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1. Introduction

The role of nanochitin in biologically-active matrices for Tissue
Engineering-Where do we stand?

Sheila Olza*"¢, Asier M. Salaberriad, Ana Alonso-Varona, Ayan Samanta® and Susana C.M.
Fernandes*®be

Our regard to the use of chitin as a material has drastically changed since its discovery, 210 years ago. From an intractable
material because of its insolubility in common solvents, it became one of the most important raw materials serving as a
source of chitosan (its main derivative), and more recently, as source of nanometric forms: nanocrystals and nanofibers.
Nanoscale chitin forms are remarkable high-value compounds for nanomaterials’ development, due to their intrinsic
biological and mechanical properties, as well as their potential as eco-friendly components to valorize the plentiful by-
products of the seafood industry. Lately, these nanochitin forms have been widely used as nanofillers in polymer
nanocomposites, and in particular, in natural biologically-active matrices for the development of biomaterials. The recent
progresses achieved in the last two decades concerning the use of nanoscale chitin in biologically-active matrices for Tissue
Engineering is highlighted in this review. First, an overview on the use of nanochitin in the different biomedical fields is
presented and discussed. Then, the state-of-the-art regarding the development of biomaterials based on chitin nanocrystals
or nanofibers is described in the context of the role of nanochitin in biologically-active matrices namely polysaccharides
(chitin, chitosan, cellulose, hyaluronic acid, alginate), proteins (silk, collagen, gelatin) and others (lignin). Finally, major
conclusions and perspectives on the use of nanochitin as an increasingly important raw material are described.

structure of many organisms both in oceans and land, such as
fungi, algae, molluscs and a wide variety of arthropods (crab,
shrimp, crayfish and insect).5 Its great availability through the

Nowadays the trend on biomaterials for Tissue Engineering (TE)
is the search of novel raw materials that mimic the key
characteristics of the native extracellular matrix (ECM) namely
the structure and biological function, since it provides the
mechanical support and regulates cell behavior.! TE is an
interdisciplinary field that applies the principles of chemistry,
engineering, biology and medicine to fabricate tissue
substitutes that could repair, maintain or enhance the function
of a damaged tissue or organ.2:3

In this sense, several studies have been focused on the use of
natural polymers (in particular, polysaccharides) which present
appropriate structures and properties for promising
applications in this field.* Among the different polysaccharides,
chitin ranks second place after cellulose, being present in the
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crustacean shells (mainly shrimp, crab and lobster, prawn and
krill), makes the wastes of the fishing industry to be the main
source for chitin production.7?

Chitin, is considered a semicrystalline polymer-like nanofibrils.
It is a high-molecular-weight linear polymer composed of N-
acetyl-2-amino-2-deoxy-p-glucose units linked by (1> 4) bonds
(Fig. 1). Its structure is very analogous to cellulose, being the
unique difference the replacement of the hydroxyl group in C2
by an acetamide group.

Indeed, both polymers play similar roles in the organisms
providing the structural support and biological properties, but
this acetamide group in chitin grant it some particular
properties like antibacterial, wound-healing ability and non-
toxicity, making chitin an interesting biopolymer to be studied
for biomedical applications.#® Three different crystalline
polymorphic forms of chitin have been documented in function
of how these chitin piles are stacked: polymorphs a, B and y. In
a-chitin the piles of chitin chains are arranged in alternately
antiparallel mod, in B-chitin the piles are all parallel and in y-
chitin is a mixture of a and B, where there is a sequence of 2
piles parallel followed by 2 in antiparallel position.3® Thus, a-
chitin possess strong inter and intra pile hydrogen bonds and is
the most abundant being present where a structural support is
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Fig. 1 Schematic representation of (a) completely acetylated chitin; (b) cellulose
and (c) completely deacetylated chitin-chitosan. Reproduced from ref. 7 with
permission from Elsevier.

needed (arthropods, fungal and yeast cell walls). On the other
hand, B-chitin have a weak intra-pile hydrogen bonding (no
intersheet hydrogen bonds) and can be found in more flexible
squid
pens). y-chitin is also present in flexible structures but is rarely

structures like skeletal structures of cephalopods (i.e.,

found in nature, being reported in different cocoons and
if is recognized that the type of
polymorph can have an influence on the final properties of the

mushrooms.810-12 Even
biomaterials, in the majority of works this aspect is not
mentioned. To date, most of the studies have been done using
alpha-isoform. Regarding the biological properties, different
studies have validate the relevant abilities of chitin: (i) to
promote the cells adhesion, proliferation and
differentiation;314 (ii) to be degraded into non-toxic small
molecular amino and polysaccharides being easily absorbed in
vivo;*> and (iii) to be treated as reliable carriers of drugs or
cytokines.1®17 These qualities, among others, confirm the
biocompatible, biodegradable and chemical stability
characteristic of chitin and makes understand it interest within
the biomedical industry.

As a polymer-like nanofibrils, chitin presents a highly oriented
structure from the nano- to the micrometer scale with
crystalline and amorphous domains.>820 |n Figure 2, a
representative scheme of the hierarchical organization inside of
the lobster shell is shown, where at molecular level there are
long chains of chitin forming highly crystalline fibrils on the

2| J. Name., 2012, 00, 1-3

nanometer scale. These fibrils (length, L~30 nm, Width, d~3 nm)
are enveloped with proteins and assemble into nanofibers
(d~60 nm), which in turn are assembled into bundles of chitin
nanofibers. At the micrometer level, a network of bundles is
formed, creating a twisted plywood structure (called “Bouligand
structure”), which is embedded in protein and minerals
(calcium carbonate and calcium phosphate).>181°% This
Bouligand structure pattern repeats to form the different main
macroscopic levels that conform the shells; endocuticle,
exocuticle and epicuticle.
To obtain chitin nanofillers, first, chitin needs to be extracted
from the raw material;
nanofillers can be done. ¢ Regarding that, up to date, there have
been many studies on how to isolate chitin nanofillers by using
chemical, mechanical, physical treatments or a combination of
different approaches.®21-24 The wide variety of chitin nanofillers
that can be isolated in terms of size, shape, crystallinity, aspect
ratio or morphology, depends on two factors such as: (i) the
chitin source; or (ii) the isolation process.®8 The most common
chitin nanofillers (altogether abbreviated here as nanochitin)
are chitin nanocrystals (CHNC) and chitin nanofibers (CHNF).
CHNC are also known as chitin whiskers, chitin nanowhiskers or
chitin nanoparticles. As the name suggests, the shape of these
nanoforms are whiskers or rod-like shaped (Fig.3a). It is a highly
crystalline nanofiller (80-95%), with a very small size (d~ 6-60
nm, L~100-800 nm) and aspect ratio typically between 10 and
20.% Different techniques have been developed to get CHNCs
from the degradation of the amorphous region of the chitin
liquids2> or
oxidation

and then, the isolation of chitin

nanofibrils, including acid hydrolysis, ionic

tetramethylpiperidinooxy (TEMPO) mediated
approaches.26

On the other hand, chitin nanofibers (CHNF) present a fibrillar
morphology (Fig. 3b) with diameters between 10 and 100 nm
and several microns in length presenting very high aspect ratios.
CHNFs also present a high crystallinity index, but lower than
CHNCs (at around 50-90%). The most popular CHNF isolation
approach is related to mechanical treatment by using grinders,
blenders or homogenizers; or physical techniques (ultrasonic),
which facilitate fibrillation but do not eliminate the amorphous
domains within chitin fibrils.®27 There is another approach to
obtain chitin nanofibers by dissolving chitin and, then,
electrospun it into nanofiber mats.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Scheme of the hierarchical organization in arthropods exoskeleton (H. americanus, American lobster), which reveals different structural levels. Reproduced from

ref. 19 with permission from Elsevier.
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Fig. 3 Atomic Force Microscopy images of (a) CHNC isolated by acid hydrolysis, and
(b) CHNF isolated by mechanical treatment. Magnification of 5 x 5 um.
Reproduced from ref. 13 with permission from American Chemical Society.

Electrospinning is a simple, cost-effectiveness and high
production rate technique for the fabrication of nanofibrous
and highly porous scaffolds that mimic the natural extracellular
matrix.28

The fact that nanochitin exhibit unique mechanical properties
combining strength and toughness and exceptional biological
functions that interact with the surrounding environment, turns
chitin nanoforms into very attractive raw materials. Thus, in the
last decades, the use of chitin in Materials Science has been
focused on its nanometric forms, either nanocrystals or
nanofibers, 2°,mainly alpha-isoform. They have been used as
nanofiller agents in different types of matrices, such as
chitosan,?23031  starch,3233  polyurethane,3*  poly-methyl
methacrylate,35 PVA,36 PLA,37:38 cellulose3® for a wide variety of
applications food
pharmaceutical,*3 and in particular biomedicine.#443

According to the literature in the last two decades, the number
of published articles concerning “nanochitin” has increased
significantly (Fig. 4a). In particular, the major publications have

such as agriculture,04t industry,3142

This journal is © The Royal Society of Chemistry 20xx

been in the last 5 years, with a profound increase between 2019
and 2021. Although both main chitin nanoforms have gained
popularity, there can be seen a clear tendency in the use of
CHNFs over CHNCs. Regarding the publications focused on the
biomedical applications of nanochitin, there is also a general
increasing trend but not in a homogeneous way (Fig. 4b).
Consequently, the number of published articles regarding this
field remains low, less than 20 articles per year for both
nanoforms (unless in 2020 for nanochitin), which indicates that
it is an area that is still in its infancy.

A huge number of reviews give detailed information on
nanochitin isolation, characterization and modifications
strategies, 2746751 as well as description of fabrication methods
of biomaterials or composites derived from these
nanoforms.>81223:4552-57  There has
increase in the number of publications in the last two decades
about the use of nanochitin in biomaterials for biomedical
applications, although is still a fairly new field of
application.358-60 Among biomedical fields, TE has recently
gained great interest due to the need of new strategies to
achieve the repair and regeneration of damaged tissues and
organs. Nevertheless, despite the promising use of nanochitin
in this field as nanofiller for different matrices, including natural
biologically-active ones, today there is a gap in the literature
concerning the role of the chitin nanoforms in biomaterials.

In this context, this review strives to describe the advances
made in the use of nanochitin in biologically-active matrices
with polysaccharides (chitin, chitosan, cellulose, hyaluronic
acid, alginate), proteins (silk, collagen, gelatin) and others
(lignin) for TE applications. The role of nanochitin in these
matrices as biologically functional, structural or reinforcing
agents is also discussed. The paper is concluded with a
comparison between the role of both CHNC and CHNF in the
different matrices and few perspectives.

been a considerable

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 Trend of research on nanochitin for the last 17 years in: (a) all field of application, and (b)focused in biomedical field. The number of articles was obtained using
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Fig. 5 Percentage attributed to each field within biomedical applications for (a) CHNC, and (b) CHNF. The percentage numbers were calculated by the authors taking in

account the information from Fig. 4.

2. Overview on the use of nanochitin in biomedical
applications

Chitin nanoforms have been used in a variety of biomedical
applications such as TE, antimicrobial agents, wound healing,
disease treatment, controlled drug delivery and others. Figure
5 displays the distribution in percentage of the different
applications for CHNC (a) and CHNF (b), calculated from the
previous selected articles in Figure 4.b. Interestingly, for both
nanochitins TE is the main field of application followed by

This journal is © The Royal Society of Chemistry 20xx

antibacterial agents for both isoforms. The disease treatment is
only present for CHNF.

2.1. Tissue Engineering

Although the incorporation of nanochitin has led to successful
applications in TE with a multitude of synthetic polymers,51-68
herein the discussion throughout the next section (section 3) is
focused only on natural polymers as biologically-active
matrices. Table 1 summarizes the TE applications for
biomaterials prepared using chitin nanocrystals or nanofibers
into biologically-active matrices in the last years.

