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Abstract

Nanostructured cellulose, a unique natural material isolated from plants and some
animals or biosynthesized by bacteria, has served society in several fields of life,
including medicine and biotechnology. Thanks to its nontoxic, biocompatible and
biodegradable nature, nanostructured cellulose gives a unique opportunity to be
used in the design and preparation of biomaterials.

This book was conceived to provide an overview of the advances and relevant
research in nanostructured cellulose in the development of biomaterials for delivery
systems and tissue engineering. An important advantage of nanocellulose is its
nanometric size, which provides high surface area and high capacity to interact with
other materials. This manuscript also describes how the nanometric properties of
cellulose can be improved to increase their range of application. In Future
Perspectives, new technologies in the biomedical field are portrayed.

vii



Chapter 1
Advances in Nanostructured
Cellulose-based Biomaterials

1.1 Introduction

Cellulose is one of the most important natural polymers with high availability
throughout the planet. It is present in trees, plants, fruits, barks and leaves repre-
senting the main structural element of the cell wall of plant tissues.

Structurally, cellulose is a carbohydrate polymer composed of repeating b-D-
glucopyranose molecules that are covalently linked through acetal functions
between the equatorial OH group of C4 and the C1 carbon atom (b-1,4-glucan).
Cellulose is a linear homopolysaccharide (Fig. 1.1) with a large number of
hydroxyl groups (three per anhydroglucose (AGU) unit) present in the thermody-
namically preferred 4C1 conformation (Klemm et al. 2005).

During the biosynthesis of cellulose, the cellulose molecules pile onto each other
forming microfibrils (diameter of 2–30 nm), which form both crystalline regions
(densely and firmly packed and their hydroxyl groups become unavailable) and
amorphous regions (more available with high reactivity towards chemical species).
The microfibrils aggregate into fibrils with diameters of 30–100 nm and lengths of
100–500 lm. Finally, these fibrils aggregate into cellulose fibres with diameters of
100–400 nm and lengths of 0.5–4 mm (Klemm et al. 1998).

Thousands of years prior to the discovery of the “sugar of the plant cell wall”,
cellulose was used in different forms namely wood, cotton and plant fibres as
energy source, building materials, and fibres for clothing (Klemm 2005).

More recently, using effective chemical, mechanical methods, is possible to
obtain nanosize cellulose namely nanocrystals and nanofibrils from the conven-
tional cellulose fibers. These nanostructured cellulose materials have been used as
reinforcing phase in a polymeric matrix or as a matrix to make sustainable,
mechanical high performance, functional and bioactive sophisticated biomaterials
for nanomedicine (Siro 2010; Klemm et al. 2011; Kolakovic 2012). Nanostructured
cellulose is widely applied in medical implants, tissue engineering, drug delivery,
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wound healing, cardiovascular applications, and other medical application (Jorfi
and Foster 2014).

The main goal of this book is to review the recent scientific advances and future
perspectives regarding these sophisticated nanostructured cellulose-based materials
targeted for biomedical applications.

1.2 Nanocellulose Existing Forms

Nanostructured cellulose has been grouped in three types, and new terms have been
used for the same material: (1) cellulose nanocrystals (CNCs), also known as
nanocrystalline cellulose (NCC) and cellulose nanowhiskers (CNWs); (2) cellulose
nanofibrils (CNFs), also called nano-fibrillated cellulose (NFC); and (3) bacterial
cellulose (BC), also identified as microbial cellulose or biocellulose (Klemm et al.
2011; Abitbol et al. 2016). Some examples of approaches that have been developed
to achieve these different nanocellulose materials are described in the next section.

1.2.1 Isolation Methods to Obtain Nanostructured Cellulose

As already mentioned, cellulose is mainly obtained from plants. Thus, cellulose can
be extracted from lignocellulosic sources like softwood, hardwood and from several
non-woody plants namely flax, hemp, jute, sisal, abaca, cotton, among others (Alila
et al. 2013).

Pulping is an example of procedures to converts lignocellulosic material into a
fibrous material. The processes can be mechanical, chemical, or a combination of
the two methods (Fig. 1.2). The main mechanical processes to extracted pulps are
thermo mechanical pulp (TMP) and groundwood pulp (GW). Basically, mechanical
forces are used to produce the pulp, with or without the use of high temperatures.
The three major chemical pulping processes are: kraft, soda, and sulphite. In this
case, chemical products and heat are applied to dissolve lignin and isolate the fibres.

As represented in Fig. 1.2, from wood pulp cellulose fibres is possible to isolate
microfibrillated cellulose (MFC) by mechanical disintegration and cellulose

Fig. 1.1 Chemical structure of cellulose
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nanocrystals (CNC) by acid treatment with sulfuric acid (Saini et al. 2014). It is also
possible using enzymatic methods or a combination of them (Kalia et al. 2011).

In fact, the nano arrangement of the cellulose molecules described before,
provides the isolation of nanofibrils from initial fibers by breaking up the glycosidic
bonds and cleaving the interfibrillar contacts in the disordered domains (amorphous
regions) of nanofibrils.

Figure 1.3, shows the methodology used to obtain nanocrystalline cellulose. In
this approach, the acid hydrolysis (with H2SO4) was used to induce the dissolution
of the amorphous regions of the fibres and preserving their highly-crystalline
structure after filtration, centrifugation and dialysis.

Figure 1.4, shows the procedure used by Khalil et al. (2014) to individualize
cellulose nanofibers using a combination of chemical pre-treatment and
high-intensity ultrasonication.

Apart from its vegetable origin, cellulose is also produced by a family of sea
animals called tunicates, algae and some aerobic nonpathogenic bacteria (Klemm
et al. 2005). Bacteria like Glucanacetobacter genus biosynthesized a very pure
natural exopolysaccharide known as bacterial cellulose (BC). It is produced in the
form of a 3D network swollen gel (*90% water) of nano- and microfibrils
(10–100 nm width). BC presents unique properties including high mechanical

Lignocellulosic material

Chemical pulpingMechanical pulping

Cellulose pulp

Mechanical disintegration Acid treatment

MFC CNC

Fig. 1.2 Schematic representation of the different processes to obtain cellulose pulp following
microfibrillated and nanocrystalline nanocellulose
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strength, high crystallinity, high water holding capacity, biocompatibility and high
porosity, been a type of nanostructured cellulose widely used as a biomaterial
(Rajwade et al. 2015).

