+£0.18 2.7610.41 0.80+0.17
Small intestine 3.351£0.07 2.92%0.13 0.19£0.32
Cecum large intestine 0.381£0.01 0.27£0.01 4.131£0.29
Urinary bladder 0.35+£0.13 0.5210.40 0.01+£0.01
Urine 12.6612.11 19.37+0.46 35.23+0.52

(3.14)®° (3.21)°

(9.25)¢ (31.71)°
Feces - - 1.97+0.62

Total 84.64+1.76 87.63+0.65 99.91+1.49
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COATED POLYMERS
Fig.5: The highest attachment of erythrocytes occurredon PVG-coated
dishes and uncoated hydrophobic polystyrene dish (PST)

Table 2. The patterns of various ligands binding to liver cells.

Ligands
with FITC Rat hepatocytes Hep G2 cells Chang Liver cells
PVLA ++ + -
Asialofetuin + - -
LDL ++ + +

"+" and "++", The degree of increase in ligand bound.

Glucose Transporter-mediatedDynamic Attachment of Erythrocytes onto a Reducing Glucose-carrying Polysmers 6)

In this part we focus on a novel ligand-receptor combination of a reducing glucose derivative and glucose
transporter. A polystyrene derivative (PVG in Fig. 3) substituted with a reducing glucose moiety on each repeating unit
has been applied as a substratum for the attachment of erythrocytes which carry the erythrocyte-type glucose transporter

(GLUT-1). The structure, ligand specificity, molecular mechanism and regulation of glucose transporters have been well

investigated, but no attempt had been reported to construct a cell-substratum complex mediated through glucose
transporters. It is also worth to note that reducing carbohydrates are employed here as cell-recognition signals, while
glyco-signals composed of nonreducing carbohydrate moieties are well-documentedto play important roles in the
specific interactions with antibodies and cell-surface lectins. Erythrocytes, which carry type-1 glucose transporters
(GLUT-1)in their plasma membrane, were found to be attached specifically and strongly to dishes which had been coated
with (PVG) substituted with reducing glucose moieties (Fig.5). The concave erythrocytes took teardrop shapes, stood
on the rim, and swayed with gentle disturbance in the medium. The attachment to PVG substratum was suppressed by
(1) GLUT-1 inhibitors such as phloretin, phoridzin, and cytochalasin B, and (2) PVG molecules in solution, and (3) at
4°C, suggesting that the specific recognition of high density of glucose on PVG and the dynamic movement of GLUT-1
are essential for the attachment . This novel combination of glucose transporter-carrying cells and reducing glucose-
carrying polymer may lead to biomaterials with a wide range of applications.

Therefore we could propose the application of glucose-carrying polystyrene (PVG) to substratum of cellular engineering
as that of asialoglycoprotein model polymer (PVLA etc.) to hepatocytes engineering.

Application of glycopolymers to cell labeling and cell recognition of surface topology

Specific interaction between endocytic receptor such as asialoglycoprotein receptor or low-density lipoprotein
(LDL) receptor and its ligand was estimated by flow cytometry with fluorescent PVLA and LDL. Rat hepatocyte, and
human hepatomas (HepG2 and Chang Liver) were classified by binding profiles of FITC-labeled ligands dependingon
the differenceof receptor expression as shown in Table2. Flow cytometry using fluorescent ligands suggested a
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promising application to clinical diagnosis based on phenotypic assay indicating distinctly hepatocellular disorder or
carcinogenesis.

Moreover, we examined the recognition mechanism of expressing several receptors on the cell surface. These
receptors recognize several saccharides, hormones, and proteins as ligands which transduce various external signals in
different manners even at the same time as shown in Fig.2.

The interaction between hepatocyte and double ligands (lactose and RGDS)-carrying polystyrene, resulted in very
effective cell attachment. The study demonstrated that the specific attachment is based on the combination of the
interaction mediated by cell surface asialoglycoprotein receptors which can recognize 8 -galactose moiety and also the
interaction mediated by integrin families (RGDS recognizable receptor). The results suggested that the design of
polymers carrying multiple and multivalent ligands is very effective to the enhancement of cell recognizability. Biotin-
carrying PVLA, sulfonylurea-carrying PVLA and the like were also synthesized and evaluated. As above mentioned,
PVLA, amphiphilic glycopolymer has been found out to be super-asialoglycoprotein analogs and had a number of
biomedical applications in cellular and tissue engineering as well as DDS and GDS. The concept of biomimetic
glycopolymer design will open the new frontier in bioscience as well as biotechnology.
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ABSTRACT

Post-surgical wound healing has been modified by the use of biodegradable hydrogel barriers to
block cell adhesion to tissue surfaces, e.g. to the mesothelium in abdominopelvic surgery or to the
subendothelium in angioplasty. These materials were formed in situ by photopolymerization of an
aqueous precursor to obtain barriers that were conformal and adherent to the tissue. The precursor
was comprised of a central chain of polyethylene glycol, with peripheral blocks of lactic acid
oligomer, and with acrylate termini, the polyethylene glycol chain providing water solubility and
biocompatibility, the lactic acid oligomer providing water lability, and the acrylate termini
providing polymerizability to form a crosslinked hydrogel. Using these materials, it was possible to
dramatically improve abdominal healing with less postoperative adhesions in rats and arterial
healing with no thrombosis and less intimal thickening in rats. The hydrogel barriers were also
employed as controlled release depots for protein drugs, the proteins being contained by
entanglement. It was possible to further reduce postoperative abdominal adhesion formation in rats
by releasing tissue plasminogen activator or urokinase plasminogen activator from the tissue-
adherent barrier.

KEY WORDS: Healing, polyethylene glycol, biodegradable polymer, fibrinolytic

INTRODUCTION

Cell adhesion to tissues is frequently involved in an undesired healing response. One example is
the formation of postoperative adhesions, where a fibrin bridge initially forms between two
traumatized peritoneal surfaces and fibroblasts migrate from the tissue surfaces into the fibrin
bridge. Another example is post-percutaneous translumenal coronary angioplasty (post-PTCA)
thrombosis, where the vascular endothelium is damaged by therapeutic intervention. Platelets may
play a role in post-PTCA restenosis, since they produce thrombin, a smooth muscle cell mitogen,
and release platelet-derived growth factor, also a smooth muscle cell mitogen. In the present
investigations, we have sought to interrupt these cell-tissue interactions using tissue-adherent
hydrogels as both mechanical barriers and as drug-release depots.

METHODS

Water-soluble copolymers of polyethylene glycol (PEG) and lactic acid were formed, with degrees
of polymerization approx. 5 on each end of a 8000 or a 10 000 Da PEG chain (1], as noted. The
hydroxyl termini of this ABA (A, lactic acid; B, PEG) copolymer were acrylated, to yield a
diacrylated, water-labile, water-soluble prepolymer. Solutions of this prepolymer (5 - 23%) in
physiological saline were readily photopolymerizable with a variety of photoinitiation systems, two
of which are described below.

One model of interest was the prevention of post-operative pelvic adhesions. Uterine tissue was
treated in such a post-operative adhesion model in the rat, consisting of an electrocautery
devascularization of the mesenteric arcade feeding both uterine homs, in additional to an
electrocauterv iniurv to the serosa of the horns at two regions along each horn 21. A PEG chain of
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8000 Da was used in the prepolymer, synthesized as described above. 2,2-dimethoxy, 2-phenyl
acetophenone was dissolved in N-vinyl pyrrolidinone (NVP), and this was used as the
photoinitiation and cocatalyst system, at 900 ppm initiator and 1500 ppm NVP in the final aqueous
prepolymer solution. This was photopolymerized in situ with a Xe arc lamp filtered to emit mainly

360-365 nm light, approx. 10 mW/cm2, 20 s.

A series of proteins of increasing molecular weight was employed to characterize the release
characteristics of the hydrogel system described above. Insulin (6000 Da), lysozyme (14,300 Da),
lactate dehydrogenase (36,500 Da), ovalbumin (45,000 Da), bovine serum albumin (66,000 Da) or
immunoglobulin G (150,000 Da) were dissolved at 1 mg/mL into a precursor solution of PEG
molecular weight 10000 Da with a lactic acid oligoester region of degree of polymerization of 5 at
each end, with acrylate termini. Gel disks of 0.25 mL were formed using the initiation conditions
described above at 23% precursor w/v, and the release of the probe proteins was measured with a
total protein assay in vitro at 37C, pH 7.4, under sterile conditions.

Fibrin formation is considered to be an initial step in the formation of permanent postoperative
adhesions. To explore a combined barrier and pharmacological approach to prevention of post-
operative adhesions, fibrinolytic agents were incorporated within the hydrogel prepolymer solution,
simply by dissolving the protein in the solution immediately prior to application of the prepolymer
solution and formation of the hydrogel [3]. Tissue plasminogen activator, urokinase plasminogen
activator, and streptokinase were investigated, at therapeutically similar doses (tPA, 3 mg/mL; uPA,
1.8 mg/mL; SK, 1.2 mg/mL; each at 1.5 mL/animal). Additional experiments were performed with
these same total doses, divided into four equal daily injections, to test the effect of semi-sustained
(daily) but non-local delivery.

A second model of interest is the prevention of post-PTCA thickening of the arterial intima.
Carotid arteries in rabbits were treated after a balloon treatment that causes both stretch and
denudation injury [4]. Eosin Y (1 mM) was dissolved in saline and was used to stain the vessel
segments to be treated; excess initiator was rinsed away. The remainder of the photopolymerization
system was subsequently injected into the vessel segment, namely the prepolymer (23 %; from PEG
10 000 Da in the prepolymer, synthesized as described above) with triethanolamine (100 mM) and
NVP (1500 ppm) in buffered saline. Illumination, through the vessel wall, was performed with an
Ar ion laser, 514 nm, 70 mW/cm2, 2 s.

RESULTS AND DISCUSSION
Protein Release

Proteins were released from the degradable hydrogel at a rate that depended upon the protein
molecular weight, as shown in Fig. 1. Insulin was released at an initial rate of approximately
48%/day, lysozyme at 40 %/day, lactate dehydrogenase at 32 %/day, ovalbumin at 25 %/day, and
bovine serum albumin at 19 %/day, while immunoglobulin G was released at < 1 %/day over the
first 6 days in vitro. The gel mass did not change significantly over this short period in vitro,
indicating that there exist two regimes of release, that occurring by diffusion prior to degradation,
and that occurring only after degradation and loosening of the gel network structure. For a PEG
molecular weight of 10000 Da, this transition occurred at a protein molecular weight somewhere
between 66,000 Da and 150,000 Da. Presumably this transition can be shifted by employing
shorter or longer PEG molecular weights in the precursor.

Postoperative Abdominal Adhesions Model

In the post-operative pelvic adhesion model, the hydrogel (from 10% prepolymer solution) was
microscopically observed to reduce in thickness and disappear over a approx. 5 day period. Results
on efficacy in adhesion prevention are shown in Table 1. An optimum in precursor concentration in
the hydrogel barrier was observed. This optimum may relate to the rate of degradation of the gels
and their post-curing swelling. The gel from 5% precursor was observed to degrade more quickly
than gels from 10% precursor. The gel from 10% precursor is cured nearer to its equilibrium
swelling (approx. 95% water) than the higher concentration gels, and this may impact the swelling-
induced stress imposed on the tissue by the gel.
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Daily injection of tPA reduced the extent of postoperative adhesion formation, as previously
observed [6], while by contrast injection of uPA did not, also as previously observed [7]. When
tPA was incorporated in the hydrogel barrier the extent of adhesion formation was reduced relative
to treatment with the gel alone and to treatment with daily injections of the same amount of tPA.
uPA incorporated in the hydrogel barrier was equally effective as tPA, thus demonstrating that the
site-localizing ability of tPA can be conferred to uPA by local delivery.
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Figure 1. Release of Proteins from PEG-based Hydrogel.

Proteins of different molecular weight were used to determine the release characteristics of a
hydrogel formed from a 23 % solution of a prepolymer from PEG of molecular weight 10 000 Da
with an average of 5 lactic acid residues per end. Proteins are as follows: 1, insulin (6000 Da); 2,
lysozyme (14 300 Da); 3, lactate dehydrogenase (36 500 Da); 4, ovalbumin (45 000 Da); 5, bovine
serum albumin (66 000 Da); and 6, immunoglobulin G (150 000 Da). Reprinted from [5], with
permission.

Table 1. Prevention of Post-operative Pelvic Adhesions in the Rat

Treatment n Extent of Adhesions Sigliﬁcmce, Rel. to Marked (*) Control
No treatment 7 76% *

Gel, from 5% solution 7 22% P<0.001
Gel, from 10% 7 10% P<0.001
Gel, from 15% 7 18% P<0.001
Gel, from 20% 7 2625 P<0.001
No treatment 7 77% *
Injected tPA 7 49% P<0.05
Injected uPA 7 78% P>0.5
Injected SK 6 83% P>0.5
No treatment 7 72% P<0.01
Gel, from 15% solution 7 22% *

Gel, with tPA 7 4% P<0.01
Gel, with uPA 7 6% P<0.01
Gel, with SK 7 45% P<0.05

Post-Angioplasty Intimal Thickening Model

In the post-PTCA intimal thickening model, the thickness of the hydrogel formed was readily
controlled via the illumination duration (e.g., 7 um at 5 s, 13 ym at 10 s, 24 um at 20 s). The
hydrogel thickness was observed to reduce to zero over a 24 hr period. Results on efficacy of
prevention of thrombosis and intimal thickening in the rabbit model are presented in Table 2.
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Blockade of thrombosis was essentially complete. Platelets were not observed to be adherent to the
hydrogel surface; where platelets were observed, they were in direct contact with the
subendothelium, indicating incomplete coverage.

The short term presence of the hydrogel barrier impacted the long term healing outcome. The
amount of intimal thickening, assessed by the ratio of the intimal to medial cross-sectional area,
was reduced by 80% relative to control. This is consistent with an important role for the platelet in
inducing smooth muscle cell migration, proliferation, and/or matrix secretion [8].

Table 2. Prevention of Post-PTCA Thrombosis and Intimal Thickening

Treatment % Lumen Occluded with Thrombus, 2hr; n_Ratio of Intima to Media Area, 144, n

No treatment  87%; 4 1.56;7
Gel 3%; 4 0.32;7
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SUMMARY

Aramid-silicone resins (PASs) consisting of aromatic polyamide (aramid) and poly (dimethyl-
siloxane) (PDMS) segments were synthesized by low temperature solution polycondensation.
Using 3-bis(3-aminopropyl)-1,1,3,3-tetramethyl-disiloxane (BATS) instead of PDMS, disiloxane-
aramid multiblock copolymers (2SiPASs) were obtained. PAS and 2SiPAS films were prepared by
casting from 10 wt% N,N'-dimethylacetamide solution. Ultrathin films of PAS were afforded by
the methods of water casting and spin coating. The surface properties of the films were investigated
in detail by means of contact angle measurements, electron probe micro analysis (EPMA), and X-ray
photoelectron spectroscopy (XPS). The results suggested that PDMS segments were condensed at
the outermost surface of PAS films, though this phenomenon was affected by the molding method
especially the solvent evaporation conditions. For the evaluation of blood compatibility in vitro, the
thromboxane B2(TXB2) release test from platelets attaching to PAS and Biomer®, and the
observation of the platelet adhesion or the surface of PAS by scanning electtron microscopy (SEM)
were carried out. PAS was found to be bio-inert in virro. The gas permeation properties and
dynamic thermomechanical properties of the PAS films were also investigated. PAS containing > 53
wt% of PDMS showed high enough oxygen permeability compared with conventional silicone
rubbers.

KEY WORDS : poly(dimethylsiloxane), multiblock copolymer, blood compatibility, surface
analysis, oxygen permeability

INTRODUCTION

Silicone rubber is widely used in medical fields, in many forms, such as blocks, tubes, sutures and
films. Generally, the desirable properties of the silicone are high thermal stability, oxidative stability,
low surface energy, water repellency, good dielectric properties, high gas permeability and good
biocompatibility. Especially in the medical field, the last two characteristics were important. On the
other hand, the mechanical properties of silicone rubber, especially low tensile strength, sometimes
limit their medical application. To improve the mechanical properties of silicone rubber, many
researchers have reported the syntheses of high-modulus resin including silicone unit which possess
both good mechanical properties and the characteristics of silicone. For instance,
poly(dimethylsiloxane-co-carbonate) and poly(dimethylsiloxane-co-hydroxystyrene), of which both
mechanical properties and oxygen permeability were excellent, were synthesized and applied to the
membrane for preparing the oxygen-enriched air in the industrial field.

In 1989, Y. Imai ez al., first reported the synthesis of PDMS and aromatic polyamide (aramid)
copolymer (PAS) [1]. PAS is multiblock copolymer consisting of hard segment (aramid) and soft
segment (PDMS). The aramid is known to have very high-mechanical properties, such as high-
thermal stability and high modulus of elasticity. It i1s expected that the incorporation of PDMS
domain into an aramid matrix allows the system to exhibit many of the often desirable properties of
both polymers. However, there has so far been only a few studies reported on characteristics of PAS
[1]. First, we traced Imai's synthetic procedure and polished up it with a little modification to attain a
considerably large amount of PAS. Then, the study on the functionalities of PAS was started. In
this review, from the point view of novel biomaterial having silicone, we report on the synthesis, the
preparation of films, characteristics of the surfaces, evaluation of in vitro blood compatibility and
oxygen permeation properties of PAS[2-6].
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RESULTS
Surface Properties

As shown Scheme 1, PAS was synthesized by low temperature solution polycondensation through a
two step procedure accordmg to the method developed by Imai er al. [1] with a little modification [2].

Using BATS instead of PDMS, 2SiPAS was prepared [S]. Table 1 summarized the typical results.

PAS films are cast from N,N'—dimethylacetamide solution in stainless steal petri dishes. First,
mechanical property of PASs was studied, and the stress-strain curves are shown in Fig. 1 [2]. Tt is
obvious that the tensile properties of the PAS films are dependent on the PDMS content in the
copolymers. A comparison of the curves shows a significant decrease in tensile strength and an
increase in elongation at break with increasing PDMS content. Over the whole composition range,

PAS can afford films between a rubber-toughened plasitc and an elastomer. On the contrary, the
tensile strength for 2SiPAS has been found to be drastically improved (40 to 80 MPa) [5].
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Scheme 1 Synthesis of PAS
Table 1. Preparation of PAS

Aramid oligomer(x) PDMSA content(wit%) _ yield

No. in feed in polymer® Calcd® FoundP (%)

1 - - 0 0 100

2 7 149 41 25 83

3 3 41 60 53 77

4 1 1.3 78 75 56

aMn (PDMS)=1680
bCalculated from the SiCHg/aromatic ratio in the TH NMR spectrum.
CWeight (PDMS)/[weight (PDMS) + weight (aramid)] in feed.

Ultrathin films (35-70 nm) of PASs can be obtained by the methods of water casting and spin
coating. The surface properties of the films were investigated using contact angle measurements, X-
ray (XPS) and (EPMA). Si/C stoichiometries of the PAS films measured by XPS show that the Si/C
ratio of the cast films and the spin-coated films increases logarithmically with increasing the PDMS
content, whereas the Si/C ratio of water-cast films increased almost linearly and was very low
throughout all PDMS contents(Fig. 2). From this results it is clear that the silicone block was
condensed at the surface compared to the bulk phase for the cast films and spin-coated films, while
such condensation of PDMS units was not observed for the water-cast films. The relationship
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Fig. 1 Stress-Stain Curves for PAS(PDMS: Mn=1680) and Silastic® 500-1.
PDMS contents are shown.

between the water contact angles and PDMS content of PAS also indicates that the outermost surfaces
of both cast and spin-coated films in all ranges of PDMS content are almost fully coverd with silicone
units. These results are acceptable because PDMS has a low surface energy [4]. From the result on
Si/C stoichiometries of the 2SiPAS films by XPS, it is apparent that the Si/C ratio increases with
increasing BATS content in the 2SiPAS films. The surface Si/C ratio calculated from XPS spectra
increased logarithmically with increasing BATS content, whereas the bulk Si/C ratio calculated from
1H NMR spectra increased exponentially. It can be assumed that a significant amount of excess of
BATS units in the near surface region was observed for all the 2SiPASs.

50

Si/C (%)

0 20 40 60 80 100
PDMS Content (wt%)

Fig. 2 Si/C Stoichiometries of PAS Surfaces by XPS with PDMS Contents.
(O) Prepared by casting, () prepared by spin coating, (A) prepared by water
casting, (@) Si/C in bulk, calculated from PDMS content.
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Blood Compatibility

For the evaluation of blood compatibility in vitro, the thromboxane B2(TXB2) release test from
platelets attaching to PAS was first carried out, compared with aramid and Biomer® (Fig. 3) [2]. It
was apparent that the aramid homopolymer surface induced severe release of TXB2 from the attached
platelets. The TXB2 release from them attached to PASs was significantly lower regardless of the
PDMS content. Biomer® induced slightly higher release of TXB2 than PAS. Platelets adhering to
the surfaces of PASs, Biomer®, Silastic® and glass plate was observed using a scanning electron
microscope(SEM). On the surface of the aramid homopolymer and glass, many platelets adhered,
deployed pseudopods and aggregated. On the other hand, on the surfaces of PAS films, only a few
platelets were found without any aggregation and morphological deformation.

1t is thought that the surface of 26 wt% of BATS content of 2SiPAS may possess blood compatibility
similary to PAS, from the fact that the surface free energy is a very low value. On the surface of
2SiPAS, actually, platelets were scarcely adhered. It might be concluded that the surfaces of
2SiPASs whose BATS content was more than 26 wt% in bulk had in vitro bio-intertness.
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Fig. 3 In Vitro Thromboxane B, Released from Platelets on PAS and Biomer®.
Standard errors are shown (n=4), (O) PAS, (®) Biomer®.

Table 2. The Oxygen and Nitrogen Permeability of PAS Films

No. _ PDMS Content (wi%)2 _ POpb PNob PO2/PN
1 26 . - -
2 35 40 18 22
3 46 41 17 24
4 53 171 76 23
5 75 224 97 23

aCalculated from the Si-CHa/aromatic H ratio in the NMR spectrum.
biem3(STP)cm/cm2-sec-cmHg] x 1010,
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Gas Permeability

It is known that PDMS is highly permeable to common gases such as oxygen and nitrogen. This is
due to the flexibility of the Si-O linkage which results in high diffusion coefficients as compared to
the C-C backbone of many organic polymers. From the tensile properties of PAS films which are
dependent on the PDMS content, PAS can afford films between a rubber-toughened plastic and an
elastmer. Hollow fibers can be prepared from PAS [3]. When PAS has enough oxygen
permeability, therefore, it can be used as a membrane for an artificial lung. The oxygen and nitrogen
permeabilities of the PAS films were determined by means of high-vacuum method [6]. The result
was summarized in Table 2. It was found that the oxygen permeability of the PAS films increased

with increasing PDMS content, while the oxygen/nitrogen separation factors of them were
independent of PDMS content and almost the same as that of silicone rubber. The oxygen
permeability of the PAS films containing greater than 53 wt% PDMS was high enough compared
with conventional silicone rubber. As to clarify the reason why PAS has high oxygen permeability,
the thermal behavior was evaluated by dynamic mechanical measurements. The result suggests that
PAS has microphase-separation structures consisting of soft PDMS and hard aramid segments [6].

In conclusion, PAS can be a novel biomaterial owing to it's unique properties.

REFERENCES

1. Kajiyama M, Kakimoto M, Imai Y (1989) Synthesis and characterization of new multiblock
copolymers based on poly(dimethylsiloxane) and aromatic polyamides. Macromolecules 22: 4143-
4147

2. Furuzono T, Yashima E, Kishida A, Maruyama I, Matsumoto T, Akashi M (1993) A novel
biomaterial: Poly(dimethylsiloxane)-polyamide multiblock copolymer I. Synthesis and evaluation
of blood compatibility. ] Biomater Sci Polym Ed 5: 89-98

3. Furuzono T, Kishida A, Akashi M, Maruyama I, Miyazaki T, Koinuma Y, Matsumoto T (1993)
Development of a novel biomaterial aramid-silicone resin: Studies of gas-permeability and blood-
compatibility. Jpn Artif Organs 22: 370-375

4, Kishida A, Furuzono T, Ohshige T, Maruyama I, Matsumoto T, Itoh H, Murakami M, Akashi M
(1994) Novel functional polymers: Poly(dimethylsiloxane)-polyamide multiblock copolymer II.
Study of the surface properties of ultrathin films of poly(dimethylsiloxane)-polyamide
multiblock copolymers. Angew Makromol Chem 220: 89-97

5. Furuzono T, Seki K, Kishida A, Ohshige T, Waki K, Maruyama I, Akashi M, Novel functional
polymers: Poly(dimethylsiloxane)-polyamide multiblock copolymer III. Synthesis and surface
properties of disiloxane-aromatic polyamide multiblock copolymer. J Appl Polym Sci. in
contribution

6. Matsumoto T, Koinuma Y, Waki K, Kishida A, Furuzono T, Maruyama I, AkashiM, Novel
functional polymers: Poly(dimethylsiloxane)-polyamide multiblock copolymer IV. Gas
permeability and thermomechanical properties of aramid-silicone resins. J Appl Polym Sci. in
contribution



GRADIENT SURFACES AS TOOLS TO STUDY BIOCOMPATIBILITY

Hai Bang Lee, Bong Jin Jeong, and Jin Ho Lee*

Biomaterials Laboratory, Korea Research Institute of Chemical Technology, P.O.Box 9, Daedeog
Danji, Taejeon 305-606, Korea; Phone, 82-42-860-7220; Fax, 82-42-861-4151

*Department of Macromolecular Science, Han Nam University, 133 Ojeong Dong, Daedeog Ku,
Taejeon 300-791, Korea; Phone, 82-42-629-7391; Fax, 82-42-625-5874

ABSTRACT : It is recognized that the behavior of the adsorption and desorption of blood proteins
or the adhesion and proliferation of different types of mammalian cells on polymeric materials depend
on the surface characteristics such as wettability, chemistry, charge, dynamics, roughness, and
rigidity. In this study, we prepared wettability gradients, chargeable functional group gradients, and
comb-like polyethylene oxide (PEO) gradients on low density polyethylene (PE) surfaces. Gradient
surfaces whose properties are changed gradually along the material length are of particular interest for
basic studies of the interaction between biological species and surfaces since the effect of a selected
property can be examined in a single experiment on one surface. We used the gradient surfaces
prepared as tools investigate protein or cell interactions continuously related to the surface wettability,
chemistry and charge, or dynamics of polymeric materials.

KEY WORDS : corona discharge, gradient surfaces, protein adsorption, cell adhesion,
polyethylene oxide (PEO)

INTRODUCTION

Systematic study of the effect of one parameter on the surface properties of materials requires many
different samples, each with a different values of the surface parameter of interest. Such a study is
often tedious, laborious, and time-consuming because a large number of samples must be prepared to
characterize the complete range of the desired surface property. It may also involve the strong
possibility of methodological error because each sample is prepared separately.

Many studies have recently been focused on the preparation of surfaces whose properties are changed
gradually along the material length. Such gradient surfaces are of particular interest for basic studies
of the interaction between biological species and surfaces since the effect of a selected property can be
examined in a single experiment on one surface.

The concept of a gradient surface was first introduced by Elwing et al. [1]. They prepared a
wettability gradient on a flat hydrophilic silicon plate by diffusing dimethyl dichloro silane through
xylene onto the plate surface. Many research groups [1-4] have used the wettability gradient surfaces
to investigate surface hydrophilicity-induced changes of adsorbed proteins. The wettability gradient
surfaces prepared by the above methods seem to be useful as basic research tools, but have a
limitation; they can be applied to only hydrophilic inorganic substrates such as silicon, silica, quartz,
or glass.

A method for preparing wettability gradients on various polymer surfaces was developed by our
group [5] and Pitt et al. [6,7]. The wettability gradients were produced via radio-frequency (RF)
plasma discharge treatment by exposing the polymer sheets continuously to plasma. The polymer
surfaces oxidized gradually along the sample length with increasing plasma exposure time and thus
the wettability gradients were created.

Recently, we developed a new method for preparing wettability gradients on polymer surfaces by
treating the polymer sheets with corona from a knife-type electrode whose power is changed
gradually along the sample length [8]. This method of preparing wettability gradients on polymer
surfaces is simpler and more practical than the plasma treatment method because the samples are
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discharged in air at atmospheric pressure in this method, whereas they are discharged under vacuum
in the plasma treatment method.

We have also prepared chargeable functional group gradient surfaces by the corona discharge
treatment with gradually increasing power, followed by the graft copolymerization and subsequent
substitution reactions [9]. Comb-like polyethylene oxide (PEO) gradient surfaces were also prepared
by the above corona discharge treatment and the following graft copolymerization of poly (ethylene
glycol) mono-methacrylates.

Those gradient surfaces prepared were used as tools investigate protein or cell interactions
continuously related to the surface wettability, chemistry and charge, or dynamics of polymeric
materials, as described in this article.

WETTABILITY GRADIENT SURFACES

For the preparation of wettability gradient surfaces, cleaned PE sheets, 250-300 um thick, were
treated with RF corona discharge apparatus made by our laboratory for the preparation of gradient
surfaces (Fig. 1) [8]. The PE sheet was placed on the sample bed and dry air was purged through the
apparatus at a flow rate of 20 I/min. The knife-type electrode was 1.5 mm away from the sample
surface. At the same time that the sample bed was translated at a constant speed of 1.0 cm/sec, the
corona was discharged from the knife-type electrode onto the sample with gradually increasing power
(from 10 to 35 watt at 100 kHz). The sample sheet (5 x 5 cm) was treated for S sec. By this treatment,
the sample surface was continuously exposed to the corona with increasing power.

CONNECTED TO RF GENERATOR

WITH CONTINUOUSLY
INCREASED POWER

DRY AIR
OUTLET

KNIFE-TYPE
POLYMER ELECTRODE

DRY AIR SAMPLE
INLET

MOVABLE SAMPLE BED

Fig. 1. Schematic diagram showing corona discharge apparatus for the preparation of wettability
gradient surfaces [8].

The water contact angles of the corona-treated surfaces gradually decreased along the sample length
with increasing corona power (from about 95 deg. to about 45 deg.). The decrease in the contact
angles (and thus the increase in wettability) along the sample length was due to the oxygen-based
polar functionalities (hydroxyl group, ether, ketone, aldehyde, carboxylic acid, carboxylic ester, etc.)
incorporated on the surface by the corona treatment, as evidenced by Fourier-transform infrared
spectroscopy in the attenuated total reflectance mode (FTIR-ATR) and electron spectroscopy for
chemical analysis (ESCA). The oxygen-based functional groups produced on the PE surfaces
increased with the increase in corona power and this contributed to the formation of the wettability
gradient.

Chinese hamster ovary (CHO) cells as a model system were cultured for 2, 24, and 48 hrs on
the PE gradient surfaces and the number of cells adhered onto each section of the gradient
surfaces was determined by a electronic cell counter [10]. As the resuits, the cells were adhered
and grown more onto the sections with moderate hydrophilicity of the wettability gradient
surface (Fig. 2). The maximum adhesion and growth of the cells appeared at around a water
contact angle of 50-55 degree. The observation of scanning electron microscopy (SEM) also
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verified that the cells are more adhered, spread, and grown onto the sections with moderate
hydrophilicity. Cells attached on surfaces are spread only when they are compatible on the
surfaces. It seems that surface wettability plays an important role for cell adhesion and
spreading.

Human albumin as a model protein was adsorbed onto the PE gradient surfaces and the relative
amount of protein adsorbed onto the gradient surfaces was analyzed by ESCA. The nitrogen signal
from the surface was used as an indicator of the protein adsorption. It is mainly derived from peptide
bonds in the structure of the albumin. From Fig. 3, we can see that the albumin adsorption increased
gradually with the increasing hydrophobicity of the gradient surface. This is probably due to the
increased hydrophobic interactions of the protein molecules with the hydrophobic sections of the
gradient surface. For the desorption study, the albumin-adsorbed gradient surfaces were exposed to a
non-ionic polymeric surfactant, Tetronic 1504 [11]. The exposure of the albumin-adsorbed gradient
surface to Tetronic 1504 solution resulted in partial displacement of the protein (Fig. 3). This
displacement was much greater on the hydrophobic sections of the gradient surface than the
hydrophilic ones.
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Fig. 2. CHO cell adhesion on corona-treated Fig. 3. Albumin adsorption and desorption on
PE surface (Number of seeded cells, 4 x corona-treated PE surface (Adsorption, 1 hr in
104/cm?; culture time, 2 hr). Sample numbers, 1 mg/ml albumin solution; Desorption, 30 min
n=3[10]. in 1 mg/ml Tetronic 1504 solution after 1 hr

adsorption in albumin solution). n= 3 [10].

FUNCTIONAL GROUP GRADIENT SURFACES

For the preparation of chargeable functional group gradient surfaces, directly after the PE sheet was
treated by the corona with gradually increasing power, it was immersed in aqueous acrylic acid
solution. The graft copolymerization of acrylic acid (-COOH, negatively chargeable at physiological
pH) onto the corona-treated PE surface was performed at 70 ©C for 1 hr in nitrogen gas atmosphere.
The acrylic acid-grafted sheet was agitated in water at 70 ©C overnight to eliminate the homopolymer
probably formed on the surface. Some of acrylic acid-grafied PE sheets were further treated with 10
wt% PCls in dry ether for 1 hr at room temperature to substitute -COOH groups on the surfaces with
-COCl groups. Then the surfaces were treated with saturated NH4OH aqueous solution for 1 hr to
produce amide group (-CONHj, neutral)-grafted surface or with 0.5 wt% LiAlH4 in dry ether for 24
hr to produce hydroxy! group (-CH20H, neutral)-grafted surface. Some of amide-group grafted
sheets were also treated with LiAlHy4 solution to produce amine group (-CH,NH3, positively
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Fig. 4. Schematic diagram showing the formation of functional group-grafted PE surfaces by corona
discharge treatment followed by graft copolymerization and subsequent reactions [9].

chargeable)-grafted surface (Fig. 4). The changes in chemical structure on the PE surfaces after the
grafting of acrylic acid and the substitution of carboxylic acid groups to hydroxyl, amide, or amine
groups were identified by ESCA and FTIR-ATR [9].

The CHO cells were cultured on the functional group-grafted PE surfaces. The amine group-grafted
PE surface showed the best cell adhesion and growth of the surfaces used. It is probably due to the
positive charge character of the amine groups in the cell culture medium (pH, about 7.4); the large
portion of cell or serum protein surface is recognized as charged negatively. The acrylic acid-grafted
surface which is charged negatively showed poor cell adhesion and growth. For the surfaces with
neutral functional groups, amide and hydroxyl groups, the hydroxyl group-grafted surface showed
better cell adhesion and growth, probably due to the specific hydrogen bondings between the surface
hydroxyl groups of the polymer and the polar groups of the cell surfaces. The amine group-grafted
surface also showed best cell spreading. It seems that the amine group-grafted surface is most
compatible with the cells among the functional group-grafted surfaces used [12].

The positive charge gradient surface was also prepared by the treatment of PE sheet using corona with
gradually increasing power and the following graft copolymerization of allyl amine. The interaction of
model cells, CHO and baby hamster kidney (BHK) cells, with the allyl amine-grafted gradient surface
was investigated to see the effect of surface positive charge density on the cell adhesion and the
growth behavior. As the result, it was observed that the allyl amine-grafted surface shows effective
adhesion and spreading of both CHO and BHK cells on the sections of higher allyl amine density
probably due to the positive charge character.

COMB-LIKE PEO GRADIENT SURFACES

Comb-like PEO gradient surfaces were prepared onto PE sheets by corona discharge treatment with
gradually increasing power and the following graft copolymerization of poly (ethylene glycol)
monomethacrylates (PEG-MA). The poly (ethylene glycol) monomethacrylates with different PEO
chain lengths (1, 5, and 10) were used for this purpose. The prepared comb-like PEO gradient
surfaces were characterized by the measurement of water contact angle, FTIR-ATR, and ESCA. All
these measurements indicated that the PEO chains are immobilized on the PE surface with gradually
increasing surface density of PEO (Fig. 5) [13].

The behaviors of plasma protein adsorption and platelet adhesion on the PEO-grafted surfaces were
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Fig. 5. Schematic diagram showing a comb-like PEO gradient surfaces [13].

RELATIVE ADSORBED AMOUNT OF PROTEIN
(CONTROL PE = 1.0)

NO. OF PLATELETS/MMZ (x 10%)

POSITION FROM UNTREATED END (CM) POSITION FROM UNTREATED END (CM)

Fig. 6. Plasma protein adsorption on PEG-MA Fig. 7. Platelet adhesion on PEG-MA grafted
grafted PE gradient surfaces with different PEO PE surfaces with different PEO chain length
chain length (Adsorption, 1 hr in 1 % plasma (Adhesion, 30 min in platelet-rich plasma
solution). n = 3. separated from citrated canine blood). n = 3.

investigated in terms of comb-like PEO chain length and surface density. It was observed that the
plasma protein adsorption and platelet adhesion on the PEO gradient surfaces are gradually reduced
by increasing PEO chain length and surface density (Fig. 6 & 7). This is probably due to PEO's low
interfacial free energy with water, unique solution properties and molecular conformation in aqueous
solution, hydrophilicity, high surface mobility, and steric stabilization effects [11,14].
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ABSTRACT

New hypothesis to prepare nonthrombogenic materials was proposed and the supporting evidence is
going to be discussed. That was a surface which could adsorb phospholipids, would be biocompatible
and a methacrylate having affinity with phospholipids was designed. 2-Methacryloyoxyethyl
phosphorylcholine (MPC) was prepared, copolymerized with several monomers and their evaluation
was carried out. It was found that polymers having phosphorylcholine groups, phospholipid polymers,
have good affinity with phospholipids and could adsorb them on the surface. Liposomal structure
was kept when the phospholipid polymers were soaked in liposomal solution. The structure were
identified by X-ray photoelectron spectroscope, comparison of the gel-liquid crystalline transition
temperature of phospholipid liposome with differential scanning calorimeter, desorption amount of
phospholipids. These data suggested that self-assembled biomimetic membrane was prepared on the
MPC copolymers. Their unusual but interesting property was inhibition of protein adsorption even
they were soaked in plasma solution and blood. They could not adsorb platelets and activate them
which induce thrombus. Preparation of dialysis membranes which do not require anticoagulants is
also possible. So it was concluded that MPC copolymers are promising basic biocompatible
biomaterials.