J. Name., 2013, 00, 1-3 | 4
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2.2. Antibacterial agents

The second most popular biomedical application for nanochitin
is as antibacterial agent, which accounts 21-27% depending on
the type of nanochitin (Fig. 5).

Several authors have tested antibacterial and antifungal activity
of CHNFs as such, 21670 and by adsorbing silver nanoparticles on
their surface to enhance it.”2-74 On the other hand, CHNCs can
improve the antibacterial activity of enzymes like lysozyme by
acting as immobilization platforms,’”> and the antioxidant
activity of immobilized phlorotannins.’® Also, nanocomposites
films based on chitosan,”” carrageenan,’”® carboxymethyl
cellulose,” methylcellulose,®° cellulose nanofibers,3%81 pectin, 82
nanolignin,®polylactic acid,388* highly porous and spongy
monolith cryogel of polyvinyl alcohol®> and molybdenum
disulfide quantum dots,® have been developed. Regarding
antifungal activity, films have been developed using CHNFs
alone,®” in combination with chitosan® or by incubation in
sodium hypochlorite solution.8?

2.3. Wound healing

Chitin nanoforms have showed promising applications in wound
healing since Mezzana et al., firstly report a CHNF-based
hydrogel with clinical efficacy.1?® Skin models have
demonstrated that both CHNF and CHNC could be components
of skin-protective formulations!20121gnd  that surface
deacetylation of the nanoforms are beneficial on wound healing
process.122

Motivated by these promising results, different forms of wound
healing biomaterials have been developed. a-CHNC and CHNF
casting films showed no toxicity to epithelial- and fibroblast-like
cell lines'2? and CHNF-based hydrogels successfully
encapsulated cells and induced bone marrow stromal cells
(BMSCs) differentiation towards angiogenic cells and fibroblasts
for the treatment of wounds with large defects.’?* Adipose-
derived mesenchymal stem cell (ASCs)-loaded B-CHNF hydrogel
also promoted wound healing in rats.12>Another approach is to
make electrospun nanomaterials with polyethylene oxide
(PEO). Electrospinning CHNF/PEO has been combined
successfully with chitosan26 and lignin1?? as promising skin-
friendly materials for wound dressing, and wound healing
activity in vivo was demonstrated.128

This journal is © The Royal Society of Chemistry 20xx

Table 1 TE applications of chitin nanocrystals or nanofibers in combination with
biologically-active matrices.

Nanochitin Tissue of application Year Reference
Nanocrystal Not specified 2007 %0
2017 o1
2019 92
2020 28,93
2022 o4
Skin 2020 95,96
Cartilage 2020 14
Bone 2015 97
2016 %8
Nanofiber Not specified 2017 %9
2018 100-102
2019 103
2020 104
2021 105
Skin 2006 106
2014 107
2019 108,109
2021 1o
Cartilage 2022 m
Tendons/Ligaments 2019 112
Vascular/Cardiac 2016 13
2020 14
Bone 2015 15
2017 16
2020 114,117
Neural 2017 18
Surface-deacetylated CHNFs as biological adhesives in

combination with carboxymethyl chitin derivatives allowed the
inflammatory cells to migrate to the wound,?® and in freeze-
dried gel form showed potential for prednisolone release in
wound healing.130

2.4. Disease treatment

CHNFs have been intensely used for therapeutic purposes in
various diseases. Several works have studied the effects of oral
administration of CHNFs, showing its effectivity increasing
plasma metabolites such as adenosine triphosphate (ATP) or
serotonin and stimulation of gut microbiota.13! It was also
demonstrated its use as potential food for patients with
hypercholesterolemia because of its hypolipidemic effect,132.133
as gastrointestinal-resistant biosorbent for cholesterol and bile
salts,134 and as useful agents preventing mucositis induced by
anticancer drug 5-fluorouracil.’35 These CHNFs also present
good results intravenously in the
treatment of the ortoneurological pathology.!3¢ Goto et al.,
have recently found that surface-deacetylated CHNFs exert
anti-hepatic and antioxidative effects that could be beneficial in

when administrated

non-alcoholic steatohepatitis treatment.137 This novel activity
adds to the previously shown anti-inflammatory and anti-
fibrosis effect on mice model, with application on inflammatory
bowel disease;138 and suppression of skin inflammation in
atopic dermatitis-like lesions.’3® On the other hand, the
combination of surface-deacetylated CHNF with magnetic
nanoparticles as hydrogels, results in a promising tool for
osteosarcoma therapy.140

J. Name., 2013, 00, 1-3 | 5



2.5. Drug delivery

More recently, drug delivery systems in which nanochitin acts
as filler of the main matrix were developed. The first system was
presented by Tabuchi et al., in which CHNFs were added to
sulfobutyl ether B-cyclodextrin gel and used as controlled
release carrier of prednisolone for the treatment of colitis and
other inflammatory or oxidative diseases.!*! They have also
designed systems based on self-assembly of positively charged
partially deacetylated a-CHNF and negatively charged TEMPO-
oxidized nanofibers, for anticancer drug (5-
fluorouracil) delivery#? and with surrounding pH-depending
drug release capacity.143 Between the systems that incorporate
CHNC, we can find both stable emulsions even in the upper
digestive system that transport vitamin D3 to the intestine, 144
as well as pH-sensitive hydrogels that are carriers of antibiotics
for vaginal administration.14> Also, partially deacetylated CHNCs
demonstrated success as filler of drug delivery systems based
on poly(vinyl alcohol),146 alginate!4” and polyacrylamide/Zn2*
hydrogels.148

cellulose

2.6. Other applications

Due to high protein loading capacity of nanochitin,
nanocrystalline chitin thin films have potential applications for
enzyme immobilization,1#® such as lysine-immobilized
chitin/carbon nanotube microspheres that are an efficient, safe
and blood compatible adsorbent of bilirubin that can be
employed for its removal from the human blood.?>° TEMPO-
oxidizied CHNC have been successfully labelled with a
fluorescent imidazoisoquinolinone dye and carbohydrate
ligands with lectins and bacteria recognition properties.1!
Recently, novel applications have arisen for the use of CHNF,
such as surface-deacetylated CHNF/chitosan system that
promotes hair growth in vivo,52 CHNF/chitosan haemostatic
material for effective haemorrhage arrest during surgery,53
CHNF electrospray as skin care cosmetic product!®* and
CHNF/alginate hydrogel microcapsules as a novel in vitro 3D
platform for the assessment of nanoparticle toxicity.15>

Other types of biomaterial forms with biomedical applications
for both chitin nanoforms are also addressed. Paper-like
materials made of CHNF are used as a smart and easy-to-use
optical (bio)sensing platform?>¢ and CHNC/cellulose fiber ones
as glucose colorimetric analytical device.'>” Functional medical
adhesive materials of methacrylic anhydre filled with CHNC158
and CHNF-stabilized latex have also been developed.'>® There
are also several authors who came to design promising
advanced biobased materials with potential biocompatibility by
using CHNCs160-162 or CHNFs163-168 s fillers, but which still don’t
have a developed and proven medical application.

3. Nanochitin in biologically-active matrices for TE

Incorporation of natural nanofillers, like nanochitin into natural
polymeric matrices to obtain biomaterials with superior
properties has become popular, as they are biocompatible,

6 | J. Name., 2012, 00, 1-3

bioactive, and bioresorbable The
complementary effects of the nanofiller into the natural matrix
includes changes in the mechanical behaviorl71.172 and in the
bioactivity,107.173.174 put these changes depend greatly on the
nanofiller shape, size and morphology, surface characteristics,
and degree of dispersion.? Overall, chitin nanoforms represent
promising nanofillers for the development of novel biologically-
active matrices through the combination with diverse natural

biopolymers,13.95.174-176 by mimicking the nanofibrous structure

age nts.13,128,169,170

of ECM components.177,178

This is due to their bioactivity, that is, the ability of a material to
stimulate or induce a biological response at the boundary or
surrounding of the material.l’3 Since the concept of bioactive
material was first termed in 1971,17? it has evolved from been
related exclusively to bone regeneration, 80 to be expanded to
the rest of tissues. Thus, biologically-active matrices can be
defined as those that exhibit bioactive properties such as
biocompatibility, biodegradability, antimicrobial activity, anti-
inflammatory or antioxidant properties, among others, and can
activate in vivo mechanisms of tissue regeneration.!8! Although
both synthetic and natural polymers are used as biologically
active matrices, the demand for the use of natural ones have
increased during the past decade because they are nontoxic and
are widely available.1%9.182 Additionally, natural polymers have
greater advantages since their physical and chemical
resemblance to human native tissue architecture, better overall
interactions with various cell types and lack of immune
rejection.183.184 Nevertheless, they present some disadvantages
such as inferior thermal and mechanical properties.®>

In the next sub-sections, we will focus on the recent advances
on the use and role of chitin nanocrystals and nanofibers in
biologically-active matrices prepared with polysaccharides
(chitin, chitosan, cellulose, hyaluronic acid, alginate), proteins
(silk, collagen) and others (lignin) for TE applications.

3.1. Chitin nanocrystals in biologically-active matrices for TE

CHNCs are good candidates as nanofillers in biomaterials for TE,
since their high surface area can facilitate their effective
interaction with cells, proteins and other compounds, and
improve their interaction with the matrix via hydrogen bonds,
which further improve the structural and mechanical properties
of the ensuing matrix®2°8 mimicking the native ECM that
regulates cell behaviour.177.178 |n the next sub-sections a brief
summary of state-of-the-art of the role of CHNCs in biologically-
active matrices namely chitosan, cellulose, hyaluronic acid,
alginate and silk is presented.

3.1.1. Chitosan and its derivatives. Chitosan, the deacetylated
derivative of chitin, has been widely applied in many fields as a
multi-functional material including biomedical materials
because of its high biodegradability, low immunogenicity,
antimicrobial activity, biocompatibility, solubility in weak acid
aqueous solutions and film-forming ability.18518 Nonetheless,
its applications may be limited because of its strong swelling in
liquid media, poor mechanical properties and absence of
biological response.*174 To overcome these limitations and

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name

optimize the chitosan-based matrix properties, mineral or
organic nano-sized fillers have been incorporated.®” As both
chitin and chitosan are compatible with human organisms,
chitosan-based biomaterials reinforced with chitin nanoforms
offer interesting prospects for biomedical applications as
discussed below.%?

Liu et al., made a chitosan-chitin nanocrystal composite scaffold
by dispersion-based freeze dry approach that permitted CHNCs
to retain the crystal structure in the composite scaffold (Fig.
6).98 Compared with pure chitosan, composite scaffolds
prepared with CHNCs exhibited enhanced compressive strength
and modulus, increased scaffold density and slightly decreased
water swelling ratio (Fig. 6a and b). Chitosan/CHNC scaffolds
showed excellent biocompatibility with MC3T3-E1 osteoblast
cells line after 5 days of culture (Fig. 6¢), and cell proliferation
and adhesion were promoted by the increase in the surface
roughness. Well-interconnected porous structure with high
porosity (>80%) and pore size (100-200 pum) permitted a good
cell distribution and penetration throughout the 3D porous
scaffold (Fig. 6d).

Chitosan/CHNCs 3D scaffolds developed by Zubillaga et al., is a
promising template for articular cartilage repair, which is a
specialized connective tissue with limited self-repair due to its
avascular nature and limited cellularity.’* The genipin-
crosslinked chitosan 3D scaffolds exhibit improved mechanical
and biological activities by the addition of CHNCs,3 supported
and favored chondral differentiation in hypoxic condition of
hASCs seeded as spheroids.

ARTICLE

Petrova et al.,, developed a chitosan-alginate-CHNC bilayer
electrospun scaffold with improved adhesive characteristics
with potential biomedical applications.?® The high porosity of
the scaffold and the presence of CHNCs onto the surface of the
chitosan-based scaffold, gave increased biocompatibility and
promoted human mesenchymal stem cells (hMSCs)
proliferation and adhesion. The hMSCs formed colonies in the
shape of multicellular spheroidal aggregates on the chitosan
nanofibers, which possesses a greater capacity for
differentiation, but flatter colonies and monolayer on alginate
nanofibers.

