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Since the introduction of tissue engineering as an encouraging method for the repair

and regeneration of injured tissue, there have been many attempts by researchers to

construct bio-mimetic scaffolds which mimic the native extracellular matrix, with the

aim of promoting cell growth, cell proliferation, and restoration of the tissue’s native

functionality. Among the different materials and methods of scaffold fabrication, one

particularly promising class of materials, hydrogels, has been extensively studied, with

the inclusion of nano-scaled materials into hydrogels leading to the creation of an exciting

new generation of nanocomposites, known as nanocomposite hydrogels. To closely

mimic the native tissue behavior, scientists have recently focused on the functionalization

of incorporated nanomaterials via chiral biomolecules, with reported results showing

great potential. The current article aims to introduce a perspective of nano-scaled

cellulose as a promising nanomaterial which can bemulti-functionalized for the fabrication

of nanocomposite hydrogels with applications in tissue engineering and drug delivery

systems. This article also briefly reviews the recently reported literature on nanocomposite

hydrogels incorporated with chiral functionalized nanomaterials. Such knowledge paves

the path for the development of tailored hydrogels toward practical applications.

Keywords: scaffold, nanocomposite hydrogels, biodegradable hydrogels, chiral biomolecules, self-healing

INTRODUCTION

Tissue engineering using polymeric biomaterials has emerged as a promising and novel
medical alternative to current transplantation therapies in the treatment of various diseases
(Nezhad-Mokhtari et al., 2019). Transplantation poses several shortcomings such as the risk
of immune rejection, infection, stress shielding, limitation in availability of proper tissues,
long-lasting, and high-cost surgeries, disease-transmitting possibility, contaminations by bacteria,
and incompatibility. The aforementioned limitations can potentially be overcome with tissue
engineering techniques, with recent advances showing its great potential for repairing and
regeneration of injured tissues (Xu et al., 2015).

At its core, tissue engineering is an approach involving the design of tissue constructs with the
capability of mimicking native tissue in vitro. These constructs are subsequently implanted in vivo

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2020.00025
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2020.00025&domain=pdf&date_stamp=2020-02-07
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://creativecommons.org/licenses/by/4.0/
mailto:r.esmaeely@hsu.ac.ir
mailto:m.s.enayati@gmail.com
https://doi.org/10.3389/fmats.2020.00025
https://www.frontiersin.org/articles/10.3389/fmats.2020.00025/full
http://loop.frontiersin.org/people/727505/overview
http://loop.frontiersin.org/people/898003/overview
http://loop.frontiersin.org/people/85625/overview


Esmaeely Neisiany et al. Functionalized Nanocomposite Hydrogels

to regenerate damaged tissue functionality and to help millions
of people who suffer from diseases, or impaired organs (Kock
et al., 2012). This method combines scaffolds, cells, and growth
factors in which the cells are cultured on the scaffold and grown.
Subsequently, this tissue construct is implanted at the site of
injury without the need for multiple surgeries, thereby reducing
the costs, risks, and recovery time associated with conventional
treatments (Mohammadzadehmoghadam and Dong, 2019). In
general, extracellular matrix (ECM) as a hierarchical hybrid
nanostructure, plays a pivotal role in cellular activities such as
cell promotion and regulating the conditions under which cells
can grow, migrate, proliferate, differentiate, and communicate
with each other (Zagris, 2001). The adhesion of cells to the
ECM is controlled by specific sites on glycoproteins including
fibronectin, laminin, and collagen (Gullberg and Ekblom, 1995).
Nanocomposite (NC) hydrogels incorporating functionalized
nanomaterials (NMs) are therefore of tremendous research
interest precisely because they can mimic and simulate the
organization and characteristics of native ECM, such as having a
nanoporous morphology and functionality for cellular activities
(Schexnailder and Schmidt, 2009).