1.2.2 Functional Modification of Nanostructured Cellulose

As already mentioned, along cellulose’ chain several hydroxyl groups (primary C-6
and secondary C-3) are available and can be used for modification through chemical
reactions. The chemical modification of these groups gives rise to new functional

Fig. 1.3 Chemical procedure consisting in converts large pulp fibres (cm) into small nanocel-
lulose (nm): nanocrystalline cellulose. AFM image of cellulose nanocrystals
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materials that are described in this section and all along this book. Nanostructured
cellulose materials can be used as such or modified. As nanocellulose is often used
as reinforcing or active agents the modifications are generally carried out on the
surface of the nanocrystals or nanofibrils. The functionalization can be used to
improve the biological properties of the nanostructured cellulose and also to alter
the affinity with water, since cellulose is naturally hydrophobic being this property
not always desired. Thus these modifications will prevent self-aggregation and
promote efficient dispersion in non-aqueous media (Bajpai 2017). At the same time
it is important to preserve the original morphology of the nanocrystals. Figure 1.5
lists some examples of chemical modification on the surface of the cellulose
nanocrystals.

Regarding the functionalization of nanostructured cellulose directed for medical
applications, different approaches and biomolecules have been used to modify
nanocellulose (Fig. 1.6). For instance, functional nanoparticles with fluorescent
labelling capacity could be prepared by covalently graft fluorescent molecules (e.g.
FITC, fluorescein-5′-isothiocyanate) on the surface of nanostructured cellulose
(Dong et al. 2007). The obtained materials can have a potential use in optical
bioimaging and biosensors. Another example of nanocellulose modification for

Fig. 1.4 Cellulose nanofibers individualization using a combination of chemical pre-treatment
and high-intensity ultrasonication. Adapted with the authorization of Abdul Khalil et al. (2015)
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medical application, in particular for nanoplatelet gels, is the grafting of amine-
terminated monomers onto surface-modified cellulose nanocrystals followed by
click chemistry (Filpponon and Argyropoulos 2010). Initially, the primary hydroxyl
groups on the surface of the nanocrystals were selectively activated by converting
them to carboxylic acids by the use of TEMPO-mediated hypohalite oxidation.
After, carbodiimide-mediated procedure was carried out between precursors with an
amine functionality and the carboxylic acid group. The click chemistry reaction, the
Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition between the azide and the
alkyne, surface-activated nanocrystals was employed and nanocrystalline materials
in a unique regularly packed arrangement were obtained.

Fig. 1.5 General chemical modifications of cellulose nanocrystals (CNCs). Abbreviations: PEG
polyethylene glycol, PEO polyethylene oxide, PLA polylactic acid, PAA polyacrylic acid,
PNiPAAm poly(N-isopropylacrylamide, PDMAEMA poly(N,N-dimethylaminoethyl). Adapted
with the authorization of Lin et al. (2012)
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1.2.2.1 Making Antimicrobial Nanostructured Cellulose Biomaterials

Cellulose itself does not present antimicrobial activity, thus nanostructured
cellulose-based antimicrobial biomaterials are achieved by the: (i) conjunction
(chemical approach) of antimicrobial bioactive agents on the surface of the
nanocellulose materials or (ii) incorporation (physical approach) of antimicrobial
inorganic (e.g. silver particles (Ag) and its derivatives) and organic (e.g. nanochitin)
agents.

For instance, cellulose nanocrystals were modified with allicin and lysozyme
through carbodiimide cross-linking procedure to evaluate their antimicrobial
properties (Jebali et al. 2013). Their activity was evaluated by the microdilution

Fig. 1.6 Chemical modifications of cellulose nanocrystals (CNCs) for potential applications in
medical and biotechnological sectors. Adapted with the authorization of Lin et al. (2012)

1.2 Nanocellulose Existing Forms 7



method and the results showed that unmodified CNCs had few antimicrobial
activities, but allicin-conjugated CNCs and lysozyme-conjugated CNCs had good
antifungal and antibacterial effects against standard strains of Candida albicans,
Aspergillus niger, Staphylococcus aureus, and Escherichia coli.

Carpenter et al. (2012) have investigated the photobactericidal activity of cel-
lulose nanocrystals modified with a porphyrin-derived photosensitizer (Fig. 1.6,
Photobacterial material). The capacity of the synthesized porphyrin-cellulose-
nanocrystals to mediate bacterial photodynamic inactivation was investigated as a
function of bacterial strain, incubation time and illumination time. The modified
nanostructured cellulose material showed excellent efficacy toward the photody-
namic inactivation of Acinetobacter baumannii, multidrug-resistant Acinetobacter
baumannii and methicillin-resistant Staphylococcus aureus.

Antimicrobial and biocompatible bacterial cellulose-based membranes were pre-
pared by grafting aminoalkyl groups at the surface of BCmembranes (Fernandes et al.
2013a). The aminoalkyl-grafted bacterial nanocellulose membranes were prepared in
three stages: (1) hydrolysis of the silane derivative (3-aminopropyltrimethoxysilane,
APS); (2) adsorption of the hydrolyzed species onto bacterial cellulose fibrils; and
(3) chemical condensation reaction. The obtained membranes showed to be
destructive against Gram-positive bacterium (S. aureus) and Gram-negative bac-
terium (E. coli). Moreover, the membranes also showed to be nontoxic to human
adipose-derived mesenchymal stem cells.

In a different manner, silver nanoparticles or nanochitin have been used as
bioactive agents to turn nanostructured cellulose in antimicrobial-based materials.
Martins et al. (2012) have developed nanocomposites constituted by nanofibrillated
cellulose (NFC) and Ag nanoparticles using electrostatic assembly approach via
polyelectrolytes as macromolecular linkers between NFC and Ag nanoparticles.
The NFC/Ag nanocomposites showed to be resistance towards S. aureus and K.
pneumoniae microorganisms when compared with NFC modified by polyelec-
trolytes linkers without Ag nanoparticles. More recently, Robles et al. (2016)
claimed that the incorporation of chitin nanocrystals in cellulose nanofibers-based
materials has a positive effect on the inhibition growth of Arpergillus sp. fungus in
the final materials. The authors associated this behavior with the presence of
residual NH2 groups on the surface of the chitin nanocrystals.