Another approach to construct chitosan-based hydrogels with
diverse functions is via Schiff bases. They have been widely
explored as biomaterials for haemostasis, drug delivery, and
bioadhesives due to their good biocompatibility and
biodegradability under physiological conditions.188 |t is known
that cell behaviour can be controlled by changes in physic-
chemical film properties like molecular mass, hydrophobicity,
crosslinking degree, protonation degree and molecular
structure. Kiroshka et al., developed chitosan-based matrices
doped with CHNCs that made bone marrow stromal cells
(BMSCs) behaviour (shape, spreading area, cytoskeleton
structure and the dynamics of proliferation) similar to
polystyrene tissue culture plates.®? Addition of CHNCs in
chitosan-based film reduced viscosity by destruction of the
weak interlocking network by the adsorption of a certain
portion of polymer molecules onto the nanoparticle surface,
and decreased the swelling ratio by the disturbance of the
system of intermolecular bonds in the chitosan matrix.

d
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Fifg. 6 (a) Compressive stress-strain curves of chitosan/chitin nanocrystals (CS/CNCs) composite scaffolds in dry and wet state; (b) Porosity, water absorption and density
of CS/CNCs composite scaffolds; (c) Viability assay of MC3T3-E1 cells; and (d) SEM and stereoscopic microscope micrographs of 50% CS/CNCs composite scaffolds.

Reproduced from ref. 98 with permission from Elsevier.

Additionally, the introduction of CHNCs promoted the
formation of macropores, whose size increases with increasing
CHNC content. The experimental data lead to the conclusion
that the molecular structure of polymers is the crucial factor
that determines the interaction between polymers and BMSCs,
with promising applications in TE.

This journal is © The Royal Society of Chemistry 20xx

Schiff base crosslinking hydrogels were reported, for the first
time, by blending carboxymethyl chitosan (CMCS) and dextran
dialdehyde (DDA) and with addition of CHNCs.%¢ Carboxymethyl
chitosan was used in order to improve the solubility of chitosan
without losing its desirable properties like biocompatibility,
biodegradability and bioactivities, while oxidation of the
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aldehyde groups in dextran can be introduced and react with
carboxymethyl cellulose to form hydrogels. Addition of CHNCs
improved compressive stress (1.87 fold) and adhesive strength
(1.51 times) on porcine skin and also reinforced hydrogels
mechanically in terms of gelation time. The composite exhibited
biodegradability, biocompatibility and optimum antibacterial
and haemostatic capacities. implantation studies
showed that the hydrogel was degradable without long-term

In vivo

inflammatory responses. Additionally, desirable efficacy was
demonstrated in rat liver injury model, where injectable
hydrogel reduced inflammation and undesired tissue adhesion
and promote wound repair in a superior way to commercial 3
M™ vetbond™ tissue adhesive.

3.1.2. Cellulose and its derivatives. Cellulose is the most abundant
structural biopolymer.18° This natural polysaccharide has been
exhaustively used because of its abundance, crystallinity and
biocompatibility, among others.186 Tyshkunova et al., recently
developed cellulose cryogels with phosphoric acid as solvent
and were able not only to enhance the mechanical properties
but also to modify the intrinsic biological properties of the
cellulose with the incorporation of CHNCs, leading to a more
biocompatible and suitable scaffold for its use in combination
with hMSCs.?* Methylcellulose is a nontoxic derivative of
cellulose that exhibits a thermo-reversible sol-gel transition by
the hydrophobic interaction of methoxy groups in aqueous
solution. However, as its low mechanical strength limits its
application, cuttlefish bone extracted B-CHNC have been used
as reinforcing fillers.2° Gelation rate and mechanical strength of
resulting hydrogels increased even at low content of B-CHNC,
maybe due to additional polar interaction by hydrogen bonding.
Although no biocompatibility studies were performed, given the
intrinsic non-toxic behaviour of the materials that is composed
this nanocomposite has potential application as TE scaffold or
injectable hydrogel. Other interesting derivative of cellulose is
cellulose acetate, which is a soluble esterified-derivative that
can be mixed with a large number of polymers and compounds
and is easily electrospun into nanofiber mats. 190,191

8| J. Name., 2012, 00, 1-3

Pereira et al., made electrospun cellulose acetate nanofibers
(CANFs) with surface charge modification by adsorbed CHNCs.®3
The negatively charged nature of cellulose acetate permits the
deposition of positive species by physical adsorption.192
Consequently, addition of CHNCs reduced fiber diameters (Fig.
7a-f) favoring the electrical conductivity of the composite
solution. The presence of the CHNCs in the nanofibers surface,
also resulted effective against Gram-negative E. coli (Fig. 7g) and
exhibited no cytotoxicity to Vero cells after 72 h of incubation
(Fig. 7h). This enhanced biological activity induced by the
adsorption of CHNCs on cellulose acetate was also
demonstrated by Goetz et al..’®®* They showed that the
antibacterial activity exhibited by the addition of CHNCs was
similar to other electrospun cellulose acetate that contained
conventional antimicrobial agents like metal nanoparticles and
metal oxides.

3.1.3. Hyaluronic acid. Hyaluronic acid (HA) is an anionic
polysaccharide named glycosaminoglycan, composed of
glucuronic acid and N-acetylglucosamine disaccharide units
with a carboxyl group on each disaccharide unit.1®* HA is widely
used due to its biocompatibility, non-toxicity and healing
properties, but showed poor mechanical stability, rapid
degradation, and no antimicrobial properties which are
indispensable for avoiding infection in healing process.1®>
These limitations have been overcome by adding partially
deacetylated CHNCs (Fig. 8),%> which acted as reinforcing agents
by enhancing Young’s modulus and strength of the HA
composite biofilms (Fig. 8a and b). They also conferred
significant antibacterial activity against different types of Gram
positive and Gram-negative bacteria, including B. subtilis,
Streptococci and E. coli, that increased by increasing the
concentration of CHNCs in the biofilm matrix from 1 to 50% (Fig.
8c).

This journal is © The Royal Society of Chemistry 20xx
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cells Reproduced from ref. 93 with permission from Elsevier.

Additionally, HA/CHNC nanocomposite films exhibited good biocompatibility to normal primary human dermal fibroblasts (NHDFs)
and human osteogenic sarcoma (Saos-2 cells) (Fig. 8d and e), making this biofilm appropriate for skin regeneration application.
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Fig. 8 (a) Mechanical properties in relative units as a function of chitin nanowhiskers (ChNWs) volume fraction. (b) Stress-strain curves of nanocomposites biofilms with
different content of ChNWs in HA matrix. (c) Antibacterial properties of nanocomposite biofilm against different types of bacteria. (d, e) Fluorescent microscope images
of NHDFs and Saos-2 cells in nanocomposite biofilms. Reproduced from ref. 95 with permission from Elsevier.

3.1.5. Silk. Silks are protein polymers that are spun into fibers by
some lepidoptera larvae, like B. mori silkworm ones that have
been the primary silk-like material used in biomedical
applications as sutures.19¢ Silk fibers and regenerated silk fibroin
films exhibit comparable biocompatibility in vitro and in vivo
with other commonly used biomaterials such as polylactic acid
and collagen.’®?” Regenerated silk fibroin is also

This journal is © The Royal Society of Chemistry 20xx

biodegradable,’®® and presents high cytocompatibility to a
number of mammalian cell types,1°® what makes silk fibroin an
interesting scaffolding biomaterial.

The incorporation of CHNCs into the silk fibroin matrix was
found to solve one of the major limitations of silk, its poor
dimensional stability.?® Moreover, the reinforced silk/CHNC
sponge enhanced the compression strength and exhibited
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interconnected pore network with an average pore size of 150
um that promoted cell spreading, compared to the neat silk
sponge. Thus, all of these results might indicate the potential
utility of this nanocomposite system for further exploration as
a TE scaffolding material.

Journal Name

Table 2 summarises the state-of-the-art of the biologically-
active matrices prepared with CHNCs, the role of CHNCs in the
biomaterial and the TE application.

Table 2 The role of CHNCs in biologically-active matrices and TE applications

Matrix Chitin Origin Additives Biomaterial Role of CHNCs TE Ref.
& Isoform Application
Chitosan - - Enhance mechanical properties . 98
3D porous scaffold Enhance biocompatible to
MC3T3-E1 cells
Shrimp - Enhance mechanical properties 14
Alpha 3D porous scaffold Improve biological activities Cartilage
isoform Support & favor chondral differentiation of hASCs
- Alginate Enhance adhesive properties 28
Bilayer Increase biocompatibility Biomedical
electrospun Promote hMSCs proliferation & adhesion application”
scaffolds
Alpha - Decrease swelling ratio o1
isoform Films Promote macropores formation Biomedical
Control BMSCs behavior application”
Carboxymethyl Alpha Dextran Enhanced mechanical properties %
chitosan isoform dialdehyde Hydrogels Improve adhesive strength Tissue
adhesive
Cellulose Crab - Cryogels Enhance mechanical properties Biomedical %4
Alpha Increase biocompatibility with hMSCs application*
isoform
Methylcellulose Cuttlefish - Enhanced mechanical properties 92
bone Injectable Higher gelation rate Biomedical
Beta hydrogel application”
isoform
Cellulose acetate Crab Increase electrical conductivity %3
Alpha Electrospun Introduce antibacterial activity (E. coli) Biomedical
isoform nanofiber mats Enhance biological activity application”
Hyaluronic acid Shrimp - Enhance mechanical properties 95
Alpha Composite films Promote antibacterial activity against Gram- Skin
isoform negative and Gram-positive bacteria
Alginate - - Enhance mechanical properties o7
Hydrogels Promote cell adhesion/proliferation Bone
Silk fibroin Shrimp - Improve dimensional stability 90
Alpha Matrix Enhance mechanical properties Biomedical
isoform Promote L929 cell spreading application”
*Not specified

3.2. Chitin nanofibers in biologically-active matrices for TE

CHNFs, as CHNCs, exhibit outstanding mechanical properties,
wide-availability, sustainability, biocompatibility and

10 | J. Name., 2012, 00, 1-3

biodegradability.2© However, the use of CHNFs confer new
structures and properties to the developed biomaterials due to
the nanoscale effects of the chitin fibers. Thus, biopolymer
nanofibril-based materials exhibit architectures closer to those
found in natural material systems and mimic ECM texture

This journal is © The Royal Society of Chemistry 20xx
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favoring cell behaviors mediated or influenced by topography
such as cell adhesion, proliferation and differentiation.>®

3.2.1. Chitin. Although chitin has poor solubility, its application
in biomedical field is of interest due to its distinctive biological
properties that include good biocompatibility, biodegradability,
and wound healing effects.?” The first TE approach using CHNFs
was made by Noh et al.,, with electrospinning technique, to
synthetize chitin nanofibrous matrices containing CHNFs.10¢ The
nanofibrous matrices exhibited cytocompatibility and good cell
attachment and spreading of normal human keratinocytes and
fibroblasts in vitro. In vivo assay showed that biodegradation
was faster than commercially available CHNFs, and there was
no inflammation after the chitin nanofibrous matrix was
implanted into rat subcutaneous tissue. Additionally, the
nanofibrous matrices could be modified using different ECM
proteins such as type | collagen, fibronectin or laminin, by
adsorption onto the chitin matrices as substrates. Cell behavior
evaluation showed that collagen type | presented best
interactions with both cell lines. Results indicated that this
chitin nanofibrous matrix could be useful for wound healing and
regeneration of skin and oral mucosa. Subsequent studies have
highlighted the role of the degree of deacetylation of CHNF’s
surface on cell behavior, showing that an increase in the
surface-deacetylated CHNF contributes to a better mouse
fibroblast adhesion and proliferation1%and that they support
rat cardiac myoblast and mouse bone osteoblast viability and
proliferation after one-week contact cell culture.14

Later, chitin hydrogel was developed for nerve TE by CHNF and
carbon nanotube (CNT) addition (Fig. 9).118 As CNTs possess
excellent mechanical, chemical and electrical properties, they
have been suggested for promoting neuronal cell growth,
viability and differentiation,2°! but biomedical applications of
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CNTs is limited due to their potential cytotoxicity. Thus, in this
work they proved the effectivity of mixing CNTs with a highly
biocompatible matrix such as chitin, to avoid their toxicity. CNTs
dispersed homogeneously in the composite hydrogels, based
on chitin and combined with CHNF to form a net nanofibrous
network with improved mechanical properties (Fig. 9a-g). In
vitro assay verified that CHNF/CNT hydrogels possessed good
hemocompatibility, biodegradation and biocompatibility to
PC12 neuronal cells and RSC96 Schwann cells, but also exhibited
significant enhancement of the neuronal cell adhesion,
proliferation and neurite growth of neuronal cells (Fig. 9i). This
hydrogel was proposed as a good neuronal growth substrate for
the potential application in nerve regeneration.