TAILORED HYDROGELS FOR TISSUE
ENGINEERING

Understanding tissue organization from the molecular to the
macroscopic level helps in the process of designing scaffolds
(Zhang et al., 2005). Among the diverse techniques for producing
tissue engineering scaffolds, the design and fabrication of
hydrogels have shown attractive features and gained popularity
among researchers. Hydrogels, with a three-dimensional (3D)
structure, present the capability to absorb and retain large
amounts of water molecules (Bakaic et al., 2015). Hydrogels can
also be injected directly into the site of injury, circumventing
the need for complex surgeries. There is also a further benefit of
seamlessly integrating the engineered implant into the existing
tissue, thereby preventing stress shielding and damaging the
healthy surrounding tissue (Hu et al., 2019).

The essential requirements for tissue engineering scaffolds
are biocompatibility, biodegradability, having an interconnected
porous structure, adequate mechanical properties, and
appropriate surface chemistry. Since hydrogels have the
potential to maintain a large water content, they are highly
biocompatible (Thürmer et al., 2014). In addition, due to
the hydrogel’s inherent flexible and soft structure, they cause
minimal harm when exposed to body tissue. Furthermore, their
highly permeable nature makes hydrogels an ideal scaffold
to provide the required nutrient permeability to sustain cell
growth. Such features make hydrogels an exceptional choice for
bio-therapeutic applications.

The hydrogel degradation within the body can proceed
via hydrolytical or enzymatical mechanisms in which the
erosion of the scaffold occurs in bulk or at the surface
of the hydrogel (Curvello et al., 2019). Bulk erosion is the
predominant mechanism of hydrogel biodegradation which is
attributable to the permeability and large water content present

in hydrogels. The erosion type and degradation rate depend
on the in vivo hydrogel characteristics and can be tuned for
different applications. In general, the best in vivo performance of
hydrogels can be achieved through optimizing the degradation
rate via control over the polymer characteristics such as surface
properties and degree of cross-linking (Tan and Marra, 2010; Bae
et al., 2013; Tanan et al., 2019).

Although the biodegradability of the employed hydrogel
for tissue engineering is a significant parameter, the scaffold’s
mechanical durability is considered the critical characteristic
of scaffold materials with the target of long-term applications.
The integrity of the implanted hydrogels may deteriorate when
they are subjected to constant load due to wearing effects from
repetitive body movements, leading to a reduction in their
performance and a higher risk of infection. The created cavities
or cracks provide locations for the intrusion of the bacteria and
microorganisms, leading to acceleration in the scaffold failure
It should be noted that a wide range of mechanical properties
could be tailored through the changes in the concentration of
the constituents, composition, and cross-linking density of the
3D network; however, manipulation of these could compromise
the particular composition or chemistry of the hydrogels and
reduce its targeted therapeutic effect. It follows then that these
approaches have also shown some pitfalls, especially considering
the difficulty in manipulating the mechanical properties in vivo,
which also does not guarantee stable mechanical properties
during the implant’s lifetime. The missing link that could allow
NC hydrogels approach to reach functional integrity could,
therefore, lie in the preparation of the hydrogels with self-
healing ability (Wang et al., 2018). Similar to other self-healing
polymers, the self-healing hydrogels were developed based on
two strategies—intrinsic and extrinsic, where the former has
garnered more attention. The extrinsic strategy is applied by
incorporation of the modified nanoparticles (Rao et al., 2019)
and nanocellulose (Bai et al., 2019) or via the release of healing
agents from ruptured micro/nanoscale capsules and fibers (Fang
et al., 2013). The intrinsic self-healing ability of hydrogels is
mostly induced through the physical non-covalent interactions
and reversible chemical covalent bonds. The physical non-
covalent interactions could include hydrogen bonding, metal-
ligand coordination, hydrophobic interaction, and π-π stacking.
This is in contrast with reversible chemical covalent bonds
which provide hydrogels with the self-healing properties via Diel-
Alder (DA) “click chemistry,” imine bonds, boronate-catechol
complexation, and other dynamic reshuffling radical reactions
(Hao et al., 2019; Jing et al., 2019; Tu et al., 2019). Figure 1A
schematically illustrates the strategies for the preparation of self-
healing hydrogels using intrinsic approaches (Tu et al., 2019).

