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1. Introduction

Engineering sulfated polysaccharides and silk
fibroin based injectable IPN hydrogels with
stiffening and growth factor presentation abilities
for cartilage tissue engineeringy

Akansha Dixit,*® Aman Mahajan,1*® Rakshita Saxena,§*°
Saptomee Chakraborty ) §*° and Dhirendra S. Katti (2 *°

The extracellular matrix (ECM) presents a framework for various biological cues and regulates homeostasis
during both developing and mature stages of tissues. During development of cartilage, the ECM plays a
critical role in endowing both biophysical and biochemical cues to the progenitor cells. Hence, designing
microenvironments that recapitulate these biological cues as provided by the ECM during development
may facilitate the engineering of cartilage tissue. In the present study, we fabricated an injectable interpe-
netrating hydrogel (IPN) system which serves as an artificial ECM and provides chondro-inductive niches
for the differentiation of stem cells to chondrocytes. The hydrogel was designed to replicate the gradual
stiffening (as a biophysical cue) and the presentation of growth factors (as a biochemical cue) as provided
by the natural ECM of the tissue, thus exemplifying a biomimetic approach. This dynamic stiffening was
achieved by incorporating silk fibroin, while the growth factor presentation was accomplished using sul-
fated-carboxymethy! cellulose. Silk fibroin and sulfated-carboxymethyl cellulose (s-CMC) were combined
with tyraminated-carboxymethyl cellulose (t-CMC) and crosslinked using HRP/H,O, to fabricate s-CMC/
t-CMC/silk IPN hydrogels. Initially, the fabricated hydrogel imparted a soft microenvironment to promote
chondrogenic differentiation, and with time it gradually stiffened to offer mechanical support to the joint.
Additionally, the presence of s-CMC conferred the hydrogel with the property of sequestering cationic
growth factors such as TGF-p and allowing their prolonged presentation to the cells. More importantly,
TGF-p loaded in the developed hydrogel system remained active and induced chondrogenic differen-
tiation of stem cells, resulting in the deposition of cartilage ECM components which was comparable to
the hydrogels that were treated with TGF-f provided through media. Overall, the developed hydrogel
system acts as a reservoir of the necessary biological cues for cartilage regeneration and simultaneously
provides mechanical support for load-bearing tissues such as cartilage.

impairment of joint function and at times even disability.
Owing to a sparse population of resident chondrocytes and

Articular cartilage (AC) is a connective tissue present at the
end of bones which helps in the smooth functioning of the
joint and facilitates load transfer. Due to its load-bearing func-
tion, articular cartilage is highly prone to chronic and acute
injuries and its associated defects which can result in the
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progenitor cells, a lack of vasculature and dense extracellular
matrix (ECM), AC has a limited ability to self-repair."* Current
treatment methods used in the clinics for cartilage repair are
microfracture, mosaicplasty, autografts or allografts and auto-
logous chondrocyte implantation. While these approaches
have demonstrated some clinical success, they are invasive and
have limitations like extended rehabilitation time and low
patient compliance. Additionally, the tissue regenerated by
these methods often results in cartilage with inferior func-
tional properties.>* Hence, engineering of AC using tissue
engineering approaches has emerged as an alternative for the
regeneration of functionally mature articular cartilage.
Amongst the available tissue engineering strategies, cell-
based therapies have shown promise in the regeneration and
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repair of cartilage tissue.”® Mesenchymal stem cells (MSCs)
owing to their multilineage potential and high proliferative
capacity are the desirable cells for cartilage tissue engineering.
However, they require specific signals either chemical or physi-
cal, to effectively differentiate into chondrocytes.” In the
natural tissue environment, these chemical and physical cues
are presented by the ECM of the tissue during both the devel-
oping and mature stages, facilitating tissue formation, remo-
deling and ultimately maintaining its homeostasis.® Therefore,
it is important to create a microenvironment that imparts the
essential biophysical and biochemical signals required for the
differentiation of MSCs to chondrocytes, thereby facilitating
cartilage regeneration.