1.3 Properties of Nanostructured Cellulose
as a Biomaterial

Nanocellulose presents unique physical, mechanical and biological properties
allowing applications in most varied areas like nanocomposite materials, packaging,
paper technology, cosmetics, and medicine.

8 1 Advances in Nanostructured Cellulose-based Biomaterials



1.3.1 Physical, Mechanical and Thermal Properties

Compared with conventional cellulose fibres, nanocellulose exhibit high surface
area, low density, and excellent mechanical strength (Lin and Dufresne 2013).
Thus, nanocellulose presents good pre-requisites to be used as reinforcement in
composites to improve the mechanical properties of the host material. The Young’s
modulus of cellulose material is influenced by crystallinity and the interaction of
amorphous fraction and crystalline regions (Cabrera et al. 2011). For instance, the
theoretical value of Young’s modulus for the native cellulose perfect crystal was
estimated to be 167.5 GPa (Tashiro and Kobayashi 1991).

Electrospinning as post-treatment can improve the properties of electrospun
nanofibers being considered a simple process that can be used in different appli-
cations (Joshi et al. 2015). The authors developed cellulose nanocrystals in poly-
caprolactone nanofibers and studied the effects on crystallinity, mechanical
strength, biocompatibility, and biomimetic mineralization of the material. The
cellulose used in the study was regenerated from cellulose acetate using the
post-electrospinning treatment. The study presented good results in mechanical
properties and wettability. The research presented different techniques to obtain a
material with superior properties, and suggested a material suitable for packaging or
coating surface applications.

The thermal and optical performance of nanocomposites based on polysimethyl-
siloxane (PDMS) and cellulose nanocrystals (CNCs) as bio-based nanofillers can be
improved. To do so, Planes et al. (2016), functionalized the surface of CNCs to
promote the dispersion of the hydrophilic CNCs in the hydrophobic polymer matrix
(PDMS). Functionalizations were based on acylation of cellulose nanocrystals with
vinyl esters, hydrolysis/condensation of methyl trimethoxysilane and hydrosilylation
with hydride terminated poly (dimethylsiloxane).

1.3.2 Biological Properties

The biocompatibility and low cytotoxicity, biodegradability and bioreabsorbability
properties of major biopolymers, offer many advantages as biomaterials when
compared to ceramic and metal materials used for medical applications (Riva et al.
2015).

Thus, nanostructured cellulose has gained increasing interest not only because of
its intrinsic physical and mechanical properties but also due to its biological
properties, i.e. biodegradability, biocompatibility, and low cytotoxicity.

1.3 Properties of Nanostructured Cellulose as a Biomaterial 9



1.3.2.1 Biocompatibility

Biocompatibility is considered the absence of inflammatory, cytotoxicity or inva-
sive response in native cells, tissues, or organs in vivo. Thus, one of the require-
ments for biomedical applications is that the material must be biocompatible.

The biocompatibility of cellulose-based materials has been investigated and
demonstrated. Jia et al. (2013) prepared electrospun composite scaffolds based on
microcrystalline cellulose (MCC) and cellulose nanocrystals and claimed that these
materials considerably improved the cell viability and morphology on vascular
smooth muscle cell. The authors suggested that MCC providing anchors for cells
grow within the 3D network of scaffolds and cellulose nanocrystals improve the cell
adhesion. This suggests that nanostructured cellulose materials are promising
materials for tissue engineering applications to improve the biocompatibility of the
final biomaterial.

An in vivo study of subcutaneous bacterial cellulose implantation in rats,
showed that after 12 weeks no fibrotic capsule or giant cells were detectable by
microscopy. This is a clear indication of no foreign body reaction in the animals
(Helenius et al. 2006).

Moreover, recently some studies have been developed to enhance nanocellu-
lose’s biocompatibility.

Nitrogen-containing plasma was used to improve the cell affinity of the bacterial
cellulose membranes. Pertile et al. (2010) found that the nitrogen plasma-treated BC
presented an increasing of adhesion and proliferation of endothelial and neuroblast
cells.

Wang et al. (2013) grafted zwitterionic carboxybetaine brushes from cellulose
membrane via Activator Regenerated by Electron Transfer ATRP (ARGET-ATRP)
to improve blood compatibility. The data demonstrated that cellulose membrane
had good blood compatibility performed on lower platelet adhesion and protein
adsorption without causing hemolysis.

1.3.2.2 Low Cytotoxicity

In general, there is no indication of serious injury (cytotoxicity, inflammatory
effects) of nanostructured cellulose on in vitro cellular or genetic level and on
in vivo animal tests. Nonetheless, the number of studies regarding the cytotoxicity
of cellulose Nano forms (i.e. cellulose nanocrystals, nanofibers and bacterial cel-
lulose) is still limited. Recently, few review articles concerning the current
knowledge on the biological impact of nanostructured cellulose have been pub-
lished (Camarero-Espinosa et al. 2016; Endes et al. 2016; Roman 2015). Roman
(2015) performed a literature revision regarding the cytotoxicity of cellulose
nanocrystals (CNCs) in pulmonary, oral, dermal tissues. The review draws attention
to the contradictory results presented in the literature and the need for further
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studies related to the potential adverse health effects of CNCs by various exposure
routes. The author described the effects of CNCs as a function of physicochemical
properties (such as surface chemistry, particle charge, degree of aggregation and
particle size), which governs their interactions with the tissue and cell.

The cytotoxicity of CNCs was tested against 9 different cell lines using two dif-
ferent tests—3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT)
and lactate dehydrogenase (LDH) assays. No cytotoxic effects were observed against
the 9 cell lines in the concentration range from 0 to 50 lg/mL of CNCs over 48 h
(Dong et al. 2012). In another study, Martin et al. (2011), showed that aerosolized
CNCs may induce some respiratory toxicity and inflammatory effects on 3D human
lung cells. The risk is regarding the inhalatory exposure under high concentrations of
released CNC powders.