CHNF-based composites have been also employed for the
development of bone mimetic structures. Nanofibrous
biocompatible polymers and hydroxyapatite (HAp) have been
extensively demonstrated to be successful strategy for
mimicking the natural bone hierarchical nanostructure, as the
native non-collagenous proteins are key in the nucleation
process of HAp crystals within the collagen matrix.292 Similarly,
natural shells of marine animals contain a mineralized
nanofibrous chitin and these chitin nanofibers are thought to
play key roles as organic templates for the mineralized
architecture formation.203.204 Based on this, in situ HAp
mineralization approach was developed to obtain a bone
scaffolding material by coating HAp crystals on nanofibrous
chitin  microspheres.’’®  Microsphere scaffolds exhibited
biocompatibility and promoted in vitro cell adhesion of MC3T3-
E1 osteoblasts cells. In vivo rabbit radius defect repair

demonstrated an appropriate biodegradability and a high-
inducing osteoconduction, as the provided structure permitted
cell invasion and proliferation resulting in an almost completely
healing within three months.

Fig. 9 (a) Schematic representation of chitin and chitin/carbon nanotube (ChCNT) hydrogels construction. (b,c) Photographs of wet chitin and Ch/CNT hydrogels with
3wt% CNTs (Ch/CNT3). SEM images of the (d, e) surface and (f, g) inner parts of the lyophilized chitin and Ch/CNT3 hydrogels. (h, i) SEM Images of PC12 cells cultured
on wet chitin and Ch/CNT hydrogels for 24h. Reproduced from ref. 118 with permission from Elsevier.

Recently, has emerged enzymatic mineralization as a novel
biomimetic approach for a more homogeneous mineralization
of the bulk material.2%> This method employs homogeneously

This journal is © The Royal Society of Chemistry 20xx

dispersed enzymes which induce mineral formation by a pH
change or that convert precursor molecules into active
mineralization compounds.2°¢ Yao et al.,, employed alkaline
phosphatase to create highly mineralized hybrid materials
based on controlled mineralization of calcium phosphate (CaP)
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in polysaccharide nanofiber material made by anionically
charged cellulose nanofibers (CNFs) and cationically charged
CHNFs building blocks (Fig. 10a).117 Results showed that anionic
cellulose nanofibers lead to a more homogeneous
mineralization with high mineral contents up to 70 wt %, while
CHNFs lead to the formation of rod-like crystals and initial
amorphous calcium phosphate deposits that during prolonged
mineralization transform into crystalline HAp structures (Fig.
10b).

The incorporation of HAp on the surface of genipin-crosslinked
CHNF hydrogel/cryogels has also resulted in an interesting
strategy for its use in cartilage TE, since it showed good
biocompatibility with chondrocytes and improved their
adhesion and growth.111

3.2.2. Chitosan. Intrinsic antibacterial activity makes chitosan a
good matrix to develop materials for dermal or skin tissue
engineering. However, there is the need to use a nanofiller to
overcome the poor mechanical properties and the absence of
biological responses. Kiroshka et al., got chitosan-based films
with improved strength and deformation properties, increased
elasticity modulus and plastic limit by the addition of CHNFs as
filler agents.197 The subsequent reduction on the deacetylation
rate and local decrease in surface charge density, promoted
adhesion and proliferation of keratinocytes and fibroblasts in

Journal Name

comparison with pure chitosan matrix. These results are in
accordance with those showed in a previous work2%7 where was
demonstrated the dependence of adhesion and proliferation of
both type of cells on deacetylation degree of chitosan films.
Thus, this matrix can be used in TE to control the growth of
specific cell types, and in regenerative medicine due to its
capacity to stimulate cell adhesion and proliferation in the
damaged areas. Another group demonstrated that 5 % wt.
CHNFs was sufficient as reinforcing agent to improve
mechanical, physicochemical, specific conductivity and
bioactive properties of chitosan-based film matrix for its use in
combination with fibroblasts on dermal TE.110.174

The use of CHNFs on chitosan-based materials has been also
found to be useful in 3D cell culture (Fig. 11).2°8 Macroporous
chitin microspheres were constructed via a “bottom-up”
approach based on chitosan microspheres coated with chitin
solution (Fig. 11a). Resulting material exhibited good
mechanical properties due to the existence of nanofibrous
network (Fig. 11b and c). This structure provided open 3D
spaces that supported growth, attachment and migration of
monkey kidney fibroblasts (COS-7), normal human hepatocytes
(LO2) and human pancreatic cancer cell line (PANC-1) (Fig. 11d),
and maintained multi-lineage differentiation capacity of seeded
human embryonic stem cells(hESCs) (Fig. 11e).
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Fig. 10 (a) Schematic representation of enzymatic mineralization of chitin and cellulose nanofibril networks toward mineralized nanopapers. (b) Mineral content of
CaP/CNF and CaP/ChNF after 1, 4 and 7 days of calcification. Reproduced from ref. 117 with permission from American Chemical Society.
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Fig. 11 (a) Scheme of the porous chitin microspheres (PCMS) preparation procedure. SEM images of (b) PCMS and (c) the nanofibrous structure of PCMS. (d) Live/dead
assay fluorescent images of PANC-1, LO2 and COS-7 cells cultured on PCMS. Reproduced from ref. 208 with permission from Royal Society of Chemistry.

3.2.3. Cellulose. Torres-Rendon et al.,, developed

mathematically defined gyroidal hydrogel scaffold based on

a

cellulose nanofibers and CHNFs.11> This novel approach allows
to define milimetrically the architecture of the material to
obtain advanced and customized materials for TE with a
biomimetic structure that controls and induces the cellular
behavior of interest. In this case, the cellulose nanofiber/CHNF
hydrogel exhibited promising applicability in both soft and hard
TE, as the designed material can support fibroblast growth and
viability and induce hMSCs differentiation toward osteogenic
lineage when a collagen-mimetic coating is deposited on the
surface of the hydrogel.

3.2.4. Silk. Nacre is composed of biopolymers and aragonites,
which are organized into a hierarchical structure to optimize
mutual interactions and to combine properties towards longer
length scales.2® Therefore, biomimetic approaches like
“assembly-and-mineralization”  methods that combine
preformed laminated matrices and in situ mineralization
techniques, are focused on the production of materials with
structural and mechanical characteristics similar to natural
ones.210

A biomimetic material was developed by in silico design,1% in
which mechanical enhanced multilayer nanocomposites was
obtained with controlled assembly of silk nanofibers (SNFs),
HAp and CHNFs (Fig. 12a). This nacre-like composite showed a
biomimetic structure (Fig. 12b and c) with enhanced mechanical
properties due to the presence of CHNFs, and presented self-
bonding function (Fig. 12d). Thus, it is found a potential
approach in the design of novel third-generation biomaterials
for potential clinical applications.

This journal is © The Royal Society of Chemistry 20xx

3.2.5. Collagen. Collagen is the major insoluble fibrous protein
in the ECM of mammalian animals, mainly located in connective
tissues. It has been widely used in biomedical applications due
to its biodegradability, low antigenicity and ability to enhance
cell attachment and proliferation.2!1 However, like other ECM-
derived biomaterials, collagen by itself is not enough to obtain
solid materials with good mechanical properties.??2 CHNFs are
found to be promising nanofillers that improve mechanical
strength of extruded collagen fibers comparable to post-
crosslinked ones.102 Moreover, increasing CHNF concentration
to 15% wt. CHNFs, increases tensile strength and modulus of
collagen fiber to highest values of 506.6 MPa and 12109.5 MPa,
respectively. These mechanically tough collagen fibers
exhibited biocompatibility towards fibroblasts and induced
their alignment on the rough surface of the fibers, showing
potential application as orientation scaffold for blood vessels,
muscle and neural repair. The work of Barbalinardo et al., more
focused on the biocompatibility, has shown that the availability
of B-CHNFs after its combination with collagen plays an
important role in promoting cell viability due to the
carbohydrate-protein interactions that mediate cell adhesion.
Thus, the homogeneous dispersion of the CHNFs in the matrix
improves the performance of the resulting scaffold for its
application in TE.105

3.2.6. Gelatin and its derivatives. Gelatin is a denatured form
of collagen widely used field due to
biocompatibility, biodegradability and ability to form a hydrogel
at low temperatures. However, final mechanical properties of
gelatin-based materials are poor and limit its applications.?13 To
address this limitation, nanoscale chitin fillers have been
proposed as reinforcing agents.214

in biomedical its
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Fifg. 12 (a) Representative in silico design of mechanical-enhanced silk nanofibril/hydroxyapatite/chitin nanofibril (SNF/HAP:CNF) bionanocomposite.éb,c) SEM images
of 1

0:10 SNF/HAP:CNF membrane. (d) Self-bonding behaviour of the 10:10 SNF/HAP:CNF nanocomposite. Reproduced from ref.100 with permission

rom Wiley.

CHNF/gelatin composite film developed with high transparency
and viscosity exhibited fine nanofiber structure.®® The
composite film stimulated fibroblast proliferation in vitro and
did not induce severe inflammation in vivo, indicating high
biocompatibility. Surface-deacetylated CHNFs have been also
employed to improve mechanical properties of both gelatin-
based nanocomposites®! and hydrogels,112 with promising use
as biomaterials in biomedical applications.

Advantageous properties of CHNFs as fillers have been also
reported for gelatin methacrylate (GelMA), a gelatin derivative
synthesized by the direct reaction of gelatin with methacrylic
anhydre (Fig. 13).113 The micropatterned GeIMA/CHNF hydrogel
(Fig. 13a) exhibited increased elastic modulus to 1000-fold and
strain-to-failure over 200% (Fig. 13b and c). Moreover, the
hydrogel permitted proliferation and alignment of human
umbilical vein endothelial cells (HUVECs)/hMSCs co-culture (Fig.
13d and e), and also induced differentiation of hMSCs into
smooth muscle cells and vascular network formation (Fig. 13f).
This resulted in a novel platform for studying vasculogenesis
with better mechanical properties than collagen-based
hydrogels.215

3.2.7. Lignin. Lignin is an organic compound with a complex
structure, which is highly available since it is present in all wood
along with cellulose. On the nanoscale, lignin structure and
purity can be controlled, resulting in several interesting
properties such as antibacterial, anti-inflammatory, cicatrizing
and anti-aging effectiveness.?16.217 |n addition, nanolignin shows
potential application for improvement of mechanical properties
of polymer composites, as lignin is responsible for the strength
and rigid structure of the cell walls in plants.218

Danti et al.,, developed a cytocompatible microcapsule-like
system with anti-inflammatory activity combining CHNFs and
nanolignin, loaded with glycyrrhetinic acid as a bioactive

14 | J. Name., 2012, 00, 1-3

molecule for skin regeneration.1% This approach is based on
previous work where electropositive and electronegative
nanoforms were combined to entrap both hydrophilic and
lipophilic molecules such as vitamins, microelements, anti-
inflammatory drugs, antioxidants, anti-ageing substances,
immunomodulating agents and enzymes.216

Table 3 summarises the state-of-the-art of the biologically-
active matrices prepared with CHNFs, their role in the
biomaterial and the TE application.

a
GelMA + Chitin
=
b

5mm —

Fig. 13 (a) Scheme of the self-assembly process of GeIMA/chitin (GelIMAChi) films
dissolved in hexafluoroisopropanol (HFIP). (b) Optical image of chitin nanofibers-
gelatin methacryloyl 1:3 weight ratio (GMAC13) before load application and under
tensile load in mechanical tensile tester. (c,d) Fluorescent images of Actin/Dapi
stained cell orientation cultured for (c) 3 and (d) 5 days on the patterned GMAC13.
(e) Immunostaining of vascular markers for HUVECs/hMSCs cultured for 5 days on
GMAC13. Scale bar represents 50 um. Reproduced from ref.113 with permission
from Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 20xx
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Table 3 The role of CHNFs in biologically-active matrices and TE applications.