Some advantageous features such as 3D porous structure,
biocompatibility, and hydrophilicity, make hydrogels a suitable
analog of natural tissue. However, due to their mechanical
weakness upon dehydration, they possess only limited potential
in bioapplications (Billiet et al., 2012). This shortcoming
has been successfully addressed by developing NC hydrogels
(Sanka et al., 2019) where certain organic/inorganic NMs
are used to physically/chemically cross-link a water-soluble
polymer and serve to enhance the mechanical strength of the
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FIGURE 1 | (A) Intrinsic strategies for the preparation of self-healing hydrogels (Tu et al., 2019), adapted with permission from Elsevier. (B) Regulation of stem cell

function and fate in a 3D hydrogel network with chiral motifs (Zheng et al., 2018), reprinted with permission from American Chemical Society (ACS). (C) Effect of l- and

d-cysteine on single neuronal growth (Baranes et al., 2014), adapted with permission from American Chemical Society (ACS). (D) Nanocomposite alginate hydrogels

incorporated with Dye-loaded periodic mesoporous organosilica particles functionalized with bioactive molecules (Kehr et al., 2013), adapted with permission from

John Wiley & Sons. (E) Chemically functionalized periodic mesoporous organosilica particles/alginate 3D hydrogels as simultaneous ECM-model and drug delivery

system (Kehr, 2016), adapted with permission from American Chemical Society (ACS).

polymeric matrix. In addition, inorganic NMs can boost the
optical, magnetic, or biological properties of the 3D hybrid
hydrogel (Gaharwar et al., 2014). The right selection, proper
functionalization, and careful design of polymer/nanomaterial
play crucial roles in developing a novel and advanced NC
hydrogel for tissue engineering applications. From another
perspective, due to the large surface area, NMs can effectively
increase biological functionality, hence NC hydrogels have been
shown to more closely mimic native tissues compared with
free-NM hydrogels (Kehr et al., 2015). In the case of some
specific applications, e.g., regeneration of the central nervous
system, the addition of nanofibers to a hydrogel matrix can be
morphologically beneficial because the elongated shape of the
scaffold is favored by neural cells (Niemczyk et al., 2018).

NC HYDROGELS

NC hydrogels have been categorized based on their stimulus-
sensitivity which includes thermo-responsive, light-responsive,
electro-responsive, and magnetic-responsive hydrogels. In
addition, they have been classified based on their applications,
such as in sensors, catalysts, drug delivery systems, wound
dressings, and tissue engineering (Song et al., 2015; Vashist
et al., 2018). They are also classified according to the type of
incorporated nanomaterials, which is the more common type of
classification (Sharma et al., 2018; Vashist et al., 2018; Rafieian
et al., 2019). Frequently reported nanofillers in NC hydrogels
are silica such as nano-clay (Jin et al., 2018) and fumed silica
(Kehr et al., 2013), carbon in the form of carbon nanotubes,

graphene (Servant et al., 2014) and graphene oxide (GO)
(Rasoulzadeh and Namazi, 2017; Tarashi et al., 2019), metal
and metal oxide nanoparticles (Tan et al., 2019) such as gold,
silver, iron oxide, titanium oxide (TiO2), nanohydroxyapatite,
alumina and zirconia, and polymeric nanoparticles such as
nano-scaled cellulose (NSC) (Dutta et al., 2019), including
cellulose nanofibers, nanocrystals, and nanowhiskers. In general,
depending on the surface chemistry of the nanomaterials, they
can act as physical or chemical crosslinkers in NC hydrogels.
Nanoparticles such as carbon, silica, and NSC, owing to the
presence of hydroxyl groups on their surfaces, possess active
surfaces for physical crosslinking such as hydrogen bonding.
They could also serve as chemical crosslinkers in polymeric
hydrogels containing reactive functional groups on their
backbone, which would either require reaction initiators or
coupling agents such as silanes. Some NMs without active
surface chemistry, such as metals and metal oxides, need surface
treatment or modification to act as a crosslinker within the NC
hydrogel. In the following section, some recent advances on NC
hydrogels are reviewed.