In vitro studies with 3T3 fibroblast cells using the test of cell membrane, cell
mitochondrial activity and DNA proliferation, demonstrated no toxic phenomena in
two types of morphology of pure cellulose nanofibers (CNF): thin and dense
structures and porous structures. This work involved direct and indirect contact
between the materials and the cells (Alexandrescu et al. 2013).

In microfibrillated cellulose materials, no inflammatory effects or cytotoxicity on
mouse macrophage and human monocyte were found, only low acute environ-
mental toxicity (Vartiainen et al. 2011).

Bacterial cellulose (BC) is considered the most biocompatible material in the
family of nanostructured cellulose associated to its degree of purity. To date no
cytotoxicity of BC was observed in previous studies in vitro on osteoblast, L929
fibroblast cells and human umbilical vein endothelial cells (Chen et al. 2009; Jeong
et al. 2010).

1.3.2.3 Biodegradability

Biodegradability and bioabsorbability are the ability of the material and its products
to degrade and/or be absorbed or safety eliminated from the body.

The degradation of cellulose occurs via hydrolysis by cellulase enzymes that
hydrolyze its b-1,4 D-glucose linkages. Cellulases are made by many types of
fungus and bacteria, but are not present in animals. Because of the lack of cellulases
in the human body, there are no mechanisms for the large-scale breakdown of
cellulose. Thus, cellulose may be considered as non-biodegradable in vivo or really
slowly degradable, this could be ideal for some applications, but a problem for
others.

Oxidized cellulose has shown to be more susceptible to hydrolysis and therefore
potentially degradable by the human body. Consequently, currently, multiple works
on improving nanocellulose’s biodegradability through oxidation have been done
through periodate oxidation in vitro (Li et al. 2009; Luo et al. 2013; Czaja et al.
2014) and in vivo conditions (Czaja et al. 2014).

1.3 Properties of Nanostructured Cellulose as a Biomaterial 11



1.4 Nanostructured Cellulose for Biomedical Applications

As demonstrated, nanostructured cellulose and its derivatives have various
advantages and properties as a biomaterial and have been widely used in
biomedical, pharmaceutical, and cosmetic industries as carrier systems for delivery,
tissue engineering, wound care, healthcare, etc. (Czaja et al. 2006; Thomas 2008;
Chang and Zhang 2011; Fernandes 2013b).

Human and plant tissues, such as bone and cartilage and wood, are structured at
a nanometric scale and exhibit a hierarchical structure up to the macroscale. Their
morphological similarities enable the exploitation of lignocellulosic materials in the
development of nanostructured composites targeting delivery systems and tissue
engineering and regeneration (Fernandes 2013b). For instance, microcrystalline
cellulose (CMC) is widely used in pharmaceutics, mainly as a binder/diluent in oral
tablets and capsule formulations in which are used in wet-granulation and
direct-compression. In addition, CMC is used in cosmetics and food products.
Microcrystalline cellulose is not absorbed systemically following oral administra-
tion and thus has little toxic potential (Rowe et al. 2009). Similar examples of
cellulose derivatives used in pharmaceutical applications are sodium car-
boxymethylcellulose, silicified microcrystalline cellulose, cellulose acetate and
cellulose acetate phthalate (Rowe et al. 2009).

The versatility of the cellulosic materials in biomedical, cosmetic and biotech-
nological applications is illustrated in Fig. 1.7.

Fig. 1.7 Examples of nanostructured cellulose as a biomaterial in: scaffold materials; delivery
systems; skin applications; artificial human body parts; hemodialysis membranes; and cosmetic
applications
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1.4.1 Nanostructured Cellulose-Based Delivery Systems

There are several studies reporting nanocellulose materials in delivery systems,
where the functional substance (e.g. drug, protein, enzymes and hormones) used in
the system (films, membranes, tablets, gels) and the strategy to place the substance
into the cellulose material were evaluated (Maver et al. 2015; Valo et al. 2013;
Kolakovic et al. 2012; Barbosa et al. 2017).

1.4.1.1 Films/Membranes

Nanostructured cellulose in the form of films, membranes and composites has been
used for as drug delivery and as a barrier materials.

Maver et al. (2015) showed the potential of thin films of cellulose as a platform
for delivery of diclofenac. The film was obtained by spin-coating after mixing
trimethylsilyl cellulose (DSSi:2.5) with diclofenac dissolved in tetrahydrofuran
(Maver et al. 2015).

Kolakovic et al. (2012) reported the application of nanofibrillated cellulose as a
matrix-former material for drug delivery. Indomethacin, itraconazole, and
beclomethasone were introduced during the cellulose film production by a filtration
method. The authors concluded that nanofibrillar cellulose is a promising material
for drug delivery.

A cellulose-based superabsorbent polymer composites (SAPCs) was developed
by Anirudhan and Rejeena (2014) as a potential drug delivery vehicle. Sawdust of
Mangifera indica was used to obtain cellulose nanoparticles. The composite poly
(acrylic acid-co-acrylamide-co-2-acrylamido-2-methyl-1-propanesulfonic acid)-
grafted nanocellulose/poly (vinyl alcohol) was evaluated for the in vitro gastroin-
testinal release of amoxicillin. The results showed that this composite could be a
great vehicle for the in vitro administration of amoxicillin into the gastrointestinal
tract.

The study of Mohanta et al. (2014) reported the use of nanocrystalline cellulose
for hydrophobic drug delivery. The methodology used, represented in Fig. 1.8, was
a layer-by-layer self-assembly approach for the fabrication of multilayer thin films
and microcapsules using nanocrystalline cellulose (NCC) and chitosan (CH). The
materials were developed as anticancer drug delivery systems using doxorubicin
hydrochloride and curcumin (a water-insoluble drug). The results demonstrated that
the microcapsules were successfully loaded with doxorubicin but not with
curcumin.