Matrix Chitin Origin Additives Biomaterials Role of CHNFs TE Application Ref
& Isoform
Chitin - - Electrospun nanofiber No-inflammation in vivo Oral mucosa 106
mats Improve cell attachment and spreading Skin
Alpha isoform - Nanofiber mat Surface deacetylation increase cell adhesion and Biomedical 104
proliferation material*
Crab - Wet-spinned High water sorption capacity Cardiac 114
Alpha isoform microfibers Support proliferation of rat cardiac myoblasts Bone
and mouse bone osteoblasts
- Carbon Hydrogels Enhance mechanical properties Nerve 118
nanotubes Hemocompatible
Biocompatible to neuronal and Schwann cells
Improve neuronal cell behavior
Alpha isoform Hydroxyapatite Microsphere scaffolds Promote cell adhesion Bone 116
crystals In vivo bone healing
- Alkaline Mineralized Enhance mechanical properties Bone w7
phosphatase nanopaper Homogeneous and spatial controlled
mineralization
Alpha isoform Hydroxyapatite Hydrogel/Cryogel Enhance mechanical properties Cartilage B
Chitosan - - Films Enhance mechanical properties Skin 107
Promote cell adhesion and proliferation
- - Films Enhance mechanical properties Dermal tissue 109
Improve biological activities
Alpha isoform - Porous microspheres Enhance mechanical properties 3D cell culture 103
Allow hESCs multi-lineage differentiation
- - Films Enhance mechanical properties Skin 110
Orientation of structural elements
Increase specific conductivity
Promote skin fibroblasts adhesion, viability and
proliferation
Cellulose - - Hydrogel Induce hMSCs osteogenic differentiation Bone 115
Silk - Hydroxyapatite Multilayer Enhance mechanical properties Biomedical 100
fims/membranes Self-bonding function material”
Collagen - - Microfibers Enhance mechanical properties Vascular 102
composite Induce cell alignment Muscle
Neural
Beta isoform - Films Complement collagen biocompatibility on Biomedical 105
fibroblast growth material*
Gelatin Crab - Films Enhance wound healing process Biomedical 9
Alpha isoform material”
Crab - Nanocomposite films Enhance mechanical properties Biomedical 101
Alpha isoform material”
Crab - Hydrogels Enhance mechanical properties Tendons Ligaments 12
Alpha isoform
Gelatin - - Hydrogels Enhance mechanical properties Vascular 13
methacryla
te
Lignin Alpha isoform - Microcapsule-like Biocompatible Skin 108

system

Anti-inflammatory activity

This journal is © The Royal Society of Chemistry 20xx
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*Not specified

Conclusions

In the last two decades, chitin’s research has been focused not
only on its main derivative, chitosan, but also on its nanometric
forms, named chitin nanocrystals (CHNC) and chitin nanofibers
(CHNF). Specifically, there has been an increase in the number
of articles published in the last 17 years in which chitin
nanoforms have been used for the design and development of
new biomaterials for biomedical applications, being Tissue
Engineering the field of greater interest.

Herein, we have done comprehensive summary of the state-of-
the-art of both CHNC and CHNF in combination with
biologically-active matrices such as polysaccharides (chitin,
chitosan, cellulose, hyaluronic acid, alginate), proteins (silk,
collagen, gelatin) and others (lignin); of their role in those
matrices; the type of biomaterial developed and the TE
application.

Particularly, chitin nanoforms have been used as natural
nanofillers to obtain biomaterials with superior properties,
since they cause changes in the properties of the natural matrix,
mainly improvement of the mechanical properties. Additionally,
they can improve the bioactivity of the matrix since CHNC
facilitate effective interaction with cells, proteins or other
compounds, while CHNF confer a fibrous structure that better
mimics the texture of the ECM, and thus favoring topography-
dependent cell behavior. CHNC have been mainly used in
combination with polysaccharide matrices and there is a
tendency to develop hydrogel-like biomaterials. On contrast,
CHNF have been equally combined with polysaccharide and
protein matrices, mostly in the shape of a film followed by
hydrogels. Regarding the application tissue, CHNF have a
predisposition to soft tissues (cartilage, skin, vascular, etc) and
bone, but there is no marked preference when using CHNC.
With all this, CHNF have been more studied because they offer
greater versatility to be combined with biologically-active
matrices and even biomaterials can be developed only with
nanofibers.

The use of nanochitin in combination with biologically-active
matrices for TE applications is still in its infancy and the number
of publications in this area is expected to continue to increase
for both nanoforms. With the bases established, it is expected
that the combination of nanochitin with the different
biologically-active matrices will give rise to increasingly complex
matrices, and that the use of CHNC will be extended to the level
of CHNF. Although great progress has been achieved to develop
these distinct chitin nanoforms into biomaterials for TE, many
aspects still need to be taken into consideration and analyzed.
For instance, initiatives and efforts to mention and understand
the effects of chitin origin, type of isoform, molecular weight,
degree of acetylation and chemical or enzymatic modification
of chitin nanoforms on the final physicochemical properties and
versatile functions and applications of the biomaterials.

Future developments should be carried out in the study of the
suitability of the effect produced by the incorporation of each

16 | J. Name., 2012, 00, 1-3

type of nanoform, CHNC or CHNF, on the biological properties
or bioactivity of the resulting biomaterial, depending on the
origin of the matrix. Furthermore, the use of these nanoforms
in the creation of biomimetic soft architectures through 3D and
4D assembly methods is limited and needs to be addressed
more meaningfully in future studies. In addition, a larger
number of studies are required to assess the suitability of
biomaterials developed with a greater variety of cell types, in
order to broaden their application to different specific tissues.
Likewise, it is key to take a step forward and increase the
number of in vivo studies that support the applicability of these
new biomaterials, since their compatibility and real efficacy are
unknown.

Author Contributions

Conceptualization: S.0. and S.C.M.F.; Writing - original draft: S.0.;
Writing — review & editing: S.0., AM.S., A.A-V., AS., S.CM.F,;
Supervision: A.A-V and S.C.M.F,; Validation: S.0., A.M.S., A.A-V,,
A.S., S.C.M.F; Funding acquisition: A.A-V and S.C.M.F..

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was carried under the framework of E2S UPPA
Partnership Chair MANTA (Marine Materials) funded by the
‘Investissements d’Avenir’ French program managed by ANR
(grant number #ANR-16-IDEX-0002), by the Région Nouvelle-
Aquitaine, and by the Communauté d’Agglomération du Pays
Basque (France). S.C.M.F. would like to thank FORMAS, the
Swedish Research Council for Sustainable Development, for the
grant number 2016-00795.

1 S. Agarwal, J. H. Wendorff and A. Greiner, Polymer
(Guildf), 2008, 49, 5603-5621.

2 L. G. Griffith and G. Naughton, Science (1979), 2002,
295, 1009-1014.

3 S.J. Hollister, Nat Mater, 2005, 4, 518-524.

4 S.1.Ahmad, R. Ahmad, Mohd. S. Khan, R. Kant, S. Shahid,
L. Gautam, G. M. Hasan and Md. |. Hassan, Int J Biol
Macromol, 2020, 164, 526-539.

5 B. Duan, Y. Huang, A. Lu and L. Zhang, Prog Polym Sci,
2018, 82, 1-33.

6 A. M. Salaberria, J. Labidi and S. C. M. Fernandes, Eur
Polym J, 2015, 68, 503-515.

7 C.Peniche, W. Argliellers-Monal and F. M. Goycoolea, in
Monomers, Polymers and Composites from Renewable
Resources, eds. M. N. Belgacem and A. Gandini, Elsevier,
First edit., 2008, vol. 1, pp. 517-542.

8 J. B. Zeng, Y. S. He, S. L. Li and Y. Z. Wang,
Biomacromolecules, 2012, 13, 1-11.

9 M.-K. Jang, B.-G. Kong, Y.-I. Jeong, C. H. Lee and J.-W.
Nah, J Polym Sci A Polym Chem, 2004, 42, 3423—-3432.

This journal is © The Royal Society of Chemistry 20xx



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

B. Joseph, S. v K, C. Sabu, N. Kalarikkal and S. Thomas,
Journal of Bioresources and Bioproducts, 2020, 5, 223—
237.

M. Kaya, M. Mujtaba, H. Ehrlich, A. M. Salaberria, T.
Baran, C. T. Amemiya, R. Galli, L. Akyuz, I. Sargin and J.
Labidi, Carbohydr Polym, 2017, 176, 177-186.

D. Elieh-Ali-Komi and M. R. Hamblin, Int J Adv Res
(Indore), 2016, 4, 411-427.

V. Zubillaga, A. M. Salaberria, T. Palomares, A. Alonso-
Varona, S. Kootala, J. Labidi and S. C. M. Fernandes,
Biomacromolecules, 2018, 19, 3000-3012.

V. Zubillaga, A. Alonso-varona, S. C. M. Fernandes, A. M.
Salaberria and T. Palomares, Int J Mol Sci, 2020, 21,
1004.

K. Tomihata and Y. lkada, Biomaterials, 1997, 18, 567—
575.

A. Ahmad, N. M. Mubharak, K. Naseem, H. Tabassum,
M. Rizwan, A. Najda, M. Kashif, M. Bin-Jumah, A.
Hussain, A. Shaheen, M. M. Abdel-Daim, S. Ali and S.
Hussain, Arabian Journal of Chemistry, 2020, 13, 8935—
8964.

F.Tao, Y. Cheng, X. Shi, H. Zheng, Y. Du, W. Xiang and H.
Deng, Carbohydr Polym, 2020, 230, 115658.

S. Nikolov, M. Petrov, L. Lymperakis, M. Fridk, C. Sachs,
H. O. Fabritius, D. Raabe and J. Neugebauer, Advanced
Materials, 2010, 22, 519-526.

D. Raabe, C. Sachs and P. Romano, Acta Mater, 2005, 53,
4281-4292.

H. S. Jung, M. H. Kim and W. H. Park, ACS Biomater Sci
Eng, 2019, 5, 1744-1752.

A. M. Salaberria, S. C. M. Fernandes, R. H. Diaz and J.
Labidi, Carbohydr Polym, 2015, 116, 286—291.

A. M. Salaberria, R. H. Diaz, J. Labidi and S. C. M.
Fernandes, React Funct Polym, 2015, 89, 31-39.

B. Joseph, R. M. Sam, P. Balakrishnan, H. J. Maria, S.
Gopi, T. Volova, S. C. M. Fernandes and S. Thomas,
Polymers (Basel), 2020, 12, 1664.

R. Fernandez-Marin, F. Hernandez-Ramos, A. M.
Salaberria, M. A. Andrés, J. Labidi and S. C. M.
Fernandes, Int J Biol Macromol, 2021, 186, 218-226.

J. Kadokawa, A. Takegawa, S. Mine and K. Prasad,
Carbohydr Polym, 2011, 84, 1408-1412.

Y. Fan, T. Saito and A. Isogai, Biomacromolecules, 2008,
9, 192-198.

S. Ifuku and H. Saimoto, Nanoscale, 2012, 4, 3308—-3318.
V. A. Petrova, A. S. Golovkin, A. I. Mishanin, D. P.
Romanov, D. D. Chernyakov, D. N. Poshina and Y. A.
Skorik, Biomedicines, 2020, 8, 305.