As a bone tissue engineering platform, injectable NC
hydrogels from methacrylated glycol chitosan-montmorillonite
were studied by Cui et al. (2019). In this work, the direct
stem cell differentiation in a 3D micro-porous structure was
addressed. The photocrosslinked chitosan/silicates NC hydrogels
showed a six-fold Young’s modulus increase. In addition, in vitro
mesenchymal stem cell studies proved the NC hydrogel’s efficacy
in cell proliferation, promotion, and differentiation induction
(Cui et al., 2019). In one contribution, Rasoulzadeh and
Namazi developed bio-NC hydrogels based on carboxymethyl
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cellulose and GO with anticancer drug delivery potential
(Rasoulzadeh and Namazi, 2017). The physically crosslinked
(with FeCl3.6H2O) NC hydrogels were loaded with Doxorubicin
as the anticancer drug to be delivered. In comparison with the
neat carboxymethyl cellulose hydrogel, the incorporation of GO
led to NC hydrogels with enhanced loading capacity and a lasting
release of the loaded therapeutic drug. Most recently, the stimuli-
responsive load-bearing double network NC hydrogels, based
on κ-carrageenan (κ-Car)/polyacrylamide (PAm) crosslinked
and reinforced with GO nanosheets, were fabricated (Tarashi
et al., 2019). Compared to the non-loaded GO hydrogel, at
3 wt. % of GO nanosheets, optimum mechanical properties
i.e., 21.7 MPa compression strength, 0.64 MPa ultimate tensile
strength, 2,398% elongation at break, and 5.7 MJ/m3 fracture
energy were obtained. These improvements, as well as the
self-healing performance of NC hydrogels, were attributed to
the synergistic influence of the reversible interactions due to
bonding of the GO nanosheets between the κ-Car and PAm
networks. In a novel and interesting piece of research, Toledo
et al. explored the additional effect of low contents (<1.0
wt.%) of both non-functionalized, and functionalized TiO2

nanoparticles into poly (2-hydroxyethylmethacrylate) based
physical NC hydrogels (Toledo et al., 2018). While pristine TiO2

resulted in higher swelling capacity and greater solvent diffusion
coefficient, functionalized TiO2-filled NC hydrogels behaved
contrarily. In addition, functionalized NC hydrogels exhibited
improved ability in retaining aggregates of skeletal muscle cells
(C2C12). Hydroxyapatite nanorods were also employed in the
fabrication of chitosan NC hydrogels as potential scaffolds in
cartilage regeneration (Kumar et al., 2019). In this contribution,
Kumar et al. reported essential improvement in the mechanical
properties of developed NC hydrogels at the optimum level
(1.5 wt.%) of nanohydroxyapatite. Antimicrobial tests against
three different microbes (Escherichia coli, Staphylococcus
aureus bacteria, and Candida albicans fungi) demonstrated
significant enhancement in the antimicrobial activity of the
NC hydrogel. L929 fibroblast cell cultures (after 72 h) also
confirmed 90% cell viability. In another novel work, Lee et al.
(2018) investigated the application of functionalized gold
nanoparticles (GNPs) in developing NC hydrogels for bone
tissue engineering. The GNPs were modified with N-acetyl
cysteine (G-NAC) and then incorporated into tryamine-gelatin
(Gel-Ty) hydrogel. The fabricated NC hydrogel (Gel-Ty/G-NAC)
supported human adipose-derived stem cell growth. Moreover,
G-NAC had a crucial role in promoting osteo-differentiation
and stimulating bone regeneration. This group suggested
Gel-Ty/G-NAC hydrogels as a biodegradable platform in
bone-related applications such as bone treatment, drug delivery,
and cell delivery. In another effort, methoxy (polyethylene
glycol)-polyalanine (mPA), as a di-block copolymer
based thermo-responsive hydrogel, was incorporated by
superparamagnetic Fe3O4 (osteoinductive) and hydroxyapatite
(osteoconductive) nanoparticles in various contents (Huang and
Chu, 2019). Modulation of bone differentiation bio-markers,
as well as bone mineralization enhancement, was the result
of the inclusion of such nanoparticle combinations into the
polypeptide hydrogel. Recently, a fully physically crosslinked

