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Abstract

The cartilage repair and regeneration show inadequate self-healing capability
and have some complications, which are inordinate challenges in clinical ther-
apy. Biopolymeric injectable hydrogels, a prominent type of cell-carrier as well
tissue engineering scaffolding materials, establish promising therapeutic
potential of stem cell-based cartilage-regeneration treatment. In addition,
injectable scaffolding biomaterial should have rapid gelation properties with
adequate rheological and mechanical properties. In the present investigation,
we developed and fabricated the macromolecular silk fibroin blended with
polylysine modified chitosan polymer (SF/PCS) using thermal-sensitive
glycerophosphate (GP), which contains effective gelation ability, morphology,
porosity and also has enhanced mechanical properties to induce physical
applicability, cell proliferation and nutrient exchange in the cell-based treat-
ment. The developed and optimised injectable hydrogel group has good bio-
compatibility with human fibroblast (L929) cells and bone marrow-derived
mesenchymal stem cells (BMSCs). Additionally, it was found that SF/PCS
hydrogel group could sustainably release TGF-p1 and efficiently regulate
cartilage-specific and inflammatory-related gene expressions. Finally, the
cartilage-regeneration potential of the hydrogel groups embedded with and
without BMSCs were evaluated in SD rat models under histopathological anal-
ysis, which showed promising cartilage repair. Overall, we conclude that the
TGF-f1-SF/PCS injectable hydrogel demonstrates enhanced in vitro and
in vivo tissue regeneration properties, which lead to efficacious therapeutic
potential in cartilage regeneration.
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1 | INTRODUCTION

Articular cartilage is a vital part that covers the oppos-
ing site of articulate bones and helps in proper func-
tioning of synovial joints through its biological
properties of greater resiliency and function of
deformability, protecting them from joint compressive
loads."* Besides, cartilage tissues provide significant
smoothness and gliding morphology to lead low fric-
tion coefficient. Generally, many people severely suffer
from articular cartilage degeneration because of osteo-
arthritis, trauma and genetic abnormalities.> Most
complicated issue in articular cartilage therapy is lim-
ited regeneration ability compared with other tissue
regenerations and chondrocytes cell types only avail-
able in the articular cartilage tissues. Because of the
decreased self-healing capability, various surgical
implantations of biomaterials have been explored to
attain beneficial cartilage treatment.*’ Particularly,
development of biological hydrogels is more promising
to repair joint cartilage with their essential abilities of
stress relaxation behaviour, which is similar to native
cartilage; it could favour to load transfer and transpor-
tation of nutrients to cells.®’ Naturally, wet weights of
cartilage have maximum water of approximately 80%.
Hence, implantation of suitable hydrogel materials
becomes a prominent option for in vitro and in situ
cartilage regeneration and tissue engineering. In addi-
tion, the role of hydrogel scaffold is not only to offer
microenvironment for cell attachment and prolifera-
tion nut but also to have favourable mechanical
strength and stability at the defected site.>” The novel
approaches of bio-degradable injectable hydrogel scaf-
folds preparations with tunable chemical and mechani-
cal properties have great attention for biomaterial
science and tissue regenerative medicine.'®'" There
are many requirements and difficult complications to
design and fabrication of injectable hydrogel scaffolds.
Specifically, as reported previously, various suitable
biomaterials including organic polymers (synthetic and

articular cartilage, chitosan, hydrogel, silk fibroin, stem cells

we developed the macromolecular silk fibroin blended with polylysine modi-
fied chitosanintroduction of glycerophosphate was used to prepare thermal-
sensitive hydrogelhydrogel has improved gelation ability, morphology and
enhanced mechanical propertiesoptimised injectable hydrogel has good bio-
compatibility with 1L.929 and BMSCs cellsblended hydrogel could be highly
favourable for treatment in cartilage regeneration

naturally available biopolymers) and inorganic compo-
nents have been explored as effective matrices to use in
tissue regeneration and repair applications.'*!?
Particularly, injectable polymeric hydrogels have a
greater potential to promote articular cartilage regeneration
because of their tailorable structural and mechanical capa-
bilities. Importantly, injectable hydrogel system is a free-
flowing fluid when injection and instinctively changes into a
semi-solid natured system with support of body physiologi-
cal changes such as pH, temperature, etc. In addition, drug
molecules, growth factors and cells can be promisingly
incorporated into injectable hydrogel by simple dissolution
procedures.'*"> As previously reported, natural polysaccha-
rides and protein based-biopolymers including alginate, col-
lagen, agarose, hyaluronic acid, gelatin, silk fibroin and
chitosan are popular bioactive hydrogel scaffolding materials
for cartilage tissue engineering applications because of their
appropriate mimicking of extracellular microenviron-
ment.'®"® Among various natural polymers, regenerated silk
fibroin (SF) protein and chitosan polysaccharides have
extensively been demonstrated to be outstanding candidate
as injectable hydrogel scaffolding material. The fabricated
silk protein hydrogel scaffolds have been reported as
multifunctional tissue engineering scaffolding material with
assistance of appropriate substituted materials because of its
tailorable mechanical and biodegradability properties
through the process of chemical cross-linking and physical
induction of P-sheet confirmation.”*** Furthermore, SF
polymeric materials can be easily processed into various
forms including films, membranes, micro/nanoparticles,
fibrous scaffolds and mainly hydrogel scaffolding mate-
rials.** Chitosan biopolymer is an abundantly available poly-
saccharide regenerated from complete deacetylation process
of chitin, a structural component extracted from the skele-
tons of insects and crustaceans.”** Importantly, chitosan-
based materials have received significant attention as a
hydrogel scaffolding material because of its well-established
properties of pH sensitivity, cytocompatibility and biode-
gradability. Frequently, chitosan can be suggestively dis-
solved in acidic solutions and its viscosity nature could
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easily be modulated by tailoring the concentrations.”**’