R. A. A. Muzzarelli, M. el Mehtedi and M. Mattioli-
Belmonte, Mar Drugs, 2014, 12, 5468-5502.

A. M. Salaberria, R. Teruel-Juanes, J. D. Badia, S. C. M.
Fernandes, V. Sdenz de Juano-Arbona, J. Labidi and A.
Ribes-Greus, Compos Sci Technol, 2018, 167, 323—-330.
R. Fernandez-Marin, S. C. M. Fernandes, M. A. A.
Sanchez and J. Labidi, Food Hydrocoll, 2022, 123,
107119.

A. M. Salaberria, J. Labidi and S. C. M. Fernandes,
Chemical Engineering Journal, 2014, 256, 356—364.

A. M. Salaberria, R. H. Diaz, J. Labidi and S. C. M.
Fernandes, Food Hydrocoll, 2015, 46, 93-102.

M. S. Kim, K. M. Ryu, S. H. Lee, Y. C. Choi, S. Rho and Y.
G. Jeong, Carbohydr Polym, 2021, 258, 117728.

F. A. Yihun, S. Ifuku, H. Saimoto, H. lzawa and M.
Morimoto, Polymer (Guildf), 2020, 197, 122497.

R. Fernandez-Marin, J. Labidi, M. A. Andrés and S. C. M.
Fernandes, Polym Degrad Stab, 2020, 179, 109227.

This journal is © The Royal Society of Chemistry 20xx

37

38

39

40

41

42

43

44

45

46

47
48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

N. Herrera, H. Roch, A. M. Salaberria, M. A. Pino, J.
Labidi, S. C. M. Fernandes, D. Radic, A. Leiva and K.
Oksman, Mater Des, 2015, 92, 846-852.

A. M. Salaberria, R. H. Diaz, M. A. Andrés, S. C. M.
Fernandes and J. Labidi, Materials, 2017, 10, 546.

E. Robles, A. M. Salaberria, R. Herrera, S. C. M.
Fernandes and J. Labidi, Carbohydr Polym, 2016, 144,
41-49.

J. L. Shamshina, T. Oldman (Konak) and R. D. Rogers,
Sustainable Agriculture Reviews 36: Chitin and Chitosan:
Applications in Food, Agriculture, Pharmacy, MEdicine
and Wastewater Treatment, Springer International
Publishing, Cham, 1st edn., 2019, vol. 36.

Y. Zhou, M. Jing, A. Levy, H. Wang, S. Jiang and D. Dou,
Int J Biol Macromol, 2020, 165, 2660-2667.

R. Fernandez-Marin, M. Mujtaba, D. Cansaran-Duman,
G. ben Salha, M. A. A. Sanchez, J. Labidi and S. C. M.
Fernandes, Polymers 2021, Vol. 13, Page 1507, 2021, 13,
1507.

Y. Si, H. Luo, F. Zhou, X. Bai, L. Han, H. Sun and R. Cha,
Carbohydr Polym, 2021, 262, 117922.

C. F. C. Jodo, J. C. Silva and J. P. Borges, Eco-friendly
Polymer Nanocomposites: Chemistry and Applications,
Springer India, New Delhi, 2015, vol. 74.

P. Morganti, G. Morganti and M. B. Coltelli, 2019, pp.
523-544,

P. Morganti and G. Morganti, Clin Dermatol, 2008, 26,
334-340.

S. Ifuku, Molecules, 2014, 19, 18367-18380.

F. Ding, H. Deng, Y. Du, X. Shi and Q. Wang, Nanoscale,
2014, 6, 9477-9493.

X.Zhang and M. Rolandi,  Mater Chem B, 2017, 5, 2547—
2559.

T.Yang, H. Qj, P. Liu and K. Zhang, Chempluschem, 2020,
85, 1081-1088.

M. Kozma, B. Acharya and R. Bissessur, Polymers (Basel),
2022, 14, 3989.

P. Morganti, Clin Cosmet Investig Dermatol, 2010, 3, 5—
13.

P. Morganti, G. Morganti and A. Morganti, Nanotechnol
Sci Appl, 2011, 4, 123-129.

M. Rolandi and R. Rolandi, Adv Colloid Interface Sci,
2014, 207, 216-222.

S. Ling, W. Chen, Y. Fan, K. Zheng, K. Jin, H. Yu, M. J.
Buehler and D. L. Kaplan, Prog Polym Sci, 2018, 85, 1-
56.

T. Jin, T. Liu, E. Lam and A. Moores, Nanoscale Horiz,
2021, 6, 505-542.

L. Bai, L. Liu, M. Esquivel, B. L. Tardy, S. Huan, X. Niu, S.
Liu, G. Yang, Y. Fan and O. J. Rojas, Chem Rev, 2022, 122,
11604-11674.

S. Lee, L. T. Hao, J. Park, D. X. Oh, D. S. Hwang, S. Lee, J.
Park, D. S. Hwang, L. T. Hao and D. X. Oh, Advanced
Materials, 2022, 2203325.

E. Soroush, Z. Mohammadpour, M. Kharaziha, H. R.
Bakhsheshi-Rad and F. Berto, Carbohydr Polym, 2022,
291, 119670.

C. Mufioz-Nufez, M. Fernandez-Garcia and A. Mufioz-
Bonilla, Coatings 2022, Vol. 12, Page 144, 2022, 12, 144.
A. Saralegi, S. C. M. Fernandes, A. Alonso-Varona, T.
Palomares, E. J. Foster, C. Weder, A. Eceiza and M. A.
Corcuera, Biomacromolecules, 2013, 14, 4475-4482.

Y. Ji, K. Liang, X. Shen and G. L. Bowlin, Carbohydr Polym,
2014, 101, 68-74.

L. Zhu, K. Liang and Y. Ji, / Mech Behav Biomed Mater,
2015, 44, 35-42.

X. Wang, K. Liang, Y. Tian and Y. Ji, Carbohydr Polym,
2017, 157, 620-628.

J. Name., 2013, 00, 1-3 | 17



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

A. Espadin, L. T. de Dios, E. Ruvalcaba, J. Valadez-Garcia,
C. Velasquillo, I. Bustos-Jaimes, H. Vazquez-Torres, M.
Gimeno and K. Shirai, Carbohydr Polym, 2018, 181, 684—
692.

Y. Xu, K. Liang, W. Ullah, Y. Ji and J. Ma, Carbohydr
Polym, 2018, 190, 324-330.

M. B. Coltelli, L. Aliotta, A. Vannozzi, P. Morganti, L.
Panariello, S. Danti, S. Neri, C. Fernandez-Avila, A. Fusco,
G. Donnarumma and A. Lazzeri, J Funct Biomater, 2020,
11, 21.

S. Danti, S. Anand, B. Azimi, M. Milazzo, A. Fusco, C.
Ricci, L. Zavagna, S. Linari, G. Donnarumma, A. Lazzeri, L.
Moroni, C. Mota and S. Berrettini, Pharmaceutics, 2021,
13, 1440.

M. Kaya, I. Sargin, I. Sabeckis, D. Noreikaite, D.
Erdonmez, A. M. Salaberria, J. Labidi, V. Baublys and V.
Tubelyté, Carbohydr Polym, 2017, 163, 162—-169.

Y. Huang, H. Liu, S. Liu and S. Li, J Agric Food Chem, 2020,
68, 14620-14631.

V. Q. Nguyen, M. Ishihara, J. Kinoda, H. Hattori, S.
Nakamura, T. Ono, Y. Miyahira and T. Matsui, J
Nanobiotechnology, 2014, 12, 49.

S. Ifuku, Y. Tsukiyama, T. Yukawa, M. Egusa, H.
Kaminaka, H. lzawa, M. Morimoto and H. Saimoto,
Carbohydr Polym, 2015, 117, 813-817.

A. A. Oun and J. W. Rhim, Carbohydr Polym, 2017, 169,
467-479.

A. A. Oun and J. W. Rhim, Carbohydr Polym, 2018, 197,
349-358.

S. Jiang, Y. Qin, J. Yang, M. Li, L. Xiong and Q. Sun, Food
Chem, 2017, 221, 1507-1513.

S. Yu, M. Duan, J. Sun, H. Jiang, J. Zhao, C. Tong, J. Pang
and C. Wu, Int J Biol Macromol, 2022, 200, 626—634.

S. Ifuku, A. Ikuta, M. Egusa, H. Kaminaka, H. lzawa, M.
Morimoto and H. Saimoto, Carbohydr Polym, 2013, 98,
1198-1202.

S. Shankar, J. P. Reddy, J. W. Rhim and H. Y. Kim,
Carbohydr Polym, 2015, 117, 468—475.

A. A.OunandJ. W. Rhim, Int J Biol Macromol, 2020, 152,
1038-1046.

M. A. Sani, M. Tavassoli, H. Hamishehkar and D. J.
McClements, Carbohydr Polym, 2021, 255, 117488.

H. L. Nguyen, T. H. Tran, L. T. Hao, H. Jeon, J. M. Koo, G.
Shin, D. S. Hwang, S. Y. Hwang, J. Park and D. X. Oh,
Carbohydr Polym, 2021, 271, 118421.

G. Cabrera-Barjas, A. Nesic, G. Bravo-Arrepol, S.
Rodriguez-Llamazares, O. Valdés, A. Banerjee, J. Castafio
and C. Delattre, Molecules, 2021, 26, 7477.

M. B. Coltelli, P. Morganti, V. Castelvetro, A. Lazzeri, S.
Danti, B. Benjelloun-Mlayah, A. Gagliardini, A. Fusco and
G. Donnarumma, Nanomaterials (Basel), 2022, 12,
1295.

M. Patel, D. Schwendemann, G. Spigno, S. Geng, L.
Berglund and K. Oksman, Molecules, 2021, 26, 4557.

I. F. Nata, T. M. Wu, J. K. Chen and C. K. Lee, J Mater
Chem B, 2014, 2, 4108-4113.

S.Zhang, H. Chen, H. Ma, J. Yu, L. Liuand Y. Fan, Int J Biol
Macromol, 2022, 209, 737-746.

M. Egusa, R. lwamoto, H. lzawa, M. Morimoto, H.
Saimoto, H. Kaminaka and S. Ifuku, Int J Mol Sci, 2015,
16, 26202-26210.

R. Fernandez-Marin, M. Mujtaba, D. Cansaran-Duman,
G. ben Salha, M. A. A. Sanchez, J. Labidi and S. C. M.
Fernandes, Polymers (Basel), 2021, 13, 1507.

A. K. Dutta, M. Egusa, H. Kaminaka, H. lzawa, M.
Morimoto, H. Saimoto and S. Ifuku, Carbohydr Polym,
2015, 115, 342-347.

18 | J. Name., 2012, 00, 1-3

90 P. Wongpanit, N. Sanchavanakit, P. Pavasant, T.
Bunaprasert, Y. Tabata and R. Rujiravanit, Eur Polym J,
2007, 43, 4123-4135.

91 V. v. Kiroshka, V. A. Petrova, D. D. Chernyakov, Y. O.
Bozhkova, K. v. Kiroshka, Y. G. Baklagina, D. P. Romanov,
R. v. Kremnev and Y. A. Skorik, J Mater Sci Mater Med,
2017, 28, 21.

92 H.S.Jung, H. C. Kim and W. Ho Park, Carbohydr Polym,
2019, 213, 311-319.

93 A. G. B. Pereira, A. R. Fajardo, A. P. Gerola, J. H. S.
Rodrigues, C. v. Nakamura, E. C. Muniz and Y. lo Hsieh,
Carbohydr Polym, 2020, 250, 116954.

94 |. v. Tyshkunova, I. v. Gofman, D. G. Chukhchin, A. v.
Malkov, A. |. Mishanin, A. S. Golovkin, E. N. Pavlova, D.
N. Poshina and Y. A. Skorik, Polymers (Basel), 2022, 14,
2694.