KEY WORDS : Phospholipid, 2-Methacryloyloxyethyl phosphorylcholine, Nonthrombogenicity,
Self-assembled biomimetic membrane, Protein adsorption, Hydrogel, Biocompatibility, Biomedical
material

INTRODUCTION

Many attempts to prepare blood compatible polymers have been carried out[1]. But we do not have
such good surface like blood vessel yet. Albumin adsorbed surface, hydrophilic surfaces and phase-
separated microdomain surfaces were proposed to resolve it. Surfaces of cells and vessels are
covered with biomembranes. The biomembranes are composed of phospholipids, cholesterol, peptides,
saccharide and supported by basement membranes. They are not simple. Ringsdorf et al.[2] and
Regen et al.[3] tried to stabilize liposome by linking the alkyl chain which has unsaturated group by
y-irradiation. Interaction of linked liposomal suspension and blood cells were studied. The idea is
very interesting but this technology was very difficult to apply in development of biomedical materials.
Introduction of phosphorylcholine groups on several substrates by chemical reaction was proposed
and their evaluation was reported [4-6]. Our interest was to prepare such surface which could adsorb
phospholipids molecule in site and examine their biocompatibility. We expected that this kind efforts
could give us good information to make biocompatible materials. So a methacrylate with
phosphorylcholine group, 2-methacryloyloxyethyl phosphorylcholine(MPC), was tried to synthesize
and copolymerized with methyl methacrylate[7-9]. And hemolysis test and the cell culture were
carried out to evaluate the biocompatibility. The results were promising but there was limitation in
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the preparation of the monomer at that time. We did not choose the polymer reaction to introduce
phosphorylcholine groups as polymer reaction does create rather complicated surfaces, not so suitable
for biocompatible study. We had hypothesized that phospholipid molecules which contact with blood
must move dynamically like biomembranes, not bind to the substrates. So preparation of such polymer
surfaces that have good affinity with phospholipids to accumulate them on the surface. Fortunately
we could improve the preparation method in 1989 and it increased the possibility to develop biomedical
materials[ 10]. Through our evaluation of MPC copolymers, phospholipids accumulated on the surface
which have affinity with them could form liposome-like surface by themselves. It could be self-
assembled biomimetic membranes. CH3

PREPARATION OF POLYMERS WITH CH2=C|

PHOSPHORYLCHOLINE GROUP C=0 ? -
| +

As a methacrylate with phosphorylcholine group, MPC OCH?CHQO'“OCHZCH2N(CH3)3
(Fig. 1) was synthesized[10]. The MPC was 0
copolymerized with hydrophobic alkyl methacrylates such )
as n-butyl methacrylate(BMA)[10,11]. Fig.1. Structure of MPC
INTERACTION OF MPC POLYMER )
WITH PHOSPHOLIPID LIPOSOME 3 12

. . § 101
The interesting property of the MPC & *
copolymers is its affinity for phospholipids. : ] FP<0.01 T
The amount of phospholipids, :E_A 8 * £P>0.05
diparmitoylphosphatidylcholine (DPPC), -g"s 6 : *x% P<0.01
adsorbed on MPC copolymers was larger ia
than that on polystyrene, poly(BMA) and & X |
poly(HEMA) and increased with increasing £ 4
MPC moiety when the MPC copolymers S
contacted with a liposomal solution of & 27
DPPC[12]. This tendency was the same as g prem] [
that of the adsorption of phospholipids from E 0 Poly(MPC-co-BMA) Poly(HEMA)
human plasma which is indicated in Fig. MPC mole fraction in copolymer
2[13]. Thus, the affinity of poly(MPC-co- 0;Poly(BMA) 0.13 0.26

BMA) for the phospholipids could be .
Fig. 2 Amount of PC adsorbed on poly(MPC-co-

observed even in the plasma. The DPPC BMA) and poly(HEMA) from human plasma after
molecules adsorbed on the poly(MPC-co- 60min-contact.

BMA) surface assumed an organized

structure like that for a bilayer membrane, which was confirmed by differential scanning
calorimetry(DSC) and X-ray photoelectron spectroscopy(XPS) when the poly(MPC-co-BMA)
membrane was immersed in the solution containing DPPC[14]. It is therefore concluded that the
MPC copolymers stabilized the adsorption layer of phospholipids on the surface. Little albumin and
v-globulins were adsorbed on the MPC copolymer surface treated with DPPC, which is in sharp
contrast to the fact that on a poly(BMA) surface, pretreatment of DPPC was not effective for
suppression of protein adsorption. The difference in protein adsorption on these polymer surface
reflects the difference in the orientation of the DPPC which covered the polymer surfaces.

INTERACTION WITH PLASMA PROTEINS ON THE MPC POLYMER

The amount of total proteins adsorbed on poly(HEMA) from human plasma was significantly smaller
than that on poly(BMA) (P<0.01), and it was at the same level as on poly(MPC-co-BMA) witha 0.13
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MPC mole fraction as shown in Fig. 3[13].
However, that on poly(MPC-co-BMA) with
a 0.26 MPC mole fraction was quite small
compared with that on other polymers tested.
It is clearly demonstrated that there are weak
interactions between the surface and proteins.
If nonthrombogenic materials are to be
designed, it may be necessary to decrease
protein adsorption, particularly proteins such
as coagulation factors and complement
components on the blood contacting surface.
The surface concentration of all proteins
including fibrinogen, coagulation factors and
complement component decreased with an
increase in the MPC moiety and appeared to
absorb on the surfaces in a uniform and evenly

distributed manner[15]. The potential use of Fi .

.. . o ig. 3 Amount of plasma proteins adsorbed on
phospholipid polymers for biocompatibility  pojy(MPC-co-BMA) and poly(HEMA) from
and reduced thrombogenicity may be useful ~ human plasma after 60min-contact.
for these applications.

MECHANISM OF NONTHROMBOGENICITY OBSERVED ON THE MPC POLYMER

By comparison of the adsorption behavior of phospholipids on MPC copolymers with that of
proteins, a mechanism of nonthrombogenicity observed on MPC copolymers is considered as
shown in Fig. 4[13]. Since the molecular size of phospholipids is smaller than that of proteins and
the molar concentration of phospholipids is larger than that of proteins, the diffusion of phospholipid
molecules from plasma to the polymer surface occurs more easily than proteins. (1) Adsorption of
phospholipid molecules, (2) their accumulation, (3) their rearrangement by themselves could be
taken place before (4) adsorption of proteins. And protein molecules are very large comparing with
the lipids it takes time to stabilize on the surface. Before the stabilized adsorption, lipids molecules
could make off with the place where the proteins are going to be adsorbed. The MPC copolymers
have both a strong affinity for phospholipids and protein adsorption-resistant properties in buffered

Phospholipids on MPC polymer surface
1. Adsorption, 2. Accumulation, 3. Rearrangement,
4. Formation of self-assembled biomimetic membrane

Fig. 4 Schematic representation of interaction between MPC polymer
and blood components. Formation of self-assembled biomimetic
membrane by phospholipids adsorbed on the MPC polymer is important
to obtain nonthrombogenicity.
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aqueous protein solution. From these findings, it is concluded that the phospholipids in plasma are
adsorbed immediately on the surface and form a stable adsorbed layer with a biomembrane-like
surface by their self-organizing properties.

FUTURE OF MPC POLYMERS AS BIOMEDICAL MATERIALS

By use of the MPC polymers, the improvements of blood compatibility on biomedical membranes
such as cellulose hemodialysis membrane, polyolefin membrane for oxygenator, permeation con-
trolled membrane for drug delivery, and covering membrane for implantable biosensor were investi-
gated[16-18]. Because the MPC copolymers have nonthrombogenicity, protein adsorption resist-
ible property, and good permeability of solutes. Water-soluble MPC polymers are prepared easily
therefore, they can apply as a blood compatible stabilizer of phospholipid liposome which will be
used as an injectable drug carrier due to their strong affinity to phospholipids. Very recently blood
compatible polymeric additives could be prepared from MPC polymers for improvement of blood/
biocompatibility of segmented polyurethanes. This polymeric additive did not leach out from matrix
polyurethane under continuous stress and modified polyurethane suppressed platelet adhesion dras-
tically compared with that on the non-treated polyurethane. We confirm that the MPC is key com-
pound to create new type blood/biocompatible polymeric materiels and wide applications of MPC
polymers in biomedical fields will be expected strongly.
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ABSTRACT

In an attempt to improve endothelial cell adhesion and growth on a polyurethane copolymer, cell
adhesive RGD-containing peptides were grafted to the polymer backbone. Two peptide grafting
reaction schemes, including one-step and two-step approaches, were developed. Amino acid
analysis confirmed that the two-step approach had a higher peptide coupling efficiency. The two-
step reaction scheme was utilized to prepare GRGDSY, GRGDVY and GRGESY (inactive control)
peptide grafted polyurethanes with two different peptide densities (100 and 250 umol/g polymer).
In-vitro endothelial cell adhesion experiments showed that, without the presence of serum in culture
medium, the GRGDSY- and GRGDVY-grafted polyurethanes dramatically enhanced cell attachment
and spreading. Increasing the peptide density from 100 to 250 pmol/g polymer for the GRGDSY-
and GRGDVY-grafted polyurethanes resulted in an increase in cell attachment. Similar trends were
observed in endothelial cell growth studies using culture medium containing serum and growth
supplement.

KEY WORDS: polyurethanes, RGD binding, peptides, endothelial cells

INTRODUCTION

Polyurethane block copolymers have been widely used for blood-contacting devices due to their
excellent mechanical properties and relatively good blood compatibility [1,2]. To date, surface-
induced thrombosis remains a major drawback which hinders the successful utilization of
polyurethanes and other polymers in many clinical applications. In-vitro endothelialization has
been proposed as a way to further improve the blood compatibility of polyurethanes [2]. Several
studies [3,4] have suggested that conventional polyurethanes are poor substrates in supporting
endothelial cell adhesion and growth. Immobilization of RGD-containing peptides onto polymer
surfaces has been shown to support cell attachment and spreading [5,6]. In this study, an
alternative approach was undertaken in that cell adhesive RGD-containing peptides were grafted to a
polyurethane backbone. The main challenge was to develop a reaction scheme which has a good
peptide coupling efficiency and preserves the cell binding activity of the peptide after it is coupled to
the polyurethane. Two peptide-grafting reaction schemes including one-step and two-step methods
were explored. The reaction scheme which had a higher peptide coupling efficiency was then
utilized to prepare the GRGDSY (containing the cell adhesive sequence of fibronectin, RGDS),
GRGDVY (containing the cell adhesive sequence of vitronectin, RGDV), and GRGESY (containing
a non-cell adhesive sequence, RGES) grafted polyurethanes. The effect that the peptide sequence
and density has on endothelial cell adhesion and growth was investigated.

EXPERIMENTAL

Polymer and Peptide synthesis: The syntheses of a poly(tetramethylene oxide) (PTMO) based
polyurethane, and its derivatized carboxylated polymer have been reported previously in detail [7].
A PTMO-based polyurethane based on a 3:2:1 molar ratio of methylene diphenylene diisocyanate
(MDI), 1,4-butanediol (BD), and poly(tetramethylene oxide) (PTMO, MW=1000) was synthesized.
Carboxylated polyurethanes with approximately 4% and 10% substitution of urethane hydrogen by
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ethyl carboxylate groups were used in this study. Three fully protected hexapeptides, including
Fmoc-Gly-Arg(Pmc)-Gly-Asp(OtBu)-Ser(OtBu)-Tyr(OtBu)-OtBu(Fmoc-GRGDS Y *), Fmoc-Gly-
Arg(Pmc)-Gly-Asp(OtBu)-Val-Tyr(OtBu)-OtBu (Fmoc-GRGDVY*), and Fmoc-Gly-Arg(Pmc)-
Gly-Glu(OtBu)-Ser(OtBu)-Tyr(OtBu)-OtBu (Fmoc-GRGESY*), were synthesized by a standard
solution phase method. The amine-terminated protected peptides were prepared by removing the
Fmoc protecting group of each fully protected hexapeptide. A free hexapeptide was prepared from
tcl)le ar;li[réci—temﬁnated peptide GRGDSY* by removing the side-chain protecting groups (Pmc and
tBu .

Synthesis of peptide grafted polyurethanes: A carboxylated polyurethane, which had 4% of its
urethane hydrogens substituted by ethyl carboxyl groups, was used for the synthesis of GRGDSY
peptide grafted polymers using the one-step and two-step reaction schemes illustrated in Figure 1.
In the one-step reaction, the free hexapeptide GRGDSY was directly coupled onto the carboxylated
polyurethane via amide linkage formation. The coupling reaction was performed under dry nitrogen
at room temperature in a 25% (w/v) carboxylated polyurethane/dimethyl formamide (DMF) solution
using the coupling reagent 1-(3-dimethylaminopropyl)3-ethylcarbo-diimide hydrochloride (EDCI)
[7]. The two-step reaction approach has been reported in detail [7]. Briefly, the first step included
coupling of the amine-terminated peptide GRGDSY* to the carboxylated polyurethane via the
formation of amide linkages between the carboxyl groups on the polymer backbone and the N-
terminus amine group of the protected peptide. The second step involved-cleavage of the protecting
groups of the grafted peptide using Reagent K [9].

Peptide grafted polyurethanes: various peptide sequences and densities: The reaction scheme which
had a higher peptide coupling efficiency (i.e. two-step scheme, see results and discussion) was
utilized to prepare two series of peptide grafted polyurethanes. The hexapeptides were separately
coupled onto the carboxylated polyurethanes (i.e. PEU-COOH and PEU-HD-COOH), which had
4% and 10% of the urethane hydrogen substituted.

Sample Nomenclature: The starting polymer and the carboxylated polyurethanes are denoted as
PEU, PEU-COOH, and PEU-HD-COOH. The free peptide grafted polymers are designated as
PEU-GRGDSY(I), PEU-GRGDSY(II), PEU-GRGESY(II), PEU-GRGDVY(II), PEU-HD-
GRGDSY(II), PEU-HD-GRGESY(II), and PEU-HD-GRGDVY(II). The notations (I) and (II) are
used to distinguish the polymers prepared from the one-step and two-step schemes, respectively.
The notation -HD- is used to represent samples with a higher carboxyl or grafted peptide density.

(a) ONE-STEP SCHEME

(CH,),COOH - (cx,),corm. GRGDSY -cooH
|
N-C-0 +  H;Ne «COOH —— °C-O
< Q‘ 3 —)_ ,N- GRGDSY —(—< )- —-)—
(<]
Carboxylated Free peptide Free peptde grafted
polyurethane polyurethnae

(b) TWO-STEP SCHEME

(CH,),COOH £pCI (CH,),CONH GRGDSY *
|
-+ -4.:-0—-)— + HN.GRGDSY" —_— "('O" C'°“)—
(]
Carboxylated Amine-terminus Protected peptide grafted
polyurethane protected peptide polyurethnae
(tl:ﬂ,),com GRGDSY * FA (cu,),corm. GRGDSY -cooH
—(—C}-N-c‘o—)— —_— -(—(:}-N c o—)——
! SCAVENGER
(]
Protected peptide gralted Free
peptide grafted
polyurethnae polyurethnae

Fig. 1: Reaction schemes for the synthesis of RGD-containing peptide grafted polyurethanes:
(a) one-step and (b) two-step methods.
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Amino Acid Analysis: Amino acid analyses were performed on a Beckman 6300 Amino Acid
Analyzer (Department of Chemistry, University of Minnesota). Samples were hydrolyzed in 6N
HCl at 110°C for 48 hours.

Cell adhesion: Human umbilical vein endothelial cells were used for the in-vitro cell attachment
studies. Cell suspension (5 x10° cells/ml)was prepared using DMEM with 0.1% heat inactivated
bovine serum albumin (BSA). Polymer coated coverslips were placed in 24-well tissue culture
plates (Corning) and equilibrated in Tris buffered saline (TBS, pH = 7.4) overnight prior to the
experiment. 1 x 104 cells/cm? were seeded on each polymer substrate and allowed to attach for the
desired time. The wells were subsequently rinsed with TBS to remove non-adherent cells, and the
adherent cells were fixed with a solution of 3% paraformaldehyde for 2 hours. The number of
attached cells was determined visually using 100x magnification on a microscope equipped with
phase contrast objectives (Nikon, Japan). Adherent cells were counted in 5 or 6 areas randomly
chosen in the central and peripheral regions of each polymer substrate. The morphology of attached
cells was examined using a JOEL JSM-35C scanning electron microscope.

Cell Growth: Porcine pulmonary aortic endothelial cells were used in the in-vitro cell growth
studies. Polymer coated coverslips were rinsed with sterile PBS (pH = 7.4; Gibco) and then
sterilized for 15 minutes under a ultraviolet light. The polymer-coated coverslips were placed into
24-well tissue culture plates. In each experiment, 1x104 cells were separately seeded onto each of
the polymer-coated coverslips and the tissue culture polystyrene wells (i.e. controls) and incubated
at 37°C and 5% CO,/95% air. After 72 hours, the cell growth was assayed using the MTT assay
[10]. All experiments were performed at least three times for each independent assay.

RESULTS AND DISCUSSION

Amino Acid Analysis and Cell Adhesion: Amino acid analysis showed that the peptide
incorporation in PEU-GRGDSY(I) and PEU-GRGDSY(II) were approximately 25 and 100 pmol/g

polymer, respectively. Since the same molar ratios of peptide:EDCI:carboxylated polymer were
used in the one-step and two-step methods, the larger amount of peptide incorporated in PEU-
GRGDSY(II) indicates that a higher peptide coupling efficiency was achieved by the two-step
reaction scheme. The lower peptide coupling efficiency for the one-step reaction scheme can be
attributed to side reactions such as polypeptide formation. Additionally, the one-step GRGDSY
peptide may be coupled to the carboxylated polymer via the guanidino functionality of arginine,
which would result in the grafted peptide losing its cell binding activity. Since the two-step reaction
method had a higher peptide coupling efficiency and produced the more cell-adhesive polyurethane
[7], it was utilized to prepare two series of peptide grafted polyurethanes which had’ different
peptide sequences and densities.

Amino Acid Analysis: Amino acid analyses showed that the amount of peptide incorporated in
PEU-GRGESY(II), PEU-GRGDSY(II), and PEU-GRGDVY(II) was approximately 80, 100, 100
umol/g polymer, respectively. The amount of grafted peptide in PEU-HD-GRGESY(II), PEU-HD-

100

N e pEU

80 | —e PEU-COOH

q0 [ —* PEU-GRGESYQD

--a- PEU-GRGDSY(QD
60 | —e— PEU-GRGDYY(ID

50 b
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20 | Looeeeeeenneenee I
10 | '_x,__._,p-"
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# Attached Cells /em’ (x10°%)

Carborptated  GRGESY-  GRGDSY-  GRGDVY-
Grafted Grafted Grafted

Fig. 2: A) Human umbilical vein endothelial cell (HUVEC) attachment in serum-free DMEM
containing 0.1% BSA. (B) Effect of peptide density on the HUVEC attachment after 240 minutes
ncubation in serum-free DMEM containing 0.1% BSA.
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GRGDSY(II), and PEU-HD-GRGDVY(II) was approximately 200, 250, and 250 pmol/g polymer,
respectively.

Cell adhesion: Figure 2A shows the cell attachment profiles for the polyurethane substrates in
serum-free medium. After 4 hours of incubation, approximately 4-5% of seeded cells attached to
PEU, PEU-COOH, and PEU-GRGESY(II). The number of attached cells on PEU-GRGDSY(II)
and PEU-GRGDVY(II) both increased with time, and PEU-GRGDVY(II) supported more attached
cells than PEU-GRGDSY(II). The differences in cell attachment between the two series of
polyurethanes after 4 hours incubation are shown in Figure 2B. Increases in the degree of
carboxylation and non-cell adhesive GRGESY peptide density did not improve cell adhesion.
Enhanced cell attachment was observed on PEU-HD-GRGDSY(II) compared to PEU-
GRGDSY(II), and on PEU-HD-GRGDVY(II) compared to PEU-GRGDV Y (II).

At each peptide density (100 or 250 pmol/g polymer), the GRGDVY-grafted polyurethanes
supported more attached cells than the GRGDSY-grafted polyurethanes. This may be attributed to
the affinity of the peptides for the endothelial cell receptors, the availability of the grafted peptide at
the substrate surface (i.e. peptide surface density), or a combination of these effects. Hirano et al.
[11] showed that the RGDV tetrapeptide immobilized ethylene-acrylic acid copolymer film
supported more cell attachment than the RGDS tetrapeptide immobilized film, in agreement with this
study. Hubbell and coworkers [12] showed that the affinity and specificity of short peptides (e.g.,
GRGDY pentapeptide) may change after immobilization on the glycophase glass surface. Studies
have shown that endothelial cells contain both vitronectin and fibronectin receptors, and these
receptors are highly specific to their ligands [13, 14]

Cell Growth: Cell adhesion studies have shown that cells adhere preferentially to the GRGDSY-
and GRGDVY-grafted polyurethanes. The long-term cell growth studies confirmed these findings
as shown in Figure 3, however, with some marked differences. After 72 hours, no organized
endothelial cell monolayer growing on the PEU substrate was observed. Endothelial cells grew
comparatively well on the carboxylated and GRGESY peptide grafted polyurethanes. In line with
the findings of adhesion studies, optimal endothelial cell growth was observed on the GRGDSY
and GRGDVY peptide grafted polyurethanes. The effect of increasing the grafted GRGDSY and
GRGDVY peptide densities on the cell growth was not as marked as that seen in the cell adhesion
studies. The discrepancy between the short-term adhesion and long-term growth studies is
believed to be due to the media used to assess cell attachment versus cell growth. In the cell
attachment experiments, the medium used only contained bovine serum albumin which does not
promote endothelial cell adhesion. In the cell growth studies, the medium contained 10% fetal calf
serum. The serum adhesive proteins, such as fibronectin and vitronectin, and the growth factors,
including endothelial cell and basic fibroblast growth factors, are known to promote cell adhesion
and growth [15, 16]. During the 72 hour incubation period, the presence of these proteins and
growth factors may interfere or mask the selective interactions of the GRGDSY and GRGDVY
peptides with the endothelial cell receptors.
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Fig. 3: Relative porcine pulmonary aortic endothelial cell growth on polyurethanes after 72 hours in
medium contained 10% fetal calf serum and endothelial cell supplement. (Cell population on tissue
culturepolystyrene = 100%).
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CONCLUSIONS

Two different peptide grafting reactions, including one-step and two-step schemes, were developed
to couple RGD-containing peptides to a polyurethane backbone. Amino acid analysis confirmed
that coupling of the peptide was achieved by both methods. However, the two-step approach
showed a higher peptide coupling efficiency and resulted in better control of the orientation of the
grafted peptide. In-vitro endothelial cell adhesion showed that, without adhesive plasma proteins in
the culture medium, the GRGDSY-grafted polyurethane prepared using the two-step method
supported more attached cells than the one prepared using the one-step method. In the absence of
adhesive plasma proteins in the culture medium, the starting, carboxylated versions, and GRGESY-
grafted polyurethanes did not support endothelial cell adhesion and spreading, whereas the
GRGDSY- and GRGDVY-grafted polyurethanes greatly enhanced cell adhesion and spreading.
Increasing the peptide density from 100 to 250 pmol/g polymer for the GRGDSY- and GRGDVY-
grafted polymers resulted in an increase in cell attachment. The results suggest that RGD-containing
peptide incorporation onto the polyurethane is a promising approach to promote in-vitro
endothelialization.
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ONE POT SYNTHESIS OF POLY(ETHYLENE OXIDE) WITH A CYANO GROUP AT ONE
END AND A HYDROXYL GROUP AT THE OTHER END
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SUMMARY

Well-defined poly(ethylene oxide) with a cyano group at one end and a hydroxyl group at the other
terminus was quantitatively synthesized by anionic polymerization of ethylene oxide using
cyanomethylpotassium as an initiator in the presence of 18-crown-6. The molecular weight of the
poltmers determined from GPC results agreed well with expected values calculated from the monomer/
initiator molar ratios. From !3C-NMR analysis, the polymer shows several signals derived from
terminal groups together with methylene protons of PEO main chain. The chemical shifts of these
signals were in good accordance with those of cyano hydroxyl terminals calculated. In addition, in
IH-NMR spectrum, the peak intensity ratio of OH signal vs. CH2CH2CN were 1/2.

And heterotelechelic PEO with a primary amino group at one end and a hydroxyl group at the other
end was quantitatively synthesized by reduction of the cyano-ended hetero PEO. In the 13C-NMR
spectrum of the polymer, all peaks originated from cyano-ended PEO disappeared completely and
several signals derived from a primary amino terminal were appeared. The measurement of the

TOF-MS revealed the presence of a primary amino group at the end of the polymer.

ol ~

NCCH3 _[—> NCCH2K ——~% 5 5 NCCH2-(-CH2CH20-},.4-CH2CH20H

NCCH2-(-CH2CH20-), 4-CH2CH20H H1AME o H20 Ny cH2CH2-(-CH2CH20-),,.4-CH2CH20H

Scheme 1 Synthesis of heterotelechelic poly(ethylene oxide)
KEY WORDS : poly(ethylene oxide), anionic polymerization, acetonitrile, potassium naphthalene,
cyanomethylpotassium

METHODS

All of anionic polymerizations of EO were carried out under argon atmosphere in a grass reactors
equipped with a 3way stopcock. One of the representative procedures of anionic polymerizations is
described. THF solution of potassium naphthalene(1.0mmol, 2.17ml) was added to a stirred THF
solution(15ml) of acetonitrile(3.0mmol, 0.16ml). After stirring for 30 minutes to form
cyanomethylpotassium, EO(80mmol, 4.0ml) was added to the mixture using a syringe. After the
mixture was allowed to react for 2days at room temperature, few drops of acetic acid was added to
stop reaction. The mixture was poured into a 20 fold volume of diethyl ether to precipitate. The
polymer sample collected was subjected to freeze drying with benzene to remove the solvents employed.
ion of minal cyan

One of the procedures of reductions of a terminal cyano group is described. The polymer sample
obtained by above-mentioned experiments(0.2mmol) was dissolved in THF(15ml) under atmosphere.
A 15 fold molar quantity of Lithium Aluminium Hydride was added to the polymer solution. After
stirring for 2 hours at room temperature, a excess amount of water was added to deactivate excess
amount of LiA1Ha4, and then, pH of the mixture was adjusted to pH 7 by 0.1N HC1. The procedures of
purification was similar to that described above.

RESULTS AND DISCUSSION
The polymerizations proceeded smoothly and gave the polymer almost quantitative yield. Table 1

shows the results of anionic polymerizations of EO. The molecular weight of the polymers determined
from GPC results agreed well with expected values calculated from the monomer/initiator molar
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ratios. In addition, the L o
molecular weight Table 1 Results of anionic polymerizations of EO

distributions of the [EOlllllo Metalation Time Yield 1073 - Mn

: Run —_— 0 —— 1 MwiMn
polymers obtained were Temp. (C) Time (min) P4 in % “opeegh  Caled.
narrow. From these 1 60 r.t. 3 1 68 35 27 117
results, it is ipdlcqted 2 80 rt. 30 2 68 31 3.6 116
that the initiation 80 30 30 1 9% 28 36 11
efficiency of potassium \
acetonitrile was almost 4 80 i 90 2 8 27 36 13
one and the 5¢ 50 -30 120 2 90 1.8 22 1.08
polymerization ¢ 50 -30 180 2 8 19 22 107
proceeded without any .. g a0 180 1 9 31 36 19

zigewr: izt:{lgl»¥glsl_ aSolv.: THF; bDetermined from GPC results; Cin the presence of 18-crown-6
MS spectrum of the
polymer after the polymer was treated with LiAIH4. The molecular mass of the each molecule can be
determined as follows:

MWmass= 44.053n + 89.14 (1)
where, 44.053 means molecular weights of EO. 89.14 in Eq.(1) agreed exactly with a summation of
molecular mass of both terminal moieties, viz. HOCH2CH2 (45.06) + CH2CH2NH2 (44.08)=89.14.
The peaks of the cyano-ended PEO was not detected at all. From these results, since reduction of the
terminal group from a cyano group to a primary amino group quantitatively proceeded, there is
possibility that hetero PEO with a primary amino group at one end and a hydroxyl group at the other
end was quantitatively synthesized. Inthe *C NMR spectra, however, there were more peaks than
those expected. This may be due to the side reaction in the initiation step. If dianion(NCCHK?2) was
prepared by the reaction between acetonitrile and potassium
naphthalene, PEO possessing one cyano group and two hydroxyl
groups can be obtained (In this case, mass number of each PEO
molecule should be the same as that of the hetero PEO.)(Scheme.2).
If this side reaction was assumed, the signals in the *C NMR
spectrum can be reasonably assigned. This assignments agreed well
with the calculated values[1].

( K-Naph A
NccHs P NCCHzK

o K
NCCH2K ﬂ_ap_h) NCCH<K

n :o; H*.
NCCH2K — > —> NCCH2-(CH2CH20),,-CH2CH20H n

K N o7 . (CH2CH20) ,-CH2CH20H
NCCH<KML) NCCI-< " (n)
_ (CH2CH20),-CH2CH20H ) Fig.l MALDI-TOF-MS spectrum of
Scheme 2 The formation of the dianion the polymers obtained by reduction

To suppress the formation of the dianion, we carried out the EO polymerization in the presence of 18-
crown-6. Our idea was to avoid the dianion formation by a steric hindrance between K*-crown
complexes. The molecular weight of the polymers determined from GPC results agreed well with
expected values calculated from the monomer/initiator molar ratios. And the molecular weight
distributions of the polymers formed were narrow. In the *C NMR spectrum of the polymers, all
peaks originated from II disappeared completely. In addition, in 'H NMR spectrum, the peak intensity
ratio of OH signal(at 4.5ppm) vs. CH2CH2CN(at 1.8ppm) were 1/2.

On the basis of above all results, it is indicated that the polymers thus obtained have one hydroxyl
group and one cyano group terminuses stoichiometrically. By the reduction of PEO,I, using LiAIHa,
PEO possessing a primary amino group and a hydroxyl group quantitatively without any contamination.
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Summary

Multiphase separated polymers are of great interest owing to unique characteristics such as high
mechanical strengths, surface functionality and blood compatibility. It was well known that surface
consisting of poly(styrene-b-HEMA) showed an excellent blood compatibility [1]. While, it was
found that poly[4-{bis(trimethylsilyl)methyl}styrene] (BSMS) membrane had fairly high oxygen
permeability among vinyl polymers owing to its high Si-content and fairly high free space in the
membrane [2]. So, we synthesized new silicon-containg block copolymer based on BSMS with
HEMA, possessing the hydrophobic and hydrophilic segments. The block copolymer membranes
were prepared by the different two methods. Thus obtained block copolymer surface showed
microphase separated structures in spite of membrane preparation methods. However, the
membranes obtained by the deprotection in matrix was found numerous pores. On the other hand,
no pore was shown in the membrane prepared by another method. Moreover, even in the membrane
having pores on the surface, a significant degree of platelets adhesion and deformation was
surpressed. In this paper, we report on synthesis of poly(BSMS- b-HEMA) and their properties.

Hj

c
Y H2 —CH cu;—d
G=0 d=o
L -sicHa), (0 éH
NSilCHa), O Si(CHa), n

Y
BSMS Pro-HEMA (CHala ST Bi (CHaly

Fig.1 Chemical structures of monomers used and block copolymer obtained
Key words 4-{bis(trimethylsilyl)methyl}styrene, membrane lung, deprotection, block copolymer

Results and Discussion

1) Synthesis of block copolymer : To a living poly(BSMS) solution, which is prepared by the
anionic polymerization using butyllithium as initiator in THF at -74C , ProHEMA was injected
through dropping funnel. The block efficiency in this method attained 77%. By GPC and NMR
analyses, the resulting polymers thus obtained was confirmed as poly(BSMS-b-ProHEMA) but
not mixture of both components [3].
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2) Membrane preparation : poly(BSMS-b-HEMA) membranes were prepared by the two different
methods as follows.

2-1) Method A : After poly(BSMS-b-ProHEMA) membrane was prepared by casting from
toluene solution, the membrane was soaked into 0.1N-HCI/THF(15/1(v/v)) solution for 72h for
deprotection of the trimethylsilyl groups. From CP/MAS 29Si-NMR analysis, it was confirmed that
the deprotection of trimethylsilyl groups proceeded completely.

2-2) Method B : To a THF solution of poly(BSMS-b-ProHEMA), few drops of 1.0N HCI was
added to deprotect the trimethylsilyl groups. The resulting poly(BSMS-b-HEMA) was used for
preparation of the membrane by casting from suitable solvent (toluene and t-BuOH).

3) Morphology (SEM and TEM analysis) :

From the SEM analysis of Poly(BSMS-b-HEMA) membrane (Method A), it was found that these
were numerous pores not only on surface but in the bulk. This may be due to the voids after the
exclusion of the protective groups from the membrane. On the other hand, no pore was shown in
the membrane prepared by method B. From the TEM analysis of Poly(BSMS-b-HEMA) (Method
B; BSMS 30mol%), it was confirmed that the spherical domain was formed both on the surface and
in the bulk.

4) Deposition of platelets : Deposition of platelets on the polymer surface were investigated to
estimate blood compatibility. From SEM view of the adhered platelets on the polymer, a significant
degree of platelets adhesion and deformation was suppressed on poly (BSMS-b-HEMA)(Method
A), which shows sharp contrast to poly(BSMS) homopolymer. Such poly(BSMS-b-HEMA)
membrane with unique structural properties can be anticipated as high performance functional

materials.

poly(BSMS-b-HEMA) poly(BSMS)
Fig.2 SEM picture of block polymer and poly(BSMS) surface after contacting platelets for 10min.
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ABSTRACT

Good cell-attachment property was imparted to poly(L-lactic acid) (PLLA) by an easy reaction
process in a mild condition. ~ By immersing PLLA films in the alkaline solution for a given period
of time, many carboxyl groups were produced on the film surface based on an alkaline degradation
but no molecular weight change was observed. The number of carboxyl groups, which was
quantified using a fluorescent reagent with high reactivity against carboxyl groups, greatly depended
on the hydrolysis time. The mechanical property and the rate of degradation of PLLA matrices did
not change because only the film surface was hydrolyzed. As an example of surface modifications
of PLLA, cell attachment factor RGD peptides was immobilized through the carboxyl groups and
the high cell attachment property of RGD-PLLA film was confirmed using 3T3 cells in vitro. The
RGD-PLLA was found to be useful implantable matrix because it has high affinity against cells,
excellent mechanical property, and biodegradability.

KEYWORDS : poly(lactic acid) (PLLA), RGD, cell attachment, guided tissue regeneration,
biodegradation

INTRODUCTION

In treating patients with damaged cartilage due to congenital abnormalities or trauma or with
periodontal diseases, the guided tissue regeneration (GTR) technique using bioabsorbable scaffolds
is an attractive therapy 1). Recently, it has been reported that poly(L-lactic acid) (PLLA) is a
useful scaffold because of its degradability, low toxicity, and good mechanical property 2).
However, PLLA has poor cell adhesion property, and the growth of cells or tissue is rather retarded.
Therefore, its surface modification should be needed although it may be quite difficult because of
the absence of reactive functional group. The present report discloses a nmew technique in
modifying the PLLA surface with bioactive peptides, RGD 3), without its mechanical properties lost.

MATERIALS AND METHODS

A PLLA film with a thickness of 0.2 mm was prepared by hot-pressing of PLLA with a molecular
weight of 2 x 105 or 3 x 105 at 220 °C.  PLLA film was immersing in a 3.75 M NaOH atr.t. for
a given period of time. The treated film was then dipped in a 0.01 M HCI for neutralization and
thoroughly washed with a flushed water. The amount of carboxyl groups in the PLLA film
surface was measured by the capping method using fluorescent reagent, 9-anthryl diazomethane
(ADAM). A PLLA film (1 x 1 cm) was reacted with a large excess of ADAM in 30 ml of
isopropanol with gentle stirring for 1 hr.  The film was then washed, dried and dissolved into 4 ml
of chloroform.  The fluorescence of the solution was measured at ex. of 369 and em. of 416 nm to
calculate the amount of carboxyl groups based on a calibration curve.

A PLLA film (1 x 4 cm ) was immersed into an isopropanol solution of a given amount of
dicyclohexyl carbodiimide for 5 h atr.t. The film, washed thoroughly with a isopropanol solution
containing 2 mg of RGD atr.t. for 2 days. It was then washed with a distilled water and dried in
vacuo. The amount of immobilized RGD was measured by a ninhydrin test after hydrolysis of the

film under acidic conditions at 124 OC in an autoclave. A piece of the PLLA film was placed in a

well of a 24-well multi-dish, and 1 ml of the cell suspension (1x105) was added to it. After
incubation for a given period of time, the film was taken out from the well, washed with PBS to
remove non-adherent cells, and stained with a Giemsa's dye solution. The number of adhered
cells on the PLLA film was counted on a microscope.
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Table 1. Mechanical properties of the alkaline-
hydrolyzed PLLA films.

The GPC chromatograms of the PLLA films p p p :
treated in an alkaline solution for different Hygrrl;)elyms Eil:t)l'};%:;ll(()n gf;f;i rﬁfﬁﬁﬁs
times indicated that the molecular weight (min ) (%) (x10 MPa)  (GPa)
and its distribution did not change during

the treatment. A shown in Table 1, the  c0Dtol o3 32 }%
mechanical properties of the these films did 60 6.0 5 15
not show big change. These results 120 59 57 13

indicate that the hydrolysis occurred only at
the top surface of the PLLA films without
changing their bulk properties.