When chitosan solution gelated with p-glycerophosphate,
the chitosan polymer remains in solution at neutral pH and
room temperature conditions, while homogeneous gela-
tion process can be induced by increasing the heat of
body physiological temperature. In the present study,
B-glycerophosphate plays an important role to achieve
temperature and pH-induced chitosan hydrogel preparation,
which have low stiffness and mechanical strength because
of excessive formation of hydrogen bonding and hydropho-
bic interactions between head-to-head polymeric chains,
which causes consequent removal of inter-chain electro-
static forces through amino groups neutralisation.”** Poly-
lysine (PL) is one of the cationic homo-polyamides with an
amide linkage between 3-amino and a carboxy function,
exhibiting a greater solubility, thermal stability and high
compatibility with cells. In addition, it is a well-known anti-
microbial agent and also has wide-spectrum of bactericidal
activity against gram-positive and gram-negative pathogens.
Importantly, PL functionalised CS polymer may enhance
the physical and chemical properties of CS with improved
anti-bacterial activity.*>>"

Hence, introduction of silk protein molecules into the
chitosan polymers would be an effective approach to solve
these problems.**** Transforming growth factor-p1 (TGF-
B1) is one of the pleiotropic growth factors and abundantly
exists in native cartilage, which has significant regulatory
potential on different cells types. It plays an effective role in
bone formation, angiogenesis, neuroprotection, wound
repair with capable cell proliferations and differentiations.
In addition, TGF-p1 would control the extracellular matrices
production by influencing the synthesis of collagen, fibro-
nectin and proteoglycans. Hence, it can be appearing to have
noteworthy effects in regeneration of cartilage tissues.***°
As previous reports, cartilage-regeneration process starts
with the process of mesenchymal condensation, which is
categorised by prominent proliferations of mesenchymal
stem cells (MSCs), cell clusters formations and specifically
significant differentiation into cartilage chondrocytes. Stem
cell-based cartilage therapies demonstrate low immunoge-
nicity, multipotency with promising MSCs expansion poten-
tial in cartilage repair.””** Different types of stem cells have
been used for cartilage defect regeneration, including
adipose-derived MSCs, bone marrow-derived MSCs and
synovium-derived MSCs.'**** The direct implantations of
cell culture pellets to the defect site are hard to maintain
cell diffusions, and the core of the cell pellets would
affect by defect site necrosis. The main goal of the pre-
sent investigation was to fabricate blended CS/SF
hydrogel scaffolds to attain stem cell-based therapeutic
potential in cartilage repair. The structural stability
and mechanical strength of the blended hydrogel
were investigated by the quantified observations of
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morphology, surface roughness and compressive mod-
ulus. The cell compatibility and in vivo effectiveness
were evaluated using BMSCs and SD rat models,
respectively.

2 | EXPERIMENTAL SECTION

2.1 | Materials

The chemicals, reagents and biologic mediums were used
as obtained from chemical companies, including chitosan
powder (Zhejiang AoXing Biochemical Co., Ltd.) ethanol
(EtOH; Aladdin Chemicals Co., Ltd.), sodium hydroxide
(NaOH; Aladdin Chemicals Co., Ltd.) and acetic acid
(Aladdin Chemicals Co., Ltd.). The cross-linking agents of
N-hydroxysuccinimide (NHS) and 3-(3-dimethylamine-
opropyl)-1-ethylcarbodiimide hydrochloride (EDC.HCI)
were obtained from Sigma-Aldrich (St. Louis, MO). The
biological assays and mediums including MTT assay
(Sigma, USA), DMEM (Gibco, USA) and FBS (Hyclone,
UT) were used for biological investigations.

2.2 | Preparation of regenerated silk
fibroin solution

The regenerated SF protein solution was prepared as pre-
viously described method with small modifications.*!
Briefly, silkworm glands were washed with boiling dis-
tilled water using Na,COj; (0.2 M) thrice for 45 minutes,
to remove residual gum-like sericin particles, which is
called the degumming process. After that, degummed
cocoons were cut into fine pieces to extract fibroin pro-
tein as a solution. The silk fibres were dissolved in freshly
prepared lithium bromide (LiBr; 9.3 M) to keep in an
oven at 80°C for 1 hour. Finally, prepared colloidal form
of SF solution dialysed against deionised water using ben-
zoylated dialysis tube (MWCO: 2 kDa) and centrifuged to
obtain pure SF solution without any residual particles.
Meanwhile, the regenerated SF solution was stored at
4°C for further reaction process.