NC hydrogel based on polyacrylamide/cellulose nanofibers
(PAM/CNF) was introduced (Niu et al., 2018). Initially, NC
hydrogels were produced via radical polymerization and
then further strengthened by ferric ions (from FeCl3) via ionic
interactions between the ferric ions and carboxyl groups on CNF.
Hydrogen bonding and ionic interactions induced dual physical
crosslinks in NC hydrogels, which in turn led to structures
with enhanced stiffness and toughness, rapid recovery, and
self-healing abilities.

CHIRALITY FUNCTIONALIZED NC
HYDROGELS

In recent years, the fabrication of NC hydrogels, including
functionalized NMs has been a hot button research topic
(Kehr, 2016; Zhao et al., 2017; Motealleh et al., 2018; Zheng
et al., 2018). The aim of NM functionalization can be, for
example, the improvement of cell-scaffold interactions, the
creation of crosslinking between organic polymer and NM,
drug delivery, or the development of the self-healing ability.
Meanwhile, using chiral biomolecules to functionalize NMs has
gained significant attention due to the various impacts on cell
behaviors. Table 1 summarizes the research activities carried out
on chirality functionalized systems i.e., NC hydrogels, hydrogels,
and nanoparticles. In biological systems, the majority of the
biologically significant molecules are chiral. For instance, natural
proteins composed of laevorotatory (l-) amino acids. It is not yet
known the reason why naturally-occurring proteins prefer only
one of the chiral positions and under what criteria hemochorial
molecules prefer selective interactions (Zheng et al., 2018).

In an attempt by Wang et al. to explore chiral effects on
cell behavior, three chiral species including, l(d)-alanine, l(d)-
valine, and l(d)-leucine were grafted onto silicon substrates
(Wang et al., 2012). Fabricated chiral polymer brush films
proved that chirality is effective for triggering cell differentiation
and regulating multifold cell behaviors. In addition, l-films
exhibited higher cytocompatibility. Zheng et al. reported the
impact of chirality on function and fate of stem cells in fibrous
hydrogels including self-assembled l-and d-form Fmoc-Phe-Phe-
Cys networks which were photocrosslinked with poly (ethylene
glycol) (l- and d-gel), respectively. Encapsulating human bone
marrow-derived mesenchymal stem cells in hydrogels, it was
found that cells tended to spread and grow in the l-gel
(Figure 1B; Zheng et al., 2018). Using simultaneous opposite
enantiomers in so-called Janus NC hydrogels was explored
by Motealleh et al. (2018) to observe the reaction of healthy
and cancer cells to a single biomaterial under the same
condition. They used enantiomers of biodegradable poly-d (l)-
lysine (PDL and PLL) to the functionalized external surface of
zeolites and periodic mesoporous organosilicas (PMOs). Their
findings showed higher affinity and migration of cells to the
portion of the Janus NC hydrogel including the biopolymer
enantiomer that the cells opt. In another contribution, Shefi et al.
coated chiral d (l)-cysteine onto gold self-assembled monolayers
and explored chirality influence on neuronal structure and
adhesion (Figure 1C) (Baranes et al., 2014). Kehr et al. (2013)
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TABLE 1 | List of works dealing with chirality functionalized systems.

System Bioactive molecule The objective of the research References

Chiral brush polymer films (three amino acids

with different hydrophobic side groups grafted

into silicon substrate)

l(d)-alanine, l(d)-valine, and

l(d)-leucine

Interaction of chiral units with cells and other

biological entities

Wang et al., 2012

The ultra-short peptide, photocrosslinked by

poly(ethylene glycol) dimethacrylate

cystatin-ended Fmoc-FF (l- and

d-Fmoc-FFC)