Table 2 shows the changes in water contact
angle of the alkali-treated and RGD-

Table 2. Water contact angles of the alkaline-
hydrolyzed and RGD-immobilized
PLLA films with a moleuclar weight of 2X10

Hydrolysis Immobilized Water

immobilized PLLA films with increasing  [imS time RGD, conéact angle
hydrolysis time. The contact angle of the (min ) (mg/ cm”) (degree)
alkali-treated films were slightly decreased ) 73.6
with increasing hydrolysis time due to an Alkali- 5 - 69.4
increased production of carboxyl groups in tracted 10 - 65.4
the surface. Their surface concentration 60 - 63.9
determined by the fluorescence of the _________ 120 - 63.3___.
immobilized ADAM was found to increase 0 0.01 69.2
by the hydrolysis, but to reach a plateau RGD 5 0.02 66.1
after 60 min. ~ The cell attachment of these immobilized 20 0.13 66.6
hydrolyzed films was almost the same (data 60 0.28 64.9
not shown). The amount of immobilized 120 0.31 62.4
RGD on these films greatly depended on the
hydrolysis time, and the water contact angle
was slightly lowered after immobilization of 5
RGD. The changes in the cell attachment G~ j ) I j
properties of the RGD-immobilized films &
are shown in Figure 1.  As is seen, the cell = 4 | © Mw =2x10? |
adhesion increased with increasing surface E ® Mw=3x10°
concentration of RGD which should be <
correlated with the alkali treatment time. ) 3| #é |
This feature was irrespective of the
molecular weight of PLLA. - ¢

g 2 ‘} ]
In conclusion, the alkali treatment of PLLA ::“;’ ¢
film could increase the surface concentration %
of carboxyl groups without deterioration of z 1 4
the mechanical properties of the films. The &
carboxyl groups could be utilized for —g
surface modification. It was demonstrated = 0 L . 1 :
that the RGD-immobilized PLLA films have < 0.0 0.1 0.2 0.3 0.4 0.5

excellent cell adhesion properties, and they
can be applied to the GTR technique as a
biodegradable scaffold.
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SUMMARY

Multiblock copolymer(Aramid-Silicone Resin; PAS) consisting of aromatic polyamide(aramid) and
poly(dimethylsiloxane)(PDMS) has desirable properties of both components. In this study, we
investigated the protein adsorption, cell adhesion and tissue reaction for PAS surface in order to
clarify the interaction between PAS and biomolecules. It was found that biomolecules adsorption
onto PAS was scarcely occurred compared with aramid and nylon films, comparable to Silastic®
film. These prevention of biomolecules onto PAS seemed to be due to low surface free energy of
PAS surface due to the condensation of PDMS block to outermost surface of PAS. Because of its
unique properties, PAS is expected to be useful as a novel biomaterial.

KEY WORDS: poly(dimethylsiloxane), aramid, multibolck copolymer, protein adsorption,
cell adhesion

INTRODUCTION

In previous reports[1-5], we have studied about synthesis, blood compatibility and gas
permeability for aramid-silicone resin(PAS) consisting of aromatic polyamide(aramid) and
poly(dimethylsiloxane)(PDMS) from the point of view of a novel biomaterial. In these results, it
was recognized that PAS didn't interact strongly with platelet, and possessed good gas-permeability
and superior mechanical properties which were widely variable from tough plastic to rubber-like
elastomer. However, the interactions between PAS and biomolecules in living body are still
unclear. In this study, we investigated the protein adsorption, cell adhesion and tissue reaction for
PAS surface in order to clarify the interaction between PAS and living body.

METHODS

PAS was synthesized by low temperature solution polycondensation using a PDMS whose
moleculer weight was 1680 through two step procedure according to the method developed by Imai
et al.[6] with a little modification|1}. PAS, aramid, Silastic®(DOW CORNING Co.), nylon(ICN
BIOMEDICALS Co.) and regenerated cellulose films were used for these experiments. In the
experiment of Bovine serum albumin(BSA) adsorption onto PAS, BSA solution(4.0 mg/ml) was
poured into a plastic tube containing sample films and then incubated at 37°C for 3h. The absorbed
BSA was eluted by 1.0% sodium laurylsulfate(SDS) solution. Amount of BSA was detected by
use of Micro BCA Protein Assay Regent Kit (Pierce Chemical Co.). In cell adhesion experiment,
L.929 cells were plated onto the polymer films in 24 well multiplate(10 mm diameter) at density of 5
x 109 cells/well, and incubated at 37°C for 24h. The adhered cells were observed by phase
transmission microscope, and counted by use of Cell Counting Kit(DOJINDO Co.). For further
study, ethylene oxide gas sterilized PAS films were implanted in the back of Wister rats in one
month. The films containing tissue were explained, and the specimens with hematoxylin-eogin
stain were observed by use of optical microscope.
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RESULTS AND DISCUSSION

Three types of PAS were prepared, that are 8, 41 and 71 wt% of PDMS content in PAS. In the
following, these PASs were indicated as PAS-8, PAS-41 and PAS-71, respectively. In the BSA
adsorption test, it was found that BSA adsorption onto PAS was scarcely occurred compared with
aramid and nylon films, and comparable to Silastic® film. In previous works|1-3], it was found
that PDMS blocks were condensed at outermost surface of PAS by means of contact angle
measurement and X-ray photoelectron spectroscopy. This prevention of protein adsorption of PAS
seemed to be due to low surface free energy of the surface caused by the condensation of PDMS
block to outermost surface of PAS. Next, the L929 cell adhesion test onto the polymer surfaces
was done. The cells could not adhere onto all the PAS surfaces compared with aramid and nylon
films. Moreover, the amount of cell adhesion of PAS surfaces were decreased with increasing
PDMS content in PAS, and the amount of cell adhesion of PAS-41 and 71 surfaces were lower than
that of Silastic® film which was fully covered with PDMS. It is thought that this effect may have
been caused for the presence of microphase-separation-like structure in PDMS enriched surface.
Now, we are investigating the surfaces of PAS by means of staining method. In histological
observation in one month, there were no severe reactions around the PASs and their surfaces were
in contact with a thin fibrous tissue. Similar reactions were also observed in aramid and Silastic®
films.

In previous paper, we already reported that PAS surface interacted slightly with platelet[1-2]. From
the results in this report, it is thought that platelet and cell adhesion are depressed in order to reduce
protein adsorption onto PAS surface. This result was due to the condensation of PDMS blocks on
PAS surface. Because of its unique properties, PAS is expected to be useful as a novel biomaterial.

CH; (ng
|
+ OCC(CO(HNO,O—O—NHCO C0>»HN(CH2)3—(SiO)zo-Si-(CHz)gNH
U j | |
X CH; CHj n
Fig. 1 Aramid-Silicone Resin (PAS)
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ABSTRACT

Surface modification of cellulose hemodidlysis membrane with phospholipid polymer was investigated
to reduce protein adsorption, platelet adhesion and complement activation. The mechanical properties
and permeation for solutes were did not change even after the modification. Both protein adsorption
and complement activation after contact with plasma were significantly suppressed by the modification
compared with these of the original membrane. Moreover,

platelet adhesion was completely inhibited on the ICH3
phospholipid polymer-modified cellulose membrane. CH2= C

o v
KEY WORDS : Hemodialysis membrene, Cellulose
membrane, Phospholipid polymer, Surface modification, OCH2CH20POCH2CH2N(CH3)3
Protein adsorption, Complement activation, Platelet )
adhesion Fig. 1. Structure of MPC

Reactive MPC polymer

INTRODUCTION Route III Covalent bonding

The properties required [Modified cellulose C Route |
f g’ <@—| Cellulose membrane|«@———— MPC monomer
for a hemodialysis |membanre L€ ! Direct grafting

membrane are excellent -
ultrafiltration rate, Route II Coatmg,
permeability for solutes, Grafting of poly(MPC)
mechanical strength and Water-soluble cellulose

blood compatibility.
Though the cellulose
membrane has both good
permeability and mechanical strength, its blood compatibility must be improved for hemodialysis.
Moreover, the cellulose membrane induces the activation of a complement system because the
membrane surface interacts strongly with the complement proteins. We have found that
polymers containing a phospholipid polar group, 2-methacryloyloxyethyl phosphorylcholine(MPC)
polymers, show excellent blood compatibility{1,2]. Therefore, if the surface of the cellulose
membrane can be modified with an MPC polymer, improvement of the blood compatibility can be
achieved. In this article, the surface modification of cellulose hemodialysis membrane by the
various techniques using MPC polymers is described.

Fig. 2 Surface modification of cellulose membrane with MPC polymer

MATERIALS AND METHOD

MPC(Fig. 1) was synthesized by the method described previously[1]. Three different routes of
modification of the cellulose membrane(Cuprophan) with MPC polymers were investigated. These
were direct grafting of MPC onto the cellulose membrane(Route I){3], coating with water-soluble
cellulose grafted with poly(MPC)(Route II){4], and chemical reaction between reactive MPC polymer
and cellulose(Route III). The routes of these modifications are represented in Fig. 2.
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RESULTS AND DISCUSSION

Modification of cellulose membrane with MPC polymers

From the IR and X-ray phrotelectron spectra confirmed that the surface of the cellulose membrane
modified with MPC polymers by every method. The permeability and mechanical propertied of
the membrane did not change after the modification.

Protein adsorption and complement activation on MPC polymer-modified cellulose membrane

Th o t of Table 1. Blood compatibility of cellul brane modified with MPC polymers
€ amoun

i Abb.  Modification Surface mole Amount of adsorbed Complement
adsorbed protein from method fraction of MPC  protein on the surface  consumption
human plasma after 60- unit (ug/em2) (%)
min contact on the ~gE o 00 0 13101 47+6
original cellulose
membrane was

e . X 81 £0. +

decreased 51gn1ﬁcantly I-1 Route I 0.27 0.81+0.1 |* 21+5 |»
when the membrane 2 0.36 0.41+0.02 12+7
was modified with the 1I-1 Route I1 0.14 —_— 23+5
MPC polymers. The -2 0.27 0.55 +0.07 12+3
perce "lt age of Route III 0.15 0.86+0.1 1743
complement .., 0.28 0.66 +0.1 14+4

consumption after
contact with the  The values are mean + S.D. (n=5)

cellulose membrane * Significant difference vs the value of the original membrane (p<0.01).

was high, but the value

was lowered by the modification with the MPC polymers. The reduction of the value became
greater with an increase in the surface MPC mole fraction. These results clearly indicated that
immobilized chains of MPC polymer on the cellulose membrane suppressed activation of the
complement system.

Platelet adhesion on cellulose membrane modified with MPC polymers

When platelet-rich plasma of rabbit was in contact with the original cellulose membrane,
deformation” and aggregation of platelets adhered on the surface occurred and severe fibrin net
formation was observed. On the other hand, platelet adhesion was reduced due to the modification
with MPC polymers. We found that a surface which can inhibit protein adsorption is very
important for a blood compatible hemodialysis membrane. This modification technique can be
easily applied to cellulose hollow fibers and the modified hollow fibers show excellent
hemocompatibility even in ex vivo test[5].
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ARTIFICIAL GLYCOCONJUGATE POLYMERS: CELL-SPECIFIC BIOMEDICAL
MATERIALS USING CARBOHYDRATES AS RECOGNITION SIGNALS
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ABSTRACT. Well-defined polymers having mono- and oligosaccharide chains are of interest as
biological probes and cell-specific biomedical materials. We prepared several oligosaccharide-
substituted polymers of which chemical structures are shown in the next page. The main chains of the
polymers are the derivatives of polystyrene (1-11, 18-21), polyacrylamide (12-17), polypeptide
(22), and polysaccharide (23). The starting mono- and oligosaccharides include
glucose (1,12,21), mannose (14,23), N-acetylglucosamine (13), cellobiose (3), maltose (2),
maltotriose (6), maltopentaose (7), maltoheptaose (8), amylose (9), lactose (4,16,17,19,20,22),
melibiose (5), N-acetyllactosamine (15), N,N’-diacetylchitobiose(18), N, N',N"-
triacetylchitotriose(11), and so on.

INTRODUCTION  Much attention has been given to oligosaccharide chains as the key participants
in cell-cell recognition events. The synthetic polymers substituted with pendant carbohydrate moieties
have been applied for biomedical materials such as cell-specific culture substrata, artificial antigens,
and targeted drug delivery systems. They are also useful as tools for investigating biological
recognition phenomena using lectins and anti-carbohydrate monoclonal antibodies. This paper
attempts to design more simple synthetic routes in order to introduce more biologically important,
complex oligosaccharides.

SIMPLE SYNTHETIC METHODOLOGY Carbohydrate-substituted vinyl-monomers were
prepared by the following reactions without any protection and deprotection steps of
oligosachhacides. Water-soluble polymers of high-molecular weight were prepared by the homo- and

copolymerizations using radical initiators in dimethyl sulfoxide and in water at 60 °C.

CHy—CH CH,—CH CH,—CH
CH,0H CH,0H CHoOH CH,OH CHoOH
oH® o, OHQ 0, OHQ
OH_C~NH CH, OH OH_C-NHCH, OH OH_C-NHCH,
HO o o
OH n|"° on OH n |"° on OH n
1, PV(GIcA) 2, PV(Glco1-4GIcA) 3, PV(GIcB1-4GIcA)
CHp—CH CH,—CH
CH
HoSH2OH CH,0H HoSH20H 2 o
o, OH OHR
OH OH _C-NHCH; OH OH_C-NHCH,
o o
OH OH n OH OH n
4, PV(Galp1-4GIcA) (PVLA) 5, PV(Galo1-6GIcA)
CH,—CH - CH,—CH

-
CH,OH CH,0H @
0 OHQ
OH OH C-NHCH,
HO o
OH Jp1 OH n

CH3CONH | CH3CONH
p-1

6, PV[(Glca1-4),GICA] 7, PV[(Glcai-4),GIcA]
8, PV[(Glca1-4)sGICA] 9, PV[(Glco1-4)p3GlcA]

10, PV[(GIcCNACB1-4); 3 4GICNACA]
11, PV[(GICNACB1-4),GICNACA]
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a) Polymers 1-11. Oxidation of the reducing terminals of oligosaccharides followed by
amidation with p-vinylbenzylamine.

b) Polymers 12-17. Reduction of p-nitrophenyl glycosides followed by amidation with
acrylic acid.

¢) Polymers 18-19. B-N-Glycosidation of p-vinylbenzoyl chloride with glycosylamine
having an amino function in the reducing terminal.

d) Polymer 20. Reductive amination in the presence of p-vinylbenzylamine.

FEATURES OF THESE ARTIFICIAL GLYCOCONJUGATE POLYMERS

a) Several bioactive oligosaccharides obtained by chemo-enzymatic synthesis, by selective
hydrolysis of polysaccharide, and extraction of natural producs were used as the starting substances.

b) Numerous high-density glyco-signals protruded from the polymer molecules.

¢) The clustered glyco-signals were interacted strongly with lectins.

d) The strong interaction is promising as cell culture substrata for hybrid-type artificial organs
and as probes for biochemical researches.
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SUMMARY

Atmospheric plasma glow (APG) discharge method is an efficient method recently developed to
modify material surfaces. Here, we modified the inner surface of a commercial PVC tube with a
hydrophilic functional group, acrylamide. A thin uniform layer of the polymerized monomer
was obtained on the surface and was characterized by FTIR/ATR, ESCA, contact angle
measurement and platelet adhesion studies. Presence of peaks corresponding to amide functional
group in FTIR/ATR spectra and N1s peak in the ESCA spectra showed the surface modification
due to acrylamide on the surface. Contact angle values also decreased considerably, indicating
increase in surface hydrophilicity. Antithrombogenicity of the surface was evaluated by platelet
adhesion studies using platelet rich plasma (PRP) from rabbit blood and found less number of
platelets and less deformation to the platelets as compared with the non-treated PVC samples.

KEY WORDS: Atmospheric plasma glow (APG) discharge, acrylamide, antithrombgenicity,
hydrophilicity,

INTRODUCTION

Among the various surface modification techniques Atmospheric pressure glow (APG) plasma
discharge method ranks as an effective one to modify materials of versatile structures and
properties. Since atmospheric pressure and temperature are maintained in this technique,
structural damage due to high temperature which may occur to soft materials in conventional
plasma treatment technique can be overcome. Yokoyama et al (1990) has reported certain
conditions necessary to obtain stable glow discharge at atmospheric pressure. They include (i)
use of He as the dilute gas, (ii) use of a high frequency source and (iii) introduction of insulating
plate in between the electrodes. Here, we used the APG treatment method to introduce a
hydrophilic functional group, acrylamide, to the inner surface of a soft PVC tube to make it a
biocompatible material.

METHODS

PVC tube having inner and outer diameters of 6.5mm and 8.4 mm respectively is incubated with
acrylamide dissolved in ethyl alcohol for the preadsorption of acrylamide onto the surface. It is
dried and placed inside the cylindrical electrode and helium gas is passed continuously (flow rate
1500 ml/min) under atmospheric pressure. Plasma glow discharge was effected for 20 min using
high frequency source of 20 kHz.

Surface characterizations were done by VG Scientific X-ray photoelectron spectrometer
ESCALAB MKII and Jassco Janssen Micro FT/IR - 200 with ATR attachment. Contact angles
were measured with a FACE Contact Angle Meter (Kyowa). Invitro experiments were conducted
by exposing the samples to rabbit platelet rich plasma (PRP) for 1hr at 37°C and fixed with 2.5%
glutaraldehyde (in saline). Samples were dried, coated with gold and Scanning Electron
Micrographs were taken using Hitachi S - 4500 Scanning Electron Microscope.
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Contact angle values are given in Table | and change in hydrophilicity can be observed from the
difference in contact angle values of the modified and unmodified surfaces. Contact angle value
of pure PVC (91.5° + 1.4) was decreased to less than 50° depending on the concentration of
acrylamide used for preadsorption. Figure 1. represents the ESCA spectra of pure PVC tube,
acrylamide coated PVC tube and polyacrylamide.

Table 1. Contact angle values of modified and unmodified PVC samples

Unmodified Acrylamide Treatment Conc.
Surface PVC 10% 20% 30%
Contact angle ( °) 91514 494+28 452127 433123
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Fig.1. ESCA spectra of a) PVC sample (commercial)
b) Acrylamide treated PVC sample c) Polyacrylamide

Presence of N1s peak at 400 eV corresponding to that of pure polyacrylamide is obtained on the
treated PVC surface. N atom has appeared on the PVC surface due to the modification of the
surface by acrylamide. Figure 2. is the FTIR/ATR spectrum of the surface coating obtained by
the subtraction of pure PVC spectrum from the acrylamide treated PVC spectrum. Presence of
prominent peaks around 1670 cm-! and between 3000 cm-1 - 3500 cm-! are characteristics of
amide (-CONH?) group. All these factors indicate the successful incorporation of a hydrophilic
functional group onto the PVC tube surface. These samples were further evaluated for their
antithrombogenic property using platelet rich plasma adhesion (PRP) studies. Adhesion and
deformation of platelets were comparatively less on the modified surface relative to the
unmodified surface. Detailed studies in this regard are under progress. Evidently, APG treatment
method is a useful technique for modifying materials, especially inner side of tubular structures

and other specially shaped structures.
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ABSTRACT

Previously, we found that the sulfonated poly(glucosyloxyethyl methacrylate) (poly(GEMA)-sulfate),
which bears sulfonated D-(+)-glucose, had anticoagulant activity. In this study, we tried to clarify
the mechanism of anticoagulant activity of poly(GEMA)-sulfate. So we carried out activated partial
thromboplastin time (APTT), prothrombin time (PT) and thrombin time (TT) tests to recognize the
mechanism of anticoagulant activity for poly(GEMA)-sulfate. The results of these in vitro  clotting
tests showed that poly(GEMA)-sulfate had anticoagulant activity of which mechanism was different
from that of heparin. It seems that inhibiting fibrin network formation of anticoagulant may be
occurred by the entrapment of fibrinogen by poly(GEMA)-sulfate or inhibiting thrombin activity by
the activation of heparin cofactor II.

KEY WORDS: Anticoagulant activity, Heparinoid, Polysaccharide Analogue, Glucoside Polymer

INTRODUCTION

Heparin, which is sulfonated dextro-rotatory mucopolysaccharide, is known to act as an
anticoagulant by increasing the rate of formation of the irreversible complex between thrombin (T)
and antithrombin III (ATIII). Many studies of heparin have been interest in order to develop the
anticoagulant biomaterials using heparin, though there are some difficulties for usage of heparin.
For instance, physiological activity of heparin has not been clarified completely, and the
immobilization of heparin is not so easy. To solve these problems, various synthetic heparinoids
have been synthesized and their anticoagulant properties were evaluated. In our previous study, we
have found that sulfonated poly(glucosyloxyethyl methacrylate) (poly(GEMA)-sulfate){1], , which
bears sulfonated D-(+)-glucose, had anticoagulant activity. In the evaluation of its activity by the
method of Lee-White, both the degree of sulfonation and the concentration of poly(GEMA)-sulfate
influenced on the coagulation time. It became also apparent that poly(styrene sulfuric acid), and
poly(vinyl sulfone) exert slightly their effects, however, dextran sulfate showed higher anticoagulant
activity than that of poly(GEMA)-sulfate in the same condition.  This result suggests that sulfonated
saccharide residue play an important role for acquisition of anticoagulant activity. However, the
mechanism of anticoagulant activity of poly(GEMA)-sulfate has not been cleared. The aim of this
work is to clarify the mechanism of anticoagulant activity of poly(GEMA)-sulfate and to understand
whether saccharide moieties are necessary for anticoagulant activity.

EXPERIMENTAL

Poly(GEMA)-sulfate was synthesized as follows. Poly(GEMA)[2] and SO; were dissolved in N,N-
dimethyl formamide(DMF) in ratio of 1:11.  The mixture was stirred under nitrogen atmosphere at
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25 °C for 24 hours.  Then, after cooling to O *C, the reaction product was neutralized with NaOH in
methanol-water mixture solution and purified by dialysis with water for three days. Then, polymer
solution was freeze-dried for four days. Sulfonation was confirmed by IR spectroscopy.
Absorption at 1240-1250 cm™ and 800 cm™ of poly(GEMA)-sulfate was assigned to $=O and C-O-S
stretch, respectively. Degree of sulfonation was estimated by elemental analysis as 3.8.

The anticoagulant activity of poly(GEMA)-sulfate was measured by activated partial thromboplastin
time (APTT), prothrombin time (PT), and thrombin time (TT) tests. Each experimental procedure
was conventional ones. Fresh human blood which contained sodium citrate was centrifuged at 3000
rpm for 10 min at 4 *C and platelet-poor plasma(PPP) was obtained. PPP, poly(GEMA)-sulfate,
and other reagent were placed in a test tube kept at 37 *C and the time of the formation of a fibrin
network by addition of each clotting reagent was measured.

RESULT AND DISCUSSION

At first, we investigated whether poly(GEMA)-sulfate could interact with ATIII using the SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). There occurred no increasing of the rate
formation of the T-ATIII complex in the presence of poly(GEMA)-sulfate. From this result, we
found that poly(GEMA)-sulfate did not bind to ATIII. Secondary, we examined whether
poly(GEMA)-sulfate could form ion complex with calcium ion in serum. In spite of increasing the
added poly(GEMA)-sulfate, however it was not observed that concentration of calcium ion in serum
was decreased (Table 1). Then we carried out APTT, PT and TT tests to recognize the mechanism
of anticoagulant activity for poly(GEMA)-sulfate. In APTT and PT tests, clotting time was
prolonged when intrinsic and extrinsic coagulant factors were inhibited. In TT test, clotting time
was prolonged when the inactivation of fibrinogen occurred. In the ease of poly(GEMA)-sulfate,
APTT and PT were prolonged and there was no fibrin network formation over 100 mg/ml of
poly(GEMA)-sulfate. This phenomenon was also observed in the TT test. The results of these in
vitro  clotting tests showed that poly(GEMA)-sulfate had anticoagulant activity of which mechanism
was different from heparin. It is concluded that inhibiting fibrin network formation of anticoagulant
may be occurred by the entrapment of fibrinogen by poly(GEMA)-sulfate or the inhibition of
thrombin activity by the activation of heparin cofactor IL.

Table 1. Effect of poly(GEMA)-sulfate on the concentration of Ca++ in the serum.

Poly(GEMA)-sulfate 500 100 50 10 1 none
concentration(ug/ml)
Serum calcium ion 2.7 2.6 2.6 2.6 2.6 2.6

concentration(mmol)
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SUMMARY

In order to evaluate tissue and cell infiltration and endothelialization behaviors of small diameter
polyurethane (PU) vascular prosthesis, PU grafts (1.5 mm ID, 1 cm in length) prepared by using a
low temperature technique were implanted into the abdominal aorta of rats for about two weeks.
SEM and histological analyses were performed after harvesting. Polytetrafluoroethylene grafts
(ePTFE) of the same size were used as control. Endothelial-like cells were observed on 5 out of 6
PU and 2 out of 4 ePTFE grafts. Azan and Victoria blue staining revealed higher collagen and elastin
content in PU grafts. Both grafts had similar inflammatory reaction.

KEY WORDS: Vascular grafts, Polyurethane, ePTFE, in vivo, Microporous

INTRODUCTION

In the previous work from this laboratory, a new small diameter polyurethane (PU) vascular
prosthesis prepared by using a low temperature technique has demonstrated novel microporous
structure, high processing flexibility and excellent compliance (1). The present work is to report the
primary results of in vivo experiment, especially in terms of tissue infiltration and endothelialization.

MATERIALS AND METHODS

PU grafts were prepared from 10% Tecoflex® PU solution by using a low temperature technique (1).
Briefly, PU solution was filled into a mould that was constructed by a glass tube and a glass rod that
was longitudinally fixed at the center of the tube. The mould was then frozen at low temperature and
freeze-dried. Then PU tube was released from glass mould and sterilized for animal implantation.
Six PU grafts of 1.5 mm ID and 1 cm in length were implanted into the abdominal aorta of rats for
about two weeks. After harvesting, those grafts were rinsed in heparinized saline. Then the
specimens for SEM analysis were fixed in 2% glutaraldehyde, critical point dried and coated with
gold. Specimens for histological analysis were fixed in 10% formaldehyde, critical point dried and
stained with HE, Azan and Victoria blue. As control, four ePTFE grafts of 30 um in microfibre
length, 1.5 mm internal diameter and 1 cm in length were implanted, harvested and prepared in the
same fashion as PU grafts.

RESULTS AND DISCUSSION

The results of SEM and light microscope observations were summarized in Table 1. In the total six
PU grafts, PU6 was occluded and significant thrombus was found at the distal side of PUS (33%).
Small thrombus was found in the middle part of ePTFE4 (25%). Other PU and ePTFE grafts had
smooth and glistening luminal surface at the time of harvesting. Endothelial-like cells (ECs) were
observed at proximal and/or distal sites of five out of six (8§3%)PU and two out of four (50%) ePTFE
grafts. No ECs presented at middle part and at the site where thrombosis occurred. Apparently PU
grafts showed better endothelialization as compared with ePTFE controls in the aspects of earlier
occurrence and better development. In the case of PU10, ECs developed about 1.8 mm from distal
anastomosis into the luminal of graft. Based on Azan and Victoria blue staining, much higher content
of collagenous tissue and some elastin fibres presented in the PU prostheses. Since the presence of
collagenous substrate in the luminal side of the graft is very important to the endothelialization
process, the higher collagen synthesis activity within the microporous structure of the PU grafts
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Table 1. Summarized data of explanted PU and ePTFE grafts

ePTFEl ePTFE2 ePTFE3 ePTFE4 PU5S PU6 PU7 PU8 PU9 PUI0

Throm - - - + ++++ OCL - - - -
EC Pro - - - + + - - - + ++
Mid - - - - - - - - - -
Dis - - + + - - ++ + + ++
Collag. + + + + +H++ et b
Elastin - - - - + - + - - -
Inflam. ++ +++ ++ +++ 4+ ++ ++ ++ ++ +++
ImpDay 13 16 22 22 14 14 14 13 15 14

Throm: thrombus (OCL: occluded); EC: endothelial-like cells (Prox, proximal site; Mid, middle site;
Dis, distal site); Collag.: collagen; Inflam.: inflammatory reaction; ImpDay: days of implantation; -:
not observed; +: observed; ++: light; +++: moderate; ++++: significant.

couldbea key factor that had contributed to the better endothelialization of the PU grafts. From
material point of view, PU is relatively more hydrophilic than PTFE and the PU grafts prepared in
this particular manner is even more hydrophilic. Among other factors, the higher hydrophilicity and
the suitable microporous structure of the PU grafts provided a good access for the surrounding
cellulous components and extra cellular fluid to get into the prosthetic wall and then might have
promoted higher cellular activity including collagen synthesis by fibroblasts. ePTFE grafts also
possess microporous structure and permit the infiltration of cells. However, perhaps because of the
extremely high hydrophobic nature and the particular microfibre configuration, the cellular infiltration
process in the ePTFE grafts was apparently slower. It took 13 days for ECs to grow into PU grafts
but 22 days into ePTFE. The thickness of the internal capsule of the ePTFE grafts was very thin or
there was no well organized internal capsule, which again slowed down the endothelialization. The
higher occurrence of thrombosis among PU grafts was believed due to technique error during
operation. In conclusion, PU grafts showed better endothelialization and tissue infiltration than
ePTFE controls, which addressed the importance of hydrophilicity and the microporous structure of
the testing grafts.
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POLY (ACRYLAMIDES) CONTAINING SUGAR RESIDUES :SYNTHESIS,
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ABSTRACT

Hydrophilic poly (acrylamide) compounds having simple mono saccharides (such as glucose
and galactose) as pendent groups were synthesized. Cell culture polystyrene plates were
coated with these polymers. A distinct transition for water contact angle from higher to a lower
value was noted for coated plates. FTIR-ATR of coated plates showed a characteristic band at
1653 cm-!, 1706 cm-! and 1611 cnr! due to amide carbonyl for native, glucose and galactose
poly (acrylamides) respectively. The XPS spectra of cell culture plates coated with native and
sugar derivatives of poly (acrylamides) showed peaks around 277, 287 eV(C 1s), 401 eV(N Is)
and 525, 534 eV(O 1s). The growth rate of mouse fibroblast 1.929 cells was found to be higher
on poly (acrylamide) having galactose residues than that of glucose. A high degree of cell
aggregation was also observed in case of galactose poly (acrylamides).

KEYWORDS : Poly (acrylamides), Sugar residues, Cell attachment, Artificial substrates.

INTRODUCTION

Recently there has been a lot of activity in glycotechnology field for biomedical applications.
One of the major obstacles in understanding the biological recognition processes is the
complicated structure of sugars, glycolipids and glycoproteins. It has been realized that the
synthetic polymers bearing sugar residues recognize cells through the marker molecules
present on cell surface. Such polymers also offer good surface for cell attachment and
proliferation.

The synthetic approach to fabricate the polymers having simple sugar residues may provide
an easy solution to understand the complicated phenomena of biological recognition processes.
we report here the synthesis , characterization and cell adhesion abilities of poly (acryl amides)
having simple sugar residues such as glucose and galactose.

METHODS

The polymers were generated by first polymerizing acryloyl chloride to form poly (acryloyl
chloride) in dry 1,4-dioxane. The amino sugars in alkaline medium are then reacted with poly
(acryloyl chloride) solution (Scheme 1). The resulting solution is diluted with ethanol and
poured into acetonitrile to precipitate the polymers. The polymers were purified by repeated
dissolution and precipitation (3 times) and finally freeze-dried from aqueous solution.

Aqueous solution of these polymers was contacted with cell culture polystyrene plates. The
plates were thoroughly dried under vacuum at room temperature. The polymer coating was
confirmed by surface characterization techniques such as FTIR-ATR, ESCA and contact angle
measurements.
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Standard procedures were followed in cell culture experiment with pure mouse fibroblast
L.929 cell line( RIKEN cell bank). Poly (acryl amide) was used as control.

RESULTS AND DISCUSSION

Two poly (acryl amide) derivatives bearing glucose and galactose sugar moieties were
synthesized. The two sugar residues chosen are isomers of each other. These poly (acryl
amide)-sugar derivatives are hydrophilic and miscible with water in all proportion. The
aqueous 1 % (w/v) solution was used to coat the cell culture polystyrene plates. Polymer layer
was adsorbed strongly on to cell culture polystyrene plates. The polymer coating was found to
be quite stable under surface characterization and cell culture experimental condition. The
water contact angle was remarkably decreased after coating. Polystyrene plate has contact
angle of 71.8°. Poly (acryl amide) coated plate showed contact angle of 24.3° In case of
polymers containing sugar residues the contact angle was observed to be too low (below 200).
FTIR-ATR of coated plates showed band at 1653 cm-1, 1706 cm-! and 1611 cm-! due to
amide carbonyl for native, glucose and galactose poly (acryl amides) respectively. XPS
spectra of coated polystyrene plates showed N Is peak in 401- 403 eV region, besides C Is
and O 1s peaks. These results indicate the firm coating of poly (acryl amide) and its sugar
derivatives.

Cell proliferation results (Figure 1) shows that there is remarkable cell attachment in case of
poly (acryl amide) having glucose and galactose residues. A marginal difference in cell growth
rate was noted for initial period of 5 hours for two PAAm-sugar derivatives. The overall rate
of cell growth was found to be highest in case of PAAm-galactose and a high degree of cell
aggregation & cell deformation was observed in case of poly (acryl amide) bearing galactose
residue. PAAm-galactose seems to favor the L.929 attachment and growth as compared to
PAAm- glucose.
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SUMMARY

To design of synthetic polymer with mitogenic propertiy, a novel water-soluble polymer was
synthesized by radical copolymerization of 3-acrylamidophenylboronic acid with dimethylacrylamide
(poly(DMAA-co-PBA)). Since boronic acid moiety has an affinity for vicinal diol compounds,
boronic acid was introduced as recognition site of sugar residues existing on the plasma membrane
surface of lymphocyte. Interaction of phenylboronic acid with cell was confirmed through 11B-
NMR. Then, proliferative response of mouse lymphocytes was evaluated by the incorporation of
3H-thymidine. = Bomate-containing polymer with higher molecular weight inducgd higher
proliferation of lymphocytes, and significant proliferation was achieved in the presence of polymers
with Mw 300,000(DB30). Moreover, Killer cell activity was estimated by Cr51l-release assay. In
the presence of boronte-containing polymer, Cytolysis of YAC-1 was increased similar to, typical
killer cell inducer, PHA lectin. Further, significant accerelation in lymphocyte proliferation was
found in the presence of both IL-2 and boronate-containing polymer.

KEYWORD: phenylboronic acid, mitogen, adoptive immunotherapy, lymphocyte proliferation,
killer cell, IL-2

INTRODUCTION

Lymphocytes with tumoricidal activity have received special impetus for adoptive
immunotherapy of several cancers. Activation and proliferation of tumoricidal lymphocytes can be
achieved by treating with so-called mitogens. Most well-known mitogen is lectin. However, lectin
has serious immunogenic properties, and its stability is not always adequate for various applications.
These problems might be solved through the development of a synthetic polymer with lectin-like
function. It is known that lectins contain at leaset two recognition sites toward sugar chains and
lectins need the multivalent binding per molecule for lymphocyte activation. This binding of lectin
induce the crosslinking of glycoproteins, inducing the change in the intracellular metabolism. To
prepare artificial lectin, we designed a synthetic polymer having multiple binding site for sugar
residues along a polymer chain. We focused on phenylboronic acids as binding sites to the sugar
residues. It is known that boronic acids can easily form reversible covalent bonds with polyol
compounds. In this study, we synthesized a novel water-soluble polymer having phenylboronic
acid moiety. This boron-containig polymer exihibited to induce proliferative response of
lymphocytes as well as induction of killer cells.

METHODS

Polymer synthesis: Radical copolymerization of dimethylacrylamide with AAPBA (3-
acrylamidophenylboronic acid) was carried out to obtain polymer samples with varying content of
AAPBA by changing feed ratio of AAPBA content or solvent. Molecular weight of the polymer

225



226

samples was determined by static light scattering. The structure of the obtained polymers was
confirmed by 1H-NMR and UV spectroscopy. Evaluation of lymphocyte proliferation: Mouse
lymphocytes were suspended in 25mM HEPES-buffered-RPMI1640 medium supplemented with 10
% of FCS (pH 7.4) at 2 x 106 cells/ml. Lymphocytes were incubated at 37 °C for 48 h in a
humidified atmosphere of 5 % COp in air. 3H-thymidine was added to the culture dish at 45 h
cultivation. After 3 h, incorporated radioactivity was measured using a Liquid Scintillation Counter.

Evaluation of induction of kiiler cell: Cytotoxic activity was determined by 51Cr release assay.
YAC-1 was used as target cell.

RESULTS AND DISCUSSION

To estimate interaction between phenylboronic acid and carbohydrate on the cell membrane,
binding constant between propionamidophenylboronic acid and several carbohydrate compounds
was estimated by 1!B-NMR. Phenylboronic acid showed binding with sugars including glucose
and galactose, sialic acid in phosphate buffered saline at pH 7.4. Especially, The peak of boronate /
polyol complex in the propionamidophenylboronic acid with lymphocytes was confirmed through
11B-NMR. These results indicated that phenylboronic acid moiety in the boronate-containing
polymer preferablly binds sugar residues in the cell surface and induces proliferative signal in
lymphocytes.

Then, proliferative response of lymphocytes by the addition of boronate-containing
polymer(DB) was evaluated. Proliferation of lymphocytes was determined by the uptake of 3H-
thymidine after 48 h cultivation. Dose dependent increase of 3H-thymidine uptake was observed in
the presence of DB copolymer, while little proliferative response of lymphocytes was observed in
the presence of homopolymer. It is considered that the binding of boronic acid residues in the
polymer to glycoproteins on the plasma membrane of lymphocytes induced the proliferative
response of lymphocytes. The effects of molecular weight and PBA content on the proliferation of
murine lymphocytes were thoroughly investigated. Polymer with higher molecular weight induced
higher proliferation of lymphocytes, allowing to achieve significant proliferation in the presence of
copolymers with Mw 300,000(DB30). .

Worthy to mention is the induction of killer cells by DB copolymers. Higher cytolysis of
target cell was observed when ‘lymphocytes were cocultured with DB copolymer than with
polydimetylacrylamide for 120 h. These results suggests that DB copolymer provides an inductive
signal to the cytotoxic cells inducing killer cell activity.

In conclusion, polymer containing phenylboronic acid portions were confirmed to work as
an artificial lectin. This thoroughly synthetic polymer having sugar recognition sites like lectin
successfully induces the proliferative response of lymphocytes, suggesting the promising future to
apply to artificial Biological Response Modifier (BRM).
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POLYION COMPLEX COMPOSED OF PHOSPHOLIPID POLYMERS

Kazuhiko Ishihara, Hikaru Inoue*, Kimio Kurita*, Nobuo Nakabayashi

Institute for Medical and Dental Engineering, Tokyo Medical and Dental University,
2-3-10, Kanda-surugadai, Chiyoda-ku, Tokyo 101, Japan
*Department of Industrial Chemistry, School of Science and Technology,
Nihon University, 1-8-14, Kanda, Chiyoda-ku, Tokyo 101, Japan.

ABSTRACT

To investigate the effect of electrical charges in polymer with phospholipid polar group on the
interactions between blood cell and polymer, cell adhesion on 2-methacrylloyloxyethyl
phosphorylcholine(MPC) polymer having various charges was examined. Blood cells did not adhere
on the MPC polymers even they have charges. However, polyion complex(PIC) composed of
anionic and cationic MPC polymers could adhere platelet selectively by contact with whole blood.
This phenonena was due to specific composition of albumin and fibrinogen adsorbed on the PIC.
Moreover, adherent platelets on the PIC fused each other spontaneously.