During cartilage development and maturation, a gradual
increase in biomechanical properties has been observed due
to an increase in collagen density.”'® This transition of the
biomechanical properties of the ECM from the embryonic
stage to adulthood signifies the importance of physical factors
in cartilage development. Importantly, the mechanical cues
generated during this process play a pivotal role in chondro-
cyte geometry and arrangement, thereby guiding proper tissue
morphogenesis and skeletal development.'>'* Hence, creating
a microenvironment that offers dynamic mechanical pro-
perties could be an important fundamental aspect that can be
considered while designing scaffolds aimed at stimulating the
differentiation of progenitors to chondrocytes. Recent studies
have shown that mimicking the natural processes during carti-
lage development such as cellular condensation enhances car-
tilage regeneration.’®'* In addition, other studies have also
developed hydrogels capable of increasing stiffness over time.
However, in these cases, the temporal stiffening was achieved
through external stimuli at pre-determined time points and as
a result, these failed to recapitulate the gradual increase in
stiffness observed during natural tissue development.*®

Another important attribute that should be considered
while designing these microenvironments is how growth
factors or biochemical cues are presented to the cells. In native
cartilage, growth factors remain electrostatically bound to
heparan sulfate which is a sulfated glycosaminoglycan (sGAG)
present in the ECM of the tissue.® However, in most studies
involving growth factor-based approaches for cartilage tissue
engineering, growth factors are normally provided by the sup-
plementation of cell culture media, which does not mimic the
natural presentation of the factors by the ECM. In addition,
under 3D culture conditions, the diffusion of these soluble
factors becomes challenging, leading to their reduced presen-
tation to the cells and consequently diminished regenerative
potential.’® Although, in many studies, covalent binding of
growth factors and incorporation of heparan sulfate to the
matrix were shown to be effective in sequestering growth
factors, both the strategies are associated with limitations.
Covalent binding is known to alter the conformation of the
bound growth factor and thereby its biological activity,
whereas, exogenously provided heparan sulfate may induce
inflammatory responses and blood-thinning effects in the
body."”"*® Therefore, it may be desirable to develop materials
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that provide growth factor binding abilities similar to the
natural tissues.

Hydrogels serve as a mimic of extracellular matrices that not
only provide support to the encapsulated cells but can also
bestow a microenvironment with cues that regulate the differen-
tiation of progenitor cells to desired lineages.'®*® Moreover,
injectable hydrogels due to their minimal invasiveness and
ability to fill irregular defects have better translational potential
compared to pre-formed scaffolds.” Therefore, in a biomimetic
approach, it would be desirable to engineer a next generation
hydrogel system which possesses two distinct attributes simul-
taneously: (i) dynamically achieving stiffness and (ii) providing
binding moieties to confer it with growth factor sequestration
and long-term presentation ability, as seen in tissue develop-
ment and homeostasis in situ. Thus, we hypothesized that
designing a hydrogel with microenvironments that mimic the
biophysical (temporal ECM stiffening) and biochemical (growth
factor presentation) cues provided by the ECM during develop-
ment would facilitate engineering of cartilage tissue.
Additionally, the introduction of temporal stiffening within
these hydrogels would address a critical need for enhancing
their mechanical strength to facilitate joint stability. Moreover,
making these hydrogels injectable in nature would enhance
their translational potential and overcome the challenge of inva-
siveness associated with current treatment modalities.

In the present study, we fabricated an injectable interpene-
trating hydrogel (IPN) system using silk fibroin, sulfated car-
boxymethyl cellulose (s-CMC) and tyraminated carboxymethyl
cellulose (t-CMC). Silk has a unique property in that its poly-
meric chains transform spontaneously from random coils to
B-sheets.?” This spontaneous transformation under physiologi-
cal conditions is associated with a gradual increase in the
mechanical properties of silk. Therefore, incorporating silk
fibroin in the hydrogels would enable the formation of the
desired dynamically stiffening microenvironment. Similar to
heparan sulfate, s-CMC effectively binds and presents cationic
growth factors such as transforming growth factor-f (TGF-
B).2"**?% TGF-B is a commonly used growth factor for chondro-
genic differentiation of MSCs. The long-term exposure of TGF-
f to MSCs is critical for various steps involved in
chondrogenesis.>**® Therefore, in order to mimic the natural
presentation of growth factors, incorporating s-CMC into a
hydrogel would be desirable to electrostatically bind to TGF-,
ensuring its prolonged presentation, thereby promoting chon-
drogenic differentiation of the encapsulated stem cells. To
facilitate crosslinking of IPN hydrogels, t-CMC was used as the
third polymeric system along with silk fibroin and s-CMC.
Overall, we have utilized a biomimetic approach to develop an
injectable IPN hydrogel system using silk fibroin, s-CMC and
t-CMC synthesized by enzymatic crosslinking using horse-
radish peroxidase (HRP) and hydrogen peroxide (H,O,). The
developed hydrogel system demonstrated the desired pro-
perties i.e. a dynamic increase in mechanical strength and the
ability to bind to cationic molecules/growth factors, while
having the advantage of injectability. Together, these pro-
perties are expected to provide the desired biophysical and bio-
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chemical cues to stem cells and facilitate the regeneration of
cartilage when injected in situ.