95 R. M. Abdelrahman, A. M. Abdel-Mohsen, M. Zboncak,
J. Frankova, P. Lepcio, L. Kobera, M. Steinhart, D.
Pavlinak, Z. Spotaz, R. Sklenaréva, J. Brus and J. Jancar,
Carbohydr Polym, 2020, 235, 115951-.

96 J. Pang, S. Bi, T. Kong, X. Luo, Z. Zhou, K. Qiu, L. Huang,
X. Chen and M. Kong, Carbohydr Polym, 2020, 237,
116138.

97 Y. Huang, M. Yao, X. Zheng, X. Liang, X. Su, Y. Zhang, A.
Lu and L. Zhang, Biomacromolecules, 2015, 16, 3499—
3507.

98 M. Liu, H. Zheng, J. Chen, S. Li, J. Huang and C. Zhou,
Carbohydr Polym, 2016, 152, 832—-840.

99 Y. Ogawa, K. Azuma, H. Izawa, M. Morimoto, K. Ochi, T.
Osaki, N. Ito, Y. Okamoto, H. Saimoto and S. Ifuku, Int J
Biol Macromol, 2017, 104, 1882—-1889.

100S. Ling, K. Jin, Z. Qin, C. Li, K. Zheng, Y. Zhao, Q. Wang, D.
L. Kaplan and M. J. Buehler, Advanced Materials, 2018,
30, e1802306.

101C. Chen, Y. Wang, Y. Yang, M. Pan, T. Ye and D. Li,
Carbohydr Polym, 2018, 195, 387-392.

102Y. Huang, Y. Wang, L. Chen and L. Zhang, J Mater Chem
B, 2018, 6, 918-929.

103X. Su, M. Tan, B. Duan, J. Cai, W. Jiang and L. Zhang, J
Mater Chem B, 2019, 7, 5190-5198.

104K. Goto and Y. Teramoto, ACS App! Bio Mater, 2020, 3,
8650-8657.

105M. Barbalinardo, M. Biagetti, F. Valle, M. Cavallini, G.
Falini and D. Montroni, Biomacromolecules, 2021, 22,
3357-3365.

106H. K. Noh, S. W. Lee, J. M. Kim, J. E. Oh, K. H. Kim, C. P.
Chung, S. C. Choi, W. H. Park and B. M. Min,
Biomaterials, 2006, 27, 3934—-3944.

107V. v. Kiroshka, T. A. Yurchuk, N. v. Repin, V. A. Petrova, .
v. Gofman, Y. A. Skorik, E. v. Kiroshka and T. P.
Bondarenko, Bull Exp Biol Med, 2014, 158, 153-158.

108S. Danti, L. Trombi, A. Fusco, B. Azimi, A. Lazzeri, P.
Morganti, M. B. Coltelli and G. Donnarumma, Int J Mol
Sci, , DOI:10.3390/ijms20112669.

109N. v. Smirnova, K. A. Kolbe, E. N. Dresvyanina, S. F.
Grebennikov, I. P. Dobrovolskaya, V. E. Yudin, T.
Luxbacher and P. Morganti, Materials (Basel), 2019, 12,
1874.

110E. N. Dresvyanina, V. v. Kodolova-Chukhontseva, S. G.
Bystrov, I. P. Dobrovolskaya, G. v. Vaganov, N. v.
Smirnova, K. A. Kolbe, A. M. Kamalov, E. M. lvan’kova, P.
Morganti and V. E. Yudin, Carbohydr Polym, 2021, 262,
117917.

111F. Chen, Y. Liu, Y. Zou, J. Zhu, L. Liu and Y. Fan, Int J Biol
Macromol, 2022, 221, 1022-1030.

112C. Chen, D. Li, H. Yano and K. Abe, J Agric Food Chem,
2019, 67, 5571-5578.

This journal is © The Royal Society of Chemistry 20xx



113P. Hassanzadeh, M. Kazemzadeh-Narbat, R.
Rosenzweig, X. Zhang, A. Khademhosseini, N. Annabi
and M. Rolandi, J Mater Chem B, 2016, 4, 2539-2543.

114L. Wang, N. Z. Ezazi, L. Liu, R. Ajdary, W. Xiang, M.
Borghei, H. A. Santos and O. J. Rojas, RSC Adyv, 2020, 10,
29450-29459.

115J. G. Torres-Rendon, T. Femmer, L. de Laporte, T. Tigges,
K. Rahimi, F. Gremse, S. Zafarnia, W. Lederle, S. Ifuku, M.
Wessling, J. G. Hardy and A. Walther, Advanced
Materials, 2015, 27, 2989—-2995.

116B. Duan, K. Shou, X. Su, Y. Niu, G. Zheng, Y. Huang, A. Yu,
Y. Zhang, H. Xia and L. Zhang, Biomacromolecules, 2017,
18, 2080-2089.

117J.Yao, W. Fang, J. Guo, D. Jiao, S. Chen, S. Ifuku, H. Wang
and A. Walther, Biomacromolecules, 2020, 21, 2176—
2186.

118S. Wu, B. Duan, A. Lu, Y. Wang, Q. Ye and L. Zhang,
Carbohydr Polym, 2017, 174, 830-840.

119P. Mezzana, Acta Chir Plast, 2008, 50, 81-84.

120P. Morganti, P. Palombo, M. Palombo, G. Fabrizi, A.
Cardillo, F. Svolacchia, L. Guevara and P. Mezzana, Clin
Cosmet Investig Dermatol, 2012, 5, 213-220.

1211. Ito, T. Osaki, S. Ifuku, H. Saimoto, Y. Takamori, S.
Kurozumi, T. Imagawa, K. Azuma, T. Tsuka, Y. Okamoto
and S. Minami, Carbohydr Polym, 2014, 101, 464—470.

122R. Izumi, S. Komada, K. Ochi, L. Karasawa, T. Osaki, Y.
Murahata, T. Tsuka, T. Imagawa, N. Itoh, Y. Okamoto, H.
Izawa, M. Morimoto, H. Saimoto, K. Azuma and S. Ifuku,
Carbohydr Polym, 2015, 123, 461-467.

123F. Larbi, A. Garcia, L. J. del Valle, A. Hamou, J. Puiggali,
N. Belgacem and J. Bras, Carbohydr Polym, 2018, 196,
385-397.

124K. Shou, Y. Huang, B. Qi, X. Hu, Z. Ma, A. Lu, C. Jian, L.
Zhang and A. Yu, J Tissue Eng Regen Med, 2018, 12,
e867-e880.

125Y. Liy, Y. Liu, M. Wu, R. Zou, S. Mao, P. Cong, M. Hou, H.
Jin, Y. Zhao and Y. Bao, J Mater Sci Mater Med, 2022, 33,
12.

126N. Naseri, C. Algan, V. Jacobs, M. John, K. Oksman and
A. P. Mathew, Carbohydr Polym, 2014, 109, 7-15.

127P. Morganti, A. Fusco, I. Paoletti, B. Perfetto, P. del
Ciotto, M. Palombo, A. Chianese, A. Baroni and G.
Donnarumma, Materials, 2017, 10, 843.

128H. S. Jung, M. H. Kim, J. Y. Shin, S. R. Park, J. Y. Jung and
W. H. Park, Carbohydr Polym, 2018, 193, 205-211.

129K. Azuma, M. Nishihara, H. Shimizu, Y. Itoh, O.
Takashima, T. Osaki, N. Itoh, T. Imagawa, Y. Murahata,
T. Tsuka, H. lzawa, S. Ifuku, S. Minami, H. Saimoto, Y.
Okamoto and M. Morimoto, Biomaterials, 2015, 42, 20—
29.

130R. Tabuchi, K. Azuma, R. Izumi, T. Tanou, Y. Okamoto, T.
Nagae, D. lohara, K. Uekama, M. Otagiri, F. Hirayama, S.
Ifuku and M. Anraku, Int J Pharm, 2016, 511, 1080—
1087.

131K. Azuma, R. lzumi, M. Kawata, T. Nagae, T. Osak, Y.
Murahata, T. Tsuka, T. Imagawa, N. Ito, Y. Okamoto, M.
Morimoto, H. Izawa, H. Saimoto and S. Ifuku, Int J Mol
Sci, 2015, 16, 21931-21949.

132K. Azuma, T. Nagae, T. Nagai, H. lzawa, M. Morimoto, Y.
Murahata, T. Osaki, T. Tsuka, T. Imagawa, N. Ito, Y.
Okamoto, H. Saimoto and S. Ifuku, Int J Mol Sci, 2015,
16, 17445-17455.

133W. Ye, L. Liu, J. Yu, S. Liu, Q. Yong and Y. Fan, Food Nutr
Res, 2018, 62, 10.29219/fnr.v62.1295.

134A. C. Khorasani, F. Kouhfar and S. A. Shojaosadati,
Carbohydr Polym, 2021, 261, 117883.

This journal is © The Royal Society of Chemistry 20xx

135R. Koizumi, K. Azuma, H. Izawa, M. Morimoto, K. Ochi, T.
Tsuka, T. Imagawa, T. Osaki, N. Ito, Y. Okamoto, H.
Saimoto and S. Ifuku, Int J Mol Sci, 2017, 18, 279.

136V. A. Petrova, A. A. Panevin, S. G. Zhuravskii, E. R.
Gasilova, E. N. Vlasova, D. P. Romanov, D. N. Poshina
and Y. A. Skorik, Int J Biol Macromol, 2018, 120, 1023—-
1029.

137 M. Goto, D. lohara, A. Michihara, S. Ifuku, K. Azuma, D.
Kadowaki, T. Maruyama, M. Otagiri, F. Hirayama and M.
Anraku, Int J Biol Macromol, 2020, 164, 659—-666.

138K. Azuma, T. Osaki, S. Ifuku, H. Saimoto, T. Tsuka, T.
Imagawa, Y. Okamoto and S. Minami, Carbohydr Polym,
2012, 90, 197-200.

139R. lzumi, K. Azuma, H. lzawa, M. Morimoto, M.
Nagashima, T. Osaki, T. Tsuka, T. Imagawa, N. Ito, Y.
Okamoto, H. Saimoto and S. Ifuku, Carbohydr Polym,
2016, 146, 320-327.

140J. Xu, P. Wang, Y. Zou, S. Zhang, C. Huang, L. Liu, J. Yu
and Y. Fan, Biomacromolecules, 2022, 23, 1314-1325.

141R. Tabuchi, M. Anraku, D. lohara, T. Ishiguro, S. Ifuku, T.
Nagae, K. Uekama, S. Okazaki, K. Takeshita, M. Otagiri
and F. Hirayama, Carbohydr Polym, 2017, 174, 1087—
1094.

142J. Xu, S. Liu, G. Chen, T. Chen, T. Song, J. Wu, C. Shi, M.
He and J. Tian, J Agric Food Chem, 2018, 66, 935-942.

143H. Ma, J. Yu, L. Liu and Y. Fan, Carbohydr Polym, 2021,
265, 118008.

144M. A. Torlopov, I. N. Vaseneva, V. I. Mikhaylov, I. S.
Martakov, P. v. Legki, N. M. Paderin and P. A. Sitnikov,
Carbohydr Polym, 2022, 284, 119162.

145N. v. Dubashynskaya, V. A. Petrova, D. P. Romanov and
Y. A. Skorik, Materials (Basel), 2022, 15, 5860.

146C. Peng, J. Xu, G. Chen, J. Tian and M. He, Int J Biol
Macromol, 2019, 131, 336-342.

147V. A. Petrova, V. Y. Elokhovskiy, S. v. Raik, D. N. Poshina,
D. P. Romanov and Y. A. Skorik, Biomolecules, 2019, 9,
291.

148D. Li, H. Gao, M. Li, G. Chen, L. Guan, M. He, J. Tian and
R. Cao, Carbohydr Polym, 2020, 236, 116061.