KEY WORDS : Phospholipid polymer, Blood cell, Protein adsorption, Polyion complex, Platelet
adhesion, Cell fusion, Nonthrombogenicity

INTRODUCTION

We have synthesized phospholipid polymers as a novel biocompatible polymer and examined its
blood compatibility[1]. The copolymers of 2-methacryloyloxyethyl phosphorylcholine(MPC) and
hydrophobic monomers, particularly n-butyl methacrylate(BMA) showed nonthrombogenicity, that
is, suppression of platelet adhesion, activation, and aggregation when the copolymers contacted
human whole blood, even in the absence of an anticoagulant{2]. Moreover, adsorption of plasma
proteins was reduced on the MPC polymer surface from human plasma[3]. We became interested
in the electrically charged MPC polymers and attempted to prepare new types of functional polymers
which show selective adhesion of the cell. In this report, the interactions between blood components
and the MPC copolymer with various electrical charges and the polyion complex(PIC)s prepared
from anionic and cationic MPC copolymers were investigated[4].

H3 QHa ?Ha
MATERIALS AND €¢-CHz gt ¢-Cha y—F¢-CHz )
METHOD ¢=0 0 ¢=0 ¢=0

OCH2CHzOPOCH2CH2R(CHs) s OCH2CH2CH2CHs OCH2CH2CHzN (CHa) 3

MPC and BMA, one of the (o) MPC BMA MPTAI
charged monomers, that is, -
sodium 3-methacryloyl- OCH2CH2CH2S03
oxypropyl sulfonate GHs GHs ¢=0
(SMPS) or 3-—f¢-CH}) t¢-CHag—t C-Cha—y,
(methacryloyloxy- ¢=0 0 =0 CHs
propyl)trimethyl  OCH2CH20POCHzCH2Ri (CH3)s OCH2CH2CH2CHa3
ammonium iodide c', MPS

(MPTAI) were

polymerized in ethanol[4]. The poly(BMA) membrane was immersed in the 1.0 wt% ethanol
solutions containing these polymers and dried to coat PIC on the surface. Citrated platelet-rich
plasma(PRP) was obtained from rabbit. The poly(BMA) membrane coated with the MPC polymer
or the PIC in a disk shape were placed in the 24-well tissue culture plate. A phosphate-buffered
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solution(PBS, pH 7.4) was allowed to stand
in the wells for a day to equilibrate the surface. {
Whole blood or PRP were poured into each
well for a given period. The membrane was
rinsed three times with PBS and the blood
components adherent to the membrane ware [£*:
fixed with glutaraldehyde. The surface of the §
membrane was observed using a scanning
electron microscope (SEM).

RESULTS AND DISCUSSION

Cell adhesion from whole blood or PRP

Fig.1 shows SEMs of the membrane surface . =
after contact with rabbit whole blood for 60 PIC/wholé blood PIC/ PRP

min. Cells adhered and a fibrin network

formed on the surface of the original  Fig 1 SEMs of polymer surfaces after
poly(BMA) membrane. However, less cell contact with blood

adhesion and no fibrin deposition could be

observed on the membrane coated with any of the MPC copolymers. In the case of the PIC, few red
blood cells adhered but many platelets were found on the surface. The adherent platelets on the PIC
maintained a discoid shape, that is, their original shape. On the poly(BMA) membrane, a large
amount of adsorbed protein and some aggregates were observed which was determined by a gold-
colloid labeled immunoassay. A few proteins were adsorbed on the MPC polymers. On the other
hand, greater amount of albumin were adsorbed on the surface but less y-globulin and fibrinogen
could be found on the PIC surface. To estimate the activity of platelets attached to a polymer surface,
the amount of remaining adenosin triphosphate(ATP) in the platelet was determined. Although the
amounts of ATP in platelets adhered to poly(BMA) were quite low, though on both poly(MPC-co-
BMA) and PIC were maintained at a higher level than in

PRP. Thus, platelets adhered to the PIC did not induce drastic

changes in their shape and activity.

Spontaneous fusion of adherent platelets on PIC

It could found dramatically phenomena of the platelets

adhered on the PIC surface, that is, spontaneous fusion. Fig.

2 demonstrates that phenomena. The PRP was contact with

PIC for more than 60 min. The fused platelets did not change

in the their shape. Though the reason of this phenomena is

not known yet, itis first report to show the fusion of platelets  Fijg. 2. SEM of fused platelets
without deformation and activation. adhered on PIC.
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THERMO-RESPONSIVE POLYMER SURFACES FOR CELL CULTURE: ANALYSIS OF
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SUMMARY

Poly(N-isopropylacrylamide)(PIPAAm) has been applied to thermal on-off switching polymers for
drug release[1]. We have reported that, when PIPAAm is grafted on the surface of a cell culture
dish, the cells cultured on the dish can easily be detached at a temperature lower than the LCST of
PIPAAm without any help of trypsin exc.[2]. In this study, the grafted surface was characterized
and the cell attachment / detachment behavior of the grafted dishes was discussed. The grafted
surface changed from hydrophobic(37 C) to hydrophilic(15°C) and the degree of these changes
was able to be controlled by the amount of grafted PIPAAm. Bovine endotherial cells could
adhere on the grafted surfaces whose PIPAAm graft level were below 2.2 u g/em” at 37°C and
could detach from the grafted dishes whose graft level were over 0.8 # glem’at 15°C. It was
concluded that the PIPAAm grafted dishes whose graft level were 0.8~2.2 u glem” were good for
cell attachment / detachment behavior. KEYWORDS: poly(N-isopropylacrylamide), grafted
substrate, cell culture, cell attachment, non-enzymatic cell detachment

METHODS

Preparation of PIPAAm grafted dishes: A 0.07 ml of IPAAm solution (20-60 wt%) in isopropy!
alcohol (IPA) was added to a tissue culture polystyrene dish (Falcon 3002: referred to as control
dish), followed by the irradiation by 0.25 MGy electron beam (190 kV) using an Area Beam
Electron Processing System (Nissin-High Voltage, Japan ) ( DISH ( IPAAm 20 - 60 ) ). The
PIPAAm grafted dishes were rinsed with cold water to remove nongrafted PIPAAm, dried under
nitrogen gas and gas-sterilized by ethylene oxide before use in cell culture experiments.

Analyses of PIPAAm grafted surfaces: The amount of the grafted PIPAAm on the each surface

was estimated by FT-IR-ATR method using a JIR-RFX3002 (JEOL, Japan). And contact angle of
the each surface was determined by a drop method using a Face Contact Angle Meter CA-D
(Kyowa Surface Chemistry, Japan) at 15°C and 37°C.

Cell culture / detachment: Bovine aorta endothelial cells were cultured at 37°C in 5% CO,, using

a DMEM containing 10% FCS on the PIPAAm grafted and control dishes. After cultivation the
dishes were cooled to 10°C for 30 min. without changes of medium to detach the cells.

RESULTS AND DISCUSSION

PIPAAm could be grafted uniformly onto tissue culture polystyrene dishes by irradiation using an
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electron beam. Table 1 shows the amounts of the grafted PIPAAm on these dishes determined by
FT-IR-ATR method and the contact angles at 37°Cand at 15°C. Each amount of grafted PIPAAm
was below 3.0 g g/lem® and was increased with increasing monomer concentration. Cos 8 ( 6 :
contact angle) of the PIPAAm grafted dishes was increased with increasing the amount of the
grafted PIPAAm and was increased with decreasing the temperature from 37°C to 15°C. On the
other hand, contact angle of the control dish was not changed, even if it was cooled. These results
reveal that the surface of the PIPAAm grafted dishes changes from hydrophobic(37 C) to
hydrophilic(15°C)and the degree of these changes is able to be controlled by the amount of grafted
PIPAAmM.

Bovine endotherial cells were cultured both in the grafted dishes and a control dish(Table 2). As
for the grafted dishes whose cos 0 were below 0.72 (DISH(IPAAmM-40) ), the degree of adhesion
of the endotherial cells(37 ‘C) was almost the same as that of the control dish. In the
DISH(IPAAm-60) whose cos 0 was 0.75, however, endotherial cells did not adhere. The
detachment of the cultured cells from the PIPAAm grafted dishes whose cos # were over 0.77 was
observed at 15°C.  On the other hand, grafted dishes whose cos & was below 0.62 or a control
dish, the cultured cells did not detach by low temperature treatment.

Table 1 Amount of grafted PIPAAm and contact ~ Table 2 Cell adhesion and growth on PIPAAm

angle of the surface of grafted dishes at 37°C grafted dishes, and cell detachment by low
and at15C temperature treatment (BAEcells)
graft level  cos 0 (0 :contact anglc) cell attachment growth  detachment
code (ugem?) 37C 15C A@5C37C)  code (37C) (15°C)
control 0 0.56 0.56 0 control + *  no detachment
DISHUIPAAm-20) (.5 0.56 0.62 +0.06 DISH(IPAAm-20) "+ +  no detachment
DISH(IPAAm-30) 0.8  0.67 0.77 +0.10  DISH(IPAAmM-30) =+ + +
DISHIPAAm-40) 1.4 0.72 0.83 +0.11 DISH(IPAAm-40) = + ++
DISH(IPAAm-50) 2.2 0.73 0.87 +0.14  DISH(IPAAmM-50) — - ++
DISHIPAAm-60) 3.0 0.75 0.93 +0.18 DISH(IPAAm-60) no adhesion ND ND

In conclusion, an even infinitesimal amount of grafted PIPAAm can cause the hydrophobic surface
to change the hydrophilic one, and the switching of this changes is effective to control the cell
attachment / detachment behavior. On the other hand, the detachment of cultured cells was
partially inhibited by sodium azide treatment, suggesting that cell metabolism directly affects cell
detachment[3]. Therefore mechanism of cell detachment from the PIPAAm grafted surface should
be studied in connection with not only the remarkable hydration of PIPAAm grafted surface but
also the active cell morphological changes.
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ABSTRACT

RGDS-carrying affinity latex particles were used for cell activation through RGD-integrin
interaction and for integrin separation/purification from platelet membrane extract. The
effects of particle composing material, spacers and reaction conditions on the activation and

purification were studied in detail.

KEY WORDS : affinity latex, RGDS, integrin, bioseparation, spacer

Introduction

Cell adhesive tetra-peptide RGDS was immobilized on latex particles. They were used for
two purposes. One is for cell activation via integrin / RGDS binding. The other is for integrin
purification from cell menbrane extracts. The effects of the mode of RGDS immobilization
and of the surface chemistry of particles on cell activation and integrin purification were

studied.

Methods
Preparation of RGDS-carrying particles

Styrene-acrylamide (SA) and styrene-glycidyl methacrylate (SG) copolymer latex particles
were prepared soap-free emulsion polymerization.  Acrylamide-methacrylic acid (AM)
copolymer hydrogel particles were prepared by precipitation polymerization. Carboxyl or
amino groups were introduced on the surface of SA particles. To these particles, cell
adhesive peptide RGDS was immobilized directly or via spacer (ethyleneglycol diglycidyl ether,
EGDE, or oligoglycine). The amount and composition of immobilized RGDS were determined
by amino acid analysis.

Activation of leukocytes by RGDS-carrying particles

The extent of activation of leukocytes or neutrophil-like HL60 by RGDS-carrying particles
was determined by the amount of oxygen consumption or active oxygen production by the

cells on contact with RGDS-carrying particles. The oxygen and active oxygen were measured
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with an oxygen electrode and by chemiluminescence, respectively.

Purification of receptor

RGDS-carrying particles were mixed with octylglucoside extracts of human platelet at 4°C
for 60 min. The particles were separated from the suparnatant and soaked in a buffer
containing 1 mg/ml GRGDS for 1 hr to desorb the receptor from the particle surface. The
molecular weight of the purified proteins was determined by SDS-PAGE. The proteins were
identified by Western blotting.

Results and Discussion
Activation of cells

The extent of cell activation by RGDS-carrying particles significantly depended on the kind
of the carrier particles (Fig.1). Cationic SA particles carrying RGDS forced the neutrophil-like
cells to produce the largest amount of active oxygen, that is, gave the strongest stimulus to

the cells. Similar results were obtained when the amount of oxygen consumption was

measured in different particles sytems1 ). The cell-activation efficiency of immobilized RGDS
itself is assessed from the length of the solid bar relative to those of the open or slashed bars
in each system in Fig, 1. The difference in the activation efficiency between RGDSs on
cationic and anionic SA particles was attributed to the electrostatic interaction between the
paraticle and cell, and RGDS immobilization mode. When RGDSGn (n=2 or 4) was immobilized
on cationic SA particles, a spacer effect contributed to the more effective expression of the
RGD function.
Purification of receptor

RGDS-carrying SA particles and SG particles were used for the purification of receptor
proteins from octylglucoside extracts of human platelet. The purified protein was idnetified to
be the receptor GP Ib /la. The molecular weights of proteins purified under reducing or
nonreducing conditions were 116 / 118 kD or
90 / 133 kD, respectively. The affinity between
RGDS on particles and receptor molecules
depended on the divalent cations and
temperature. Between two kinds of particles

mentioned above, GRGDS-carrying SG particles

Integrated intensity (relative)

were better at purifying the receptor with less

contamination. Spacer EGDE was a necessary
) Flg.1 Comparison of production of reactive oxygen
component in this separator system. by neutrophil-like cells among three kinds of
mlcrosphere syslems.

i i Data are Indicated by relative values to that In the
(1) Kasuya, Y., et al. Biomaterials, 15, 570 (1994) non-coated PSt dish system after 30 min.
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ABSTRACT

The secondary structure of fibronectin (FN) adsorbed to polymer surfaces were investigated in
a quantitative manner using Fourier transform ir attenuated total reflectance (FTIR ATR)
techniques. Polystyrene (PSt), poly(e-N-benzyloxycarbonyl-L-lysine) (PBCL), and 10 mol%
deprotected PBCL (CL10) were used as polymer substrates. The conformation of adsorbed FN
was substrate dependent even though the comparable amount of FN adsorbed. The contents of
the B-structure, a-helix, and random coil structure of FN on PSt at 10 min after the injection
were 61%, 22%, and 17%, respectively. The B-structure content increased gradually and
reached ca.70% after 180 min. In the case of CL10, the content of the B-structure, a-helix, and
random coil structure at 10 min were 47%, 43%, and 10%, respectively. The B-structure
content increased as well as PSt and reached 65% after 180 min, while the a-helical content
decreased to 26%. Deconvolved ir spectra in the amide II region showed that the p-structure
content in FN increased upon adsorption to PSt and CL10, but the secondary structure content
changed depending on polymers.

KEY WORDS : secondary structure, fibronectin, FTIR ATR, polystyrene, poly(e-N-
benzyloxycarbonyl-L-lysine)

INTRODUCTION

Fibronectin (FN) is a multifunctional glycoprotein with a molecular weight of 440,000 Da
consisting of two subunits linked by disulfide bond. It binds to collagen, glycosaminoglycans,
cells, platelets, fibrin, and bacterial cell walls. However, several reports suggest that cellular
behavior is substrate dependent even in the surface saturating level of adsorbed FN{1,2]. It can
be assumed that surface characteristics of the substrate influence the secondary structure of
adsorbed FN molecules, and limiting the specific receptor-ligand interaction and the
organization of extra cellular matrix. In this study, FN absorbed to polymer surfaces was
monitored in situ by Fourier transform infrared attenuated total reflectance (FTIR ATR)
spectroscopy. Curve analysis was carried out to examine the conformational change of
adsorbed FN.

MATERIALS AND METHODS

Polystyrene (PSt), poly(e-N-benzyloxycarbonyl-L-lysine) (PBCL), and 10 mol% deprotected
PBCL (CL10) which was kindly supplied by Dr. Maruyama A. of Tokyo Institute of
Technology were used. FTIR spectra of FN adsorbed to thin polymer films were obtained on a
Nicolet 20DXB and Magna 750 FTIR spectrometer equipped with the Contact Sampler
(Spectra Tech Inc.) using a horizontal flat ZnSe (45° facecut angle) ATR crystal. The horizontal
ATR cell, specially designed to monitor protein adsorption spectrally in situ, was thermostated
using circulating water at 37 °C. PSt, PBCL, and CL10 films were spin cast onto the ZnSe 45°
crystal, and dried in vacuo at 60 °C for at least 90 min. All spectra were collected by co-adding
200 scans at 4 cm-! resolution with Happ-Genzel apodization with a broad band pass HgCdTe
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(MCT) detector. Curve analysis including Fourier self-deconvolution and the band fitting was
carried out in the amide II region by the program FOCAS (Nicolet Analytical Instruments)[3].

RESULTS AND DISCUSSION

FTIR ATR spectra of FN adsorbed to PSt and a ZnSe ATR crystal surfaces were obtained at 0,
10, 20, 60, 120, 180 min after the initial injection of a FN solution into the horizontal ATR
cell. The amide I and amide II bands were observed in each spectrum around 1650 cm-! and
1550 cm-1, respectively. Curve analysis was applied to the amide II band of FN, because the
intensity of the amide I band is more subjected to the water subtraction process. From the
results on the curve analysis, the individual calculated components were assigned to parallel-
chain pleated sheet (1551 cm! ), a-helix (1545 cm-! ), random coil (1536 cm-1 ), parallel- and
antiparallel-chain pleated sheet (1530 cm1), and o-helix (1517 cm-! )[3]. For each spectra, the
areas of the resolved components associated with a-helix, B-structure, and random coil
structure were obtained as fraction of the total amide II area. Fig.1 shows the changes of the
fraction for each structure, that is, the secondary structure content of FN adsorbed to (a) PSt
and (b) CL10 surfaces. As shown in Fig.1 (a), the contents of the B-structure, a-helix, and
random coil structure at 10 min after the injection were 61%, 22%, and 17%, respectively. The
B-structure content increased slowly and reached ca.70% after 180 min. The random coil
structure content, on the contrary, decreased gradually to 8%. In the case of CL10, the content
of the B-structure, a-helix, and random coil structure at 10 min after the injection were 47%,
43%, and 10%, respectively. The B-structure content increased as well as PSt and reached 65%
after 180 min. The a-helical content decreased to 26%, while the content of random coil
structure was almost constant at ca.10%. Cooper et al. [4] in their investigation on adsorption
of FN to polyurethane surfaces using FTIR showed qualitatively that the amount of B-structure
in FN increased upon adsorption to all polymers, based on the changes in the amide I and the
amide III region of adsorbed FN.[4] We have shown in a quantitative manner by means of
deconvolved ir spectra in the amide II region that the B-structure content in FN increased upon
ad?orption to PSt and CL10, but the secondary structure content changed depending on
polymers.

Time (min) Time (min)
Fig.1 Variation of secondary structure content of FN adsorbed to (a) PSt and (b) CL10 surfaces.
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HYBRID BIOMATERIALS COMPRISING DOUBLE-HELICAL DNA. COVALENT
COUPLING BETWEEN A PHAGE DNA AND POLY(N-ISOPROPYLACRYLAMIDE)
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SUMMARY: We describe a bioconjugate consisting of DNA and poly(N-isopropylacrylamide).
The conjugation relies on a vinyl monomer (1) having a psoralen moiety, which is bound covalently
to double-helical DNA upon UV-irradiation. The vinyl-derivative of DNA was copolymerized with
N-isopropylacrylamide to give the temperature-responsive conjugate, which would be useful for
affinity separation of DNA-binding proteins, molecules and ions.

KEY WORDS: bioconjugate, 4 phage DNA, poly(N-isopropylacrylamide), affinity separation

INTRODUCTION

Poly(N-isopropylacrylamide) (NIPAAM) is known to show the transition between the coil (soluble)
and globule (insoluble) conformations reversibly around 31 °C [1]. Chen et al. took advantage of
this property for the thermally-induced separation of biomolecules by using a polyNIPAAM-protein
conjugate [2]. Takei et al. also reported the temperature-responsive bioconjugate from proteins
and polyNIPAAM [3]. In contrast, there have been few reports on a polyNIPAAM-conjugate
comprising DNA which play important roles as a 'host' in biological affinity reactions. We reported
a reversible complex of DNA with polyNIPAAM having DNA-intercalative groups [4]. We also
conducted a covalent coupling of polyNIPAAM with DNA by virtue of a vinyl monomer having a
psoralen moiety, which can form a photoadduct with DNA double helix [5]. However, in both
cases, the efficiency of thermally-induced precipitation was not satisfactory. In the present study,
we developed an improved psoralen monomer (1) by the use of N,N-bis(3-aminopropyl)methyl-
amine as a spacer between psoralen and vinyl group so that the efficient precipitation was attained.

MATERIALS AND METHODS

1 was prepared according to the literature [5], but with using N,N-bis(3-aminopropyl)methylamine
instead of ethylenediamine. Photo-reaction of 1 with A DNA was made by irradiating UV light (ca.
60 mW/cm2) on an ice bath for 10 min. The reaction mixture was extracted twice by chloroform-
isoamyl alcohol (24:1, v/v) in order to remove 1 which was not covalently bound to DNA. Then
NIPAAM, N,N,N' N'-tetramethylethylenediamine, and ammonium peroxodisulfate were succesively
added into the mixture under nitrogen atmosphere. Polymerization was carried out at 24 °C for 1 h.
The mixture was then analyzed by gel electrophoresis (0.5 %-agarose gel at 10 “C and 7 V/cm for 1
h). After electrophoresis, DNA in the gel was stained by ethidium bromide. On the other hand, the
mixture just after the polymerization was centrifuged (15000 rpm, 30 min) at 37 °C in order to
precipitate the DNA-polyNIPAAM conjugates. The supernatant was collected and subjected to gel
electrophoresis. The band due to unprecipitated DNA was evaluated by scanning densitometry.
Concentration conditions for the reactions were the same as those described in the literature [5].

RESULTS AND DISCUSSION

A DNA which had been reacted photochemically with 1 was co-incubated in the polymerization
system of NIPAAM. The gel electrophoresis of the product showed retarded migration as well as
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broadening of the DNA band (see Fig. 1(a), lanes 3-5). The degree of retardation increased with
increasing concentration of 1. In contrast, as seen in lanes 6-8, the light-induced binding of 1 to 4

DNA did not affect the migration in the concentration range examined here. Since the mobility in
gel electrophoresis is dependent on size and charge of migrating species, the retardation is ascribed
to the increase in size brought about by the modification of DNA with nonionic polyNIPAAM
chains. On the other hand, lane 2 where DNA was not reacted with 1 showed no retardation after
the polymerization. The vinyl-derivatized DNA incubated in the polymerization system of
NIPAAM is thus concluded to be conjugated with polyNIPAAM by means of 1 residues, which had
been previously introduced in DNA and then took part in copolymerization with NIPAAM.

Temperature-responsiveness of the present conjugate was evaluated by the centrifugation of the
post-polymerization mixture at 37 ‘C. As seen in Fig. 1(b), almost 100 % of DNA acquired the
temperature-responsive property when a comparable molar amount of 1 was used for DNA at the
antecedent photo-reaction. Thus the efficiency of themally-induced precipitation was strikingly
improved as compared with those values (ca. 50 % max.) in our previous studies [4,5]. This should
be ascribed to the longer and more hydrophilic spacer chain of 1. The present DNA-polyNIPAAM
conjugate should be a useful tool for separating DNA-binding proteins, molecules and ions.

This work was supported in part by The Naito Foundation. Financial support by a Grant-in-Aid for
Scientific Research from Ministry of Education, Science and Culture of Japan is also acknowledged.

CHa H CHy 1 @ CHa
CH,~N—CH s-N—{CH ;)7 N-C-C=CH,
SOW
M monomer 1
3

@@ 1 2 3 4 5 6 7 8

Fig. 1 (a) Gel electrophoresis of DNA-polyNIPAAM conjugates (0.5 % agarose). A DNA (115 ¢
M) was irradiated by UV in the presence of 1 (lanes 3-8). After removing unbound 1, samples at
lanes 2-5 were co-incubated in the polymerization mixture of NIPAAM. Lane 1, DNA alone; lane
2,[11=0; lane 3 and 6, [1] = 0.5 4 M; lane 4 and 7, [1] = 2 £ M; lane 5 and 8, [1] =5 4« M. The
concentrations of 1 ([1]) represent those at the antecedent photochemical reaction. (b) Amount of
unprecipitated DNA when centrifuged at 37 °C in percent to the DNA originally added vs. the
molar ratio of 1 to DNA (base) at the antecedent photochemical reaction, Average = SEM (n = 3).
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SUMMARY

Two type of glucose-sensitive hydrogels were prepared by entrapment of Concanavalin A (Con.A) in a
glucosyloxyethyl methacrylate (GEMA) hydrogel and copolymerization of GEMA and modified Con.A in which
double bonds were introduced. The swelling ratio of their hydrogels depended on the glucose concentration. This
is due to the fact that glucose results in the dissociation of the complex between pendant glucose of GEMA and
Con.A and the crosslinking density in the hydrogels decreases. Con.A leaked from the Con.A-entrapment GEMA
hydrogel but didn't from the Con.A-copolymerized GEMA hydrogel. The Con.A-copolymerized GEMA hydrogel -
showed the reversible swelling changes in response to a step-wise change in glucose concentration.

KEY WORDS: Hydrogel, Glucose-sensitivity, Polymer with pendant glucose groups, Concanavalin A
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(Poly(glucosyloxyethyl methacrylate), poly(GEMA)) in 1.3
order to design a glucose-sensitive polymer [5]. The
previous study revealed that poly(GEMA) forms a complex & Con.A-entrapment GEMA hydrogel
with Con.A in a buffer solution and the addition of free .2 1.2 F 4
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o . Con.A entrapped in the former hydrogel is 18.8 wt%.
bonds were introduced by the carbodiimide technique on-AA entrappedt yarog °
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(Scheme 1). Swelling ratio of the hydrogel was determined from the weight of the swollen hydrogel (W ) and dried
gel (W) as follows;
Swelling ratio (g/g)=(W-W /W,

RESULTS AND DISCUSSION

Fig. 1 shows the relationship between the glucose
concentration and the relative swelling ratio of the
hydrogel in an aqueous glucose solution. Though the
swelling ratio of the GEMA hydrogel was constant, the
swelling ratio of the Con.A-entrapment GEMA hydrogel
increased with the glucose concentration. Such a
glucose-sensitive swelling of the Con.A-entrapment
GEMA hydrogel is attributed to the dissociation of the
complex between poly(GEMA) and Con.A in the
presence of glucose (Fig. 2). Furthermore, the swelling
ratio of Con.A-entrapment GEMA hydrogel changed by the presence of mannose as well as glucose, but didn’t by
galactose (Fig.3). This demonstrates that the Con.A-entrapment GEMA hydrogels can recognize the kind of
monosaccharide. Therefore, this hydrogel may also be useful to sense different sugars in a solution.

Fig.2 Schematic of glucose-sensitivity of the
Con.A-entrapment GEMA hydrogel.

The Con.A-entrapment GEMA hydrogels have a
problem that Con.A may leak out of them when they
swell in an aqueous solution containing free glucose.
The leak of Con.A prevents the hydrogel from
reversible swelling changes in response to glucose.
Therefore, Con.A must be covalently immobilized
within the GEMA hydrogel for the development of a
reversibly glucose-sensitive hydrogel. The amount of
Con.A leaking out of the Con.A-entrapment GEMA
hydrogel and Con.A-copolymerized GEMA hydrogel
were measured in an aqueous solution containing
glucose. When the Con.A-entrapment GEMA
hydrogel swelled in the presence of free glucose, the
amount of Con.A leaking out of the hydrogel increased

gradually. To the contrary, Con.A did not leak out of
the Con.A-copolymerized GEMA hydrogel in spite of
the swelling in the presence of free glucose.
Consequently, the Con.A-copolymerized GEMA

Time (h)
Fig.3. Swelling ratio changes of Con.A-entrapment
GEMA hydrogel as a function of time, when the hydrogels
were immersed in 0.1 M tris HCI buffer solution(pH 7.5)

containing 10g/l of monosaccharide: (O) glucose; ()
mannose; (@) galactose. The concentration of Con.A
entrapped in the hydrogel is 18.8 wt%.

hydrogel shows reversible swelling change in response
to the glucose concentration.
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SUMMARY

Interaction between neocarzinostatin chromophore (NCS-chr) and a self-aggregate of cholesterol-
bearing pullulan (CHP) was investigated. NCS-chr was isolated by gel chromatography (solvent:
dimethylsulfoxide (DMSO)) after NCS-chr was released from neocarzinostatin (NCS) in DMSO.
The amphiphilic CHP nanoparticle bound NCS-chr in the hydrophobic binding site. The chemical
stability of the chromophore in water increased upon the complexation.

KEY WORDS
neocarzinostatin, chromophore, hydrophobized polysaccharide, complexation, dimethylsulfoxide

INTRODUCTION

Neocarzinostatin(NCS, MW=11,750) is an anticancer drug extracted from Streptomyces
carzinosticus var. F-41 [1]. NCS is consisted of two components, protein component (apo-NCS,
MW=11,090) and non-protein component (NCS-chr, MW=660). X-ray crystallographic studies
suggested the NCS-chr should be stabilized through hydrophobic interaction with apo-NCS [2].
The active center of NCS is thought to be NCS-chr, but it is so easily degraded by heat, by UV
irradiation, or in higher pH [3]. Therefore, the isolated NCS-chr is hardly applicable as an active
reagent. Recently, we have reported that hydrophobized polysaccharides such as cholesterol-
bearing pullulan (CHP) form monodispersive nanoparticle by self-assembly in water. The
amphiphilic nanoparticle complexed with various hydrophobic compounds and also soluble
proteins [4]. In this study, we describe the function of CHP nanoparticle as an artificial apo-NCS.

MATERIALS AND METHODS

NCS was supplied from Kayaku Antibiotic Res. Corp., Tokyo. Sephadex G-75 gel was purchased
from Bio-Rad Laboratory, U.S.A. Other compounds and solvents were reagent grade and were
used without further purification. NCS-chr was isolated from NCS by two methods using different
solvents for dissociation of NCS-chr from NCS, A) AcOH-MeOH [5], B) DMSO. Crude NCS-
chr was purified by gel chromatography. All the procedures were performed in the dark. NCS-chr
was detected by UV absorption at 340 nm and by a characteristic fluorescence emission (a broad
band at 410 nm on excitation at 340 nm). CHP nanoparticle solution was prepared by the same
method previously reported [4].

RESULTS AND DISCUSSION

Isolation of NCS-chr

In method A, the isolated yield of NCS-chr was less than 5 %. Because apo-NCS is consisted of a
stable B-barrel structures and tightly complexes the chromophore, it could not be easy to dissociate
from the protein in AcOH-MeOH solution. Therefore, we changed the solvent from AcOH-MeOH
to DMSO for the effective release of NCS-chr from the protein. Fig. 1 shows the typical gel
chromatogram of NCS in DMSO. Finally, NCS-chr was isolated in 42 % yields in method B.

239



240

NCS+apo-NCS NCS-chr 0.7
3 -3 %‘ 0.6
9‘:3 04
cog Y
2 2 i E
2 S 5 02
< < g -
Q
] J1 3
+ [:] 5 0 . , .
2 1 10 100 1000
o . e O

: * — Incubation time /min
0 10 20 30 40 50 60 70 .
NCS-chr in the
fraction No. presence of CHP —2¢ NCS-chr —O
Fig.1 GPC profile of NCS dissolved in DMSO. Fig.2  The time course of complex
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42.1 % of NCS-chr was recovered. in water. Fluorescence intensity at emission
peak (excited at 340 nm [6]) was plotted for
NCS-chr in the absence of CHP.

Interaction of NCS-chr with CHP self-aggregate

NCS-chr was incubated with CHP self-aggregate aqueous solution at 37 °C. Free NCS-chr was
gradually decomposed in water with decrease in its fluorescence intensity (Fig.2). In the presence
of CHP self-aggregate, however, the fluorescence intensity increased with time. This could be due
to the binding of NCS-chr to the hydrophobic binding site of CHP self-aggregate. The chemical
stability of NCS-chr would increase upon the complexation.

In the case of NCS-chr extracted by method B, the complex with CHP self-aggregate was isolated
as follows. NCS-chr and CHP were dissolved in DMSO and mixture incubated for 30 min at 24 °C
in the dark. Subsequently, the mixture was dialyzed against water at 4 °C. The complex was
further purified by ultrafiltration. About 90% of NCS-chr employed bound to the CHP self-
aggregate. Approximately six NCS-chr molecules were complexed by one CHP self-aggregate
(diameter: 20 nm).

In conclusion, CHP self-aggregate effectively bound NCS-chr in the hydrophobic binding site.
The chemical stability of the chromophore in water increased upon the complexation.
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SUMMARY

Poly(¢-caprolactone-co-L-lactide)s were synthesized at various feed ratios by ring-opening polymeri-
zation using tin(l) octanoate as am initiator. The biodegradability of these copolymers was
evaluated with both enzymatic and non-enzymatic hydrolyses. The enzymes used were Rhizopus
arrhizus, Rhizopus delemar, and Candida cylindracea lipases and hog liver esterase.- The
hydrolyzability of these copolymers depends on the polymer composition, and is higher than that of
both homopolymers. The hydrolysis products are 8-hydroxycaproic acid, lactic acid, and oligomers.

KEY WORDS

biodegradable polymer, lactide, ¢-caprolactone, hydrolysis, polyester

INTRODUCTION

Poly(.-lactide) (polylA) is a well-known biodegradable and biocompatible polymer which can be used
for biomedical and environmental applications. However, semicrystalline polylA 1is a relatively
stiff and brittle material and has rather low degradation rate in vivo.  Copolymerizations of LA
with other cyclic esters as lactones have been studied from the viewpoint of the improvement of
mechanical properties of polyLA and their control of degradation rates in contact with various
biological and environmental media. Poly(e-caprolactone-co-i-lactide)(poly(CL-co-1A)) has in parti-
cular attracted attention due to its excellent processability and its good biodegradability[1-5].
This paper describes the enzymatic and non-enzymatic hydrolyses of the statistical poly(CL-co-LA)s.

EXPERIMENTAL

Poly(CL-co-LA)s were synthesized in bulk at 120T for 4days using tin(I) octancate as an initiator.
The biodegradability of these copolymers was examined with both enzymatic and non-enzymatic
hydrolyses for the polymers coated inside of test tubes. Enzymatic hydrolyses were carried out in
phosphate buffer (pH7.0) at 37U for 24h and the enzymes used were lipases from Rhizopus arrhizus,
Rhizopus delemar, and Candida cylindracea and hog liver esterase. The hydrolyzability of these
polymers was evaluated by total organic carbon concentration (TOC) measurement which show the
amount of the hydrolyzed water-soluble products[6].

RESULTS AND DISCUSSION

Figure 1 shows the results of enzymatic hydrolysis with hog liver esterase. It is found that
degradability depends on the copolymer composition. The copolymer containing 82mol% CL units
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shows the highest susceptibility to hydrolysis. The esterase degrades polyLA and polyCL only
to a limited extent and degrades CL rich copolymers more than LA rich copolymers and both
homopolymers.  In the case of lipases, the same tendency is found, however they proved to be

rather more effective than the esterase. On the other hand, the degradability of the copolymers

at 37C without enzyme was much lower.  The results of hydrolysis in distilled water (37T, 8weeks)

shows that the LA rich copolymers are, in turn, much susceptible to hydrolysis, especially

the one with 20mol% CL content (Fig.2). CL-rich oligomers, 6-hydroxycaproic acid, and lactic acid

are identified by NMR as the main products of enzymatic hydrolysis. These hydrolysis results are

discussed in terms of the chemical structure, hydrophilic-hydrophobic balance, crystallinity of the
polymers and the substrate specificity of enzyme compared with those of poly(d-valerolactone-co-

IA)s and poly(f-methyl-d-valerolactone-co-LA)s[T].
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CONCLUSION

Poly(CL-co-1A)s are hydrolyzed with both lipases and hog liver esterase. Further, they are non-
enzymatically gradually hydrolyzed at 37T and 70T. The hydrolyzability of these copolymers depends
on the polymer composition, and is higher than that of both homopolymers. In all enzymatic

hydrolyses, the copolymer of 82mol% CL units shows the highest susceptibility. On the other hand,

LA rich copolymers are much susceptible to non-enzymatic hydrolysis.
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ABSTRACT

The phase-separated surfaces of mixed organosilane monolayers on silicon wafer are excellent
model system with which to study the interaction of proteins with organic surfaces. The phase-
separated structures of the immobilized mixed monolayers were confirmed by atomic force
microscopic (AFM) observation. The patterning of adsorption of plasma protein onto surface was
achieved by using the phase-separated organosilane monolayers .

KEY WORDS: organosilane monolayer, phase-separated structure, atomic force microscopy
(AFM), surface structure control, protein adsorption

INTRODUCTION

An organosilane monolayer is a novel monolayer system which can be polymerized and immobilized
on a substrate surface with hydroxyl groups. The authors proposed the novel method for
preparation of the structurally controlled organosilane monolayers by an upward drawing method
[1,2]. In this study, the organosilane mixed monolayers were prepared and an attempt has been
made on the two-dimensional surface structure control and the patterning of protein adsorption by
utilizing the mixed monolayer composed of reactive and non-reactive components.

METHOD

Octadecyltrichlorosilane  (OTS, CH3(CHj3)17SiCl3), [2-(perfluorooctyl) ethyljtrichlorosilane
(FOETS, CF3(CF32)7CH»CH3SiCl3) and lignoceric acid (LA) were used to prepare the OTS, the
FOETS, the (OTS/FOETS)(50/50 molar), and the (LA/FOETS) (50/50 molar) mixed monolayers.
These organosilane mixture solutions were spread on the pure water surface at the subphase
temperature of 293 K. The monolayer on the water surface was transferred onto a clean silicon
wafer surface by the upward drawing method[1,2]. Topographic images of the monolayer surfaces
were observed with AFM (SPA300, Seiko Instruments Industry, Co., JAPAN).  The protein
adsorption behavior onto the monolayers was investigated on the basis of the ATR FT-IR flow cell
method and the AFM observation. The two-dimensional surface structure control and the patterned
adsorption of plasma protein were investigated by using AFM.

RESULTS AND DISCUSSION
Phase-separated structure of the (OTS/FOETS) mixed monolayers

Figure 1(a) shows the AFM image of the (OTS/FOETS)(50/50) mixed monolayer. The
(OTS/FOETS) mixed monolayer was in a phase-separated state with circular flat-topped domains of
ca. 1lum diameter. These domains were higher by 1.1-1.3 nm than the surrounding flat region.
Since the difference in molecular lengths between OTS and FOETS is ca. 1.3 nm, it is apparent that
the higher, circular domains and the surrounding flat region are composed of OTS and FOETS
molecules, respectively. The difference in the spreading coefficients between OTS and FOETS
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(@ (b) ()
Figure 1 AFM images of the (OTS/FOETS)(50/50) mixed monolayers before (a) and after exposure
to a BSA solution (b) and the (MTS/FOETS) mixed monolayer absorbed BSA (c).

molecules makes OTS dispersed in the amorphous FOETS matrix and then, the domains of OTS are
formed. Since the OTS component formed the circular domain which was in a crystalline state even
if the molar percent of OTS was 75%, the crystallization of OTS molecules may be an important
factor for the formation of phase-separated structure.  Therefore, it can be concluded that the
crystallization of OTS and the faster spreading rate of FOETS are important factors for the phase
separation of (OTS/FOETS) mixed monolayers.