2. Materials and methods
2.1 Materials

Carboxymethyl cellulose (CMC) (700 kDa), tyramine, N-(3-di-
methylaminopropyl)-N-ethylcarbodimide (EDC), hydroxysucci-
namide (NHS), hydroxybenzotriazole (HoBt), horseradish per-
oxidase, lysozyme, hyaluronidase, hydrogen peroxide, and 4',6-
diamidino-2-phenylindole (DAPI) were procured from Sigma-
Aldrich, USA. Sodium azide and MES buffer were procured
from Merck Millipore, USA. Human recombinant TGF-
f1 growth factor was obtained from Sino Biological Inc.,
China. Lithium bromide was procured from Avra Chemicals,
India. Anti-collagen 2 and anti-chondroitin sulfate antibodies
were procured from the Developmental Studies Hybridoma
Bank, University of Iowa, USA, anti-TGF-f antibody was pur-
chased from Invitrogen, and IgG secondary antibodies were
procured from Jackson Immuno Research Laboratories.
Sodium pyruvate, non-essential amino acids, N-2-hydroxyethyl-
piperazine-N'-ethanesulfonic acid (HEPES) buffer, proline,
ascorbate-2-phosphate, bovine serum albumin (BSA) and peni-
cillin-streptomycin, and bovine serum albumin (BSA) and
pepsin were procured from Himedia, India. Trizol reagent was
procured from Sigma-Aldrich, USA. cDNA reverse transcriptase
kit and SYBR green were purchased from Genetix Biotech Asia
Pvt. Ltd. Additionally, diaminobenzidine (DAB)-enhanced
liquid substrate system used was obtained from Sigma-Aldrich,
USA. Collagenase type II was procured from Gibco, USA.

2.2 Modification of CMC with tyramine and sulfate groups

CMC was modified with tyramine (phenolic) groups for enzy-
matic crosslinking based on a previously reported method.””
Briefly, CMC (~700 kDa) and tyramine hydrochloride were dis-
solved in 50 nM MES (morpholino ethane sulfonic acid) buffer
(pH 6.0) at a concentration of 1% (w/v). Subsequently, NHS
(N-hydroxy succinimide), EDC (ethyl 3-dimethylaminopropyl
carbodiimide), and hydroxybenzotrizole (HoBt) were added to
this solution at a final concentration of 7 mg mL™, 0.47 mg
mL™", 3.94 mg mL " and 3.15 mg mL™", respectively. The reaction
mixture was stirred continuously for 24 h at room temperature.
The polymer solution thus obtained was then dialyzed (cutoff
~13 kDa) against deionized water for 72 h and finally lyophilised.

CMC was chemically modified with sulfate groups to
impart it with growth factor binding ability, as reported pre-
viously.”® Briefly, 1 g of CMC was dissolved in N,N-dimethyl-
formamide (DMF) and then mixed with 1 mL of anhydrous
p-toluenesulfonic acid in DMF. The mixture was then stirred
for 30 min at 65 °C. Next, a solution containing 15 mL of sulfa-
tion reagent, prepared by mixing chlorosulfonic acid with
DMF, was gradually added to the polymer solution and was
kept for 3 h at 25 °C. The modified polymer was precipitated
with chilled absolute ethanol and collected using centrifu-
gation at 8000 rpm for 15 min (4 °C). The modified polymer
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was resuspended in distilled water, neutralised using NaOH,
freeze-dried and stored at 25 °C until used further. The modifi-
cation of polymers (t-CMC and s-CMC) was confirmed using
FTIR spectroscopy (PerkinElmer, USA), "H Nuclear magnetic
resonance spectroscopy (500 MHz, ECX-500, JEOL Delta, USA),
energy dispersive X-ray spectroscopy (Carl Zeiss, Germany) and
UV-visible spectroscopy (200-400 nm, Thermofisher, USA) and
differential scanning calorimetry (5.0 °C min™!, TA
Instruments, USA) as reported previously.>**