Effect of chirality on function and fate of stem cells Zheng et al., 2018

Surface functionalized Zeolites and Periodic

mesoporous organosilicas in Janus NC hydrogel

poly-d (l)-lysine The reaction of healthy and cancer cells to a single

biomaterial

Motealleh et al., 2018

Gold self-assembled monolayers d (l)-cysteine Chirality effect on the neuronal morphology and

adhesion

Baranes et al., 2014

Periodic mesoporous organosilica particles

(PMO)/Alginate

tripeptide Arg-Gly-Asp (RGD) Developing NC hydrogels with enhanced

mechanical and biological properties

Kehr et al., 2013

Alginate/periodic mesoporous organosilica (PMO) aminoacid

d(l)-penicillamine/carbohydrate

mannose derivative d(l)-

ECM-model (for cell adhesion and cell enrichment)

and drug delivery system

Kehr, 2016

Plasmonic chiral Au nanoparticle l(d)- penicillamine (PEN) Facilitating the cell culture in biomedical application Zhao et al., 2017

Zeolite l nanocrystals Fluorescent dye molecules Controlling the movement of pathogenic

bacteria/Removing the bacteria from a solution

Kehr et al., 2014

Alginate d(l)-penicillamine (PEN) Developing novel 3D scaffolds for cell adhesion

investigations

Benson et al., 2014

prepared PMOs/ biodegradable alginate-based NC hydrogels in
which POMs were functionalized with cell adhesive bioactive
tripeptide Arg-Gly-Asp (RGD) molecules (Kehr et al., 2013).
The incorporation of PMOs only improved the mechanical
properties of the alginate-based NC hydrogel marginally,
however, the inclusion of biomolecule functionalized PMOs
significantly increased the quantity of live cells which adhered
to the NC hydrogel scaffold (Figure 1D). In another study,
Kehr reported the development of multifunctional 3D NC
hydrogels composed of enantiomerically functionalized PMOs
[with amino acid d(l)-penicillamine (PEN) and carbohydrate
mannose derivative d(l)-MAN)] and biodegradable alginate
as ECM-model (for cell adhesion and cell enrichment) and
drug delivery system (Figure 1E; Kehr, 2016). In another
contribution, Au l(d)-penicillamine (Pen) was employed to
modify plasmonic chiral nanoparticle films (PEN-NP films)
by Zhao et al. (2017). It was found that l-PEN-NP films
accelerated cell proliferation, while d-PEN-NP films behaved
in the opposite manner. The preparation of functionalized
zeolites and its effect on cell adhesion was also studied by
Kehr et al. (2014).

NANO-SCALED CELLULOSE: A ROBUST
NANOMATERIAL

Till date, a variety of NMs based on silica, carbon, gold,
iron oxide, calcium phosphate, cellulose nanocrystals, and
chitin whiskers have been used to develop mechanically strong
biodegradable NC hydrogels with enhanced cell activities, and/or
for drug release applications (Motealleh and Kehr, 2017).
Among the various NMs, NSC has attracted great attention
within recent years (Enayati et al., 2019). Since 2000 to the
present, publications show significant growth in developing
cellulose-based hydrogels for tissue engineering (Trache et al.,

2017; Dutta et al., 2019). Besides the good biocompatibility
and biodegradability, NSCs, derived from abundant and
renewable resources, have high elastic moduli (110–220 GPa)
and tensile strength (7.5–7.7 GPa), low density, high aspect
ratio and surface area. These characteristics dramatically
enhance their possible applications in the biomedical and
tissue engineering fields. Usov et al. (2015) also studied
structurally the rod-like cellulose nanoparticles and proved
their right-handed chirality. Furthermore, due to the high
concentration of hydroxyl groups on cellulose chains, the
NSC’s surface can be modified in myriad ways, i.e., oxidation,
esterification, etherification, silylation, or polymer grafting—
consequently, it can play multifunctional roles such as bioactive
molecule container, reinforcing agent, and cross-linker. From
another point of view, chemical isolation via sulfuric acid
hydrolysis inserts negatively charged sulfate ester groups
on the NSC’s surface. This is a positive characteristic for
NSC-functionalized NC hydrogels as they resemble native
ECM sulfated glycosaminoglycans which stimulate and tune
microscale cell functionalities (Domingues et al., 2015). In recent
years, some notable research has been carried out on cellulose-
based composite hydrogels. In the following paragraph, the
most recent literature on research conducted on NSC-based NC
hydrogels is highlighted.