Interaction between plasma protein and immobilized organosilane monolayer

The interaction between bovine serum albumin (BSA) and the organosilane monolayer surface was
studied on the basis of the ATR FT-IR flow cell method. The monolayer was transferred onto a
silicon ATR crystal. The initial adsorption rate of BSA to the organosilane monolayer was very fast.
The amount of equilibrium adsorption onto the OTS and the FOETS monolayers indicates the
side-on monolayer adsorption of BSA. The (OTS/FOETS) mixed monolayer showed an remarkable
decrease in the magnitude of equilibrium adsorption. Fig.1(b) shows the AFM image of the
(OTS/FOETS)(50/50) mixed monolayers after exposure to a BSA solution. It is apparent from the
AFM observation that BSA selectively adsorbs onto the hydrophobic FOETS phase of the
(OTS/FOETS) mixed monolayer in order to minimize the interfacial free energy between monolayer
and water.

Two-dimensional surface structure control and patterning of adsorbed protein

The phase-separated monolayer can be prepared from both FOETS and the non-polymerizable and
crystallizable amphiphile such as LA. The (LA/FOETS) mixed monolayer was in a phase-separated
state in a similar fashion to the (OTS/FOETS) monolayer. The circular LA domains were
preferentially extracted with hexane. Then, the patterned surface with high surface free energy (bare
Si wafer) and low surface free energy (FOETS) can be obtained after the removal of LA. The holes
in the extracted (LA/FOETS) mixed monolayer were modified by the chemisorption of (3-
mercaptopropyl) trimethoxysilane (MTS) with thiol groups (SH), and then, the (MTS/FOETS)
mixed monolayer with SH groups was obtained. BSA was adsorbed onto (MTS/FOETS) mixed
monolayer. Fig.1(c) shows the (MTS/FOETS) mixed monolayer adsorbed with BSA. The BSA
adsorbed region was observed as the bright region, which was higher by 4nm than MTS adsorbed
region. BSA was adsorbed onto the MTS part selectively due to a specific reaction between (-S-
S-) groups in BSA and SH groups in MTS. The above mentioned results showed that two-
dimensional surface structure control and patterning of adsorbed protein can be realized by utilizing
the mixed monolayer composed of reactive and non-reactive components. The surface with
patterned protein can be utilized as  biomaterials or biological devices with various novel
functionalities.
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The production -ability of thymopoietin (TP) I was investigated by immunohistochemical detection in normal
human skin besides cultured human keratinocytes(K&). In interferon y(IFN-y) treated skin, the distinct
stainin g of anti-TP was notedin the K& from basal to the middle of the spinouslayers. No epithelial stainin g of
anti-TP was observed in skin without treatment of IFN-y. It can therefore be presumed that K& play an
importantrole for function of skin-specific T-cells. If so, we may be able to use a hybrid artificial skin as an
artificial th ymus.

KEY WORDS: Artificial skin/ Skin immunology/ Thymopoietin II/ Artificial thymus/ Keratinocytes

INTRODUCTION

Skin appears to be an immunological tissue similarly to thymusl. Bpidermal keratinocytes(KG) resemble
thymic epithelial cells(TB®)2, and it is deduced that KGs play an important role for functional action of
intracutan ous T-cells3-5. It has been also suggested that some thymic hormone like substances such as
th ymulin60r thymopoietin (TP)” existin epidermis. Figure 1 shows our working hypothesis concerning the
mechanism of TBCan d KCas a stromal cell for T-cell development. Itisinteresting to see whether KG actually
produce T-cell developin g factor s or notandtoexplore under what kind of condition such factors are induced.
In this research, we investigated by immunohistochemical staining in normal human skin whether it is
possible for K& similarly to TEG to elaborate T-cell developing factors such as TPII by stimulating with
interferon y(IFN-y). We wouldlike todiscuss the possibility of ectopic application of a hybrid artificial skin to
an artificial thymus,includin g philological study.

METHQDS

The tetradeca peptide flagment TP14(aa29-42) which contains immunological active site TP5(aa32-36) of TPII
was used as an antigen moiety. The anti-TP serum was prepared using TP14-myoglobin conjugate in rabbit.
The anti-TP polyclonal antibody(rabbit Ig) was obtained from the anti-TP serum by affinity colum
purification. Asnomal human skins, the remainders(ca.0.5-1cm by lcm section) of skins obtained from skin
grafting andsoon were used. The thickness of normal skin taken from scalp or thigh for skin grafting was
8/ 1000 inch (0.203mm). (btained skins were allowed to remove bacteria for 30min at 310K in medium
RPMI 1640(Gibco) containing 300pg/ml ampicillin, 10mg/ml amikacin as antibiotics, and 2.5pg/ml
amphotericin B as an antimycotics, and divided into quarters. Interferon y was used human recombinant
IFN-y(Boehringer Mannheim). IFN-y was solved in KCgrowth medium(modified K100 containing 0.5pg/ ml
hydrocortison,Kyokuto Pharm (.) andthe treatment of skin with IFN-y wascarried out as follows; 1)A divided
skin was frozen in QCT. compound(Miles Inc.) as it is, or was frozen following incubation it in KC growth
medium(modified K100) for 24 h at310K under 5%0»(Control 1). 2)A divided skin in modified K100 was treated
to penetrate the medium under the condition from reduced pressure(ca.110mmHg) to atmospheric pressure
andthen frozen in QCT.compound(Control 2). 3)A divided skin was frozen in QCT. compound after incubation
itin modified K100 containing 1,000U/ m! IFN-y for 24 h at 310K under 5%(®(Sample 1). 4)A divided skin in
modified K100 with 1,000U/ m1 IEN-y was treated under reduced pressure(ca.110mmHg), and then allowed to
penetrate IFN-y solution by pressure injection under atmospheric pressure(ca.760mmHg) accoding to the
method of reduced pressure-penetration 8  After treatment of reduced pressure-penetration, the sample skin
wasincubatedin modified K100 with 1,000U/ ml IFN-y for 24 h at 310K under 5%, and then frozen in QCT.
compound(Sample 2). These skins were explored by immunohistochemical stainin g with anti-TP, an ti-ICAM
1(Br Bio-tech .),an ti-HLA-DR(Becton D), an ti-IL-7(Gen zyme), and an ti-B7(Becton D) antibodies usin g indirect
alkaline ph osph atase meth od.

RESULTS & DISCUSSION

Itisimportanttoelucidate whether the induction of T-cell maturation/ differentiation factors such as TP II or
interleukin 7 is observed by interferon y(IFN-y) stimulation in KG similarly to TEX or not. Thus, the
production -ability of TPII wasin vestigated by immun ohistochemical detection in normal human skin In the
case of normal human skin((ntrol 1),neither the skin frozen asitis nor the skin incubated in modified K100
for 24h wasobserved TP elaboration by immunostainin g usin g anti-TP antibody. And in normal human skin
treated with reduced pressure alone(Cntrol 2)., no stainnig of anti-TP was observed , that is, physical
stimulation of pressure per se wasnot a factor toinduce TP production. While,in IFN-y treated skin (Sample 12),
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the distin ct stainin g of anti-TP wasnotedin the epidermis (Fig.2). The distinct staining of anti-ICAM 1 was also

observed in IFN-y treated skin (Sample 12) . Noepithelial stainin g of anti-ICAM 1 wasobservedin skin without

treatmentof IFN-y(Fig 3). Itisknown that IL-7isa growth and maintenance factor for mature and immature

pre-T—ceIlsg. Recently, it is reported that TBS produce 1L-710. Thus,itisan interesting subject to explore the

distribution of IL-7 in skin. The distinct staining of anti-IL-7 was noted in the basal layer. However, the

distinct staining of anti-IL-7 was also observed in the absence of IFN-y or the mock controls. Further

investigation in mRNA Ivel of IL-7 is needed to answer whether KG constitutively produce IL-7 or not. Itis
also known that antigen-specific T cell activation depends on T cell receptor-ligand interacion and
costimulatory sign als1l. Thatis, the maximal T-cell response toitsantigen requires presentation of the antigen

by a major hitocompatibility complex(MHQ classII(human immune respon se gene HLA-DR) molecule as well

as the delivery of one or more costimulatory signals provided by the antigen-presenting cell(APQ). Recent
research suggests that one such critical costimulatory pathway involves the interaction of the T-cell surface
antigen A28 with itsligand B7 on the APC Human T-cell clonal aner gy is induced by antigen presen tation in

th e absen ce of B7 costimulation 12. When the B7 molecule on the surface of antigen-presenting cells binds to
the T cell suface molecule (28, a costimulatory signal for T cell activation is generatedlz. Epidermal
Langerhans cells(LO, bone marrow-derived cells, are known to express B713. Iendritic cell seemed to LC
expressed a stron g staining of anti-B7, while no staining of anti-B7 was noted in KG. Itisreported that the
class II MHG bearin g,non -bone marrow-derived cells such as IFN-y treated TE314 or K&15 induce antigen-
specificunresponsiveness. [tcan therefore be presumedth at K& play akey role for function of T-cells. If so,
we may be able touse ah ybridartificial skin asan artificial thymus by utilizin g [FN-y treated KG.

Fig.2 Immunohistochemical detection of TP in normal skin with(a) or
without(b) IFN-y.

LFA : Lymphocyte Function Assoclated Antigen
LFA-1 ;: CON&/CDIB, LFA-2: CD2

LFA-3 : CD58
ICAM : Intercellular Adhesion Molecule
ICAM-1 : CD54

Fig.3 Immunohistochemical detection of ICAM-1 in normal skin with(a) or
Fig.1 The Deduced Mechanism of Thymic Epitelial Cell and without(b) IFN-y.
Keratinocyte as a Stromal Cell for T-cell Development
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SUMMARY
We have developed novel surface modification techniques to improve the blood compatibility of
polyurethane (PU). One was heparin immobilization using a polyethylene imine spacer and the other
was a sulfonated polyallylamine grafting onto a PU surface. Both techniques utilized ozone-induced
graft copolymerization, thereby having an advantage to be applied to medical devices even with a
complex design. In vitro lood compatibility of modified PUs were eveluated using an epifluorescent
video microscopy (EVM) combined with a parallel plate flow cell. Both modified PUs showed

significantly less platelet coverage on the surfaces with less §-TG and C3a production compared to
the control. These results suggest that both PU-PEI-HEP and PU-PAA-SO3 surfaces are promising
for the application to a variety of medical devices.

KEY WORDS: surface modification, heparin, sulfonated polyurethane, ozone-induced graft
copolymerization, epifluorescent video microscopy

INTRODUCTION
Polyurethane (PU) has been widely used in various biomedical applications, such as artificial hearts,
vascular grafts and pacemaker leads due to its superior physical and mechanical properties.
However, the inherent blood compatibility of PU remains as a problem for long-term in vivo
application. We have recently developed novel surface modification techniques to improve the blood
compatibility of PU. One was heparin immobilization using a polyethylene imine (PEI) spacer(PU-
PEI-HEP) and the other was a sulfonated polyallylamine (PAA) grafting(PU-PAA-SO3) onto a PU
surface. The modified PUs were eveluated in vifro using an epifluorescent video microscopy (EVM)
system.

MATERIALS & METHODS
Heparin Immobilization onto PU Surfaces Using PEI Spacer (PU-PEI-HEP): The PU surfaces were
first treated with ozone gas, and PEI was graft copolymerized onto the surfaces through a coupling
reaction between peroxide of the PU surfaces and -NH; groups of PEI. Heparin was covalently
bound to PEI spacer by glutaraldehyde, then the reduction of Schiff's base was carried out.
Surface Grafting of Sulfonated PAA on PU Surfaces
Synthesis of sulfonated polyallylamine (PAA-SO3): PAA-HCI was first treated with KOH solution,
followed by dialysis to obtain free form of PAA. 1,3-propane sultone (PST) was then added to PAA
solution in DMSO and reacted at 600C for 24hrs. The reactant was fully precipitated in aceton and
vacuum dried at romm tempereture.
Surface grafiting of PAA-SO; (PU-PAA-SO;3): The surface grafting of PAA-SOj3 on PU surfaces was
performed using ozone oxydation as utilized in PU-PEI-HEP.
Characterization of modified PUs: These modified PUs were analyzed by ESCA and FXa bioactivity
was measured on these surfaces.
In Virto Blood Compatibility: The modified PUs were evaluated using an epifluorescent video
microscopy (EVM) combined with a parallel plate flow cell[1]. The EVM system measured real-time
platelet adhesion onto the surfaces from whole human blood containg Mepacrine labeled platelts
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perfused at a wall shear rate of 100sec-1 for 20 min. Blood which had passed through the flow cell
was collected and centrifuged, then supernatent B-TG and C3a were measured. Non-treated PU was
used as a control.

RESULTS & DISCUSSION
Table 1 summarizes the results of ESCA analyses and FXa assay.
Table 1.
SURFACE C o) N s FXa assay (U/cm2)
PU-PEI-HEP 80.6 12.9 58 0.63 0.21
PU-PAA-SO3  85.7 8.7 53 0.25 0.011

PU-PEI-HEP showed high FXa bioactivity on the surfaces. In in vitro EVM experiments,
these modified surfaces demonstrated minimal platelet coverage on the surfaces with less B-TG and
C3a levels, while untreated PU showed considerable amount of platelet coverage with higher B-TG
and C3a levels (Fig. 1-3).
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Fig.1. The plots for time vs. platelet coverage on PU surfaces
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Fig2. B-TG release from platelet Fig. 3. C3 activation

In the present study, we utilized polyfunctional polymer (PFP), PEI and PAA as a spacer for surface
modification to increase the amount of heparin and sulfonation. PFP has been proven to amplify the
surface concentration of bioactive molecules by increasing the amount of available coupling sites[2].
The high FXa bioactivity and excellent in vitro blood compatibility of PU-PEI-HEP and PU-PAA-
SO3 are attributable to this mechanism. The in situ ozone oxidation utilized for surface grafting in
this study has also advantages to be able to uniformly introduce peroxides onto a variety of substrates
of the medical devices even with a complex design, such as artificial heart and membrane oxygenator.
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ABSTRACT

This study was intended to evaluate a newly developed biological patch fixed with an epoxy compound (EC)
ionically bonded with heparin (H). In the study, it was observed that the EC-fixed patch appeared more
natural and was more pliable than the glutaraldehyde-fixed (GA) one. Additionally, both the GA- and EC-
fixed pericardia had significant increases in denaturation temperature (Tg) and fixation index (FI) as
compared to the fresh one. In a canine study, it was noted that the biological patches ionically bonded with
heparin had lighter inflammatory response, fibrosis, and tissue adhesion than the synthetic ones. The results
of this study suggests that the EC-fixed patch with ionically bonded heparin might have a better performance
than those currently used in clinical practice.

Key Words: biological patch, epoxy compound, cross-linking characteristics, biological reaction
INTRODUCTION

Many problems encountered with the currently available prosthetic pericardial patches have been reported
clinicalty [1]. To overcome these problems, we undertook the development of an EC-fixed biological patch
ionically bonded with heparin. This EC fixation technique has been recently used in developing various
bioprosthetic devices [2]. The study was intended to compare the cross-linking characteristics of this newly
developed EC-fixed patch with those of its GA-fixed counterpart. In addition, a composite pericardial patch
—which consisted of (1) EC-fixed patch with ionically bonded H, (2) GA-fixed patch with ionically bonded
H, (3) PTFE patch, (4) Dacron patch, (5) EC-fixed patch without ionically bonded H, (6) GA-fixed patch
without ionically bonded H—was evaluated in a canine model.

MATERIALS AND METHODS

Fresh porcine pericardia procured from a slaughter house were used to fabricate various biological patches.
A 4% EC (ethylene glycol diglycidyl ether) solution or a 0.625% GA solution was employed to fix the
porcine pericardia. The cross-linking characteristics—Tgq, moisture content (M.C.), and F.I—of each
sample were then determined. In the animal study, mongrel dogs (ca. 10 kg) were used to evaluate the
composite pericardial patch implanted orthotopically. The implanted patches were retrieved at 1-week, 2-
weeks, 4-weeks, or 12-weeks post implantation, respectively. The retrieved patches were then analyzed as
per their biological reactions: inflammatory response, fibrosis, and adhesion. The severity of each biological
reaction was classified as: O (no reaction), 1 (light reaction), 2 (mild reaction), 3 (moderate reaction), 4
(severe reaction), and 5 (very server reaction).

RESULTS AND DISCUSSION

The results of the cross-linking characteristics of various biological patches tested in the study are shown in
Table 1.
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Table 1. Cross-Linking Characteristics of Various Biological Patches Tested in the Study

n=3 Fresh ECw/H GAw/H ECw/oH GAw/oH
T4(0) 58.7+0.2 82.7+0.6 87.6+0.6 80.1+0.7 88.1+0.7
F1 (%) 0.0+0.0 90.1+1.2 92.6+0.5 92.8+0.4 94.8+0.4
M.C. (%) 86.1+1.4 83.2+1.7 74.2+2.3 84.8+0.5 75.1+1.4

It was noted that the EC-fixed patch appeared more natural and was more pliable than the GA-fixed patch.
This may be due to the higher moisture content of the EC-fixed patch than its GA-fixed counterpart (see
Table 1). Both the EC- and GA-fixed pericardia had significant increases in Ty and F.I. as compared to the
fresh one (see Table 1).

The results obtained in the animal study are presented in Table 2.

Table 2. Animal Study Results

Patch Time Inflammatory Response Fibrosis Adhesion
(Weeks) A B A B A
EC 1 0 1 0 0 0
with 2 1 2 1 2 0
Heparin 4 0 1 1 1 0
12 3
GA 1 2 3 0 0 0
with 2 2 4 0 3 0
Heparin 4 1 2 0 2 2
12 4
1 3 4 0 0 0
PTFE 2 3 4 1 3 2
4 1 2 1 4 3
12 5
1 3 4 0 0 0
Dacron 2 4 4 3 4 3
4 4 5 5 5 4
12 5
EC 1 2 2 0 0 0
without 2 3 3 2 3 3
Heparin 4 2 4 0 3 3
12 5
GA 1 2 2 0 0
without 2 3 3 1 2 3
Heparin 4 1 4 3 2
12 4

A: near the heart's side; B: near the lung's side

As shown in the table, the biological patches ionically bonded with heparin had lighter inflammatory
response, fibrosis, and tissue adhesion than the synthetic ones. The results of this study suggests that the EC-
fixed patch with ionically bonded heparin might have a better performance than those currently used in
clinical practice.
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SUMMARY

We were already reported that the amphiphilic block copolymer composed from 2-
hydroxyethylmathacryrate and styrene(HSB) which formed micro-domain structure show
excellent nonthombogenicity. In this study, we applied HSB coated small vascular graft for
vain. The grafts were implanted into the rabbits inferior vena cave. After 1 week implantation,
the round shape HSB coated graft tube shows 100% patency after 1 week implantation. No
thrombus was observed on the anastomotic site and the grafts surfaces. When the edges were
rounded, the damage of natural blood tube and turbulent flow were perverted, the HSB coat
graft tubes keep patency more than 1 week in low flow rabbit vain. The cross-section of graft
was observer with TEM. After staining with OsO4, only monolayer-like protein layer(about
200A) were observed on surface. The monolayre-like absorbed protein layer improved blood
compatibility without persudointima formation. Thus the HSB coated graft could be a
promising small vessel prosthesis even in vaines.

KEY WORDS :block copolymer, micro-domain structure, small vascular graft,
absorbed protein layer

INTRODUCTION

Materials with improved surface properties are required to keep pace with the increasing demand
for blood contacting devices. We were already reported that the amphiphilic block copolymer
composed from 2-hydroxyethylmathacryrate(HEMA) and styrene(St) which formed micro-
domain structure show excellent nonthombogenicity in vitro and in vivo experimental [1].
From in vitro study, the possibility of enhanced adherent platelet metabolic activity preventing
cytoplasumic Ca<* increase on HEMA-St block copolymer(HSB) surface was demonstrated
[2]. In vivo application, the HSB coated graft tubes(ID:3mm) were implanted in abdominal
aortic of dog. The proteins monlayer covered surface and keep patency more than one year
[3]. The mechanism of nonthrobogenicity was completely different from other materials.

In this study, we applied HSB coated

small vascular graft for vain that CIH3 (l:H3
demanded severe nonthrbogenicity

compare with the artery because of | CHy '? |m I CHz -GH |n ! CHZ'(I: |m

low flow rat and no pulsation. The c=0 c=0
development of the small vascular | |

graft applicable for vain exprand HOCH2CH20 OCH2CH20H

graft tubes application and could
change the surgical operation
technique in many fields.

Fig.1 Chemical Structure of HEMA-St Block Copolymer

METHODS

The polyurethane tube(OD:4mm, ID:3mm, length:25mm) was prepared as vascular graft with
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two different end shapes. One was the angled shape with just cutting(edged). the other was
round edges of tubes after cutting(round). The surfaces of these tubes were coated with
HSB(Mn=38,000, HEMA:67mol%) from DMF solution by dipping method. The grafts were
implanted into the inferior vena cave of rabbit(2.5-3.5kg) by only insertion without stitches.
After 1 week, patency was checked with flow meter.

RESULTS AND DISCUSSION

To use this HSB coated grafts material in large field, the grafts were implanted into the rabbits
blood tubes by insertion without stitches. So the micro-sugary technique was not necessary
for this experimental model. The blood flow rat of inferior vena cave of rabbit after implantation
was 20 ml/min. This flow rat was about 1/20 of that of dog’s abdominal arotic that we used
former study. After 1 week, flow rat of grafts was measured and check the patency of implanted
tubes. The results were show in table 1. In the case of no coated tubes, no tube kept patency.
The shapes of end of graft tubes show no difference. The nonthorombogenicity of polyurethane
was no enough for vein. The graft tube was occluded in earlier period after implantation. The
patency of HSB coated angle shaped graft tubes were 5/9, about 50%. The thrombus was
formed from anastomotic site of natural blood tube, not from the graft tubes. On the other
hand, the round shape HSB coated graft tube shows 100% patency after 1 week implantation.
No thrombus was observed on the anastomotic site and the grafts surfaces. The occlusion of
angled HSB coat tube was caused by the injuring of surface of natural blood tube at insertion
or turbulent flow by edge of the graft tubes. When the edges were rounded, the damage of
natural blood tube and turbulent flow were perverted, the HSB coat graft tubes keep patency
more than 1 week in low flow rabbit vain.

The surface of HSB coated graft
tubes after 1 week implantation
were observed with SEM. Almost
no blood cell was observed on

Table 1 The patency of small caliber vascular grafts
after 1 week implantation in inferior vena cava

surface. The cross-section of graft Surface Patency
was observer with TEM. After coating Shape after 1week
staining with OsOg4, only

monolayer-like protein layer(about non angled 0/5
200A) were observed on surface. non round 0/4

As mentioned in dog artery HSB angled 5/9
experimental, the monolayre-like HsB round 3/3

absorbed protein layer improved
blood compatibility without
persudointima formation. Thus the
HSB coated graft could be a
promising small vessel prosthesis
even in low flow rate vaines.

3mm-ID, 4mm-0D, 2.5cm-long, Flow rate 20mi/min
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SUMMARY

This paper presents a new method to provide a durable layering of gels on a polymer film by an
excimer laser ablation. The procedure is as follows. At first, three-layered (A-B-A type) polymer
films were prepared, where A is polyethylene or poly(vinyl alcohol), both of which have extremely
small absorption coefficients at the laser wavelength (193nm) and B is poly(N, N-dimethyl
acrylamide) or polystyrene, both of which have large ones. The layered film was subjected to
irradiation of ArF excimer laser pulses. The irradiated surface portion of A film exhibited a gel-like
nature. No delamination occurred even upon vigorous washing with water or organic solvents. XPS
and FT-IR spectral analyses showed that the A surface was completely layered with a polymer
resembled to B. The thickness of the fixed gel increased with an increase in fluence and the number
of pulses. Significant inhibition of platelets adhesion on hydrogelated surface was observed in vitro.
When heparin was mixed with the polymer B, heparin was immobilized in a hydrogelated surface.

KEY WORDS: surface gelation, excimer laser, ablation, biocompatibility, microprocessing
INTRODUCTION

The surface modification on functional biomedical devices such as advanced artificial organs,
micromachines and microbiosensors needs precisely dimensional control at the microscopic level. We
have been developing surface photo-microprocessing technologies to provide biocompatibility and
functioning for these devices.(1,2)

Excimer lasers are powetful sources of pulsed, monochromatic ultraviolet light. When the laser
pulses whose fluence is above a well-defined threshold value fall on a polymer, photolyzed reactive
materials including monomer and oligomer are spontaneously ejected away from the polymer surface,

leading to three-dimensional (3-D) surface structuring.(3) In this paper, using this phenomenon,
called ablation, a novel durable layering of gels on a substrate surface was demonstrated.

MATERIALS AND METHODS

Polyethylene (PE), poly(vinyl alcohol) (PVA) and polystyrene (PSt) were obtained commercially.
Poly(N,N-dimethyl acrylamide) (PDAA) was prepared by radical polymerization. An ArF excimer
laser (Hamamatsu 14500, Shizuoka) was used as the light source (wavelength: 193nm, fluence: 20 to

70mJ/cm?2pulse). Surface chemical composition at the outermost layers was determined by x-ray
photoelectron spectroscopy (Shimadzu ESCA-750, Kyoto). The gel thickness was measured with a
real-time scanning laser microscope (1LM21, Lasertech, Kanagawa).

RESULTS AND DISCUSSION

The surface fixation of a hydrogel on PE film and an organogel on PVA film was attempted,
respectively. The procedure is as follows. At first, three-layered (A-B-A type) polymer films were
prepared by solvent-casting of polymer B between two A films, where A is PE or PVA, both of

which have extremely small absorption coefficients (o) at the laser excitation wavelength and B

(thickness: 8um) is PDAA or PSt, both of which have large o. The layered films were subjected to
irradiation of ArF excimer laser pulses as schematically shown in Figure 1.
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Figure 1. A schematic diagram showing an optical Figure 2. A hydrophilic/hydrophobic surface obtained
equipment used for this study and laser irradiation. by laser irradiation through a photomask.
Scale bar=100pm.

A layered PE-PDAA-PE film was irradiated with laser pulses. The PE surface at the side of laser
incidence (enter side) (Figure 1) exhibited a water-wettable, hydrogel-like nature upon immersion
into water. No appreciable surface modification at the exit side was observed. XPS and FT-IR
spectral analyses showed that the PE surface at the enter side was completely layered with a polymer
resembled to PDAA. Little appreciably spectral changes in XPS measurements were observed for
samples that were subjected to further vigorous washing with water, indicating that once a hydrogel
is chemically fixed on a surface, it is quite durable. Irradiation to a layered PVA-PSt-PVA film
created a hydrophobic organogel on the hydrophilic PVA surface.

We speculate that these surface gelation is due to complex photochemical reactions: ejection of highly
reactive fragments with radical and ion species from PDAA or PSt, which are generated by

absorption of laser photons which pass through the A layer with a small o, such as PE or PVA film,
and subsequently chemical reactions such as radical recombination reactions between fragment
radicals and between a fragment radical and a substrate radical generated by a chain transfer reaction.

The thickness of the gel was determined by a real-time scanning laser microscopy. Above a fluence at

30mJ/cm2pulse, a gel with a measurable thickness was formed. The thickness of the fixed gel
increased with an increase in fluence and the accumulation of pulses. The maximum thickness of the

gel obtained in this experiment was approximately 0.7um which was achived with the fluence of
70mJ/cm2pulse and pulses of 100shots.

To determine how this method provides two-dimensional (2-D) accuracy, the PE-PDAA-PE film was
irradiated through a photomask placed on the layered film and was subsequently washed with water.
A fine structured 2-D pattern with hydrophilic and hydrophobic domains was successfully formed,
where the irradiated regions were converted to a hydrogel, and the non-irradiated portions remained
hydrophobic (Figure 2).

The effect of the hydrogelled surface on platelet adhesion was assessed in vitro by means of a
scanning electron microscope. A non treated PE surface caused a marked platelet adhesion and
deformation upon incubation with platelet-rich plasma for lhr, whereas a significant inhibition of
platelets adhesion was observed on hydrogelated surfaces. When heparin was premixed in a PDAA
layer, immobilized heparin was released from a fixed hydrogel upon immersion into saline solution.

A new surface processing method enabling gel transfer and its surface fixation by an excimer laser
ablation was developed. The photoprocessing technique developed here is based on a combination of
UV-absorbing and non-absorbing substrates.
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PVA HYDROGEL AS AN ARTIFICIAL VITREOUS BODY
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SUMMARY

This research goal is to explore biocompatible and extremely transparent artificial vitreous body,
using poly (vinyl alcohol) (PVA) hydrogel. PVA of degree of polymerization (DP) 2,000 and DP
8,000 in aqueous solution were irradiated by gamma-ray to form hydrogels.These hydrogels were
characterized by viscosity and dynamic light scattering to check about degradation and
polymerization process.In vitro, the activity of chemotaxis of PV A hydrogel is almost same as that
of silicone. PVA hydrogels were implanted into vitreous bodies of rabbits. No abnormality was
histologically observed in cornea, lens and vitreous body, except some damage to injection areas in a
few cases. No inflammatory reaction was observed between PVA hydrogels and native vitreous
body. The postoperative intraocular pressure (IOP) was maintained within 8 mmHg higher than
before operation. PVA hydrogel seems to have good biocompatibility for clinical usage.

KEY WORDS: PVA, y—irradiation, hydrogel, artificial vitreous body, biocompatibility
INTRODUTION

A turbid, bleeding vitreous body will affect the sight, and the drainage of vitreous body can lead to
serious damage of the retina and loss of vision. In the search for a substitute for the vitreous body,
many materials have been tried, such as SFe, C3Fs gases, hyaluronic acid, silicon oil and glyceral
methacrylate etc. Each of them has shown some disadvantages, especially for long term usage. PVA

can be changed into highly viscous and transparent hydrogel by y-rays irradiation.! The
biocompatibility and physical properties of this hydrogel are studied for clinical usage.

MATERIALS AND METHODS

Poly (vinyl alcohol) (Kurare Inc.Ltd., Japan) of PVA 120 (DP 2,000) and PVA180 (DP 8,000)
were used. PVA powders dispersed in water were put in an autoclave at 120°C for 60 min and then
centrifuged at 10,000 rpm for 90 min, the supernatant solutions were transferred for y-irradiation
and PV A hydrogels were obtained. After being twice diluted with 0.3M NaCl and then centrifuged at
14,000 rpm for 60 min, the sample solutions for in vivo experiments were obtained. Here, the
samples used in vivo are PVA 120. A sol: 3.5% in saline, no irradiation; B gel: 1.75% in saline,
0.48 MRad; C gel: 3.5% in saline, 0.17 MRad; D gel:1,75% in saline, 0.17 MRad.

EXPERIMENT

Rotating viscometer (Model, Tokyo Keiki Co.,Ltd.) and dynamic light scattering spectrophotometer
(Model, DLS-700, Otsuka Electronics Co.,Ltd.) were used for characterization of PVA hydrogel.
Male rabbits (Japanese white rabbit) were used for in vivo experiments.After extracting 0.4-0.6 ml
of vitreous body, the same amounts of PV A substances were injected.

RESULTS AND DISCUSSION

After y-irradiation, the viscosity of gel, at first, slightly decreased within 0.1MRad and then
increased beyond 0.3MRad as shown in Table | and the diameter determined by dynamic light
scattering showed also same manners as listed in Table 1. This phenomenon seems to be
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independent on molecular weight as shown in Table 1. These results suggest that it is necessary to

take degradation and polymerization process in y-irradiation into account to prepare PVA hydrogels.
As Fig.1 shows, the activity of chemotaxsis of PVA hydrogels was low and very close to that of
medical silicon oil. Compared with the control saline, the intraocular pressure (IOP) of the implanted
PVA hydrogel did not change so much and returned to the initial level after 3 weeks as shown in
Fig.2.

Tab.1 Dependence of Viscosity and Radius Gyration of PV A Hydrogels on Dose of y-irradiation

Sample Concentration  Dose of Irradiation (MRad)  Viscosity (cp)  Radius Gyration (nm)

PVAI120 3.80% 0 16.59 39.1
0.08 13.20 26.2
0.32 23.42 47.8
PVA180 0.46% 0 221 79.0
0.08 1.32 61.0
0.16 2.14 62.7
0.32 31.20 377.0
CONCLUSION

PVA hydrogel has good biocompatibility for clinical usage as substitute of vitreous body. Tissue
growth process into network of PVA hydrogel and the biological interaction difference between PVA
hydrogel and PVA sol will be further investigated.
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ANALYSIS OF PLASMA MEMBRANE GLYCOCALYX AND/OR OF QUANTITATIVE COMPUTERIZED CYTOLOGICAL
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Introduction

In the present study, for the purpose of making clearer the antithrombogenicity of
HEMA-St ABA type block copolymer (HSB) surfaces '~ , the preservation of the plasma
membrane glycocalyx(GC) of the platelets adhered to the HSB surfaces was analyzed by
transmission electron microscopy(TEM) because the GC plays an important role as an antenna
for an informational recognition of a foreign surface. And then, the cytological changes
observed by the TEM of the ultrathin vertical sections of the adhered platelets to the
HSB surfaces were evaluated quantitatively using a high-speed image processor-analyzer(IA).
PSt and HEMA-St random copolymer surfaces were prepared as controls.

Methods

All the polymer beads (¢ 150 #m) were closely packed in PVC columns(length: 10cm
inner diameter: 3mm) equipped with three-way cocks. The rat platelet suspens1on(den51ty
nearly 3 X10''cells/ £) was prepared from the platelet pellet using Ca®*, free
Hanks™ balanced salt solution. The pletelets flowed out of the columns at flow rate 0.5
mf/min for 3 minutes by the microsphere column method. And then, the columns were kept at
room temperature for 5 hours. The polymer beads taken from the columns were fixed in
buffered 1% glutaraldehyde solution with ruthenium red(R.R) and/or in buffered 1%0s04
solution with R.R. The preservation of the GC was analyzed by the TEM after carrying out
the routine procedures such as EtOH dehydration, epoxy resin embedding etc. The
cytological changes of the adhered platelets were evaluated by the IA on the strength of
the TEM negative films. The four parameters (area, breadth, roundness and number of the
storage granules per 1 g uf) were measured by it. Comparison of the 3 groups and/or the 2
groups was made with statistics taken using the machintosh StatView.

Results and Conclusions

Preservation of the adhered platelet GC: The platelets adhered to the HSB surfaces
were observed to be round, holding the storage granules and the microtubules at both poles.
The platelets were supported by the narrow spaces which formed scaffolding, keeping good
preservation of the GC, the same as the intact platelet GC(Fig.1-A). On the other hand,
the platelets adhered to the control polymer surfaces were observed to be spreading
without the storage granules. The platelets didn’ t observe the narrow spaces in the GC,
indicating strong adhesion. Their external GC was observed to be lacking in some
places(Fig. 1-B, C). ,

_Quantitative evaluation of the adhered platelets ~ cytological changes: As shown in
Figs. 2-4, the area, breadth and roundness of the platelets adhered to the HSB surfaces
indicated significant difference compared to those of the control polymer surfaces. And
then, as presented in Fig.5, the number of the storage granules per 1 unof of the
platelets adhered to the HSB surfaces didn’t indicate any significant difference compared
to that of intact platelets.

[t was found that the HSB surfaces inhibited remarkably the cytological and GC
changes of the adhered platelets compared to those of the control polymer surfaces
throughout 5 hours. These results suggest that remarkable inhibition of the platelets’
cytological changes on the HSB surfaces is due to good preservation of the ultrastructure
of the platelet GC and the continued soft landing of the platelets for 5 hours.
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Fig. 1 Transmission electron micrographs of platelet membrane glycocalyx adhered to the
polymer surfaces for 5 hours. A, HEMA-St ABA type block copolymer ; B, PSt; C, HEMA-St
random copolymer: aG, alpha granule; MT, microtubule; GC, glycocalyx; LGC, lack of
glycocalyx. The narrow space between the arrows is the platelet plasma membrane glycocalyx

A : PSt A : PSt
B : HEMA-St random copolymer B : HEMA St random coplymer
C : HEMA-St block copolymer A : PSt C : HEMA -St block copolymer

B : HEMA-St random copolymer
C : HEMA St block copolymer

Fig.2 Area of platelets adhered to the polymer surfaces
for 5 hours, quantified by computer analysis of
transmission electron microscopic images.

Fig.3 Breadth of platelets adhered to the polymer
surfaces for 5 hours, quantified by computer analysis
of transmission electron microscopic images.

Fig. 4 Roundness of platelets adhered to the polymer
surfaces for 5 hours, quantified by computer analysis
of transmigsion electron microscopic images.

Roundness” indicates a coefficient of shape which is
the maximum length squared, divided by the area. That
is. the shape of cell indicates a value close to 100 as
nearer to a circle, and greater value as more slender.

Fig.5 Number of storage granules per 1uof of platelets
adhered to the polymer surfaces for 5 hours, quantified
A : PSt by computer analysis of transmission electron
B : HEMA-St random copolymer microscopic images
C : HEMA-St block copolymer
D : Unstimulated plate]gts
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SUMMARY

Thrombomodulin (TM) is a newly described endothelial cell associated protein. In this study,
focusing on the establishment of the practical evaluation of the hTM-immobilized materials, a novel
testing systems for the immobilized-hTM activity were developed and studied. As the basis of
immobilization, regenerated cellulose films and hollow fibers were used. Using hTM-immobilized
cellulose hollow fiber, the small scale dialyzer was assembled and the its antithorombogenic effect on
the human blood were studied using human blood circulation experiment. In conclusion, the
immobilized hTM still has co-enzymatic activity for activation of protein C and anti-coagulant activity.
We expect that hTM-immobilized biomaterials should be complement for conventional
antithrombogenic biomaterials.