Barbosa et al. (2016), first obtained cellulose nanocrystals (CNC) from flax
fibers varying times and temperatures into a sonication bath, and then, the authors
developed a membrane with CNC and chlorhexidine (CHX), with different amounts
of the drug (0.015, 0.0015 and 0.00015 g). The obtained membrane system showed
barrier properties like antimicrobial efficiency against Staphylococcus Aureus.
Regarding the antimicrobial activity, the results showed that the CNC membrane

1.4 Nanostructured Cellulose for Biomedical Applications 13



with 0.015 g of CHX inhibited total bacterial growth after 1 and 24 h. The authors
concluded that the quantities delivered were maintained over at least 48 h even with
a low concentration of drugs. According the study, the CNC with CHX membrane
showed good results as a biomaterial capable to control bacteria growth.

1.4.1.2 Tablet Excipient

Kolakovic et al. (2011) evaluated the potential for administration of nanofibrillated
cellulose as a tablet excipient material. The authors used spray-dried nanofibrillated
cellulose that was compared with two commercial grades of microcrystalline cel-
lulose. Tablets made of nanofibrillated cellulose powder and its mixtures with
microcrystalline cellulose with or without paracetamol were produced by direct
compression and after wet granulation. The results showed a faster drug release
from tablets made by direct compression of nanofibrillated cellulose, due the dis-
integration behaviour of these nanocellulose forms. The authors concluded that
nanofibrillated cellulose could be used as an excipient for tablet production.

1.4.1.3 Aerogels and Hydrogels

Aerogels and hydrogels have been used as a drug carrier due to its ease manufacture
and application. Different combinations of nanostructured cellulose and other
polymers to provide mechanical stability and biological compatibility have been
prepared into hydrogel formulations to evaluate their potential as a drug delivery
system.

Valo et al. (2013) studied the behaviour of cellulose nanocrystals aerogels
prepared by freeze-dry in gas templates for the development of drug nanoparticles.

Fig. 1.8 Illustration of drug (doxorubicin hydrochloride and curcumin) loading using multilayer
thin films and microcapsules based on chitosan and nanocrystalline cellulose. Adapted with the
authorization of Mohanta et al. (2014)
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Beclomethasone dipropionate (BDP) nanoparticles were integrated into the aero-
gels. The study concludes that this material is versatile and useful in controlled drug
delivery.

Lin and Dufresne (2013) obtained supramolecular hydrogels formed with
modified cellulose nanocrystals (Fig. 1.9). The grafting efficiency of b-cyclodextrin
and the introduction of pluronic on the surface of cellulose nanocrystals showed a
significant improvement of structural and thermal stability of hydrogels. The in situ
supramolecular hydrogels were used as drug release for in vitro release of dox-
orubicin and showed the behaviour of prolonged drug release.

Lin et al. (2016) produced double membrane hydrogels based on sodium algi-
nate (anionic) with cationic cellulose nanocrystals to increase structural stability and
control the delivery of drugs (Fig. 1.10a). Through variations in the composition
the properties of the airways were altered, varying the effects of drug release. Thus,
the material exhibited a special double-membrane structure and alternative drug
delivery behaviours that demonstrated potential use in oral and curatives admin-
istration in biomedical applications. The mechanism of drug release for the
double-membrane hydrogel is depicted in Fig. 1.10b.

Wang et al. (2016) reports the use of nanocrystalline cellulose (NCC) as sub-
strate to produce silver nanoparticles (AgNPs) at room temperature for antimicro-
bial barrier. Glucose was applied like reducing agent. To prepare the NCC the
authors used sulfuric acid hydrolysis of cotton pulp. The Fig. 1.11 shows the
methodology of the NCC-assisted generation of AgNPs. The generated AgNPs
assisted by NCC was used for developing a visible, sensitive, and quantitative
glucose assay. This colorimetric and non-enzymatic assay for glucose detection
shows a wide linear range from 0.116 µM to 0.4 mM. The AgNPs/NCC also was
evaluated against Gram-negative (Escherichia coli and multi-drug resistance

Fig. 1.9 Scheme of hydrogels development by the grafting of b-cyclodextrin and introduction of
pluronic polymers on the surface of cellulose nanocrystals. Adapted with the authorization of Lin
and Dufresne (2013)
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Escherichia coli) and Gram-positive (Staphyloccocus aureus and methicillin-
resistant Staphylococcus aureus). The results exhibit an enhanced antibacterial
activity of the AgNPs/NCC for both Gram-negative and Gram-positive bacteria in
comparison with the commercial AgNPs. These results supports the potential use of
AgNPs/NCC in clinical diagnosis, environmental monitoring, and the control of
bacteria.

Fig. 1.10 a Methodology to obtain double membrane hydrogels from cationic cellulose
nanocrystals and anionic alginate. b Drug release model for the double-membrane hydrogel
(formation of cationic chemically modified cellulose nanocrystals and anionic alginate under the
pH 7.4 condition). Adapted with authorization of Lin et al. (2016)
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1.4.2 Nanostructured Cellulose-Based Systems for Tissue
Engineering

1.4.2.1 Scaffolds for Cell Culture Growth

Tissue engineering (TE) investigates technologies for regeneration of functional
living tissues and organs.

Nanofibrillar cellulose (NFC) hydrogels in the form of 3D-cell culture scaffolds
were developed by Bhattacharya et al. (2012). In their study, the authors used
commercial cell culturing hydrogels as reference, and showed that NFC scaffolds
stimulated hepatocyte (HepaRG and HepG2 human hepatic cell lines) cell spheroid
formation without the addition of bioactive components (Fig. 1.12). The authors
emphasized that the raw material used was formed by a single component, NFC
hydrogel, which shows the versatility in the use of nanostructured cellulose
(Bhattacharya et al. 2012).

Naseri et al. (2016), proposed the tailoring of mechanical properties using
nanocellulose. It was expected to find alternatives to tissue engineering via 3D
porous structures, which could act as templates for the formation of new tissues and
act as guidance for cell growth, facilitating nutrient and oxygen transport.
Furthermore, the scaffolds’ high porosity, high phosphate buffered saline uptake

Fig. 1.11 Schematic illustration of generated AgNPs assisted by NCC. First of all, the NCC was
dispersed in aqueous solution. After the Ag(NH3)2OH solution was add and silver ions absorbed
onto the surface of NCC and AgNPs were obtain from redox reaction between glucose and silver
ions (up). TEM images (down) of dispersed NCC (left) and of obtained AgNPs assisted by NCC
(right): NCC (red arrow) and generated AgNPs (yellow arrow). Adapted with authorization Wang
et al. (2016)
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and good cytocompatibility towards chondrocytes, could drive significant benefits
to cell attachment and extracellular matrix formation.