2.3 Differential scanning calorimetry (DSC)

The polymer samples were analyzed using a temperature-
modulated double-scan method in conventional DSC (TMDSC
TA2920, TA Instruments, US). The samples were heated across
the temperature range of 0-400 °C at the rate of 10.0 °C min™"
in the presence of nitrogen. The heat flow rate versus tempera-
ture graph was plotted to obtain the DSC curve for the
samples. The determination of the glass transition tempera-
ture (T,;) was then performed using the tangent line method as
described previously.”**

2.4 Isolation of silk fibroin

Silk fibroin was isolated from the cocoons of Bombyx mori silk-
worms according to a previously reported protocol.** Briefly,
5 g of cocoons was cut into small pieces and boiled in 0.02 M
Na,CO; for 30 min to separate silk fibroin from sericin
protein. The degummed silk fibres were thoroughly washed
with distilled water to remove any remaining sericin and
Na,CO;. The fibres were then dried overnight at 37 °C. The
dried silk fibres were solubilized in 9.3 M lithium bromide
(LiBr) solution at 60 °C for approximately 3 h. The resulting
solution of silk fibroin was dialyzed to remove the residual
LiBr for 48 h at 4 °C. The solution was further centrifuged and
stored for the fabrication of hydrogels.

2.5 Fabrication of CMC/t-CMC/silk and s-CMC/t-CMC/silk
IPN hydrogels

CMC/t-CMC/silk hydrogels were fabricated by mixing CMC,
t-CMC, and silk in the ratio of 1:1:2 to obtain a final concen-
tration of 4% (w/v). To fabricate s-CMC/t-CMC/Silk hydrogels,
CMC was replaced with s-CMC. An enzyme horseradish peroxi-
dase (HRP) at a concentration of 0.25 U mL™" was added to the
polymer solution. The resulting polymer solution was poured
into the mold having dimensions of 8 mm x 4 mm (diameter x
height). The polymer solution was crosslinked by the addition
of hydrogen peroxide (H,0,) at a final concentration of 2 mM.
The fabricated hydrogels were analyzed by FTIR spectroscopy
(PerkinElmer, USA) for determining the changes in the mole-
cular structure of silk as a function of time. The detailed meth-
odology of FTIR is as provided in section 1.3 of the ESL.{

2.6 Gelation kinetics

The gelling time of CMC/t-CMC/silk and s-CMC/t-CMC/silk
hydrogels in both the compositions was assessed using a mag-
netic bead rotation test as reported previously.>® The mixture
of polymer precursors and HRP (0.25 U mL™") was stirred
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within a glass vial utilizing a magnetic bead rotated at a speed
of 200 rpm. The point at which the bead stopped rotating due
to the formation of a solid mass of the polymer solution upon
the addition of H,0,, was considered as the gelling time.

2.7 Swelling ratio

The swelling ratio of the fabricated hydrogels was determined
after 24 h of incubation in PBS. The weight of CMC/t-CMC/silk
and s-CMC/t-CMC/silk hydrogels, just after fabrication, was
measured and recorded as the initial weight. Subsequently,
the hydrogels were immersed in phosphate buffered saline
(PBS) and were allowed to incubate for 24 h at 37 °C. After
24 h, the wet weight of the hydrogels was measured and
recorded. The weight swelling ratio was then calculated using
the following formula:

— WO

. . W,
%Swelling ratio = x 100

0
where W; is the wet weight after swelling of the hydrogel and
W, is the initial weight of the hydrogel. Similarly, the volu-
metric swelling ratio was determined by measuring the dimen-
sions and calculating the volume of the fabricated hydrogels
before and after incubation in PBS.