Pereira et al. (2018) studied gellan-gum hydrogels reinforced
by nanocellulose for the regeneration of annulus fibrous (AF)
tissue. Upon nanocellulose incorporation, the compressive
modulus of NC hydrogels approximated natural AF tissue. In
vitro cell studies also demonstrated cell viability promotion.
In another contribution, Phogat and Bandyopadhyay-Ghosh
developed injectable bio-NC hydrogels of ultrafine fluorcanasite
glass-ceramic particles incorporated into nanocellulose with
enhanced stiffness, injectability, swelling behavior, and structural
integrity (Phogat and Bandyopadhyay-Ghosh, 2018). Recently,
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Cheng et al. exploited chitosan-cellulose nanofiber self-
healing hydrogels for neural regeneration. Improved neural
differentiation and oxygen metabolism were observed upon
embedding neural stem cells (Cheng et al., 2019). In other
study by Li et al. (2018) polyacrylamide grafted cellulose
nanocrystals (CNC-g-PAM), as physical crosslinkers and
interfacial compatible nanofillers, were incorporated into
poly(acrylic acid) to develop NC hydrogels. NC hydrogels
showed significant improvement in tensile properties and
self-recovery ability compared to the pure poly(acrylic acid)
hydrogel. In a new effort to develop self-healing cellulose
NC hydrogels, Xiao et al. (2019) exploited acylhydrazine-
terminated polyethylene glycol to crosslink dialdehyde cellulose
nanocrystals. Apart from an increase in the tensile and
compressive strength of the hydrogel, self-healing efficiency,
and biocompatibility of the hydrogel improved by 90 and 100%,
respectively. Three-dimensional bioprinted constructs composed
of either alginate/cellulose nanocrystals or alginate/cellulose
nanocrystals containing fibroblast and hepatoma cells, namely
bioinks, were introduced by Wu et al. as liver-mimetic platforms
(Wu et al., 2018). The bioprinted constructs were crosslinked
by CaCl2. It was reported that prepared hydrogels had shear
storage moduli of 8–300 Pa and cell viability higher than 67%.
The NC hydrogels of polyurethane/cellulose nanofibers were
also fabricated by Chen et al., through the bioprinting process
(Chen et al., 2019). The 3D-printed NC hydrogels exhibited a
compression storage modulus of ∼1.57 MPa and demonstrated
excellent mouse and human fibroblast cell proliferation. In
addition, taking into account the noteworthy features of NSCs,
recently, self-healing hydrogels have been developed by the
incorporation of cellulose nanocrystals within the poly(acrylic
acid) mediated hydrogels. It was shown that incorporation of
surface-modified CNC resulted in self-healing properties with
up to∼90% self-healing efficiency (Bai et al., 2019).

CONCLUSION AND PERSPECTIVES

This article reviews the progress in the development of
biodegradable nanocomposite (NC) hydrogels with an emphasis
on the chiral functionalized nanomaterials to provide a
perspective for future research in the field. Due to the outstanding
features of nano-scaled cellulose (NSC), one promising future
direction of chiral functionalized NC hydrogels can be the
application of this renewable, cheap, biocompatible, and
biodegradable nanomaterial in developing the next generation
of biotherapeutic materials. There is also much potential in the
development of multi-functionalized NSC. On the one hand,
it can function as a physical and chemical crosslinker in the
fabrication of NC hydrogels and act as a reinforcing agent due
to its significant mechanical strength. On the other hand, its
surface modification with chiral biomolecules will allow the
fabrication of novel biodegradable NC hydrogels as an advanced
model implant for both tissue engineering and drug delivery
systems. Furthermore, with some chemical modifications on the
NSC, it would be possible to induce self-healing ability in the

prepared hydrogels for autonomous self-healing and minimum
invasive implantation.
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