Joshi et al. (2015) reported a natural-synthetic hybrid of cellulose acetate
(CA) and polycaprolactone (PCL) fabricated by electrospinning process. The CA in
the hybrid fibre was transformed into cellulose (CL) by post-electrospinning
treatment via alkaline saponification. This process is demonstrated in Fig. 1.13. The
material was characterized by confocal microscopy and scanning electron micro-
scopy and the cell viability was evaluated. The results showed excellent ability of
cell proliferation and growth for MC3T3 and the authors suggested the use of the
composite scaffolds in tissue regeneration applications.

Fig. 1.12 NFC supported cell spheroid formation using HepaRG and HepG2 human hepatic cell
lines: confocal microscopy images with structural staining of filamentous actin (red) and nuclei
(blue). Adapted with the authorization of Bhattacharya et al. (2012)

Fig. 1.13 Images of the material after the different techniques used in the work. Adapted with the
authorization of Joshi et al. (2015)
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1.4.2.2 Nanocellulose in Skin Purposes

Skin is the largest organ of the human body, and nanostructured cellulose, including
bacterial cellulose (Pittella and Porto 2015), has been considered a promising
material for skin applications namely as wound dressing or for skin replacement
(Leonida and Kumar 2016).

A desirable characteristic of materials used in skin recovery is the ability to
absorb the exudate during the healing process, and its removal from a wound
surface after recovery (Fu et al. 2013). The hydroquinone (HDQ) is well-known by
the properties of inhibition of melanin and discoloration of skin. Some studies
suggest the incorporation of HDQ in a suitable carrier such as cellulose nanocrystal
could improve the therapeutic effect on skin wound (Taheri and Mohammadi 2015).

Brown et al. (2015), hold a United States Patent (US 8,951,551 B2) regarding
nanostructured cellulose obtained from different sources and its application in
wound dressing. Advantages of the nanostructured cellulose cited by authors
include a non-allergenic nature, simple processing, in addition to promotes natural
host cellular migration to a wound site. The authors quoted its application at donor
sites and in medium thickness wounds. The material was created for the use in a
novel wound healing system, and more particularly as a wound dressing for a wide
variety of wound types, locations, shapes, depth and stage(s) of healing.

Nordli et al. (2016) developed a nanofibrillated cellulose aerogels for skin repair
from Pinus radiata pulp fibres using sodium hydroxide followed by
TEMPO-mediated oxidation (Fig. 1.14). The study showed that the material is a

Fig. 1.14 CNF freeze dried aerogel (8 mm punch biopsy sample) and SEM image of its
morphology. Adapted with the authorization of Lin and Nordli (2016)
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good candidate to be used like wound dressing. The biomaterial improved the
absorption of water and showed good results in cytotoxicity.

Singla (2017) reported the application of cellulose nanocrystals extracted from
bamboos with low concentrations of silver in the production of wound dressings for
the skin repair. The nanocrystals were extracted from the leaves of two species of
bamboo Dendrocalamus hamiltonii and Bambusa bambos through chemical and
mechanical processes. Studies in vivo of the obtained material showed good water
absorption capacity—that keeps the wounded tissue moist, strong antibacterial
activity and rapid epithelial recovery, avoiding inflammatory processes and
increasing the proliferation of fibroblasts.

Bacterial cellulose membranes are used in the treatment of severe burns and the
composites reinforced with cellulose nanostructured show beneficial effect for skin
tissue repair (Leonida and Kumar 2016). In general, skin applications of nanocel-
lulose frequently reported in the literature are obtained from bacterial cellulose.

1.4.2.3 Nanocellulose for Cartilage, Bone and Tendons

Nanofibrillated cellulose (NFC) produced by mechanical refinement and enzymatic
treatment was used with alginate to obtain a bioink for 3D bioprinting of living soft
tissues with cells (process based on fast cross-linking ability of alginate). The
material was developed with the necessary characteristics for to be printable in a 3D
printing and useful for anatomically shaped cartilage structures, such as a human
ear and sheep meniscus, were 3D printed using MRI and CT images as blueprints
(see Fig. 1.15) (Markstedt et al. 2015).

Fig. 1.15 a 3D printed small grids (7.2 � 7.2 mm) with Ink 8020 after cross-linking; b 3D
printed human ear; and c, d sheep meniscus with Ink 8020. Adapted with authorization of
Markstedt et al. (2015)
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Naseri et al. (2016) prepared three-dimensional hydrogels with pores intercon-
nected from reticulated polymer network of sodium alginate reinforced with cel-
lulose nanocrystals. The material was prepared via freeze-drying and stabilized
using CaCl2 and genipin, as show in Fig. 1.16. In addition to high porosity, the
material presented nanostructured roughness, which facilitates cell growth and
adhesion. Also, the material presented adequate mechanical properties compared
with natural cartilage.

Zhou et al. (2013) prepared bio-nanocomposite scaffolds reinforced with cellu-
lose nanocrystals (CNCs) using maleic anhydride (MAH) grafted poly (lacticacid)
(PLA) as matrix. Cotton-based CNCs were obtained using 64% sulfuric acid
aqueous hydrolysis followed by high-pressure homogenization. The addition of
CNCs improved the thermal stability and mechanical properties of MPLA/CNC
composites. The bio-composite scaffolds were non-toxic to human adult adipose
derived mesenchymal stem cells (HASCs) and capable of supporting cell prolif-
eration. The authors conclude that the material could be potentially suitable in the
bone tissue engineering and highlight the use of CNCs as advanced function
materials.

Fragal et al. (2016) explored the use of cellulose nanowhiskers to generate the
biomimetic growth hydroxyapatite for bone tissue engineering. Hybrids materials
with cellulose nanowhiskers and hydroxyapatite were produced by different

Fig. 1.16 Preparation of hydrogels and 3D IPN hydrogel picture. Adapted with authorization of
Naseri et al. (2016)
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inorganic acid hydrolyses to generate cellulose particles with surface groups to
induce hydroxyapatite mineralization (Fig. 1.17). The authors conclude that cel-
lulose nanowhiskers can be used as a base for growing hydroxyapatite and this
material could be used for bone regeneration applications.