2.8 Mechanical testing

CMC/t-CMC/silk and s-CMC/t-CMC/silk hydrogels were fabri-
cated and incubated in phosphate buffered saline at 37 °C for
24 h. The mechanical properties of the swollen hydrogels were
assessed by measuring their compressive strength using a
Bose Electro Force 3200 instrument equipped with a 20N load
cell. The hydrogels were subjected to uniaxial compression
between flat parallel plates at a constant rate of 0.05 mm s~
up to 50% strain. The counterforce applied by the hydrogel
during compression was recorded. The compressive modulus
was then calculated by analyzing the stress-strain curve
between 5% and 15% strain using Origin software (Origin Lab
Corporation). In addition, the fabricated hydrogels were
characterized for rheological properties, degradation and
chemical groups (FTIR analysis) (ESI 1.1-1.37).

2.9 Turbidimetric analysis for studying the interactions of
polymers

The interaction between the polymers CMC or s-CMC with the
two model proteins BSA (anionic) and lysozyme (cationic) was
studied to understand the binding efficiency of cationic mole-
cules with GAG mimics. For this, varying amounts of protein
(0-1800 pg) were added to 250 pg mL~' CMC or s-CMC solu-
tion and mixed in a 96 microwell plate to achieve a final
volume of 200 pL. The increase in the turbidity of the solution
due to the interaction between protein and polymer was
measured at 420 nm using a multi-mode reader (Synergy H4,
Biotek instruments Inc. USA).

2.10 Toluidine blue staining

Toluidine blue dye (metachromatic dye) was prepared in
acetate buffer (0.4% w/v). The prepared dye was mixed and fil-

2070 | Biomater. Sci, 2024, 12, 2067-2085

View Article Online

Biomaterials Science

tered before using. The fabricated CMC/t-CMC/Silk and
s-CMC/t-CMC/Silk IPN hydrogels were incubated in the pre-
pared toluidine blue dye for 4 h at room temperature. Finally,
the hydrogels were washed with distilled water and the gross
images were captured to evaluate the change in the color of
the dye due to the presence of negatively charged sulfate
groups in hydrogels.

2.11 Cell isolation and culture

Infrapatellar fat pad-derived mesenchymal stem cells
(IFP-MSCs) were isolated as per a previously reported
protocol.*** Briefly, IFP-MSCs were isolated from the infrapa-
tellar fat pad of goat tibia-femoral joints collected from a local
abattoir. The isolated fat pad was minced and enzymatically
digested overnight using collagenase (1.5 mg mL™") in DMEM
low glucose medium supplemented with 2% FBS. The cell sus-
pension obtained was filtered through a 70 pm cell strainer and
then centrifuged, washed, and resuspended in DMEM complete
culture media supplemented with 5 ng mL™" bFGF. IFP-MSCs
from Passage 2 to Passage 4 were used in the experiments.

The isolated IFP-MSCs were encapsulated in CMC/t-CMC/
silk and s-CMC/t-CMC/silk IPN hydrogels. The cell encapsu-
lated hydrogels were then cultured in complete cell culture
media in vitro. Live/dead assay was performed using fluorscein
diacetate (FDA) and propidium iodide (PI) which stain for live
and dead cells respectively. After day-1 and day-7, the hydro-
gels were incubated in FDA/PI solution and incubated at room
temperature for 2-5 min and finally imaged under a confocal
microscope (Carl Zeiss, Germany). Chondrogenic differen-
tiation of the isolated IFP-MSCs was performed to study the
activity of the growth factor (TGF-f1) either bound to the fabri-
cated hydrogel or supplemented in the media. IFP-MSCs (2 x
10° cells per hydrogel) were resuspended in HRP (0.25 U mL™")
containing precursor polymer solutions prepared to fabricate
CMC/t-CMC/silk or s-CMC/t-CMC/silk hydrogels. 50 pL of this
solution was placed on a polystyrene plate followed by the
addition of 40 ng (for 14 days culture) or 80 ng (for 28 day
culture) of TGF-p1. The gelation was initiated by the addition
of H,0, to achieve the final concentration of 2 mM in hydro-
gels. The fabricated hydrogels were incubated for ~30 min at
37 °C and then transferred to chondrogenic media.** The
chondrogenic medium was changed every three days for 14
and 28 days. For TGF media hydrogels, the chondrogenic
medium supplemented with 10 ng mL™" TGF-f1 was used,
whereas, for TGF loaded hydrogels, the chondrogenic medium
without TGF-pf1 was used. After 14 and 28 days of culture, the
hydrogels were harvested for gene expression, histology and
immunohistochemistry.