KEY WORDS: Human Thrombomodulin, Cellulose, Dialyzer, Immobilization,

INTRODUCTION

Thrombomodulin (TM) is a newly described endothelial cell associated protein that functions as a
potent natural anticoagulant by converting thrombin from a procoagulant protease to an
anticoagulant.]) For fundamental study of usage of hTM, we have reported the immobilization of
hTM onto various substrates3). In those studies, we have defined that hTM-immobilized polymers
were excellent for inhibiting both coagulation and platelet aggregation of human blood and that hTM
was one of the most valuable biologically active substances to endow antithrombogenicity on polymer
surface. However, it was difficult to determine the practical antithrombogenic activity of hTM-
immobilized polymers because of the complex activation mechanism of hTM. As hTM needs
frequent contact with thrombin for exhibiting high activity, the immobilized hTM shows relatively
low activity by the conventional testing method. In this study, focusing on the establishment of the
practical evaluation of the hTM-immobilized materials, a novel measuring method of immobilized-
hTM were studied. As the basis of immobilization, regenerated cellulose films and hollow fibers
were used. Using hTM-immobilized cellulose hollow fiber, the small scale dialyzer was assembled
and the its antithorombogenic effect on the human blood were studied using human blood circulation
experiment.

MATERIALS AND METHODS

hTM, protein C and regenerated cellulose films and hollow fibers were donated by Asahi Chemical
Industry Co., Ltd.(Tokyo, Japan). Fibrinogen was purchased from Baxter Healthcare
Corporation(Miami, FL, U.S.A.).  Other chemicals were purchased from WAKO Pure
Chemicals(Osaka, Japan). The immobilization of hTM onto cellulose films and hollow fibers
surfaces were carried out using cyanogen bromide method. The immobilized amount of hTM was
quantified by the ninhydrin method which was reported in the formaer study. hTM activity was
estimated by two kinds of methods, that is protein C activation test and fibrinogen clotting time test.
Each experimental procedure was modified from that for the soluble hTM in order to measure the
activity of immobilized hTM. The small scale dialyzer were assembled using 50 pieces of hTM-
immobilized cellulose hollow fiber. The blood circulation experiment was designed using this small
dialyzer(Fig.1). The clotting time of the eluted human blood through the hTM-immobilized dialyzer
and original cellulose dialyzer were measured and compared, respectively.
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Fig.2 Anticoagulant activity of hTM-immobilized cellulose
Fig.1 Human blood circulating test using small-dyalyze consisted hollow fiber. Blood gulation time was evaluated
of hTM-immobilized cellulose hollow fibers. by the method of Lee-White.

RESULTS

The almost same immobilized amount of hTM were obtained irrespective of substrate. The amount of

immobilized hTM(ca. 0.2 ug/cm2) in this case is approximately the 1/4 value as the value
immobilized onto PAAc-grafted polymer surface. However, in protein C activation test, it was
apparent that immobilized hTM onto cellulose film possessed enough protein C activation activity
(data are not shown). On the other hand, the effect of the immobilized hTM on the thrombin-induced
fibrinogen clotting time were very low. By simple calculation, the activity of the immobilized hTM
seems to be 1/10 less than that of free hTM, but it is not correct that comparing those activities with
each other so simply. Because, in the case of the free hTM, the hTM was dissolved homogeneously
in the testing solution and could bind to thrombin everywhere in solution, whereas the immobilized
hTM could only bind to the thrombin which existed around the substrate. Thinking about these
difference of local concentration of hTM, the activity of immobilized hTM was not so low. It needs
other evaluation methods to determine the relative activity of immobilized hTM.

Consequently, the small dialyzer method were developed. In this system, the hTM/blood ratio could
make much larger than that of conventional system. The result are shown in Figure 2. In the case of
original cellulose dialyzer, the clotting time were shortening after passing the circuit. On the other
hand, the clotting time of eluted blood through hTM-immobilized small dialyzer were markedly
elongated. From this result, it become clear that immobilized hTM could exhibit superior
antithrombogenicity under the adequate condition and this small dialyzer system was suitable for
evaluation of hTM activity.

It is concluded that immobilized hTM still has co-enzymatic activity for activation of protein C and
anti-coagulant activity. The relative activities of immobilized hTM were not determined accurately,
however, it became clear that the immobilized hTM possessed the practically enough
antithrombogenic activity. We expect that hTM-immobilized biomaterials should be complement for
conventional antithrombogenic biomaterials.
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ABSTRACT : We have already demonstrated that an amphiphilic block copolymer composed of 2-
hydroxyethyl methacrylate(HEMA) and styrene, HS, showed excellent blood compatibility. The
present study was carried out to characterize the surface structure of HS under dry and wet
conditions, and after 372 days implantation as a vascular graft, using transmission electron
microscopy (TEM). The HS which contains 63 wt% of polyHEMA segment was synthesized by the
coupling reaction between semitelechelic polyHEMA and telechelic polystyrene. Under dry
condition, the top surface of HS film was almost completely covered with polystyrene segment. On
the other hand, at the surface after hydration, the polystyrene microdomains wrapped with PHEMA
segments stretched toward the water side, which indicated surface restructuring in response to
environmental changes. Protein layer thickness on the graft surface after implantation measured by
TEM indicated to be less than 200 i, and in the microdomain structure beneath the protein layer with
an alternate arrangement of polystyrene and PHEMA segments, stretched domains could not be
recognized. These differences in the surface structures might be attributable to differences of the
ambient environment. Moreover, such surface dynamics might influence the blood compatibility of
HS.

KEY WORDS : HEMA/styrene block copolymer, vascular graft, transmission electron
microscopy, adsorbed protein layer, surface restructuring

INTRODUCTION

Hydrophilic-hydrophobic block copolymer composed of poly(2-hydroxyethyl methacrylate)
(PHEMA) and polystyrene(PSt), HS, has been well-known as an excellent blood compatible
material [1]. It is said that the nonthrombogenecity of HS surfaces is attributable to the organized
protein layer adsorbed on HS corresponding to the morphology and size of its microdomain
structure [2]. In order to investigate the mechanism of nonthrombogenecity of HS, surface structure
was characterized by transmission electron microscopy(TEM) observation under dry and wet
conditions, and compared with that of after implantation as a small vascular graft.

METHODS

Graft Preparation, Implantation, and Harvesting
The HS was prepared by the addition reaction of telechelic polystyrene with isocyanate terminals and

semitelechelic PHEMA with amino group at one chain end [3]. Commercialized Dacron vascular
graft (3 mm ID, 7 cm in length) was first coated on its luminal surface with polyurethane(PU) to
obtain a smooth surface, then coated with HS. HS coated grafts were implanted in bilateral carotid
arteries of dogs. After implantation at 372 days, the grafts were surgically removed with adjacent
arteries intact at the proximal and distal anastomosis [4].
TEM Observation

The harvested grafts were stained and fixed with a 1% OsO4 aqueous solution. After freeze-dried, it
was provided for TEM observation. To obtain the cross sectional TEM views of HS before
implantation under dry and wet conditions, the sample preparation was carried out as follows; HS
coated PU sheets were prepared by dipping method, and dried in vacuo for 24 h. Then, the dry
sample was fixed with OsO4 crystal vapor, and the wet ones (immersed in water or saline for 1 h.)
were fixed with 4% OsO4 aqueous solution. After dried, the samples (dry, wet in water, wet in
saline, and after implantation for 372 days) were embedded in epoxy resin, and sectioned with an
ultramicrotome. TEM views were observed with a JEOL 1200EX at an accelerated voltage of 80 kV

(5]-
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RESULTS AND DISCUSSION

The cross sectional TEM views of the HS coated PU under dry and wet conditions are shown in
Figure 1. Black area indicates the PHEMA domains stained with OsO4. Both dry and wet HSs
showed the sea-island like microdomain structures in bulk. However, there was significant
difference at the outermost surface between under dry and wet conditions. At the top surface under
dry condition, both PSt island and PHEMA matrix were partly observed intact, and several PSt
islands were combined with each other to form the larger domains(Fig.1a). It is indicated that PSt
segment was concentrated at the surface, yet not completely. These results well corresponded to
those of angle-dependent XPS and static-SIMS measurement performed by Ratner ef al [6]. At the
top surface after soaking in water for 1 h, the PSt layer almost disappeared and the PSt islands at the
top surface were stretched toward water side(Fig 1b). Such distorted PSt domains observed all over
the surface was ambiguous, PHEMA chains linked with PSt segment on the stretched domain might
diffuse into water resulting in the wettable surface. It should be noticed that the morphological
change by soaking in water occurs only at the top surface region. The similar TEM view was
obtained from the sample by soaking in saline for 1h. Before implantation, the HS coated graft was
immersed in saline overnight. Figure 1b shows the surface structure of HS coated graft before
implantation.

Figure 2 shows the cross sectional TEM view of HS
surface 372 days after carotid replacement. At the
top surface, the thin protein layer on the HS surface
stained with OsOs4 was observed (thickness: less
than 200 A), and the microdomain structure of HS
was also observed. When the surface structure of
HS after implantation was compared with the
original surface (Fig. 1b), the domains stretched Fijg 1 Cross sectional TEM pictures of HS
toward the water side at the top surface were not  ;yynder dry condition b) after soaking in
recognized. The difference of the surface structures  yater for 1h (from 5] ,copyright reprinted
might be attributable to the difference of the by permission of ACS) » 1P
immersion medium, i.e., saline or blood. It is — -

indicated that the HS showed the dynamic surface
structural changes in response to the environmental
change. Though it can not explain well in this study
why these phenomena occur, such a strange surface
dynamics of HS might be attributed to its blood
compatible behavior in vivo.

surface 372 days after carotid replacement
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ABSTRACT

The ternary copolymers composed of m-acrylamidophenylboronic acid, N,N-
dimethylaminopropylmethacrylamide and N-isopropylacrylamide were synthesized. Bovine aortic
endothelial cells (BAECs) on the copolymer substrata demonstrated adhesion and spontaneously
developed into capillary networks. The interactions between phenylboronic acid groups in
copolymer and glycoconjugates on endothelial cell plasma membranes are proposed to regulate the
induction of tissue formation, since phenylboronic acid groups are known to specifically form
reversible complexes with cis-diol compounds such as glucose. The copolymers having
phenylboronic acid moieties are novel materials capable of mediating specific signals analogous to
extracellular matrix to induce endothelial cells into capillary structures.

KEYWORDS: Phenylboronic acid, Endothelial cell, Cell culture, Capillary formation,
Glycoconjugates

INTRODUCTION

The boronate compounds strongly bind to 1,2 cis-diol compounds such as glucosel’z). Recently,
glucose-sensitive polymer complexes based on boronate/diol interactions have been reported3»4). It
is understood that phenylboronic acid groups bind the cis-diol compounds in aqueous media at
above pH8.53) and that incorporation of amino groups into the copolymer promotes the formation
of these complexes under physiological pH conditions4). Furthermore, proliferation of lymphocytes
in culture has been induced via binding of cell membrane components with phenylboronic acid
groups within a copolymer moleculed). It is hypothesized that boronate moieties interact with
glycoconjugates existed on cell membranes and send specific signals to the cells. From this
perspective, BAECs have been cultured on a synthetic ternary copolymer (IAB) substrate composed
of m-acrylamidophenylboronic acid (B), N,N-dimethylaminopropylmethacrylamide (A) and N-
isopropylacrylamide (I), and tissue formation of the cells have been observed®). It is found that the
ternary copolymer induces BAEC:s into capillary structures. This paper describes that the related
copolymers with various compositions of both boron and amine units are synthesized and the shape
changes to network formation of the BACEs on the copolymer substrates are investigated.

MATERIALS AND METHODS

The ternary copolymers (IAB/X, X denotes the mole percentage of boron unit in the copolymer)
were each synthesized in 100cm3 of DMF at 70°C for 2h using 0.13mM of 2,2"-
azobis(isobutyronitrile) as a free-radical initiator. Bacteriological dishes (Falcon #3001) were
precoated by casting aqueous solutions of the copolymers. BAECs were plated at an initial cell
density of approximately 2x104cells/cm?2 on each polymer-coated dish. Dulbecco's modified
essential medium (DMEM) with supplements was used as a culture medium. The cultured cells
were observed by a phase-contrast microscope.

RESULTS AND DISCUSSION
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The BAECs plated onto IAB/2-coated dishes showed

lower adhesion efficiencies than those on tissue culture

(TC) dishes. The cell adhesion % on IAB-coated and TC

dishes after 1day in culture were approximately 24% and

87%, respectively. Furthermore, there were different

mechanisms of the cell adhesions between on the both

dishes. The treatment of the cultured cells with a trypsin-

EDTA solution occurred to easily detach from TC dish

surfaces and to remain of attachment to the IAB substrate

surface. Then, the cells stabilized on IAB-coated dishes

were readily removed from this copolymer surfaces by

addition of buffer solution containing 4.5mg/ml of

glucose into the copolymer-coated wells. It was

considered that the cell adhesion onto the IAB substrate

surfaces is mediated through interactions between

carbohydrates on cell membranes and phenylboronic acid

groups exposed at the surface of the IAB copolymer

coating. Moreover, long-term culture of the BAECs on

both IAB/2 copolymer and TC culture dishes was carried

out. In the confluent state, while cell monolayers on TC

dishes did not show any further changes, formation of

capillary cell structures was clearly observed after 26days

in culture. It is confirmed that the TEM observation

proves that a tube seems to be a true vacuole surrounded

by four cells. As network formation of BAECs cultured

on IAB-coated dishes is observed under normal culture Figurel Phase-contrast photograph of
conditions, it is considered that interactions between IAB  BAECs cultured on [AB/12-coated
copolymer surfaces and cell membrane components dishes for 1day. Magnification: 100X.
govern these morphological changes6).

The BAECs were cultured on the other copolymer (IAB/12) with different compositions of boron
and amine units. The IAB/12 copolymer contained higher composition of both units than IAB/2. As
shown in Figurel, the cells plated on IAB/12-coated dishes showed adhesion of network formation
after 1day in culture. It was observed that the network formation of the cells on the IAB/12 substrate
exhibited high efficiency compared with that of the IAB/2 substrate. It is considered that the IAB/12
surfaces enhance the interactions between the cell membrane components and phenylboronic acid
moieties, showing the network formation after 1day in culture.

In conclusion, these results indicate that IAB copolymer surfaces spontaneously induce
differentiation of BAECs into capillary structures resembling angiogenesis and that phenylboronic
acid groups in the IAB polymer are responsible in part for inducing the attachment, alignment and
organization of BAECs into angiogenic-like tubes.
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IMMOBILIZATION OF BIOSIGNAL PROTEINS TO CONTROL CELLULAR
FUNCTIONS
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ABSTRACT

Insulin was immobilized on surface-hydrolyzed poly(methyl methacrylate) membrane anchorage-
dependent and anchorage-indepedent cells were cultured on the insulin-immobilized membrane.
The growth of anchorage-dependent cell was efficiently enhanced by the very small amount of
immobilized insulin (1/10 to 1/100 of free insulin) and coimmobilization of cell adhesion factors
promoted the effect. Although anchorage-independent cell was not affected by the immobilized
insulin, coimmobilization accelerated the cell growth by enhancing the adhesion. In addition by
using a cell overexpressing insulin receptor it was revelaed that the cellular receptors was
autophosphorylated by the immobilized insulin after time lag needed for the adhesion.

KEY WORDS: Immobilization, Insulin, Growth Factor, Adhesion factor, Cell Culture
INTRODUCTION

Cellular functions, such as proliferation and differentiation, are generally regulated by
communications between the cell and biosignals including those from cells, extracellular matrices,
and soluble molecules. The soluble biosignal molecules are classified into two types. One is that of
low molecular weight, which permeates cell membrane and directly interacts with nucleus. The
other is that of high molecular weight such as polypeptide growth factors. They interact their
receptor on the cell membrane and form complexes. The complexes are internalized into the target
cell to be decomposed in lysosomes. Some of the liberated receptors are transported back to the cell
surface.

We covalently immobilized insulin, one of the representative growth factor, on various materials
and found that the matrerials significantly accelerated cell growth. In addition, the immobilized
insulin was more active than soluble one (1,2).

This paper shows the biochemical analysis of signal transduction of immobilized insulin and the
coimmobilization of different types of biosignal protein to enhance the biosignal effect of
immobilized insulin.

MATERIALS AND METHODS

Poly(methyl methacrylate) (PMMA) film was prepared as previuously reported (3,4). After the
hydrolysis of the film insulin or adhesion factor polypeptides, polylysine and collagen was
immobilized on the treated film by water-soluble carbodiimide. Covalent immobilization of insulin

was confirmed using 125[-labelled insulin.

Chinese hamster ovary (CHO) cell overexpressing insulin receptor (5) for biochemical analysis,
mouse fibroblast cell STO as an anchorage-dependent cell, human chronic myelogenous leukemia
K562 cell as an an anchorage-iundependent cell were cultured and the growth rates (DNA
syntheses) were measured as previously reported (3,4).
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TEMPERATURE-MODULATED SURFACE HYDROPHILIC / HYDROPHOBIC
ALTERATIONS FOR NOVEL RECOVERY OF CULTURED CELLS
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SUMMARY

Poly(N-isopropylacrylamide) (PIPAAm)-grafted surfaces show hydrophilic/hydrophobic surface
property alteration upon temperature changes. Utilizing this property changes, we can cultivate cells
on its surface at 37°C and detach cultured cells by lowering temperature. Cellular metabolisms are
revealed to be involved in cell detachment from PIPAAm-grafted surfaces by temperture changes.
We have also succeeded to recover viable confluent culture of hepatocytes as well as endothelial cells
from PIPAAm grafted surfaces by temperature treatment.

KEYWORDS: Poly(N-isopropylacrylamide) (PIPAAm), temperature-responsible surfaces,
hydrophilic/hydrophobic surface property changes, cell detachment, cell metabolism

INTRODUCTION

PIPAAm shows reversible soluble-insoluble changes in aqueous milieu upon temperature changes.
Due to this unique property, PIPAAm and its derivatives have been utilized for thermo-responsive
bioseparation as well as drug delivery systems [1-4]. We have been studying PIPAAm-grafted
surfaces for novel recovery system of cultured cells [5-7]. Hydrophilic/hydrophobic property
changes of PIPAAm-grafted surface can easily be controlled by temperature changes, being
hydrophobic above its LCST. Cultured cells on PIPAAm-grafted surfaces have found to be
recovered by lowering temperature. This is quite interesting, because trypsin treatment for cell
recovery is not necessary by using PIPAAm-grafted dishes. In the present study, mechanism of cell
detachment from the surface of PIPAAm-grafted dishes are investigated. Furthermore, successful
recovery of confluent culture was achieved using PIPAAm-grafted dish.

MATERIALS AND METHODS [5-7]

PIPAAm molecules were introduced to polystyrene surface by electron beam irradiation. Briefly,
IPAAm in isopropy! alcohol was added to polystyrene dishes, and these dishes were allowed to
irradiate electron beam. After washing with cold water to remove non-grafted IPAAm and drying,
PIPAAm-grafted dishes were gas-sterilized by ethylene oxide. Cells used in culture experiments
were bovine aortic endothelial cells and rat hepatocytes. These cells were cultured in DMEM and
William's E with supplements, respectively, in a humidified atmosphere of 5% CO2 at 37 °C. Lower
temperature treatment was carried out as follows: Cells were plated on PIPAAm-grafted dishes at 4 x
104 cells/cm2 and inoculated for 2 days. Temperature was then lowered to a predetermined degree
for 30 min without changing medium. The detached cells were collected with minimal pipetting and
counted to determine %-recovery.

RESULTS AND DISCUSSION

On the surfaces of PIPAAm-grafted dish, both endothelial cells and hepatocytes attached and
proliferated. Growth rate of these cells were comparable to that on conventional tissue culture
dishes. The detachment of cultured cells are investigated in terms of temperature and cellular
metabolism. Changes in cell morphologies at 25 °C after 30 min incubation at 10 °C was observed by
SEM. By 30 min incubation at 10 °C, attached hepatocytes were in spread shape and they did not
detach from the surface. However, following incubation at 25 °C greatly affected the cell
morphology, cells become in round shape and finally detached from the surface. Figure 1 shows the
temperature dependence of hepatocyte detachment from PIPAAm-grafted surfaces. Cells remained
on the surface by 30 min and/or 35 min incubation at constant temperature, T °C (curves B and C).
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As temperature decreases, PIPAAm chains are
assumed to be hydrated and be in expanded
conformation, resulting in reduced cell-materials 100
interaction. From Figure 1, hydration of PIPAAm at

cell-materials interface is not considered to be only a

factor for cell detachment. An additional 5 min 80
incubation at 25 °C after 30 min at T °C drastically
enhanced cell detachment as shown in Figure 1

(curve A). As cellular metabolism is suppressed at 601
lower temperature, the results suggest that the cellular
metabolic process as well as hydration of PIPAAm w0t

Detached cells (%)

grafts might be involved in the cell detachment
process. The effect of NaN3 was then investigated to
elucidate the role of cell metabolism in cell 20t
detachment. Cultured hepatocytes were treated with
2 mM NaNj to partially inhibit cell metabolism and

examined cell detachment by lowering temperature. ek m P 20 20
The percentage of detached cells by lowering .
temperature (30 min at 10 °C and additional 5 min at Temperature (°C)

25 °C) was decreased from 90% to approximately Figure 1 Hepatocytes detachment by tempe
50% by the treatment of cells with 2 mM NaN3. This ) e 2'-':"‘; E]
result strongly suggests that cell metabolism enables o] m»l : | Te
morphological changes of attached cells and, as a Toin

consequent, detachment of cells from hydrated
surfaces is observed. Similar results were obtained
for endothelial cells.

There are two distinct stages involved in cell adhesion; 1) passive adhesion by contact cells with
surfaces, and 2) active adhesion where cells dynamically change their morphologies to optimize and
stabilize cell-material interaction. For detachment of cells in active adhesion, energy consuming cell
shape change might be necessary. By lowering temperature, hydration of grafted PIPAAm initiates
cell detachment. Adhered cells are required to change their shape consuming metabolic energy for
further detachment. Therefore, optimum temperature is observed for cell detachment from PIPAAm-
grafted surfaces. It is revealed that cells recovered by temperature treatment retained their high
functionality as judged by secretion of 6-keto-PGFjq for endothelial cells and albumin for
hepatocytes, respectively. These results strongly suggest the feasibility of novel cell recovery system
using temperature-responsive hydrophilic/hydrophobic alterations of PIPA Am-grafted surfaces.
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SUMMARY

Comercial nylon meshes were aminated with plasma in the presence of ammonia gas and then used
for culturing of 3T3 cells. The cell densities of 3T3 cells are about the same on these films in spite
of their differences of pore size. a higher cell density can be further attained by the inclusion of
reconstituted collagen matrices within the pores of nylon mesh. This collagen/nylon composite
biomatrix provides a good environment for cell growth.

Key words: plasma, nylon, collagen, biomatrix.
INTRODUCTION

Low temperature plasmas have been used quite often in modifying the surfaces of polymeric
materials. One modification method involves the amination of the membrane with the plsama-
activated ammonia gas. We have previously aminated the surface of the poly(propylene)
membrane and reported its application in the urea sensor construction [1]. In this study, we
aminate porous nylon meshes with plasma and investigate their applications as matrices for cell
culture. In addition, collagen/nylon composite biomatrices were fabricated by reconstituting
collagen fibrils in the presence of nylon mesh. The growth characteristics of the 3T3 fibroblast
cells cultured in these matrices are discussed.

MATERIALS AND METHODS

Nylon membranes with three different pore sizes (5 4 m, 10 £ m and 20 £ m in diameter) were
treated with the anhydrous ammonia gas activated in the chamber of a bell-jar type plasma reactor
(model PD-2, Samco) under the ammonia pressure of 0.01 Torr and 30 W power for 10 min.. The
plasma-activated nylon was then exposed to the ammonia gas for another 30 min. Type I collagen
was prepared from rat tail tendon according to the method described by Grinnell ez a/ [2]. The
prepared collagen was dissolved in acetic acid and stored at 40C. The collagen solution was
dialyzed against PBS overnight at 4°C before use. The pores of nylon membrane were then filled

with ice cold collagen solution which was reconstituted by raising temperature to37°C. 3T3
fibroblast cells were cultured in the matrices of nylon membranes or collagen/nylon composites.
The petri dishes of bacterial grade were used as the containers to minimize the attachment of cells
to the culture dishes. The 3T3 fibroblast cells were harvested by detachment of cells from the
matrices with trypsin digest. The number of the viable cells were counted by using the trypan blue
exclusion method.
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Table 1 Proliferation of cells on nylon membranes

Cells density, x104 cells/cm?2

Days after inoculation Plasma-activated Unmodified
membrane membrane
1 1.3 0.4
2 2.0 1.0
3 4.6 1.6
RESULTS AND DISCUSSION

The polymeric surfaces of three commercial nylon films with mesh openings of 5 «,10 ¢ and 20 £
were treated with anhydrous ammonia gaseous plasma. Cells cultured on the plasma-treated nylon
films have higher proliferation rates than the unmodified nylon membranes (Table 1).
Furthermore, cells grew on the plasma- aminated membrane exhibited rougher surface than that of
the cells grew on the untreated nylon membrane. The cells wrapped around smoothly on the
curved surfaces of the nylon fibers. These cells displayed bipolar shape with their long axis
coincide with the fiber direction. The same phenomena were also reported by Ricci et al [3] by
culturing tendon cell on carbon fiber. The cell density of the plasma-modified nylon mesh reached
4.6 x 104 cells/cm? in three days as compared to1.6 x 104 cells/cm? proliferated on the plain
nylon membrane.

Of the three plasma-modified membranes, cells proliferated to the largest population on the
membrane with mesh openings of 5 ¢ m. This is mainly due to the effect of surface area since the

cell densities of the cultures on all three plasma-modified membranes are 3.8 x 104, 42x 104, and
3.4 x 104 cells/cm2, respectively.

The reconstitution of collagen inside the pores of Nylon meshes was observed continuously under
inverted microscope. According to the observation under inverted microscope, the collagen fiber
matrix started to form in about 2.5 min and completed in about 15 min after the temperature was
raised. The proliferation rate of cells in the collagen/nylon mesh composite biomatrix is much
higher than the plasma-modified nylon without the reconstituted collagen. The collagen/nylon
composite biomatrix has stronger mechanical property than the conventional collagen matrix, yet
still provides an excellent environment for cell growth.
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SUMMARY

Membrane proteins being in tongue epithelium are of special interest relating with the taste
transduction. Despite many years of research, molecular biological attempts to purify taste receptors
have been unsuccessfull). Because, their small quantity in the membrane and weak binding constant
with the taste substances make the isolation, purification, and characterization for precise
investigation rather difficult. For an extraction of membrane proteins, one of the present authors
(J.S.) and his coworkers have recently developed a new methodology by using an artificial
boundary lipid, 1,2-dimyristoylamido-1,2-deoxyphosphatidylcholine(DDPC)2). This method has
been successfully applied to several intact cells, such as human eryyhrocyte3), B16 melanoma
cell¥), and BALBRVD tumor cells3)-6). Hence, in order to obtain taste receptor proteins, we studied
an application of this method for extracting taste receptor proteins from bullfrog tongue.

KEY WORDS

Artificial boundary lipid, Liosome, Membrane protein, Taste receptor, Affinity chromatography

METHODS

Figure 1 shows a flow chart of nerve response measurements and the liposome treatment. A given
concentration of an aqueous solution of taste stimulus (100mM NH4Cl as a standard, 250mM L-
Alanine, 1.0 M sucrose, 100mM L-Leucine and 0.1mM quinine hydrochloride)was used in this
experiment. Before taste stimulus was applied, the tongue was washed with deionized water to
stabilize taste nerve response (W1-8 in Figure 2). After washing the tongue, taste nerve response
was measured against all taste stimuli (S1-2 and T1-2 in Fig. 1). The cycle between W1 and W4(
before liposome treatment) and the cycle between W5 and W9 ( after liposome treatment) were
repeated to obtain taste nerve response against all taste stimuli. Liposome treatment was carried out
by liposome suspension(10 ml) with 5.0 mM as the lipid concentration at room temperature.

A R

20sec 10sec 20sec S min 20 sec 10 sec 20 sec

Fig. 1 Flow chart of the liposomal treatment of the
Liposome Ws S; Wg Rest 5 -

frog tongue and the measurement of nerve response
l l l l > of the tongue against taste stimuli; W stands for
e e e washing with pure water; S for stimulation with an

W, 3‘;’;":‘]8 R:‘s’:‘ 10 sec 20 sec Wo 3 min aqueous NH 4Cl solution as the standard; and T for
l l l stimulation with an aqueous solution of a taste
| | ) stimulus such as L-Alanine, sucrose, L-Leucine, or
T e e 2080 5 mim > quinine hydrochloride.

The proteins obtained were separated into soluble proeins and membrane proteins trapped inside the
liposome, and followed by analyzing with SDS-PAGE and affinity chromatography.
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RESULTS AND DISCUSSION

1, Neurophysiological measurement

The nerve response before and after liposomal treatment were compared. Taste nerve response of
bullfrog to L-Alanine, sucrose and L-Lucine clearly decreased and did not recover within 90
minutes after the liposomal treatment . On the other hand, change of the nerve response to NH4Cl
was scarcely observed and it to quinine hydrochloride recovered within 60 minutes(shown in Fig.
2). Most of amino acids and sugars bind to specific receptors coupled to activation of G-proteins.
NH4Cl and quinine hydrochrolide show another transduction mehcanism, which block certain ion
channel.”) Judging from the above results, the present liposome could extract the receptors of L-
Alanine, L-Leucine and sucrose.

2, Electrophoretic analysis and affinity chromatography

Gel electrophoretic analysis of proteins transferred to the liposome from the tongue was done.
Major bands of water soluble proteins on SDS-PAGE were 150 kd(8.5%), 73 kd(38.2%), 27
kd(6.8%), 15 kd(8.7%) and 14 kd(5.8%). Major proteins found in the liposomal membrane were
147 kd(12.8%), 95 kd(6.5%), 79 kd(4.5%), 57 kd(2.3%), 28 kd(3.4%) and 15 kd(10.4%). Plausible
candidates for taste receptor proteins were 147, 95, 79 and 57 kd taking the difference in SDS-
PAGE between the two parts of water soluble and membrane proteins into consideration.

L-Alanine affinity proteins were shown to be present in the membrane protein portions by affinity
chromatography technique.

20
9 18}
5 16}
214 ) .
Yool Fig. 2 Relative nerve response of bullfrog tongue for
‘é’ 1.0} four major taste stimuli as a function of time after the
d sl liposomal treatment. The horizontal broken line refers
g 0. . .
g 06} to the value without the liposomal treatment; O, L-
o 04} 2 Alanine; @ , sucrose; [J, L-Leucine; and [l , quinine
o« s . .
Y 02fy” hydrochloride. Plotted Relative nerve response was
Y S calculated relative to magnitude of response to 100mM
0 20 40 60 80 100 120
Time (min) NH4CL.
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SUMMARY

Adhesion and spreading of Hela cells to a synthetic glycolipid film was studied. Human
adenocarcinoma cells (Hela), mouse melanoma cells (B16) and human hepatoma cells (HuH7)
selectively adhered and spread on a glycolipid carrying galactose moiety in serum medium, but not in
serum-free medium. Cell spreading also occurred on galactose-bearing glycolipid film pre-coated
with serum. Cell spreading in serum medium was inhibited in the presence of lactose, but not in the
presence of maltose. Adsorption of the components of serum medium was quantitatively detected by
use of a quartz-crystal microbalance (QCM). The surfaces of the glycolipid membranes were entirely
covered with serum components. Adsorption of the components of serum medium to the galactose-
bearing glycolipid was suppressed compared with that to glucose-bearing glycolipid and a
phosphatidylcholine.

KEY WORDS: glycolipid, phospholipid, cell spreading, quartz-crystal microbalance, adhesion of
tumor cells

INTRODUCTION

Investigations for the interaction between cells and sugar-conjugated materials give a very important
information for the development of biocompatible materials or artificial organs, because recognition
at cell surface is intimately related to the basic process involving saccharide recognition [1-4]. Rat
hepatocytes adhered specifically to culture dishes whose surface was coated with a lactose-carrying
polystyrene (PVLA) [5]. That adhesion of hepatocytes was explained as galactose specific
interaction between hepatocytes and PVLA. In this paper, we investigate adhesion and spreading of
tumor cells on a phosphatidylcholine, a galactose-bearing glycolipid (2C;g-gal), and a glucose-
bearing glycolipid (2C13-glc).

RESULTS AND DISCUSSION
Spreading of Hela Cells on Lipid Films in Serum-free Medium and Serum Medium

Figure 1 show the chemical structures of the glycolipids used in this study. In serum-free medium,
no obvious differences in cell spreading between the 2C18-gal/DSPC and the 2C18-glc/DSPC
membranes were observed, though the number of spreading cells increased with glycolipid content.
On the 100 % DSPC membranes cell morphology was almost spherical. On the other hand, in the
presence of fetal bovine serum (FBS), spreading of Hela cells was greatly promoted on the 2C18-
gal/ DSPC films, whereas cell spreadings on the 2C18-glc/DSPC films were less than that on the
2C18-gal/DSPC films at every content of glycolipid (Figure 2). More than 80 % of cells were
spread on the 2C18-gal/DSPC-coated plate at each content of 2C18-gal. The cell spreading on the
DSPC film was near-completely inhibited.
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To know the specificity of cell spreading on the 2C18-gal membranes in the serum medium,
inhibition experiments in the presence of lactose or maltose were carried out. The addition of the
given amount of lactose or maltose (0 - 5 mg/ml) did not inhibit cell spreadings on non-coated plastic
plates. In the serum-free medium, cell spreadings were not inhibited by the addition of lactose or
maltose. This result indicated that adhesion of Hela cells on glycolipid membranes in the serum-free
medium nonspecifically occurred. On the other hand, in the serum medium, cell spreadings on
2C18-gal/DSPC membranes were inhibited by the presence of lactose, but not by maltose. The
percentage of the spreading cells on the 2C18-gal/DSPC membrane in the presence of lactose was
nearly equal to that on the 2C18-glc/DSPC membrane. These results suggest that the cell spreadings
on the 2C]8-gal membranes may be mediated by lactose-specific recognition.

When 2C18-gal/DSPC membranes were pre-treated with FBS for 1 h at 37 °C, spreading of
Hela cells were observed. These results suggest that the serum layer adsorbed to the surface of
2C18-gal/DSPC membrane contributes to the enhanced spreading of Hela cells.

Quantification of Serum Components Adsorbed to Lipid Membranes by A QCM

Adsorption amount of the components of serum medium to the lipid membranes was measured by a
QCM method [6] at 37 °C. Adsorption amount of the components of serum medium was ca. 1200
ng for DSPC membrane, and ca. 300 ng for the 2C8-gal(50%)/ DSPC(50%) membrane. From
SDS-PAGE, major serum components adsorbed to the lipid membranes were indicated to be a
protein of about 60 kD, which may involve albimin or alpha-globirin. When bovine serum albumin
(BSA) adsorbed as a Langmuir-type monolayer, the adsorption amount is calculated to be 150 ng on
the QCM. Considering that experimental values obtained were larger than 150 ng, we could imagine
that multilayer adsorption of protein on lipid membranes or penetration of hydrophobic molecules
into lipid membranes occured.

CONCLUSION

In this paper, we investigate the influence of serum on cell spreading on DSPC, glucose- and
galactose-bearing lipid membranes. Morphological changes of Hela cells on galactose-bearing lipid
were found to be mediated by the adsorption of serum components to the glycolipid membrane.
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SUMMARY

Transfer of a membrane bound enzyme acetylcholinesterase (AChE) from human erythrocyte to
liposome was carefully examined. An artificial lipid 1,2-dimyristoylamido-1,2-
deoxyphosphatidylcholine (D14DPC) showed predominant control over the transfer. The transfer
was induced by a certain change of erythrocyte membrane during incubation with liposome, which
is probably due to transfer of lipids from the liposome to the erythrocyte. The shorter induction
period observed with D14DPC containing liposome can be attributed to both the faster transfer of
D 14DPC and the higher ability of D14DPC to induce the AChE transfer.

KEYWORDS: membrane protein transfer, erythrocyte, acetylcholinesterase, Band 3, liposome

INTRODUCTION

Membrane proteins play key roles in various cell functions as a channel or a receptor, and their use
as a molecular device will open a wide range of possibility in designing highly sophisticated
artificial supramolecular systems. In order to avoid exposure of membrane proteins to non-bilayer
environment during extraction and reconstitution of the proteins, which may cause denaturation of
the proteins, we have been studying spontaneous transfer of membrane proteins from cell to
liposome and its utilization in the protein reconstitution. The low transter efficiency of Huestis'
original condition [1,2] was remedied by Sunamoto's finding that the transfer of membrane proteins
from various cells was enhanced by incorporation of an artificial boundary lipid 1,2-
dimyristoylamido-1,2-deoxyphosphatidylcholine (D14DPC) in the liposome [3,4]. However, the
exact mechanism of the transfer, including the role of D 14DPC, is not clear yet. To obtain insight
into the mechanism, we carefully examined the transfer of a membrane bound enzyme
acetylcholinesterase (AChE) from human erythrocyte to liposome.

METHODS

Liposome was prepared by the extrusion method and incubated with human erythrocyte. The
liposomal fraction was separated from the cell by centrifugation. Enzymatic activity of
acetylcholinesterase (AChE) was determined by using hydrolysis of acetylthiocholine.

RESULTS AND DISCUSSION

With any lipid compositions of liposome examined, the transfer started after an induction period
and reached a plateau after a while (Fig.1), suggesting that the incorporation of D14DPC in the
liposome does not change the mechanism of the transfer. Without D14DPC, the transfer profiles
were significantly different among DMPC, DPPC [2] and EggPC. Incorporation of D14DPC in the
liposome had a definite effect on the transfer of AChE from human erythrocyte. With 40 mol% of
D 14DPC incorporated, the transfer of AChE was enhanced both in speed and amount. And the
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transfer profiles became almost identical regardless of the kinds of the lipid coexisting in the
liposome, clearly indicating predominant control of D14DPC over the transfer.

AChE ACTIVITY
(Arbitrary unit)
5
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Fig. 1 Transfer of acetylcholinesterase from human erythrocyte to liposomes at 37°C.

Preincubation of erythrocyte with liposome reduced the length of the induction period in following
incubation with fresh liposome. On the other hand, preincubation of liposome with erythrocyte
made no difference on the induction period in following incubation with fresh erythrocyte. This
result indicates that incubation of erythrocyte with liposome causes a certain change in the
erythrocyte, which induces the transfer of AChE from the erythrocyte.