149C. Wang and A. R. Esker, Carbohydr Polym, 2014, 102,
151-158.

150S. Wu, B. Duan, X. Zeng, A. Lu, X. Xu, Y. Wang, Q. Ye and
L. Zhang, J Mater Chem B, 2017, 5, 2952-2963.

151J. Zhou, N. Butchosa, H. S. N. Jayawardena, Q. Zhou, M.
Yan and O. Ramstrolm, Bioconjug Chem, 2014, 25, 640—
643.

152K. Azuma, R. Koizumi, H. lzawa, M. Morimoto, H.
Saimoto, T. Osaki, N. Ito, M. Yamashita, T. Tsuka, T.
Imagawa, Y. Okamoto, T. Inoue and S. Ifuku, Int J Biol
Macromol, 2019, 126, 11-17.

153E. N. Maevskaia, A. S. Shabunin, E. N. Dresvyanina, I. P.
Dobrovol’skaya, V. E. Yudin, M. B. Paneyah, A. M.
Fediuk, P. L. Sushchinskii, G. P. Smirnov, E. v. Zinoviev
and P. Morganti, Nanomaterials, 2020, 10, 945.

154B. Azimi, C. Ricci, A. Fusco, L. Zavagna, S. Linari, G.
Donnarumma, A. Hadrich, P. Cinelli, M. B. Coltelli, S.
Danti and A. Lazzeri, Molecules, 2021, 26, 4374.

1558S. R. Bhattarai, S. Saudi, S. Khanal, S. Aravamudhan, C. J.
Rorie and N. Bhattarai, RSC Adv, 2021, 11, 4921-4934.

156T. Naghdi, H. Golmohammadi, H. Yousefi, M.
Hosseinifard, U. Kostiv, D. Hordk and A. Merkogi, ACS
Appl Mater Interfaces, 2020, 12, 15538-15552.

157H. Tang, J. Wu, D. Li, C. Shi, G. Chen, M. He and J. Tian,
Int J Biol Macromol, 2020, 150, 885—-893.

158F. D’Acierno, L. Liu, T. D. Nguyen, C. A. Michal, R. G.
Palma-Dibb, R. M. Carvalho and M. J. MacLachlan, Dent
Mater, 2022, 12, 1855-1865.

J. Name., 2013, 00, 1-3 | 19



159X. Yang, S. Yang and L. Wang, Carbohydr Polym, 2022,
278, 118916.

160M. Liu, J. Huang, B. Luo and C. Zhou, Int J Biol Macromol,
2015, 78, 23-31.

161A. A. Oun and J. W. Rhim, Carbohydr Polym, 2017, 175,
712-720.

162Q. Wang, S. Chen and D. Chen, J Mech Behav Biomed
Mater, 2017, 65, 466-477.

163B. Duan, X. Zheng, Z. Xia, X. Fan, L. Guo, J. Liu, Y. Wang,
Q. Ye and L. Zhang, Angewandte Chemie - International
Edition, 2015, 54, 5152-5156.

164D. X. Oh, S. Kim, D. Lee and D. S. Hwang, Acta Biomater,
2015, 20, 104-112.

165K. Wang, Q. Ma, K. Pang, B. Ding, J. Zhang and Y. Duan,
Carbohydr Polym, 2018, 194, 146-153.

166L. Liu, L. Bai, A. Tripathi, J. Yu, Z. Wang, M. Borghei, Y.
Fan and O. J. Rojas, ACS Nano, 2019, 13, 2927-2935.

167Y. Hu, L. Liu, J. Yu, Z. Wang and Y. Fan,
Biomacromolecules, 2020, 21, 1625-1635.

168P. Heidarian, S. Gharaie, H. Yousefi, M. Paulino, A.
Kaynak, R. Varley and A. Z. Kouzani, Carbohydr Polym,
2022, 291, 119545.

169R. Derval dos Santos and D. M. Lenz, in Biodegradation
- Engineering and Technology, InTech, 2013.

170H. Liu and L. C. Brinson, Compos Sci Technol, 2008, 68,
1502-1512.

171D. R. Paul and L. M. Robeson, Polymer (Guildf), 2008, 49,
3187-3204.

172P. H. C. Camargo, K. G. Satyanarayana and F. Wypych,
Materials Research, 2009, 12, 1-39.

173J. Bramhill, S. Ross and G. Ross, Int J Environ Res Public
Health, 2017, 14, 66.

174N. v. Smirnova, K. A. Kolbe, E. N. Dresvyanina, S. F.
Grebennikov, |. P. Dobrovolskaya, V. E. Yudin, T.
Luxbacher and P. Morganti, Materials, 2019, 12, 1874-
undefined.

175). Sriupayo, P. Supaphol, J. Blackwell and R. Rujiravanit,
Carbohydr Polym, 2005, 62, 130-136.

176S. Pradhan, A. K. Brooks and V. K. Yadavalli, Mater Today
Bio, 2020, 7, 100065.

177R. Jayakumar, M. Prabaharan, S. v. Nair and H. Tamura,
Biotechnol Adv, 2010, 28, 142-150.

178N. S. Rejinold, A. Nair, M. Sabitha, K. P. Chennazhi, H.
Tamura, S. v. Nair and R. Jayakumar, Carbohydr Polym,
2012, 87, 943-949.

179L. L. Hench, R. J. Splinter, W. C. Allen and T. K. Greenlee,
J Biomed Mater Res, 1971, 5, 117-141.

180L. L. Hench, in Bioceramics, eds. O. H. Andersson, R.-P.
Happonen and A. Yli-Urpo, Elsevier, 1994, vol. 1, pp. 3—
14.

181A. R. Boccaccini and J. J. Blaker, Expert Rev Med Devices,
2005, 2, 303-317.

182M. M. Islam, M. Shahruzzaman, S. Biswas, M. Nurus
Sakib and T. U. Rashid, Bioact Mater, 2020, 5, 164-183.

183B. L. Banik and J. L. Brown, in Natural and Synthetic
Biomedical Polymers, Elsevier Inc., 2014, pp. 387—-395.

184S. Pina, J. M. Oliveira and R. L. Reis, Advanced Materials,
2015, 27, 1143-1169.

185A. Pangon, S. Saesoo, N. Saengkrit, U. Ruktanonchai and
V. Intasanta, Carbohydr Polym, 2016, 144, 419-427.

186F. G. Torres, O. P. Troncoso, A. Pisani, F. Gatto and G.
Bardi, Int J Mol Sci, 2019, 20, 5092.

187 M. Mujtaba, A. M. Salaberria, M. A. Andres, M. Kaya, A.
Gunyakti and J. Labidi, Int J Biol Macromol, 2017, 104,
944-952.

188X. Yang, G. Liu, L. Peng, J. Guo, L. Tao, J. Yuan, C. Chang,
Y. Wei and L. Zhang, Adv Funct Mater, 2017, 27,
1703174.

20 | J. Name., 2012, 00, 1-3

189T. Heinze, Advances in Polymer Science, 2015, 271, 1—
52.

190H. Liu and Y. lo Hsieh, J Polym Sci B Polym Phys, 2002,
40, 2119-2129.

191J). Du and Y. lo Hsieh, Cellulose, 2009, 16, 247-260.

192R. Elashnikov, S. Rimpelova, L. Dékanovsky, V. Svoréik
and O. Lyutakov, J Mater Chem B, 2019, 7, 6500-6507.

193L. A. Goetz, B. Jalvo, R. Rosal and A. P. Mathew, J Memb
Sci, 2016, 510, 238-248.

194A. M. Abdel-Mohsen, J. Jancar, R. M. Abdel-Rahman, L.
Vojtek, P. Hyrsl, M. Duskova and H. Nejezchlebova, Int J
Pharm, 2017, 520, 241-253.

195H. Ao, S. Yang, B. Nie, Q. Fan, Q. Zhang, J. Zong, S. Guo,
X. Zheng and T. Tang, J Mater Chem B, 2019, 7, 1951—
1961.

196G. H. Altman, F. Diaz, C. Jakuba, T. Calabro, R. L. Horan,
J. Chen, H. Lu, J. Richmond and D. L. Kaplan,
Biomaterials, 2003, 24, 401-416.

197L. Meinel, S. Hofmann, V. Karageorgiou, C. Kirker-Head,
J. McCool, G. Gronowicz, L. Zichner, R. Langer, G.
Vunjak-Novakovic and D. L. Kaplan, Biomaterials, 2005,
26, 147-155.

198T. Arai, G. Freddi, R. Innocenti and M. Tsukada, J Appl/
Polym Sci, 2004, 91, 2383-2390.

199R. E. Unger, M. Wolf, K. Peters, A. Motta, C. Migliaresi
and C. J. Kirkpatrick, Biomaterials, 2004, 25, 1069—-1075.

200R. Xiong, A. M. Grant, R. Ma, S. Zhang and V. v. Tsukruk,
Materials Science and Engineering R: Reports, 2018,
125, 1-41.

201Y.S. Chen and G. H. Hsiue, Biomaterials, 2013, 34, 4936—
4944,

202L. C. Palmer, C. J. Newcomb, S. R. Kaltz, E. D. Spoerke
and S. I. Stupp, Chem Rev, 2008, 108, 4754-4783.

203S. Bentov, P. Zaslansky, A. Al-Sawalmih, A. Masic, P.
Fratzl, A. Sagi, A. Berman and B. Aichmayer, Nat
Commun, 2012, 3, 839.

204L. K. Grunenfelder, S. Herrera and D. Kisailus, Small,
2014, 10, 3207-3232.

205N. Rauner, M. Meuris, M. Zoric and J. C. Tiller, Nature,
2017, 543, 407-410.

206E. Colago, D. Brouri, C. Méthivier, L. Valentin, F. Oudet,
K. el Kirat, C. Guibert and J. Landoulsi, J Colloid Interface
Sci, 2020, 565, 43-54.

207C. Chatelet, O. Damour and A. Domard, Biomaterials,
2001, 22, 261-268.

208X. Su, M. Tan, B. Duan, J. Cai, W. Jiang and L. Zhang, J
Mater Chem B, 2019, 7, 5190-5198.

209H. D. Espinosa, J. E. Rim, F. Barthelat and M. J. Buehler,
Prog Mater Sci, 2009, 54, 1059-1100.

210L. B. Mao, H. L. Gao, H. bin Yao, L. Liu, H. Célfen, G. Liu,
S.M. Chen, S. K. Li,Y.X.Yan, Y.Y. LiuandS. H. Yu, Science
(1979), 2016, 354, 107-110.

211J. P. Widdowson, A. J. Picton, V. Vince, C. J. Wright and
A. Mearns-Spragg, J Biomed Mater Res B Appl Biomater,
2018, 106, 1524-1533.

212K. M. Pawelec, S. M. Best and R. E. Cameron, J Mater
Chem B, 2016, 4, 6484—6496.

213C. S. Wang, N. Virgilio, P. M. Wood-Adams and M. C.
Heuzey, Food Hydrocoll, 2018, 79, 462-472.

214S. Ge, Q. Liu, M. Li, J. Liu, H. Lu, F. Li, S. Zhang, Q. Sun and
L. Xiong, Food Hydrocoll, 2018, 75, 1-12.

215C. Helary, |. Bataille, A. Abed, C. llloul, A. Anglo, L.
Louedec, D. Letourneur, A. Meddahi-Pellé and M. M.
Giraud-Guille, Biomaterials, 2010, 31, 481-490.

216M. P, F. P, C. M, D. G and B. A, Journal of Clinical and
Cosmetic Dermatology, , DOI:10.16966/2576-2826.113.

217P. Morganti, M. Palombo, G. Fabrizi, F. Guarneri, F.
Svolacchia, A. Cardillo, P. del Ciotto, F. Carezzi and G.

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name ARTICLE

Morganti, Journal of Applied Cosmetology, 2013, 31, 1-

29.
218S. Beisl, A. Friedl and A. Miltner, Int J Mol Sci, 2017, 18,
2367.
1
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 21

Please do not adjust margins