2.12 Histology and immunohistochemistry

The samples harvested after 14 and 28 days of chondrogenic
differentiation were fixed and embedded in optimum cutting
temperature (OCT) solution. The samples were cryo-sectioned
at a thickness of 10 pm (Leica Biosystems, Germany). For histo-
logical analysis, these sections were then stained with safranin
O and Alcian blue to detect sulfated glycosaminoglycan (sGAG)
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deposition, and picrosirius red to detect total collagen depo-
sition as previously reported.*® For the immunohistochemistry
analysis, the sections were fixed and treated with pepsin (2 mg
mL™") and hyaluronidase (2 mg mL™") for antigen retrieval.
The sections were then incubated overnight with primary anti-
bodies against hyaline cartilage markers namely, collagen 2
and chondroitin sulfate. Subsequently, the samples were incu-
bated with anti-mouse HRP conjugated IgG secondary anti-
bodies (dilution 1 :250) for 2 h. The sections were finally devel-
oped using a DAB (diaminobenzidine) enhanced liquid sub-
strate system. The sections were mounted using a resin-based
DPX medium and imaged using a brightfield microscope (Carl
Zeiss, Germany). For TGF-f immunofluorescence staining, sec-
tions were incubated overnight at 4 °C with anti TGF-f anti-
bodies. Following this the sections were stained with anti-
mouse IgG secondary antibodies labelled with Alexa Fluor 488
(Jackson Immuno Research Laboratories Inc., USA). The
stained sections were mounted and then imaged using a con-
focal microscope (Carl Zeiss, Germany).

2.13 Gene expression analysis

The expression of cartilage and hypertrophic markers was
studied after 14 and 28 days of chondrogenic differentiation of
IFP-MSCs encapsulated within the fabricated IPN hydrogels.
The harvested samples were digested in TRIZOL using a
motorised pellet pestle followed by the addition of chloroform,
gentle vortexing and centrifugation at 13000 rpm (4 °C) for
15 min. The aqueous phase was carefully collected into fresh
tubes and an equal volume of isopropanol was added and incu-
bated at room temperature for 10 min. The samples were then
centrifuged at 13 000 rpm (4 °C) for 15 min to pellet down the
total RNA. The pellet was washed twice with 75% chilled
ethanol and resuspended in RNAse free water. cDNA was then
synthesized from total RNA (500 ng) using a First Strand cDNA
synthesis kit (Genetix Biotech Asia Pvt. Ltd) using the manufac-
turer’s protocol. Real time RT-PCR (StepOne Plus, Applied
Biosystems) was performed using SYBR Green Master Mix
(Genetix Biotech Asia Pvt. Ltd) and the relative expression of the
target genes with respect to the control group was calculated by
the ““Ct method using HPRT as a house keeping gene. The
primer sequences are listed in Table S1.t

2.14 Statistical analysis

All statistical analyses were performed using GraphPad Prism
software. The results were presented as mean + standard devi-
ation. Statistical significance was determined using either one-
way or two-way analysis of variance (ANOVA), followed by a
multiple comparison test. A significance level of P < 0.05 was
considered statistically significant.

3. Results and discussion
3.1 Synthesis and characterization of modified polymers

The main aim of this study was to design an injectable interpe-
netrating hydrogel system that has the ability to dynamically
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stiffen while providing the advantage of long-term presen-
tation of TGF-p to the encapsulated cells. We opted for a bio-
mimetic approach for the choice of materials to fabricate the
IPN hydrogel that possesses these properties. The IPN hydrogel
was fabricated majorly using two polymers: carboxymethyl cell-
ulose (CMC) and silk fibroin.