The most plausible cause of the change is transfer of lipids from the liposome to the erythrocyte.
Initial rate of the transfer of D14DPC from liposome to intact erythrocytes measured by using
radio-labeled lipids was approximately 12 times higher than that of DMPC. Also, the dipalmitoyl
analog, D16DPC, which is expected to transfer slower than D14DPC, was much less effective for-
the induction of the protein transfer from human erythrocyte than D14DPC. These results strongly
support the idea that the lipid transfer precedes the AChE transfer and that the predominant control
and the shorter induction period observed with D 14DPC containing liposome at least partly comes
from the faster transfer of D14DPC to erythrocyte.

Furthermore, the amount of the total phospholipids transferred during the induction period from
pure DMPC liposome was approximately twice as much as that from D14DPC/DMPC(60/40)
liposome; the amount of D14DPC which is necessary to induce the AChE transfer is smaller than
that of DMPC. This result indicates that the higher ability of D14DPC to induce the AChE transfer
may also contribute to the shorter induction period.
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ABSTRACT

Direct protein transfer with artificial boundary lipid, DDPC, has been used as a powerful isolation
procedure for membrane proteins. In contrast to other methods using detergents as protein
solubilizer, the target membrane proteins can be transferred directly from biomembrane to liposomes
by this direct protein transfer method, without severe denaturation in the course of isolation. We have
investigated the transfer of insulin receptor proteins from bovine placental plasma membrane into
liposomes. All the subunits of insulin receptor was found reconstituted in liposomes. The
reconstituted insulin receptor retained almost full activity to bind to insulin, leading to
autophosphorylation as a result of signal transduction activity. It is quite important that the
reconstituted insulin receptor can be isolated in liposomes, which can be served to further
investigation of insulin receptor without any interferences from other enzymes in cells. Then we
focused on the insulin binding activity. The reconstituted insulin receptor showed much higher
binding affinity than that on plasma membrane or that solubilized in micelles, suggesting that insulin
receptor protein isolated by a conventional method might catch a significant denaturation. A fully
active and complete insulin receptor was isolated by this direct protein transfer method. This method
is applicable extensively to other membrane proteins.

KEY WORDS

protein transfer, insulin receptor, boundary lipid, binding activity, QCM

INTRODUCTION

It has been reported that membrane proteins on living cells are transferred to artificial liposomes under
a mild condition for culturing the cells. The protein transfer technique, which was reported by Bouma
et al., is one of the procedures for extraction by which integral proteins could be directly transferred
from erythrocytes to small unilamellar vesicles (SUV) during sufficient coincubation. Sunamoto et al.
reported that protein transfer was accelerated by using liposomes containing DDPC. So far many
integral proteins have been isolated generally by means of solubilization techniques by detergents such
as Triton X-100 or by organic solvents, resulting in severe denaturation or inactivation of the proteins.
This problem can be overcome by the direct protein transfer method. Since the direct protein transfer
method does not require such solubilization treatments, it is believed that there is only little
denaturation effects on the membrane proteins. Especially, it is believed that vesicles with an artificial
boundary lipid of DDPC, which can contribute to stabilization of proteins on membrane, promise high
transfer efficiency.

The objective of this project is the establishment of direct purification method of human insulin
receptors, which are locating in the lipid bilayer membrane. To obtain completely intact insulin
receptor proteins, a novel extraction procedure for integral proteins on biological membrane without
any denaturation and deactivation has been examined.
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Table 1 Ligand binding constants of insurin receptor proteins on
biomembrane, in micelle, or on liposomes.

K (/nM)
H L
Rall o K K
IR on biomembrane 334 58.8 2.49
Solubilized IR 386 54.6 2.33
IR on liposomes 242 339.0 1.75

METHODS

Multilamellar liposomes were made from an apropriate mixture of DMPC as the matrix lipid and
DDPC as the boundary lipid. A mixture of DMPC (24.4 mg, 60.0 mol%) and DDPC (16.2 mg, 40.0
mol%) was dissolved in dry chloroform and a lipid thin film was prepared at the bottom of a round-
bottomed flask by gentle evaporation at r.t. and subsequently dried under reduced pressure for 16 h.
This thin film was swelled in 10.0 ml of 10 mM hepes buffer containing 150 mM NaCl (pH 7.4) on a
vortex mixer for 5 min. A liposomal suspension so obtained was extruded (by the Extruder, Lipex
Biomembrane Inc.) several times by passing through a polycarbonate membrane filter (Nucleopore

Corp.), with different pore size, 10 times through for 1.0 pum pore, 10 times for 0.2 pm pore, and 10

time for 0.1 um pore. The final concentration of the liposomal suspension (10.0 ml) was adjusted to
4.00 mg/ml as determined by the phospholipid determination procedure.

Coincubation was performed by just mixing liposomes for 2 hours at 37°C with placental plasma
membrane and subjected to the density gradient ultra centrifugation to obtain a liposome solution as a
supernatant.

RESULTS AND DISCUSSION

Bovine plasma membranes purified from placenta organ and liposomes containing DDPC were mixed
and coincubated at 37°C for 5 min to 240 min. The liposomes were isolated from the mixture by
applying a discontinuous density gradient ultracentrifuge. Insulin receptor proteins and the subunits
were detected in the fraction of the isolated liposomes, which was confirmed by Western-blotting
techniques using biotin-labelled wheat germ agglutinin or biotin-labeled insulin .

Time course of protein transfer was followed and analyzed by nonlinear least square fitting method.
Total amount of protein transfer to the liposomes was highest when liposomes containing 30% of
DDPC were applied, while the kinetic constant was highest when liposomes containing 40% of DDPC
were applied.

Competitive binding assay showed the insulin receptor protein transfered on the liposome retained full
insulin binding activity, and was analyzed as a bi-binding site model. The binding property was
compared with that of the conventionally purified insulin receptor protein in a micelle. The binding
constants were significantly increased in case of transferred receptors (Table 1), indicating the directly
transferred insulin receptors retained the same biochemical properties as the native receptors much
more than that of conventionally purified insulin receptors.
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use as small as 0.5 ml of vesicle solution for the formation of several monolayers. The whole film
balance was fixed inside a temperature controlled box. The activity of acetylcholinesterase
reconstituted into the monolayer was determined by adding 0.3 mM acetylthiocholine to the subphase
that was stirred with a magnetic mini-stirrer. The amount of thiocholine produced was measured by
using a microfluorescence method[4].

RESULTS AND DISCUSSION

After DMPC/D14DPC mixed vesicles were added to the subphase, an increase in the surface pressure
at the air/water interface was observed indicating the transformation of vesicles to a monolayer. A
lipid monolayer so formed exhibited essentially the same pressure area diagram as a monolayer
obtained by spreading from a chloroform solution indicating that no vesicles were partly fused or
attached to the monolayer. The increase in surface pressure was nearly proportional to the
concentration of vesicles in the subphase whereas a sharp increase in transformation speed was
observed above the phase transition temperature of the lipids. The surface pressure did not increase
above the collapse pressure (45 mN/m) of the monolayer film at any time.

Vesicles that contained proteins reconstituted from erythrocyte ghosts
showed the same concentration and temperature behavior. Compared
with vesicles that contained no proteins the transformation in the case
of proteovesicles was largely facilitated. A nearly exponential
relationship between protein concentration and transformation speed
was found in the range of 0.4 to 4 mg/ml protein concentration. The
pressure area diagrams of such obtained monolayers showed the same
collapse point like the corresponding one without proteins.
Significantly, protein containing monolayers showed a spontaneous
increase in surface pressure when they were kept at surface pressures
below 10-15 mN/m. In these cases the surface pressure increased up
to 10-15 mN/m. This phenomenon is largely attributed due to the O T
unfolding of proteins at the air/water interface. Above 15 mN/m the eV @
surface pressure kept constant even over hours. The area covered by Fig. 1: Relative amounts
the monolayer decreased to some extent when the surface pressure ofim;duced thiocholine
was kept constant at 40 mN/m. However the halt of this process might ;. (1) and with (2) proteins
indicate that a rearrangement inside the monolayer or a release of
monolayer material into the subphase took place rather than the
collapse of the whole monolayer.

Relative amounts ot thiocholine
=

reconstituted into the monolayer
(observation time: 2 hrs.)

Acetylthiocholine in the subphase was cleaved to thiocholine and acetic acid as it could be determined
by the microfluorometric assay for thiocholine. Only when proteins were present in the monolayer a
large increase in thiocholine concentration was observed. This confirmed that the increase in
thiocholine concentration is due to enzymatic activity reconstituted into the monolayer.

Preliminary experiments indicate a relationship between surface pressure and the enzymatic activity of
the monolayer. Currently we are further investigating the structural and functional properties of the
protein containing monolayer.
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SUMMARY

We have synthesized poly (m-acrylamidophenylboronic acid-co-N,N-dimethylaminopropyl
acrylamide-co-N,N-dimetylacryl amide ); DBA and investigated use for insulin delivery. And
polymer complex formation between DBA and poly (vinyl alcohol) (PVA) as well as its
dissociation responding to glucose concentration were studied. It was found that amino groups of
DMAPAA were important to improve the response to glucose at pH 7.4. It is considered that amino
groups may coordinate to boronic acid group. This coordination was observed with "B-NMR.

KEY WORDS: boronic acid / amino group / insulin derivery / gel / 11B-NMR

INTRODUCTION

The inter-polymer complex system responding to the change in the concentration of glucose is
studied for insulin derivery system. We have designed copolymers having a boronic acid group as a
sensor moiety for glucose by a radical copolymerization of m-acrylamidophenylboronic acid
(AAPBA), N,N-dimethylaminopropylacrylamide (DMAPAA) and N,N-dimethylacrylamide

(DMAA). The structure of DBA is as follows (Fig. 1.). And the polymer complex formation

H2— ?H CH2>— (IJH CH2—ICH

?= 0 (|)= 0] I(>= 0
NH NH N
H | 7N
: IO ((|3H2)3 H3C CH3
\ N
OH /x \ Hac”™ “cha y z

AAPBA DMAPAA DMAA

Fig. 1. The structure of DBA copolymer

between poly(AAPBA-co-DMAPAA-co-DMAA); DBA poly(vinyl alcohol) (PVA) as well as its
dissociation responding to glucose concetration were studied. The complex between PVA and the
copolymer without DMAPAA is usually formed at only alkaline state where the boronic acid
groups are in ionized form. DBA having DMAPAA can make the complex with PVA even under
physiological conditions (pH 7.4), because the amino groups of DMAPAA allow bornic acid
groups to be in the ionized form by coordination to vacant orbital of boron atom.

Tonization of the boronic acid group in the polymer (DBA) by coordination with amino group was
investigated with ""B-nmr measurement.

METHOD

When PVA solution is added to DBA solution, the viscosity of the mixed solution increases due to
the formation of inter-polymer complex. Blood-coagulometer was used to measure the viscosity
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change to evaluate the formation of polymer complex. The effect of composition of the copolymer
(DBA) with several pH was examined. In this study, the abbreviation of DBA x/y was used to
express the composition. The x stands for the mol% composition of AAPBA, and y stands for the
mol% of DMAPAA in DBA respectively.

"B-NMR measurements of DBAs having various composition were carried out in phosphate buffer
solution (pH 7.4) to observe the coordination between boronic acid group and amino group.

RESULTS AND DISCUSSION

Increasing pH led an increase in the complexation rate of DBA with any composition by increasing:
ionized boronic acid. Compared to copolymers without DMAPAA, DBA copolymers showed the
higher complexation rate. Since the complexation rate should increase by increasing boronic acid
group in tetrahedral-form, the coordination of amino group to boronic acid group seems to take
place to increase the fraction of boronic acid in tetrahedral-form resulting in an increase in the
complexation rate. Further, optimal DMAPAA composition to induce prompt complex formation
has found for DBA. The excess amino group ratio to boronic acid group may cause electrostatic
repulsion to decrease the complexation rate.

Fig. 2. Change in the complexation rate Fig. 3. 11B-NMR spectra of DBAs at pH 7.4. Boron

with the pH. The copolymer containing atom in DBA having amino group has higher
DMAPAA  showed the higher electron density, confirming that the amino goup of
complexation rate at every pH. DBA coordinates to boronic acid group.

Through the "B-NMR measurement at pH 7.4, the peak of DBA having amino group was found at
higher magnetic field than that with no amino group (Fig. 3). This indicate that boron atom in DBA
has higher electron density at pH 7.4, confirming that the amino group of DBA coordinates to
boronic acid group. The peak of boron in DBA with optimal amino group ratio to boronic acid was
found at highest magnetic field. This result is consistent with the results of the complexation rate.

CONCLUSION

These results indicates that amino group in DBA surely contributes to improve the rate of gelation
by coordination, which is quite essental for the formulation of device used for glucose-responsive
insulin delivery sytem.
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ABSTRACT

Anionic and cationic polyurethane elastomers were synthesized and applied to chemomechanical
materials. Various ionic polyurethane elastomers were synthesized and their mechanical
properties were measured. When ionic polyurethane elastomer was set in the electrolyte
solution under electric field, the specimen showed bending behavior.

KEY WORDS : polyurethane/ ionic gel / chemomechanical

INTRODUCTION

Polyurethane elastomers are well known to have excellent mechanical properties and many
methods for polyurethane ionomer synthesis. Recently significant interest has been focused
onto the electrically activated chemomechanical system consisting of ionic hydrogels!). These
gels exhibit shrinking, swelling, or bending in electrolyte solutions under the influence of
electric fields. The deformation of the gel shows the possibility of chemomechanical system,
which converts electrochemical energy to mechanical energy. In order to obtain the mechanical
energy effectively, it is important to improve the mechanical properties of the polyelectrolyte
gel2). Polyurethane elastomer is well known to have excellent mechanical properties and
many methods for polyurethane ionomer synthesis were reported3.4). In this study we
prepared polyurethane elastomers with carboxyl or quaternary ammonium groups and measured
their chemomechanical behaviors.

EXPERIMENTAL
Anionic polyurethane elastomers having carboxyl groups were prepared as depicted in Fig. 1.

Dimethyrolpropionic acid(DMPA) and lysine diisocyanate(LDI) were reacted at 60 °C for 60

o A VA
HOCHLOCH,OH  +  OCNCH,CHLCH,CH,CHNCO = H[OCH,GCH0CNCH,CH,CH,CH,GHNCI,OCH,CCH;OH
COOH 0=C COOH 0=C COOH
OCH, OCH,
DMPA LDI 0}
HO oH
OCN NCO OCN I I NCO
HO(CH,CH,CH,CH,0),H  + 2 0 — @—NCO(CHQCHZCHQCHQO),,CN@
HyC HyC CHg
PTMO TOI )
CH,OH
()] + am + H30H20—(i‘,—CH20H ———— anionic polyurethane elastomer (PUA)
CH,OH

Fig. 1 Synthesis of the anionic polyurethane elastomer
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min to obtain hydroxy-terminated anionic hard segment components(I). (I), isocyanate-
terminated poly(oxytetramethylene) (PTMO) prepolymer(Il), and trimethyrolpropane(TMP) were
reacted at 90°C.

RESULTS AND DISCUSSION

It is well known that the mechanical properties of the polyurethane elastomers strongly
depend on their components. Table 1 shows the structural parameters and mechanical
properties of PUAs obtained by various reaction ratios. The strain at break, tensile strength,
and other properties of the PUAs could be controlled by changes in structural parameters.
This result is important to give excellent properties such as large strain and tensile strength
to elastomeric chemomechanical materials.

The carboxyl group concentration was increased by immersing PUA in NaOH solution for the

hydrolysis of the ester groups of the LDI residues. The Young's modulus of the hydrolyzed
polyurethane elastomers (PUN) was much higher than that of PUA.

Table 1 Structural Parameters and Mechanical properties of PUA

No. Mn K M [TMP] [COOH} [COOCHs] E eb ob

x 104 (mol /g) (MPa) (MPa)
PUA-1 1000 0.80 0.5 0.93 14.0 11.2 109 28 89
PUA-2 1000 0.80 1.0 1.56 11.9 9.4 14 84 43
PUA-3 1000 0.80 1.5 2.00 10.0 8.0 35 77 81
PUA-4 1000 0.80 20 234 88 7.0 23 9l 72
PUA-5 816 0.66 0.6 1.42 103 6.9 12 76 32
PUA-6 816 0.66 0.9 1.84 89 59 06 113 14
PUA-7 1300 085 08 0.99 13.2 11.2 94 43 7.4
PUA-8 1300 0.85 1.7 2.02 10.0 85 50 55 58

Mn : Mn of PTMO ; K=[DMPA]/[LDI] ; M =[OHlrmp/ [OHIpMPA-LDI
E: Young's modulus ; £b : strain at break ; Ob : tensile strength

The bending behaviors of PUAs and PUNs under electric fields (3.3 V/cm) were observed in
various electrolyte solutions. PUAs and PUNs were immersed to the electrolyte solutions and
cut into pieces(20 mm long x 3 mm wide x 1 mm thick), and then set in the electric fields. All
PUAs and PUNs bent to the negative electrodes.

Cationic polyurethane elastomers having quaternary ammonium groups were also prepared.
Polyurethane cationomers bent to the positive electrodes and had strength enough to be used
as chemomechanical materials.

In conclusion, ionic polyurethane elastomers bent in electrolyte solutions under electric fields.
These results indicate high potentialities of the ionic polyurethane elastomers as
chemomechanical materials.
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SUMMARY

A synthetic polyanion polymer, poly(maleic acid-alt-7,12-dioxaspiro[5, 6]dodec-9-ene) (MACDA),
enhanced the growth of L929 mouse fibroblasts in a serum- and protein-free condition. The highest
promotion efficiency was obtained at 10 pg/ml of MACDA, resulting 2.1-fold increase in the cell
number against a control experiment without MACDA. At that time, no significant morphological
change of 1929 was observed. The unnecessary of external growth factors distinguishes MACDA
from other synthetic polymers those have been known to show such a cell growth promotion.

KEY WORDS: polyanion polymer, fibroblast, MACDA, serum-free culture, growth promotion

INTRODUCTION

Generally, cultured cells required a serum for their proliferation.

However the presence of unidentified compounds in serum CH— CH
complicates a study of cellular functions at molecular level [1]. A ]

chemically well-defined medium is essential for a controlled COOH COOH o.
biological study using cultured cells [1][2]. One of the method to n
culture cells in a serum-free medium is the modification of culture

substrata because their funcitons and proliferation strongly depend on

the characteristics of the surface of culture substrata [3]. Most cell .

lines, however, fail to grow in that condition and require further Fig. 1 MACDA
protein growth factors for their complete proliferation. For well

defined synthetic media, synthesis of artificial growth promoter could be indispensable.

We have investigated a large number of polyanion polymers with different pendant structures, chain
rigidity, hydrophobicity and surface charge density for their tumoricidal acitivity. From these
studies, it was found that poly(maleic acid-alt-7,12-dioxaspiro[5,6]dodec-9-ene)(MACDA, Fig. 1)
had in vivo antitumor [4] and in vitro macrophage stimulation activities [S]. Activation of
macrophages is accompanied by a number of molecular events such as an activation of
phosphoinositide turnover, an increase in the intracellular concentration of Ca2+, and a protein kinase
C translocation from cytosol to membrane [6]. These events are thought to be associated with signal
transduction processes, and also occur in cell proliferation and differentiation [7]. These findings led
us to investigate the effect of MACDA on cells other than macrophages, particularly on their growth
responces. In this study, the effect of MACDA on the growth of 1929 mouse fibroblasts is
discussed.

METHODS

MACDA was synthesized by radical copolymerization of maleic anhydride and 7, 12-dioxaspiro[5,
6]dodec-9-ene using o, o'-azobisisobutyronitrile as an initiator. The polymer so obtained was
fractionated and characterized by 'H-NMR and gel permiation chromatography.

L.929 mouse fibroblasts in their growth phase were trypsinized and resuspended in Eagle's minimal

essential medium (MEM) supplemented with 10 % FBS and seeded at a density of 2.5 x 104
cells/cm? on a 24-well micro plate. After incubation at 37 °C under 5 % CO; for 8 hours, the medium
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was removed, and the cells were incubated for another 16 hours in a serum-free MEM. Then the
medium was changed to one containing MACDA or heparin. A serum-free MEM was used for a
control experiment. After 3 days incubation, cell proliferation was evaluated by counting living cells.

RESULTS AND DISCUSSION

The addition of MACDA to a serum- and 50
protein-free MEM promoted the growth of L929 2
cells (Fig. 2). The growth promotion activity of
MACDA depended on the concentration of the
polymer. The highest promotion was obtained
at 10 pg/ml of MACDA, resulting 2.1-fold
increase of cell number against a control
experiment without MACDA. Heparin, which
was a naturally occuring polyanion polymer,
showed no growth promotion under the
comparable condition. It is known that heparin
promotes the growth of several types of cells
via enhancement of the activity of fibroblast
growth factors [8]. The result obtained here
indicates that the mechanism of the cell growth
promotion by MACDA is different from that of 50
heparin. 0.1 1 10 100

2007

150

Relative increase (%)

100

Heparin

Several synthetic and semi-synthetic polymers, Polymer concentration ( ug/mi )
other than polymers used for the modification of Fig. 2 Effect of MACDA and heparin on the growth

substrata, have been reported their growth ; ” &
promotion activities [2]. Among them, of L929 mouse fibroblasts. All runs were triplicated.

polyvinylpyrrolidone and methylcellulose showed the activity in a serum-free medium. However, the
effect of these polymers seems to work simply as protective agents of cytoplasm membrane against
mechanical and enzymatic damages, because these polymers were effective only at subculturing
procedure and above the concentration of 0.1 wt %. In this study, MACDA showed significant
growth promotion at 100-times lower concentration compared to polyvinylpyrrolidone and
methylcellulose without subculturing steps. This suggests that the action of MACDA must be direct
to proliferation of cells and unique. The clarification of the action of MACDA will give us
considerable information to design of an artificial growth promoter. A further study on the action of
MACDA is currently ongoing.
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ABSTRACT: Block copolymers consisting of poly(y-benzyl L-glutamate)(PBLG) as the
hydrophobic part and poly(ethylene oxide)(PEO) as the hydrophilic part were prepared and their
structural studies were performed. Cell attachment onto the surfaces of block copolymers
fabricated either as well-defined ordered Langmuir-Blodgett(LB) films, or solvent cast
microphase-separated structure consisting of bilayers. Monolayers of the block copolymers could
be formed. The monolayer behavior of the block copolymer was affected by the content of PEO.
The block copolymer LB films were formed as oriented state of the polymer chains. More
fibroblasts adhered onto the LB surface than onto microphase-separated cast surfaces. Adhered
fibroblast showed extensive morphological changes associated with the LB surface as compared
to cast film surfaces. The number of cells grown on the LB surfaces is larger than that on the cast
film.

KEY WORDS: Langmuir-Blodgett(LB) film, micro-separated structure, fibroblast

INTRODUCTION

Cellular behaviors, such as adhesion, morphological change, functional alteration, and
proliferation, are greatly affected by the surface properties, such as hydrophilicity, roughness,
charge, free energy, and morphology[1].

In previous studies[2, 3], it was found that the surface microstructure of block copolymers
fabricated through solvent casting and Langmuir - Blodgett(LB) methods influenced cellular
interactions.

In this sutdy, the attachment of fibroblast onto poly(y-benzyl L-glutamate)(PBLG)/poly(ethylene
oxide)(PEO) block copolymers will be evaluated. The surfaces are fabricated either as LB films,
presenting a well-defined, ordered surface structure, or as solvent cast surfaces, presenting a
microphase-separated surface.

EXPERIMENTAL

Synthesis of PBLG/PEO diblock copolymer
[t was prepared by polymerization of y-benzyl L-glutamate N-carboxyanhydride(BLG-NCA)

initiated with H)N-PEO(M.W.=2,000) in methylene chloride by the same method as that
described previously[4].

Preparation of block copolymer films

Monolayers were formed using a procedure described previously[S]. The block copolymer
monolayers were transferred onto silane-treated glass plates by a horizontal lifting method. To
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form solvent cast films, the block copolymer chloroform solutions were deposited onto silane-
treated glass plates.

Cell adhesion

Copolymers prepared by the LB films and solvent cast onto glass plates were immersed in
separate cell suspensions and placed in an incubator with Swt.-% CO2 at 370 C. The non-
adhering cells were collected and counted by a hemocytometer.

RESULTS AND DISCUSSION

The copolymer was prepared by polymerization of BLG-NCA initiated by the amine-terminated
PEO in methylene chloride. The copolymer composition and molecular weights were estimated
by NMR measurements. In Table 1 are listed the amount of PEO and the molecular weight of the
copolymers.

Table 1. Characteristics of PBLG/PEO diblock copolymers prepared.

Content of monomeric units in mol %

Sample PBLG PEO Mn
GEl 87.1 12.9 68,500
GE2 76.6 23.4 34,300
GE3 61.0 39.0 17,400
GE4 27.9 72.1 5,800

From the surface pressure-area isotherms of PBLG homopolymer and PBLG/PEO diblock
copolymers, PBLG monolayer has the compressed type whereas diblock copolymers have the
expanded types due to the incorporatrion of PEO in the diblock copolymers.

From the fibroblast adhesion onto the block surfaces, more fibroblasts adhered onto the LB
surface than onto cast surfaces for the block copolymers. Also, more morphological changes of
fibroblast adhered onto the LB surfaces were observed than surface of the cast film. From the
fibroblast growth, the number of cells grown on the LB surfaces is larger that on the cast film.
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SUMMARY

New bioactive glycolipids were effectively isolated and purified from cells of Mycobacterium bovis
Ravenel and Gram-positive Enterococcus hirae ATCC 9790. These glycolipids had macromolecular
features and showed high cytokine-inducing activity as evaluated with an assay using human
peripheral whole blood cells. These natural macromolecules may be good references for developing a
new synthetic polymer drug having an immuno-stimulating activity.

KEY WORDS: Natural polymer, glycolipid, interleukin-6, tumor necrosis factor-a, bacterial cell

INTRODUCTION

A variety of glycolipids capable of modulating the host defence function (biological response
modifier, BRMs) are located in the surface layer of bacterial cells [1]. Representatives are endotoxic
lipopolysaccharide (LPS) from Gram-negative bacteria and muramyl peptide which constitutes a
structural unit of the cell wall peptidoglycan of most bacteria irrespective of Gram-stainability.
Recently other glycolipids having immuno-stimulating activity were reported from cells of
Mycobacteria [2,3] as well as Gram-positive bacteria [4]. These bioactive components proved to
have macromolecular features, but their structure responsible for the activity have not been fully
characterized. We report here the isolation and purification of the new bioactive glycolipids from
cells of Mycobacterium bovis Ravenel and Gram-positive Enterococcus hirae ATCC 9790, and their
chemical composition and cytokine inducing activity are also discussed.

MATERIALS AND METHODS

Bacterial cells: M. bovis Ravenel was grown in Sauton media at 37 °C for 4 weeks and killed at 100
°C for 15 min. The cells were collected by filtration and washed with distilled water, then dehydrated
with acetone. E. hirae ATCC 9790 was grown aerobically at 37 °C for 6 h in trypticase-tryptose-
yeast extract medium. Cells were harvested by centrifugation and washed with phosphate buffered
saline.

-stimulating activity (Cytokine-inducing activity): Test samples dissolved in saline was
incubated with heparinized human peripheral whole blood cells and a culture medium at 37 °C in 5%
CO; for 24 h. After the centrifugation at 1,800 rpm for 2 min, the interleukin-6 (IL-6) and tumor
necrosis factor-o (TNF-o) in the obtained supernatant were measured by ELISA.

RESULTS AND DISCUSSION

M. bovis Ravenel: The cells delipidated with chloroform/methanol (1/2, v/v) were suspended in a
buffer solution and treated with 80 % phenol at 65 °C for 45 min. After cooling in an ice bath, the
mixture was centrifuged at 15,000 g for 20 min to separate aqueous phase, in which the active
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fractions were extracted. The extract was subjected to hydrophobic chromatography (Octyl-
sepharose CL-4B, Pharmacia LKB) with linear gradient of 1-propanol to give an active fraction.
Then, further purification was performed by the ion-exchange chromatography (DEAE-Sephacel,
Pharmacia LKB) using Tris-buffer (pH 7.4) containing 0.1 % (w/v) Triton X-100. The detergent
was removed by the repeated precipitation using ethanol to give a bioactive glycolipid, a single but
broad band being observed at about 40K dalton in SDS-PAGE stained with periodate and silver. The
glycolipid, thus designated 40 kDaGL, which possessed remarkable cytokine-inducing activity (Table
1), contained mannose (32 wt%), arabinose (26 wt%), and inositol (2 wt%); 3 wt% fatty acids
(C16:0, 10MeC18:0) and <1 wt% phosphorus were also found among its constituents.

E. hirae ATCC9790: Delipidation, phenol-extraction and the subsequent hydrophobic chromato-
graphy were performed in a manner similar to those described above. The obtained fraction was
subjected to ion-exchange membrane chromatography (QM-Mem Sep 1000, Japan Milipore Co.) in
the presence of 35% (v/v) 1-propanol to remove the contaminating biologically inactive components.
Finally, the bioactive fraction was purified by the hydrophobic interaction chromatography (Octyl-
sepharose) to give five distinct glycolipids (FOS-1, -2, -3R, -4R and -5R). Their molecular weights
were estimated by SDS-PAGE stained with Alcian blue as summarized in Table 1. All these five
glycolipids also exhibit high cytokine-inducing activity (Table 1) and have chemical composition
including glucose, glycerol, phosphorus, fatty acids (mainly C16:0, C18:1) and amino acid (mainly
alanine) but in distinct relative ratios.

The structural characterization of these macromolecular glycolipids from both bacteria is currently
being performed toward the goal of understanding the structure-activity relationship.

Table 1. Cytokine-inducing activity of macromolecular glycolipids from bacterial cells

IL-6 (pg/ml) TNF-o. (pg/ml)

100 pg/ml*2 10 pg/ml*2 100 pg/ml*2 10 pg/mi*2
40kDaGL M. bovis Ravenel 40 kDa 22100 £ 1700 650 + 188 97.0 £ 325 79.5+ 4.5
FOS-1*3  E. hirae ATCC9790 > 100kDa 14400 + 180 3780 + 98.5 695 + 18.2 95.6 + 10.2

FOS-2  E. hirae ATCC9790 12-18kDa 17200 + 571 2770 + 423 676+ 17.2 54.8+30
FOS-3R E. hirae ATCC9790 12-18kDa 4360 £+ 1120 1990 + 786 114+ 126 98 +3.2
FOS-4R  E. hirae ATCC9790 12-18kDa 10100 % 489 4730 £ 472 303+ 16.8 57.8+15.8
FOS-5R  E. hirae ATCC9790 12-18kDa 9010 + 148 1790 £ 64.5 201 £ 6.0 57856

*1 Estimated from SDS-PAGE.

*2 Final concentration of the tested glycolipid in the peripberal whole blood cell culture (125 pl).
*3 Rhamnose was detected in addition to glucose.

Glycolipid Bacteria Mw*1

REFERENCES

[1] Kotani S, Tsujimoto M, Takada, H, Ogawa T, Takahashi L, Ikeda T, Shiba T, Kusumoto S,
Kato K, Kokeguchi S, Yano I (1986) Immunomodulation activities of bacteYial cell-surface
components. In: Bacteria and the Host, Ry¢ M and Franék J (eds) Avicenum, Czechoslovak
Medical Press, Prague, pp.157-169. '

[2] Ikeda-Fujita T, Kotani S, Tsujimoto M, Ogawa T, Takada H, Takahashi I, Shimauchi H,
Kokeguchi S, Kato K, Okamura H, Tamura T, Yano I, Tanaka S, Kato Y (1987) A novel
immunomodulator derived from Mycobacterium bovis BCG which holds many bioactivities in
common with endotoxins. Jpn. J. Bacteriol. 42: 597-602.

[3] Chatterjee D, Roberts AD, Lowell K, Brennan PJ, Orme IM (1992) Structural basis of capacity of
lipoarabinomannan to induce secretion of tumor necrosis factor. Infect. Immun. 60: 1249-1253.

[4] Yamamoto A, Usami H, Nagamuta M, Sugawara Y, Hamada S, Yamamoto T, kato K,
Kokeguchi S, Kotani S (1985) The use of lipoteichoic acid (LTA) from Streptococcus pyogenes
to induce a serum factor causing tumor necrosis. Br. J. Cancer 51: 739-742.



13C.LABELING IN METHIONINE METHYL GROUPS OF GLYCOPHORIN AM
AND ITS EFFECT ON THE SECONDARY STRUCTURE

Zhe Zhoul, Yukihisa Okumura2 and Junzo Sunamoto*1;2

1 Supermolecules Project, Research Development Corporation of Japan, Keihanna Plaza, Seika-cho
1-7, Soraku-gun, Kyoto 619-02, JAPAN; 2 Division of Synthetic Chemistry & Biological
Chemistry, Graduate School of Engineering, Kyoto University, Kyoto 606-01, JAPAN

SUMMARY

On the way of dynamic study of human glycophorin AM in lipid bilayer, we med (13c- -methylation
of its two methionines, Met-8 and -81, in the presence of 8 M urea. 14, 13C and CD spectra
revealed that the A, D and E helical domams of the protein were partly affected upon the methylation,
while B and C domains were not disturbed. 13C signals of methyl groups for both Met-8 and -81
appeared at the same position, at 15.7 ppm. The corresponding 1H chemical shifts were assigned as

2.11 ppm by using HMQC. These results indicate that previously reported 13C chemical shift of
Met-81 methyl group may be wrong, and 8 M urea which was used during the methylation procedure
certainly and irreversibly affect the secondary structure of the protein.

KEY WORDS

13C—Labeling, methyl group, glycophorin A, secondary structure, NMR

INTRODUCTION

Glycophorins comprise the predominant transmembrane sialoglycoproteins found in human
erythrocyte membrane. Because of the immense interest in the structure-function relationship of
biomacromolecules such as GP-A, characterization of molecular motion is crucial for understanding
of their biological functions. We are now studying dynamics of the two methionines, Met-8 and -81,

of GP-AM in an aqueous medium by using new proton- -detected 13C NMR technique.[1] During the
investigation, we found that the prevxous result reported by Hardy and Dill[2] was wrong. In thelr

study, they employed 8 M urea in the 13C-methylation of Met-8 and -81 of GP-AN as if the method
did not cause any change of the secondary structure of the protein. In this paper, we would like also
to report about new assignment to the chemical shifts of methyl groups for Met-8 and -81 of GP-A.

METHODS

Glyco ﬁlorins were isolated using LIS-phenol method from homozygous MM-type human blood.
GP-AM was obtained by gel filtration in the presence of lauryldimethylamine oxide. The methyl

groups of Met-8 and -81 were labeled with [13C]-methyl iodide.[2] CD spectra were measured on a
Jasco J-720 spectropolarimeter. NMR was run on a JEOL a-500 NMR spectrometer at 28°C.

RESULTS AND DISCUSSION

For GP-AM all the NMR and CD spectra were in good agreement with those previously reported.

However, after the 13C-1abeling, CD spectrum showed a decrease in the intensity. After further
treatment with 8 M urea at pH 4.0 for 6 h and, then, with 5 M urea at pH 6.0 for 15 h at 4°C, CD

intensity more decreased. Byers et al.[3] reported that the decrease in the ellipticity at 220 nm (8220)
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after treatment with 5-8 M guanidine-HCI was due to partial, but irreversible, loss of the secondary
structure of glycophorin, even complete removal of the denaturant by dialysis resulted in only 85%

recovery of 6220. Also in our case, even complete removal of urea by dialysis resulted in only 83-
88% recovery of ellipticity .

Human GP-A contains five His, four Tyr and two Phe residues. With IH NMR, resonances at 7.34,
7.15 and 6.84 ppm are respectively assigned to His (ring H-4), Tyr (ring H-2,6) and Tyr (ring H-
3,5). In native GP-A, the resonances of ring protons for the two Phe residues cannot be detected
because they are located in highly ordered helices which are near or in the hydrophobic domains.
This agrees with a model of human GP-A; Phe-68 locates in helix B and Phe-78 is in helix C. These
two helical domains are responsible for the dimerization of GP-A and are very tolerant to pH,
temperature and ionic strength even in 6 M guanidine/4 M urea. If the helices B and C were
disrupted, the ring proton signal of the Phe groups would appear at 7.3 ppm and the integral would
significantly increase. Integrals of the peaks in IH NMR spectrum of GP-AM at 7.34, 7.15 and 6.84
ppm corresponded to 5, 8 and 8 protons, and they could be assigned to ring protons of five His and
four Tyr residues. Even labeling of methionine methyl groups in the presence of 8 M urea or further
treatment of the 13C-labeled protein with urea did not show the Phe signal. This means that the
labeling and additional urea treatment do not change the helical structure B and C domains and leave
the dimerization unaffected. This well explains the unchanged electrophoretic pattern reported by
Hardy.[2]

Resolution of the proton and carbon spectra increased, especially, for the bulk carbohydrate region.
This means that several regions of the protein were denatured leading to an increase in the mobility of
these regions. Combining both results of NMR and CD measurements, we concluded that the helices
A, D and E were certainly affected during the labeling procedures. Hardy and Dill failed to get this
result because they investigated this point only from electrophoresis. In addition, their 13C NMR
spectra showed an apparent increase in the resolution over the range of 60 to 80 ppm upon the
labeling.

For two new peaks that appeared after the labeling, they assigned the peak at 15.7 ppm to the &-
carbon of Met-8 and the other at 2.0 ppm to that of Met-81. They attributed the unusual chemical shift
of the e-carbon of Met-81 to its microenvironment in the hydrophobic domain of GP-A. Although
Met-8 is in hydrophilic domain and Met-81 is in hydrophobic portion, both are exposed to bulk
solvent phase in water, and the 13C-chemical shifts should not show any dramatic difference. Jones
et al. specifically enriched the methionine methyl groups of whale sperm myoglobin with 13¢.-
labeling and carried out detailed NMR studies under various conditions.[4] Through the
investigation, they found that the 13C chemical shifts of the methionine methyl groups were within
the region from 14.2 to 16.7 ppm. Therefore, the peak at 2.0 ppm as reported by Hardy and Dill is
most likely from an impurity. Comparing the 13C NMR spectra between native and labeled GP-AM,
we recognized a new intense peak at 15.7 ppm only for the labeled protein. It could be assigned to
the overlap of two Met-8 and -81 methyl groups. From the proton-detected spectrum HMQC, we
could assign the 1H chemical shift of Met-8 and -81 methyl groups to 2.11 ppm, while the 13C
chemical shift of the 50 N-acetylmethyl groups in the 16 oligosaccharides to 23.4 ppm. The 13C-
chemical shifts for bulk of the carbohydrates are found over a region from 60 to 80 ppm.
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SUMMARY

Stability of enzymes, lactate dehydrogenase (LDH) and trypsin, was evaluated in the
presence of polymer with pendant monosaccharide. Enzyme was incubated in aque-
ous solutions of poly(glucosyloxyethyl methacrylate)(PGEMA), poly(ethylene
glycol)(PEG), glucose, and saccharose.