Fig. 1.17 Schematic representation of biomaterial syntheses derived from cellulose nanowhiskers
from sugarcane bagasse with HAp using different protocols: biomimetic method with SBF and wet
chemical precipitation. (1) Cellulose nanowhiskers synthesis. (2) Mineralization of HAp on the
surface of cellulose nanowhiskers by the biomimetic method. (3) Preparation of cellulose
nanowhiskers and HAp hybrid material by wet chemical precipitation. (4) Cell assay with Fi
hybrid M cells (L929). Adapted with the authorization of Fragal et al. (2016)
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Colombo et al. (2015) investigated the interaction of cellulose nanocrystals with
living organisms (Fig. 1.18). They performed in vivo and ex vivo analysis and found
a chemical interaction between the bone matrix and the CNCs. Making the CNCs a
possible nano-device applicable in bone diseases with emphasis on bone tumours.

In 2012, Mathew and co-workers evaluated fibrous cellulose nanocomposite
scaffolds prepared by partial dissolution as potential ligament or tendon substitute.
The study indicated that the method used represented a viable route to develop
biomaterials with good mechanical properties and cell compatibility required for
medical applications (Mathew et al. 2012). In 2013, the same authors claimed to
have developed collagen-based cellulose nanofiber reinforced materials for the
same applications: artificial ligament/tendons. The nanocomposite demonstrated in
simulated body conditions the strength and elongation, which is the extension of
natural ligament or tendon. Cytocompatibility test indicated that the nanocompos-
ites allowed adhesion, growth, and differentiation of human ligament cells and
human endothelial cells.

Fig. 1.18 Illustration of
surface modification applied
in CNCs and performed
analyses. Adapted with the
authorization of Colombo
et al. (2015)
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1.4.2.4 Artificial Blood Vessels, Heart Valve Prosthesis, Vessel Patches

As previously mentioned, cellulose can be used in different ways. An example is the
study of Cherian and collaborators (2011) where nanocellulose extracted from
pineapple leaf fibers was embedded in polyurethane for the fabrication of heart
valvules shown in Fig. 1.19 (Cherian et al. 2011). The authors concluded that the
mechanical performance of composite with 5 wt% cellulose was optimal, and the
nanocomposites were capable to be used in diverse biomedical applications,
including scaffolds, cardiovascular implants, repair of auricular cartilage, vascular
grafts, urethral catheters, mammary prostheses, penile prostheses, adhesion barriers
and artificial skin.

He et al. (2014) obtain a cellulose nanocomposite nanofibers reinforced with
cellulose nanocrystals via electrospinning. The method (see Fig. 1.20) provided a
uniform morphology of the electrospun cellulose/CNCs nanocomposite nanofibers.
The characterizations carried out suggested that the nanocomposite can be used as a
blood vessel.

1.4.2.5 Artificial Cornea

Wang et al. (2010) investigated the use of bacterial cellulose (BC) as an artificial
cornea replacement. BC was formed by nano-sized fibril network and the hydrogel
composite of BC/poly(vinyl alcohol) (BC/PVA) were synthesized. Results such as
high light transmittance, increased mechanical properties and good thermal prop-
erties indicated that the BC/PVA composites showed promising characteristics as
artificial cornea composite material.

Fig. 1.19 Nanocellulose–polyurethane prosthetic heart valve: a valve implant, b heart valve.
Adapted with authorization of Cherian et al. (2011)
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1.4.2.6 Artificial Urethra

Nanofibrilated cellulose from pineapple leaf fibers was used as fillers into poly-
urethane to obtain a polymer composites by Cherian et al. (2011). The study proved
that the reinforcement was efficient and the composites were utilized to develop
some medical implants. The authors showed the possibility of the use of these
composite as urethral catheters, highlighting the bioresorbability and biodegrad-
ability of the material.

Fig. 1.20 Scheme of the
experimental procedure of
cellulose nanocomposite
nanofibers reinforced with
cellulose nanocrystals.
Adapted with authorization of
He et al. (2014)
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1.5 Nanostructured Cellulose-Based Systems for Other
Applications

1.5.1 Hemodialysis Membranes

A study presenting the development of a composite used to purify blood was
presented at the Euromembrane conference in 2012. Carlsson et al. obtained a
nanocomposite with polypyrrole coated on nanofibrilated cellulose and investigated
the material as hemodialysis membranes. Results showed that the pore sizes of the
composite can be adapted to fit into blood purification applications.

1.5.2 Cosmetic Applications

Nanostructured cellulose can be used in health care applications such as cosmetics
(Ioelovich 2008; Miller 2015). For instance, Hu et al. (2016) demonstrated dry
cellulose nanocrystals’ potential as stabilizers of emulsions and their potential for
redisperse dried emulsions in water (Fig. 1.21).

1.5.3 Technical Applications

The excellent properties of nanocellulose encouraged its exploitation in many areas,
including materials such as sensors or biosensors. The response of the sensor is
quantified through changes of its properties, when subjected to certain stimuli. Many
biosensors have been developed thanks to the incorporation of peptides or enzymes by
covalent linkages, salt bridges or physical interactions in the nanocellulose materals.
An example is a human neutrophil elastase (HNE) sensor. HNE is a protease related to
immune cells under inflammatory processes and has been shown to be a specific

Fig. 1.21 Scheme to make
dried and re-dispersible
cellulose nanocrystals for
emulsions. Adapted with the
authorization of Hu et al.
(2016)
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marker for many diseases (Edwards et al. 2013). The authors reported biosensor using
in a colorimetric detection based on HNE tripeptide substrate, n-Succinyl-Alanine–
Alanine-Valine-paranitroanilide (Suc-Ala–Ala-Val-pNA) covalently attached to
glycine esterified cotton cellulose nanocrystals.

Nanocellulose can also be used in nanocomposite to immobilize enzymes.
Incame et al. (2013) demonstrated that nanocrystalline cellulose with gold
nanoparticles placed by cationic polyethylenimine (PEI) can immobilize glucose
oxidases (GOx).