CMC is a plant derived polysaccharide having the structure
and properties very similar to hyaluronic acid, which is an
abundantly present GAG in the ECM of articular cartilage.
CMC has widely been used in biomedical applications such as
lubricant in eye formulations and as a bone autograft
substitute.’”*® Hence employing CMC for cartilage regener-
ation would provide increased hydration and subsequent lubri-
cation similar to GAGs. In addition, introducing CMC to the
hydrogel would provide resilience and shock absorbing prop-
erty essential for load-bearing tissues such as cartilage.”’ CMC
was modified with tyramine moieties to form tyraminated-
CMC (t-CMC) which imparts the ability of enzymatic cross-
linking for the formation of hydrogel networks (Fig. 1A). Even
though many different approaches have been investigated for
the crosslinking of hydrogels, enzymatic cross-linking offers
several advantages. Due to the substrate specificity of the
enzyme, this type of crosslinking does not cause undesirable
reactions. Moreover, enzymatic crosslinking is highly tunable
and cyto-compatible and therefore, has been used widely for
many tissue engineering applications.?*"

Although the presence of CMC in scaffolds is known to
provide resilience, it lacks the ability to bind to growth factors.
Therefore, to enable growth factor binding ability and its long-
term presentation to cells, CMC was subjected to chemical sul-
fation to obtain sulfated-CMC (s-CMC) (Fig. 1B). s-CMC is a
sulfated GAG mimic and has a structure similar to that of
heparan sulfate present in tissues. In the cartilage tissue,
growth factors are usually available in the bound state to the
ECM via electrostatic interactions with heparan sulfate. Thus,
modifying CMC with sulfate groups presents a biomimetic
strategy for effective cartilage regeneration. In addition, the
incorporation of sulfate groups on polysaccharides has also
shown anti-inflammatory and pro-chondrogenic effects, which
make them a suitable candidate for hydrogel-mediated growth
factor delivery.**>

Silk fibroin, a natural polymer, is recognized for its ability
to enhance the mechanical properties of scaffolds.”®> Many
studies have demonstrated that even in its unmodified state,
silk fibroin significantly improves the mechanical strength of
scaffolds. In the present study, silk fibroin was isolated from
Bombyx mori silkworms and was used without modification
(Fig. 1C). The enzymatic crosslinking of intrinsically present
tyrosine in silk protein is known to generate highly elastomeric
and cyto-compatible hydrogels.** Silk fibroin has the tendency
to self-assemble into large f-sheet aggregates which is driven
by entropy induced recoiling of the silk polymeric chains.*?
Previous studies have demonstrated that by controlling the
extent of crosslinking of the silk polymeric chains, self-assem-
bly of p-sheets can be regulated which in turn can be used to
impart a dynamic microenvironment to the hydrogel
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Fig. 1 Schematic representation of IPN hydrogel formation using, tyraminated-CMC (t-CMC), sulfated-CMC (s-CMC) and Silk fibroin via enzymatic
crosslinking (HRP/H,0,). (A) Chemical modification of CMC to t-CMC (upper box) and schematic representation of the polymeric chains of t-CMC
(lower box). (B) Chemical modification of CMC to s-CMC (upper box) and schematic representation of the polymeric chains of s-CMC (lower box).
(C) Isolated silk fibroin from Bombyx mori silkworms (upper box) and the schematic representation depicting the tyrosine residues present on silk
fibroin (lower box). (D) Enzymatically crosslinked polymeric network of a s-CMC/t-CMC/silk IPN hydrogel. (E) Gross image of the enzymatically

crosslinked s-CMC/t-CMC/silk IPN hydrogel.

system.'®**> Therefore, we hypothesized that incorporating
t-CMC, s-CMC and silk fibroin in a single system via enzymatic
crosslinking (Fig. 1D and E) would enable formation of a resili-
ent IPN hydrogel that not only will possess the capabilities of
injectability and growth factor binding but will also have the
ability to stiffen over time leading to the regeneration of func-
tionally matured cartilage tissue.

After modification of CMC, FTIR spectroscopy was per-
formed to validate the presence of tyramine and sulfate groups

2072 | Biomater. Sci,, 2024, 12, 2067-2085

in t-CMC and s-CMC respectively. The FTIR spectra showed
two new characteristic peaks at 1536 cm™" and 1066 cm™" in
t-CMC, which represent the N-H bending and C-N stretching
peaks due to the presence of tyramine groups (Fig. 2A and C).
However, these peaks were absent in unmodified CMC.
Additionally, the FTIR spectra of s-CMC showed two new
characteristic peaks at 1253 cm™' which correspond to the
asymmetric stretching of the S—O bond and at 843 cm™*

corresponding to the symmetrical vibration of the S-O-C bond
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