The relative activity of LDH increased to 140% in the presence of 0.05 mol unit of
monomer/l of PGEMA. The apparent Michaelis-Menten constant (Km) was deter-
mined at 30°C for LDH in the presence of PGEMA by using pyruvate as substrate.
The Km value of LDH with PGEMA was lower than that of pure LDH. The retained
activity of LDH and trypsin increased in the presence of PGEMA.

KEY WORDS: stability of enzyme , retained activity,lactate dehydrogenase,
trypsin, glucosyloxyethyl metacrylate

INTRODUCTION

Enzymes are intrinsically unstable, and if they are to be employed in applications
such as pharmaceuticals, diagnostics, vaccines and various bioreactor processes,
they must be stabilized against the myriad chemical and physical changes that can
cause them to lose their desired functionality.

Various substances are used to stabilize enzyme in solution. These include salts,
amino acids, polyhydroxy compounds,
and nonionic detergents[1]. However,

in most cases, they enhance stability H,0H HaG_
only at low temperature, including H C=CH,
freezing[2]. HO O—CH2“‘CH2_‘0_Q
OH o
In this study, the effect of PGEMA on GEMA

the stability of LDH and trypsin were
evaluated in solution at various temperatures.

METHODS

GEMA was polymerized in aqueous solution at 70°C with 2,2'-azobis(2-
amidinopropane) dihydrochloride as an .initiator for 4hours under nitrogen atmo-
sphere. LDH and trypsin were chosen as the model enzyme, because it has potential
use as a therapeutic agent. LDH from Rabbit muscle (Sigma) and trypsin from por-
cine pancreas (Sigma) was used without further purification. The activity of LDH
was measured using pyruvate and b-Nicotinamide adenine dinucleotide (NADH) as
substrate in 0.01M sodium phosphate buffer (pH 7.5) at 30°C. The activity of trypsin
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was measured using o-N-benzoyl-DL-
arginine-p-nitroanilide hydrochloride
(BApNA) as substrate in 0.01M Tris-
HCI buffer (pH 7.5) at 30°C.

RESULTS AND DISCUSSION

Figure 1 shows the retained relative ac-
tivity of LDH. The relative activity of
LDH increased to 140% in the presence
of 0.05 mol unit of monomer/l of
PGEMA. It is suggested that the affinity
between enzyme and substrate increased
with adding PGEMA, possibly leading
to the changes in the enzyme kinetics for
LDH. Therefore, the apparent Michae-
lis-Menten constant (Km) was deter-
mined at 30°C for LDH in the presence
of PGEMA by using pyruvate as sub-
strate. The Km value of LDH with
PGEMA was lower than that of pure
LDH. This may mean that the addition of
PGEMA has somewhat higher affinity
for the substrate than the pure LDH. This
indicates that there is interaction be-
tween enzyme and PGEMA. The re-
tained activity of pure LDH after incuba-
tion at 30°C for 48hours is ca. 70% of its
initial activity. In contrast, the LDH in
the presence of PGEMA retained ca.
90% of initial activity of pure LDH. It is
clear that PGEMA stabilized LDH in
buffer solution. Fig. 2 shows the effect of
incubation time on the retained activity
of trypsin at 60°C. The pure trypsin and
the trypsin in the presence of PEG re-
tained little percent of its initial activity
by incubation at 60°C for 90 min. In con-
trast, trypsin in the presence of PGEMA
retained 20% of initial activity of pure
trypsin. It is clear that the storage stabil-

294

Incuvation Time
Fig. 1 Effects of the additives on the retained
activity of LDH at 30°C, in 0.01M phospatc
buffer, pH 7.5. "The additives concentration was 0.
05 mol/l. The retained activity of pure LDH
without incubation is taken as 100%

Fig. 2 Effects of incubation time on the retained
activity of trypsin at 60°C, in 0.0fM tris-HCI
buffer, pH 7.5, in the presence of PGEMA(® ).
PEG(® ). The retained activity of pure trypsin
without incubation at 60°C is taken as 100%.

ity of trypsin increased in the presence of PGEMA more than the presence of PEG.
This indicates that the addition of PGEMA provides protection against thermal inac-

tivation of enzyme.
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SUMMARY

Chemical modification of biomolecules with synthetic and natural polymers has developed new
applications of proteins in the fields of medicine, bio-engineering and bioreactor. We have been
investigating polymer-protein hybrid modified by a temperature-responsive polymer, poly(N-
isopropylacrylamide) (PIPAAm) and reported the possibility of regulation and recycling system of
PIPAAm-enzyme by changing temperature with PIPAAm-lipase. We have also discussed that the
molecular architecture of PIPAAm-enzyme conjugate affects their response towards temperature and
stability in solution and demonstrated the necessity of molecular designing in protein modification by
functional polymers. In this study, we prepared PIPAAm-conjugated BSA with semitelechelic
oligomer containing carboxyl group(IDc) and amino group(IDa), in which different number of
polymer chains attach to BSA by single-end. Their response towards temperature change was
reversible and dependent on concentration and number of polymer chains, which indicated phase
separation of conjugates was enhanced by hydrophobic interaction of dehydrated PIPAAm chains.

KEYWORDS

Temperature-responsive bioconjugate / poly(N-isopropylacrylamide) / BSA / semitelechelic oligomer

INTRODUCTION

In polymer-protein conjugation, poly(ethylene glycol)-modified proteins decreased the
immunoreactivity and/or immunogenicity of antigenic proteins and increased their in vivo stability.
Using these techniques functional polymers are capable of integrating new functions to the
biomelecules. A water-soluble polymer, poly(N-isopropylacrylamide) (PIPAAm) shows unique,
reversible hydration-dehydration changes in aqueous solution in response to small temperature
changes[1]. We have been studying PIPA Am-biomolecule conjugates constructed by PIPAAm chain
with a single end attachment(2,3,4], comparing multi-point attachment system[5]. Single-end
attachment system was capable of temperature-induced separation and recycling without denaturation,
wheras in multi-point attachment system, the conjugate was irresistible towards temperature
changes[6]. In this paper, we modified bovine serum albumin(BSA) with two Kkinds of
semitelechelic oligomers to prepare conjugates having different number of polymer chains and
discussed their solution behavior as a new temperature induced biosystem.

MATERIALS AND METHODS

Semitelechelic oligo(IPAAM-co-N,N-dimethylacrylamide)(Oligo(IPAAm-co-DMAAm)) with
carboxyl end group (IDc) and amino group (IDa) were synthesized by telomerization reactions of
IPAAm with DMAAm using 3-mercaptopropionic acid and 2-aminoethanthiol as a chain transfer
agent, respectively in DMF at 70°C for 5 hr. Bovine serum albumin was used without purification.
IDc-BSA was prepared by condensation reactions of amino groups located at the protein surface with
activated carboxyl groups of IDc. IDa-BSA was prepared via sulfhydryl group by reaction with
maleimide-activated IDa. Their LCSTs were measured spectrophotomerically by determining optical
transmittance at 500nm using a spectrophtometer.
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RESULTS AND DISCUSSION
Response towards temperature change

Both IDc and IDa exhibited LCST at 37°C as a result of introducing 10 mol% of DMAAm. BSA is
known to have fifty nine lysine residues and one sulfhydryl group. IDc-BSA had five IDc chains in
average per molecule which was measured by fluorescamine assay and IDa-BSA had one IDa chain
per molecule. Both IDc-BSA and IDa-BSA conjugates were soluble in water at room temperature as
well as organic solvent, and exhibited a temperature-induced phase separation according to the LCST
of the polymer. Response toward temperature change of 1wt% aqueous solution of both conjugate
was rapid and reversible due to the highly mobile free end groups of the grafted oligomers. This
indicated that the solubility of BSA did not affect the solubility of IDc-BSA and IDa-BSA and their
LCSTs could be regulated precisely by the LCST of oligomers.

Effect of concentration on LCSTs

100
Concentration of conjugate was normalized by BSA
concentration and transmittance change of dilute = 80
conjugate solution was measured as shown in Figure %
1. In dilute solution their LCSTs shifted to higher £ 6o
temperature and their transmittance change became £
broader. LCSTs of IDc-BSA were lower than IDa- E .
BSA when comparing at the same BSA concentration. §
These results indicates that the phase separation of + _ |
polymer occur intramolecularly and hydrophobic ~ 2°
interaction of dehydrated polymer chains enhance the
precipitation of conjugates. The reason that their % 30 a0 50 60 70
LCSTs of 1wt% solution was same as that of Temperature (°C)
oligomers can be interpreted that at high concentration Figure 1. Temperature dependence of optical
aggregates were formed fast due to the short distance transmittance for aqueous solutions of PIPAAm
between conjugates. -BSA conjugates at various BSA concentration
(0; IDc-BSA, 0.5%, A ; IDc-BSA, 0.3%,
O; IDc-BSA, 0.1%, e;Da-BSA, 0.5%,
Conclusion 4;1Da-BSA, 0.3%, m; IDa-BSA, 0.2%).

Temperature-responsive BSA conjugates having different number of PIPAAm chains were prepared.
Their LCSTs were dependent on concentration; in condensed aqueous solution intermolecular
aggregation occurred as a result of hydrophobic interaction of dehydrated polymer chains which
enhanced conjugates precipitation. Response toward temperature change was rapid and reversible due
to the highly mobile free end groups of the grafted oligomers. This temperature-responsive BSA
conjugate demonstrated that when changing temperature, the conjugate precipitate was formed firstly
by the intramolecular dehydration of the polymer chains and secondly by the intermolecular
aggregation between dehydrated polymers.
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SUMMARY

L-Asparaginase modified with comb-shaped polyethylene glycol derivative, activated PM,
markedly prolonged the clearance time in vivo and enhanced the stability against heat (65°C), urea
(4.0 M) and acidity (pH 4.0).

KEY WORDS: comb-shaped copolymer, polyethylene glycol, stabilization of enzyme, chemical
modification, L-asparaginase.

a. chain-shaped PEG b. comb-shaped PEG

INTRODUCTION
MPEG-O |:Iq

L-Asparaginase from Escherichia =N — CHo— CH—
coli has been used clinically for the N />—C| (|: 2 /CH C\H
therapy of acute lymphocytic N CH, OC co
leukemia and lymphosarcoma. The MPEG-O | \0/
disadvantage of this therapy lies in O(C2H40)nCH3 m
short circulation time in blood and in Activated PEG 10 kD .
immunological side effects ranging in Activated PM43
severity from mild allergic reaction to Fia. 1 m~8, n~33, R=H, 13 kD
anaphylactic shock, as the enzyme is 9. Activated PM1go

a protein foreign to humans. We had ~ Structure of modifiers  m~50, n~40, R=CHg, 100 kD

been trying to overcome these dis—

advantages of asparaginase by modifying with poly(ethylene glycol) (PEG) derivatives.
Asparaginase modified with the chain-shaped PEG (activated PEG2, Fig. 1a) reduced its
immunoreactivity while only 11% of the original activity was retained.

Recently, we developed a comb-shaped copolymer of PEG and maleic anhydride (Fig. 1b) with
the molecular weight of 13,000 (activated PM13) and 100,000 (activated PM100) as a protein
modifier. The PM13— and PMioo-modified asparaginases with undetectable immunoreactivity by
the quantitative precipitin reaction retained 46% and 85% of the original activity, respectively[1].

MATERIALS AND METHODS

To an L-asparaginase solution in 0.5 M borate buffer (pH 8.5) was added activated PM13 or
PMuioo. After 1-h reaction at 4°C, uncoupled modifier was removed by ultrafiltration. Lipase from
Pseudomonas fluorescens and trypsin from bovine pancreas were modified with activated PMs in
the same manner.

The in vivo clearance of the asparaginase preparations were measured after intravenous injection
into rats. The asparaginase activity and L-asparagine (Asn) concentration in the serum were
measured by the GOT method and with an amino acid analyzer, respectively. In the case of in vitro
stability, the residual activity of asparaginase was determined by the Nessler's method after the
incubation for a given time. The activities of lipase and trypsin were measured by using polyvinyl
alcohol-emulsified olive oil and benzoyl-L-arginine ethyl ester as substrates, respectively.
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RESULTS AND DISCUSSION

After the i.v. injection of PMico—asparaginase, the enzymic activity was retained at least 11 days in
blood circulation and the Asn concentration in serum remained undetectable for 27 days. After 27
days, the concentration of Asn in serum was increased with time. In the case of nonmodified
asparaginase, Asn was eliminated from serum for less than 1 day. The clearance time of
asparaginase in vivo was prolonged by the modification with activated PMioo; the half-lives of
modified and nonmodified asparaginases were 50 and 1.5 h, respectively.

The effect of the modification with activated PM13 and PM1oo on the stability of asparaginase in
vitro was tested towards heat, urea and acidity (Fig. 2). In the heat-stability at 65°C, the enzymic
activity of nonmodified asparaginase was completely lost after a 30-min incubation. On the other
hand, PM13- and PMico—asparaginases retained 35% and 90% of their enzymic activities,
respectively, at the same incubation time. In the case of urea-denaturation, nonmodified
asparaginase lost almost the enzymic activity with 4.0 M urea in 10 min, while PM13— and PMioo-
asparaginases retained 70% and 85% of the initial activities, respectively. The stabilization test
was also performed with acidity. At pH 4.0, the enzymic activity of nonmodified asparaginase
decreased markedly to 10% of the original activity by the 60-min incubation. The PM13- and
PMioco—asparaginases retained approximately 80% of their enzymic activities, respectively. On the
contrary, the stabilities of PEG2-asparaginase towards heat and acidity were quite similar to those
of nonmodified enzyme[2], probably because activated PEG2 has a chain-shaped form with a.
monovalent reactive site.

These results indicate that the stabilization of asparaginase is caused by the modification with
activated PM. This may be due to the interaction with covalent bonds and noncovalent bonds
between PM and the protein molecule. In fact, lipase and trypsin were also stabilized toward heat
(55-60°C) and urea (4.0 M) by the same modification with activated PM[3, 4]. In order to
generalize the stabilization of various enzymes, experiments are now in progress. We believe that
this novel technique may open a new avenue to biomedical and biotechnological fields.

) Heat (65°C) Urea (4 M) I Aciditoy (pH 4)
100 PM,o,-asparaginase j PM,,-asparaginase
[} °
80 PM, -asparaginase - 1
9 PM, -asparaginase
[
'E 60 PM, ,-asparaginase - J
©
g
2 L ]
> 40 PM, -asparaginase
°
< nonmodified
20 asparaginase -
nonmodified nonmodified
asparaginase , _asparaginage
0 20 40 60 0 20 40 60 0 20 40 60
Incubation time (min) Incubation time (min) Incubation time (min)

Fig. 2 Stabilization of L-asparaginase modified with activated PMs
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SUMMARY

New polymeric hydrogels were prepared by radical copolymerization of methacrylic acid with
acrylamides and oligo(oxyethylene)glycol mono- and dimethacrylates. Semisynthetic polymers
containing a large number of aldehyde groups and in some case acid groups were also prepared by
chemical modification of natural polysaccharides. “In vitro” tests have shown that the prepared
matrices are characterized by a large capacity of water uptake, tunable by pH modulation, accompa-
nied by a parallel ability to uptake urea, ammonia, sodium and potassium, matching the requirements
for their utilization as adjuvants in the therapy of uraemic patients.

KEY WORDS: hydrogels, oxidized polysaccharides, chronic uraemia therapy, urea up-take

INTRODUCTION

Chronic uraemia is a pathology characterized by a complex symptomatology due to accumulation of
toxic metabolites and inability of kidneys to maintain constant pH and hydro-electrolytic balance in
body fluids. Chronic uraemia therapy can be either conservative, implying the reduction of catabo-
lites by ipoproteic diets, or substitutive, in which toxic metabolites are removed by extracorporeal
dialysis. The possibility of reducing accumulation of water and toxic metabolites could greatly help to
increase the time between dialyses and to improve the life quality of uraemic patients.

Within the framework of an investigation aimed at the preparation of new polymeric materials to be
used for biomedical and pharmaceutical applications!~6, in the present paper we report on the
synthesis of new macromolecular systems able to absorb water and other toxic metabolites from body
fluids in the gastrointestinal tract and hence potentially valuable in uraemia therapy.

RESULTS AND DISCUSSION

Polymeric hydrogels containing carboxylic and hydrophilic groups were prepared by polymerization
of methacrylic acid (MAA), acrylamides [acrylamide (AAm), N-isopropylacrylamide (NIPA),
N-terbutylacrylamide (NTBA)], oligo(oxyethylene)glycol monomethacrylates (OEGMA, degree of
oligomerization 2, 4, 8) and tetra(oxyethylene)glycol dimethacrylate (TOEDMA) mixtures, in dioxane
at 70 °C in the presence of AIBN as radical initiator (Table 1). In all cases polymeric products
containing 5 meq/g of carboxylic groups were obtained with conversions generally higher than 75%.
In order to evaluate the potentiality of these systems in removing body fluids from uraemic patients,
the swelling in physiological solutions buffered at pH values of 4, 7 and 9 was evaluated for all
polymer samples. The swelling power at pH 4, measured as weight of absorbed water per weight of
dry polymer, resulted included between 2 and 13, the larger values being observed for samples having
a larger content of amide units. Degrees of swelling not lower than 20 and in some cases larger than
100 were observed both at pH 7 and 9. All hydrogels were characterized by a significant ability to
remove cations (1-8 meq/g) and urea (25-200 mg/g) from pH 7 buffered solutions containing 200 mg
urea, 13 meq Na* and 0.5 meq K* in 100 ml.
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Table 1. Preparation of methacrylic hydrogels.

Run Polymerization feed 2) Conv. Polymeric product
AMA Amide OEGMA IECY Swelling ©
(mol %) type (mol%) n (mol %) (%) (meq/g) pH4 pH7 pHO
PAA2R 470 AAm 390 2 13.0 97 52 2.1 21 19
PAA4R 520 AAm 350 4 120 98 53 23 32 36
PAASR 590 AAm 30,0 8 100 78 5.0 23 23 24
PAAR 400 AAm 59.0 - - 73 5.0 8.0 21 28
PAPAR 51.0 NIPA 480 - - 35 5.1 13.0 121 90
PABAR 540 NTBA 45.0 - - 36 5.0 3.0 61 73

2 Containing 1% of TOEDMA. b Ion-exchange capacity. ©) In physiological solution at 25°C,
evaluated as weight of swelled polymer/weight of dry polymer.

Parallel to the strategy based on synthetic matrices, a second line focused on the preparation of
semisynthetic polymers containing a large number of aldehyde groups and in some cases acid groups
was developed. Accordingly, chemical modification of polysaccharides such as dextran, cellulose,
starch, glucuronic acids and B-cyclodextrin was performed by NalOy oxidation either followed or not
by crosslinking reaction.

It is well known that the presence of acid moieties kinetically favors the reaction between carbonyl
groups and NHj; groups by imide or imine formation. Accordingly, some of the oxidized polysaccha-
rides were further modified by phosphorylation, carboxylation, and carboxymethylation reactions.
Polymeric materials containing carboxylic and/or aldehydic groups were utilized in preliminary “in
vitro” tests for the uptake of urea and ammonia from physiological solutions containing 200 mg urea
and 50 mg ammonia in 100 ml, at 37°C. Under the adopted conditions the investigated samples
resulted capable of uptaking 10-50 mg/g urea and 1-9 mg ammonia in 24 h. Nevertheless, in all cases
the recorded uptake is at least one order of magnitude lower than that expected on the basis of the
chemical constitution of the samples. Moreover the influence of degree of oxidation and of acidic
groups content on extent and rate of uptake of urea and ammonia is not yet fully understood and
further experimentation is needed.

The characteristics of some of the prepared matrices, that is a large capacity of water uptake, tunable
by pH modulation, accompanied by a parallel ability to remove urea, ammonia, sodium and potassium,
seem to positively match “in vitro” the requirements for their utilization in the therapy of uraemic
patients. At present, an investigation of their “in vivo” activity is being carried out. Preliminary
results obtained on healthy rats seem to confirm the results obtained in “in vitro” tests.
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SUMMARY

One of the most important factors in determining biocompatibility is the cellular response at the
tissue-biomaterial interface. In this study, we would introduce a novel research method for the
estimation of biocompatibility of polymeric materials, which is the evaluation of mRNA expression
of the cells contacting with polymer surfaces using reverse transcription-polymerase chain
reaction(RT-PCR) method. Interleukin-1B(IL-1B) were selected to estimation of the extent of
inflammation. The various polymer films were put into the 6well tissue culture plate. Human
premyelocytic leukemia cell line(HL-60) were added to each well in containing 10% serum and with
or without lipopolysaccharide(LPS) stimulation, or without serum, and were differentiated to
macrophage-like cells by phorbol 12-myristate 13-acetate. After predetermined time, the total RNA
were isolated from HL-60 cells and mRNA expression were quantitated by RT-PCR method. As a
result, in the presence of serum and LPS stimulation, the expression of IL-18 mRNA incrcased with
increasing the contact angle of films and reached to maximum at 70-80°. In the case of without LPS
stimulation, IL-18 mRNA expression was decreased compared to the condition of presence of serum
and LPS stimulation. From other results, IL-18 mRNA expression was influenced by the kind of
substrate, LPS stimulation, serum presence and their combination. We assumed that RT-PCR
method is one of the powerful methods to study the biocompatibility of materials.

KEY WORDS : RT-PCR, mRNA Expression, Cell-Polymer Interaction, Macrophage, Cytokine

Introduction

One of the most important factors in determining the biocompatibility of implanted material is the
cellular response to the material at the tissue-material interface. The cell-polymer interaction has been
mainly investigated in vitro using various kinds of cells and various technic, such as cell adhesion
counting, morphology observation, proliferation quantification and evaluation of cell functions. In
this study, we would introduce a novel research methodology, the evaluation of mRNA expression
of the cells contacting with polymeric materials. As the mRNA expression is the initial cellular
response to the material, it seems possible to know how cells recognize the material by studying
what kind of mRNA are transcribed. For this purpose, macrophage like cell, HL-60, was selected
as the typical functional cell. Macrophage is known to play an important role in determining the
immunological response to the material. Thus, it is useful to study the macrophage response to the
material for evaluation of the biocompatibility of the material[1]. In this study, expression of IL-18
mRNA, which is the well known cytokine secreted by macrophage and was selected to estimation of
the extent of inflammation, in the HL-60 cells contacting with various substrates were reported.

Methods

The testing polymers selected as the culture substrate were as follows : tissue-culture-
polystyrene(TCPS),  polyethylene(PE),  Silastic®(silicone), ~ Nylon, tetrafluoroethylene-
hexafluoropropylene copolymer(6F), Cellulose, acrylamide surface-grafted PE(AAm-g-PE) which
has hydrophilic nonionic surface, N,N-dimcthylaminopropylacrylamide surface-grafted
PE(DMAPAA-g-PE) which has hydrophilic cationic surface, and p-styrenesulfonic acid sodium salt
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surface-grafted PE(NaSS-g-PE) which has hydrophilic anionic surface. The polymer film were cut
into 33mm diameter discs and set in the 6well tissue culture plate. Human premyelocytic leukemia
cell line (HL-60) were added to each well at a concentration of 3x10° cells/well in RPMI1640
containing 10%FCS. HL-G0 cells were differentiated to macrophage like cell by phorbol 12-
myristate 13-acetate and cultured with 10ug/ml lipopolysaccalide(LPS) stimulation.  After
predetermined time, the RNA was isolated from HL-60 cells by acid guanidine method[2] and
reverse transcribed to cDNA. For the quantitation of mRNA, the method developed by Nakajima et
al. was used[3]. 10-fold titrated cDNA(10ul - 100pl) were amplified by PCR and the amplified
cDNA by PCR were fractionated by electrophoresis in agalose gel. Relative expression were
evaluated by detection of 821bp band (IL-18 mRNA) visualized by ethidium bromide staining.

Results and Discussion

In this study, the reverse transcription-polymerase chain reaction (RT-PCR) was used to determine
and quantify the expression of mRNA expression. This method is known to be applicable for
detecting the mRNA expression with high sensitivity without using radio-isotope. We determined
the experimental condition of detecting and quantifying mRNA expression by RT-PCR as shown in
experimental section. Using the method of Nakajima, the quantification of expressed mRNA was
carried out successfully. Fig.1 shows the expression of IL-18 mRNA in the presence of serum and
LPS stimulation. The expression of mRNA increased with increasing the contact angle of films and
reached to maximum at 70-80°, then slightly decreased. In the case of Cellulose, IL-18 mRNA
expression was not observed. These profile with contact angle is same as the cell adhesion
phenomena reported by Ikada et al[4]. From other results, IL-1B mRNA expression was influenced
by the kind of substrate, LPS stimulation, serum presence and their combination. We would
emphasize that RT-PCR method is one of the novel powerful research methods for studying
biocompatibility of polymeric materials.
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Fig. 1 Evaluation of mRNA Expression by RT-PCR
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SUMMARY

A new approach is proposed to speeding up a deswelling response to temperature in a polymer
hydrogel by tailoring the gel architecture at the molecular level. This novel structural design allows
rapid conformational changes of grafted poly(N-isopropylacrylamide) (PIPAAm) chains within
similar thermo-sensitive backbone network. Owing to easier expulsion of water from the network
induced by the strong dehydration of side chains, the shrinking rate of this comb-type grafted
hydrogel becomes much faster. A new deswelling mechanism rather than polymer network diffusion
is introduced, and the intrinsic size-independent control of gel dynamics is achieved.

KEY WORDS: poly(N-isopropylacrylamide), comb-type grafted hydrogel, thermosensitivity,
rapid conformational changes, faster deswelling

INTRODUCTION

Recently, the swelling and deswelling volume changes of hydrogels in response to external stimuli,
such as electric field [1] and heat [2] are utilized for the several potential applications, such as smart
actuators [3] and drug delivery system [2]. For these applications of the stimuli responsive
hydrogels, a fast response is needed. The kinetics of swelling and deswelling in these gels are
typically governed by diffusion-limited transport of the polymeric components of the network in
water, the rate of which is inversely proportional to the square of the smallest dimension of the gel
[4]. Several strategies have been explored for increasing the responsive dynamics, such as
introducing porosity [5,6]. In contrast to these previous works, we have attempted a novel
deswelling mechanism rather than diffusion [7]. We prepare the hydrogel having side polymer
chains grafted onto the main polymer network (Fig.1). This comb-type grafted hydrogel is improved
its molecular mobility due to the existence of the free mobile chains. In our gel, a fast deswelling is
achieved due to the immediate dehydration of grafted polymers which might aid the expulsion of
water from the network during collapse and enhance the hydrophobic aggregation forces between
polymer network. With this novel comb-type grafted hydrogel, more rapid stimuli responsive
swelling dynamics of gel is attained.

EXPERIMENTAL METHODS
Conventional hydrogel

The details of method for preparation of

comb-type grafted hydrogel is described in

elsewhere [7]. The solution containing - -
IPAAm monomer (70wt%), PIPAAm
macromer (30wt%) was polymerized by
redox initiator, and crosslinked with
methylenebisacrylamide at 15°C for 1 day. Comb-type grafted hydrogel
After washing, the swollen gel membranes

were cut into disks using a cork borer (2mm

thick, 15mm diameter). To determine the

swelling-deswelling kinetics of gels, the

~ = %
weight change of gels in response to

temperature change was measured. The gig1 structure and deswelling mechanisms for conventional

kinetics of conventional gel (100wt% of
monomer) was also measured as a reference.

PIPAAm and comb-type grafted PIPAAm hydrogels
undergoing temperature induced collapse in water.
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Figure 2 clearly shows the difference between
deswelling behaviors of hydrogels undergoing
shrinking at 40°C. The conventional PIPAAm
hydrogel containing same amount of IPAAm shrinks
slowly, need for more than a month to reach its

-3
=

Conventional

60} hydrogel

equilibrium deswelling. On the other hand, the comb- 20} Comb-type grafted

type grafted hydrogel shrinks rapidly on the minute hydrogel Lo
time scale, the quick response is demonstrated. The 48 = ( Q
conventional gel formed the skin layer on the surface 10 — ) |

0 20 40 60 ’’more than

Temp.['C] Swelling degree [%]
F-3
o

which have high impermeability to water [2,4]. Due

to this surface skin formation, the slow release of Time[min] &Month
entrapped water is observed. In contrast, the grafted Fig.2 Deswelling kinetics for hydrogels
gel shows mechanical buckling, indicative of the undergoing shrinking at 40°C In

response to stepwise temperature

strong aggregation forces operating within the gel. increase from 10°C.

Water is strongly squeezed out of the gel.

This strong repulsion of entrapped water was readily observed by DSC measurements of water
content inside the hydrogel networks [7]. The amount of freezable water decreased dramatically
within 20 min after an increase of temperature to 40°C, although non-freezable water content was
maintained almost constant and low. Therefore, drastic swelling change observed for the grafted
hydrogel is attributed to the significant change in freezable water content in the gel. In contrast to
comb-type grafted hydrogel, slight change in freezable water content was observed for conventional
gel. With increasing temperature, grafted polymers exposed to water rapidly dehydrate, and almost
freezable water is released. The rapid deswelling of grafted gel is caused by this immediate
dehydration of graft chains which is followed by the strong hydrophobic interaction between
dehydrated graft chains. The dehydrated chains create hydrophobized portion in the network which
enhance hydrophobic aggregation of the crosslinked network. The rapid shrinking kinetics of the
comb-type grafted hydrogel also results from the lack of collapsed polymer skin on the gel surface,
and an increase in void volume within the polymer network subsequent to the dehydration of grafted
chains may also contribute to facilitate the release of entrapped water to the gel exterior.

CONCLUSIONS

In this research, we have achieved a dramatic new deswelling changes in PIPAAm gels in response
to temperature by introducing rapid conformational changes of mobile, grafted polymers. In contrast
to the dynamic properties dominated by the diffusion-limited transport (collective diffusion), we
demonstrate the other concept for controlling the gel swelling behaviors with this comb-type grafted
hydrogel structure. We believe that by using such a fast responsive gels, we can eliminate the current
limitations to realize the rapid acting actuators composed of the smart hydrogels.
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SUMMARY

A poly(N-isopropylacrylamide)-coated glass was prepared and its interfacial electrokinetic
properties were studied with a special emphasis on the phase transition behavior of the hydrogel.
The electro-osmotic flow velocity was measured on the hydrogel surface immersed in an
electrolyte solution at pH 7.4 as a function of temperature and ionic strength. The data were
analyzed with an electrokinetic theory for "soft" surfaces to determine the charge density (zN) and
the softness parameter (1/A) of the hydrogel layer. The charge density (zN) and the softness
parameter (1/?») obtained have been well explained the volume change of the hydrogel.

KEY WORDS : Poly(N-isopropylacrylamide), Electro-osmosis, Soft surfaces

INTRODUCTION

Poly (N-isopropylacrylamide) hydrogel, which has a phase transition temperature at 33 °C, isin a
swollen state below 33 °C and is in a shrunken state above it. In previous papers [1,2], we have
shown results of the measurements and the analysis of the electrophoretic mobility of a latex
particle composed of poly(styrene) and poly(N-isopropylacrylamide). The dependence of the
electrophoretic mobility of a latex particle covered with a poly(N-isopropylacrylamide) hydrogel
layer upon temperature and ionic strength of the dispersing medium was well explained via an
electrophoretic mobility formula for "soft particles" [3]. In the present paper, we have prepared
poly(N-isopropylacrylamide) hydrogel plates, measured the electro-osmotic flow on its surface
and have analyzed the experimental data via a formula for the electro-osmotic velocity on a
charged "soft surface" [4]. The number of fixed charges in the hydrogel was also determined by
potentiometric titration and the swelling ratio at equilibrium was measured as a function of ionic
strength and temperature. Also the wettability of the hydrogel was measured as a function of
temperature.

METHODS

Preparati oly(N-i,

Poly(N- 1sopropy1acrylam1de) hydrogel was prepared in the same way as reported before[4].
Measureme

The hydrogel was 1mmersed ina sodlum hydr0x1de solution to produce complete dissociation of
all sulfonic groups at the terminal of each polymer chain and the residual sodium hydroxide
concentration was measured potentiometrically with a hydrochloride solution at 25 °C.
Equilibrium swelli r

The swelling ratio of the hydrogel at equilibrium was measured as a function of temperature and
the ionic strength of phosphate buffer solutions at pH 7.4. The swelling ratio, Ws/Wp, is defined as
the weight of adsorbed water (Ws) per unit weight of the sample in a dry state (Wp).

M r - j 1,

The electro-osmotic flow of electrolyte solution with various ionic strengths was measured on the
hydrogel surface at various temperatures with an Otsuka ELS800 electrophoretic light scattering
apparatus.

M 7 bili

The dynamic contact angle of the hydrogel in distilled water was measured at various temperatures
with the Wilhelmy plate technique using an Orientec DCA-20 apparatus.
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RESULTS AND DISCUSSION
Figurel shows the electro-osmotic velocity per unit electric field (mobility, -Ueg / E = y) on the
hydrogel surface at various temperatures and the theoretical curves obtained by analyzing the

experimental data with eq. (1)[3] to determine the softness, 1/A (nm), and the charge density, zN
(M), of the hydrogel surface.

p=& Yo/ Km+Wpon/A | zeN .M
n l/Km+1/7» n}\?

where 1 is the viscosity, €r is the relative permittivity of the solution, €, is the permittivity of a
vacuum, YpoN is the Donnan potential of the hydrogel layer, Wy, is the potential at the boundary
between the hydrogel layer and the surrounding solution, and xp, is the Debye-Hiickel parameter
in the hydrogel layer. The negative charge density in the hydrogel layer (zN) decreases and the
surface of the hydrogel becomes harder (1/A increases) as the temperature rises, as shown in
Tablel. This change, which is seen most appreciable around the phase transition temperature

(33 °C), is consistent with the prediction from the number of sulfonic acid determined by titration
(-0.008 M at 25 °C) and the gel volume at various temperatures. Also, the dynamic contact angle
drastically increases around the phase transition temperature (33 °C) as shown in Fig. 2, exhibiting
that the hydrogel surface becomes more hydrophobic as the temperature rises.

Table 1. Charge density, zN [M], and softness
parameter, 1/A [nm], of poly(IPAAm)

surface at various temperatures.
Temperature (°C) zN 1/A
25 -0.008 3.0
30 -0.011 3.0
33 -0.015 3.0
35 -0.028 21
40 -0.032 1.9
1.00—= T T
0.80F B
M o« 0.60F )
0 004 008 012 0.6 8
Tonic strength 0.40- :

Fig. 1. Electro-osmotic mobility (1) against the ionic 0.20f —&- receding angle 1
strength of the bulk solution at several values of - ad"?"cmg a“glle

temperature. Symbols represent experimental data 0-0010 20 10 20 50

1 9,25°C; 0, 30°C; A, 33°C; ©,35°C; O, 40°C. Temperature [°C)

Solid curves are theoretical results calculated with the

values shown in Table 1. Fig. 2. Dynamic contact angle (6) against temperature.
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EFECT OF ANION-EXCHANGE CAPACITY AND POROSITY OF
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SUMMARY

Endotoxin is a component of cell-wall of gram-negative bacteria. Removal of endotoxin from cell
products used as drugs is very important. Its potent biological activity causes pyrogenic and shock
reactions in nan and mammals on intravenous injection even in nanogram amounts. To remove it
from protein solutions, the adsorption method has proven to be the most effective.

We developed novel cellulosic adsorbents (Cell-PEI) having polyethyleneimine (PEI) as a ligand.
The Cell-PEI with anion-exchange capacity of 1.1 - 3.0 meq/g and M, 2000 - 43000 satisfactory
removed endotoxin, but the adsorption ratio of the BSA was increased with increase in the anion-
of more than 5000. The Cell-PEI
(M, : 2000, anion-exchange capacity: 1.1 meq/g) selectively reduced endotoxin from various pro-

exchange capacity of more than 1.1, and with increase in the M

lim

teins, even at a low ionic strength of i = 0.05 without affecting protein recovery.

KEY WORD g 100
£
8
endotoxin, selective removal, anion-exchnga capac- § 80 [
°
ity, porosity, ionic strength S
s 60
Q
MATERIALS AND METHODS 8 s}t
S
Cellulose fibers were prepared by means of mixing g 20
(7]
viscose (containing 9.5 % of cellulose) and E 0 . | | . . \
polyethyleneimine. This was span into the coagula- 4 5|'| f?h b7ff 8 9
- . of the buffer
tion bath containing sulfuric acid, sodium sulfate, Fig. 1 Effects Oprpon adsorption of endotoxin
zinc sulfate and water. The coagulation was ef- by Cell-PEI adsorbents.

_ Adsorbent: 100 mg of Cell-PEI-1 (anion-exchange
fected through a nozzle of 10000 holes, each of di- capacity 1.1 meq/g, My, 2000),  BSA solution: 2 ml
(500 1.g/ml), Ionic strength of the buffer: ©) p = 0.05;

ameter 0.07 mm. The obtained regenerated fibers @)\ "5 (A) i = 0.4.
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were fixed with glutaraldehyde. The cellulose fi-
bers were used as adsorbents.

The endotoxin concentration of the solution was
assayed by a Limulus test method. The protein
concentration was determined spectrophotometri-

cally.
RESULTS

The pore size and the amino-group content of the
Cell-PEI adsorbent can be readily adjusted by
changing the ratio of sodium carbonate and that
of polyethyeneimine to cellulose. The endotoxin-
adsorbing activity increased with the increase in
the anion exchange capacity of the adsorbent.
Figure 1 showed the adsorbents had a high endo-
toxin-adsorbing capacity at pH from 5 to 8 even
at high ionic strengths (i = 0.2, 0.4). As shown
in Figure 2, the adsorption rate of BSA increased
from 1 to 60 % with increase in M, of the
adsorbents from M, 5000 to 43,000 at a low
ionic strength (n=0.05).

The Cell-PEI adsorbents with anion-exchange ca-
pacity of 1.1-3.0 meg/g and M 2000 satisfac-
tory removed endotoxin, but the adsorption ratio
of BSA was increased with an increase in the an-

ion-exchange capacity, as shown in Figure 3.
We also observed that Cell-PEI (M, 2000,
amino-group content 1.1 meq/g) adsorbent was an
efficient agent for removal of natural endotoxin
from various protein-contain-

ing solutions without affecting Table 1 Removal

100

F3 [2] [-]
[ (=] (=]

Adsorption rate of BSA (%)
N
o

0

o
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lonic strength of the buffer (i)
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