Other work reported a highly stretchable resistive nanopaper applied in strain
sensors. The nanopaper was prepared by filtering a mixture of nanocellulose fibril
with graphene (weight ratio 1:1). In this report, the nanocellulose was considered an
efficient, low-cost, and green “binder” to increase the processability of crumpled
graphene. The composite showed to be an efficient human-motion detection sensor
(Yan et al. 2014).

Navarro et al. (2016), obtained nanocellulose by extraction of wood pulp and
applied it as fluorescent markers by controlled radical polymerization, as shown in
Fig. 1.22. Thus, the material proved to be a viable marker enabling the optics
detection when applied to live juvenile Daphnis.

Fig. 1.22 Schematic
illustration of the conversion
of cellulose nanofibrils
(CNF) into fluorescently
CNF. Adapted with the
authorization of Navaro et al.
(2016)
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A membrane system was developed by impregnating cellulose nanowhiskers
into an electrospun polyacrylonitrile (PAN) nanofibrous scaffold supported by a
poly ethylene terephthalate (PET) substrate (Fig. 1.23). This multilayered nanofi-
brous microfiltration (MF) composite exhibited higher adsorption capacity to a
positively charged dye over a nitrocellulose-based MF commercial membrane (Ma
et al. 2012). In addition, the novel membrane also showed full retention capability
against two different bacteria (E. coli and B. diminuta), thus log reduction value
(LRV) of 2 against virus model (bacteriophage MS2) as compared with an LRV of
1 for the analogues commercial material GS0.22, suggesting a suitable membrane
to liquid flux treatment system.

Thus, nanocellulose has great potential for technological applications, due to the
simplicity modification, either by inserting proteins, enzymes, functional groups or
metallic nanoparticles. Several technical applications will emerge such as
biodegradable sensors or food packaging with quality indicators.

1.6 Future Perspectives and Final Remarks

Different techniques used to obtain nanocellulose confer different characteristics and
properties on the final material providing to nanostructured cellulose various
advantages as a biomaterial. The examples described in this book represent selected

Fig. 1.23 SEM image of cellulose nanowhisker-modified PAN electrospun nanofibrous scaffold
(above). Schematic representations of electrospun nanofibrous scaffolds: infused nanowhiskers
forming loose cross-linked mesh (left); and nanowhiskers collapsed onto the scaffold, forming
bundles (right). Adapted with the authorization of Ma et al. (2011)
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applications of nanostructured cellulose as delivery systems and as tissue engineering
systems in the biomedical field. The successful demonstration of nanocellulose as a
biomaterial has lead to the development of new nanostructured cellulose-based
materials by new technologies like 3D bioprinting (see Sect. 1.4.2.3.) developed by
Markstedt et al. (2015) for 3D bioprinting living soft tissue with cells. A different
approach represented in Fig. 1.24, describe the preparation of bioactive films by the
conjugation of a short peptide onto modified nanofibrilated cellulose. The study has
demonstrate a new platform and a disposable CNF-based sensor or nanopaper for
detection of human immunoglobulin G (Zhang et al. 2013).

Dugan et al. (2010) prepared by spin-coating cellulose nanowhiskers (CNWs).
The spin-coating was used to produce surfaces of CNWs with a high degree of
radial orientation on pieces of optical glass pre-treated with the cationic polyelec-
trolyte polyallylamine hydrochloride (PAHCl). They produced submonolayers of
sparsely adsorbed tunicin CNWs (Fig. 1.25). By the methodology used, this work
got a high degree of orientation without building up multiple layers of polyelec-
trolyte. Mechanical, physical and biological characterization of CNWs surface was
performed. The data suggested that sub monolayer surfaces of tunicin CNWs could
produce a high degree of orientation using a spin-coating method. Myoblasts have

Fig. 1.24 Schematic illustration of the preparation of peptide-CNF films for hIgG detection using
two Different methods. Adapted with the authorization of Zhang et al. (2013)
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been shown to sense the topography of these surfaces effectively and to orientate
relative to the bulk direction of CNW orientation, being suggested a potential use of
CNWs for tissue engineering applications.

Lewis et al. (2016) reported the hydrothermal gelation of suspensions of aqueous
cellulose nanocrystal (CNC). A variation in the temperature, time, and CNC con-
centration was used in the preparation. The CNC hydrogels were prepared using an
aqueous suspension of CNC-H+ into a Teflon-lined stainless steel autoclave. The
emphasis in this methodology is the hydrothermal treatment, when the desulfation
of the CNC surface occurs, resulting in a destabilization of CNCs in suspension
causing gelation (Fig. 1.26). The obtained hydrogels were investigated by rheology,
electron microscopy, and spectroscopy. The authors suggest that this CNC
hydrogels can be applied in drug delivery, insulation, and as tissue scaffolds.
Moreover, the material can be easily used as aerogel after dry for different
applications.

Fig. 1.25 a Radially oriented submonolayer surfaces of CNWs prepared by spin-coating; b,
c AFM topography image of sample surface obtained by spin-coating with different conditions.
Adapted with the authorization of Dugan et al. (2010)
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The possibility of modifying the cellulose nanoparticles expands its applications
and makes their study a very valuable subject. In this way, our research group
developed nanocomposites films with differents types and size particles of cellu-
lose materials, an exemplo is the cellulose acetate with hidroxiapatite film
(Fig. 1.27). This is a very promising work because this film can be used in a wide
range of applications. Another very positive point is the biomass used for obtaining
the cellulose acetate, the banana stem that was treated as described by Noremberg
et al. (2017), through simple physical and chemical processes.

With all these selected examples, nanostructured cellulose has proved to be a
very versatile material that can be used in different ways to make biomaterials.

Fig. 1.26 Optical photograph of 2 wt% CNC-H+ suspension (120 °C for 20 h) (Up). CNCs
desulfation forming a gel (Down). Adapted with the authorization of Lewis et al. (2016)
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Thus, the evolution achieved with nanocellulose in recent years brings numerous
optimistic perspectives in relation to future applications. Nanocellulose-based
biomaterials are expected to become a useful matrix substance for various
biomedical applications in the future.

Fig. 1.27 Nanocomposite film from banana stem cellulose acetate: and hidroxiapatite nanopar-
ticles (right), hidroxiapatite microparticles (left)
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