2.3 | Preparation of polylysine modified
chitosan nanoparticles

The commercially obtained chitosan powder (2 g) was
dissolved in aqueous acetic acid (100 mL; 1% vol/vol)
solution. Frequently, an appropriate amount of polyly-
sine (PL) was mixed into the prepared CS solution under
constant stirring for 3 hours until PL polymeric molecule
dissolved methodically. Finally, the presented air bubbles
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were removed under pressure and PL content of the solu-
tion was neutralised with NaOH solution.

2.4 | Fabrication of SF/PCS NPs
injectable hydrogel scaffold

The blended SF/PL-CS injectable hydrogel was prepared
followed by previous reports with minor modifications.>*>*
Briefly, prepared 2 g of PL modified CS was systematically
dissolved in 0.1 M HCI (10 mL). To obtain a composite form
of hydrogel, an appropriate amount of RSF solution was
introduced into the above-prepared PL-CS solution under
constant stirring. After that, the prepared SF/PL-CS mixture
cooled down to 4°C and further proceeded to systemic
dropwise addition of glycerophosphate solution (GP; 50 wt/
vol %; 2 mL) with stirring condition at 4°C to obtain
homogenous solution and obtained product labelled as
SF/PCS. The different blending ratios of SF/PCS hydrogel
groups were prepared with a ratio of 8:2 (SF/PCS (Group
1), 5:5 (SF/PCS (Group IIT) and 2:8 (SF/PCS (Group IV) for
the physiological, rheological and mechanical properties
optimisation. Additionally, for comparison purpose, GP
functionalised PCS hydrogel solution without SF was pre-
pared and labelled as PCS (Group I).

2.5 | Immobilisation of TGF-p1 into the
Injectable hydrogel

Specifically, fabricated SF/PCS injectable hydrogel was
prepared to carriers transforming growth factor (TGF-p1)
peptide for the cartilage treatment. Briefly, TGF-f1 pep-
tide was added to PBS buffer (250 mL), and then the sus-
pension was stirred for 5 minutes and processed with an
ultrasonic processor to attain a uniformly distributed
solution. After that, the prepared suspension was system-
atically dropwise added to the hydrogel mixture at 4°C
for 15 minutes under constant stirring (1000 rpm). The
TGF-p1 immobilised hydrogel sample was lyophilised at
—40°C for further morphological and physicochemical
characterisation.

2.6 | Characterisations of hydrogel
groups

2.6.1 | Structural and morphological
analyses

Scanning electron microscopic method was performed to
visualise the morphology of the lyophilised hydrogel by
FEI Quanta 200 FEG at 7.00 keV landing E and 0.7 Torr

of pressure. The infrared spectral analysis was used to
prepare scaffolding materials to investigate structural
behaviours and interactions between polymeric compo-
nents using Nicolet 6700 ATR FT-IR spectrometer. Each
spectrum was attained at 4 cm ™' resolution and 256 scans
in the spectral range of 400-4000 cm ™.

2.6.2 | Porosity nature

The porosity of the lyophilised injectable hydrogel was
examined through the method of liquid displacement
and hexane reagent as displacement liquid. In brief,
lyophilised hydrogel scaffold was carefully immersed into
the hexane (known volume [V1]) under a graduated
cylindrical vessel for 15 minutes, and the total volume of
the hexane solution with hydrogel samples was recorded
as V2. Finally, the immersed hydrogel groups were
removed from the cylinder, and remaining hexane vol-
ume was recorded as V3. The porosity of the hydrogel
scaffold was measured by the following formula:

V1i-V3
e (%) =155 % 100

2.6.3 | Mechanical properties

The Young's modulus and compressive strength of the
lyophilised hydrogel scaffolds were examined under
Instron universal testing equipment (Ins-5943, USA). The
cylindrical-shaped lyophilised hydrogel scaffolds were
used to measure followed by F451-91 ASTM method with
minor modifications. Specifically, crosshead speed of
1 mm/min and 0.1 kN cell load were fixed for the
analysis.

2.6.4 | Invitro biodegradation evaluations

The degradation properties of the hydrogel scaffolds were
determined by using PBS medium in the presence and
absence of biologic enzymes containing 1 U/mL of prote-
ase XIV and 500 U/mL of lysozyme. The introduction of
protease enzymes into PBS will be helpful to analyse the
enzymatic degradation properties of the hydrogel scaf-
folds. The lyophilised disc-shaped hydrogel scaffold
(Wd1) was immersed into a prepared medium (PBS
[pH 7.4; 0.01 M] with or without enzymes) and incubated
at biological conditions (37°C). The solution was
refreshed every day, and at each time point, samples were
taken out and rinsed with DI water and dried. Then, it
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was weighed and labelled as Wd2. Finally, the degrada-
tion rate of the scaffolds was calculated by the following
formula:

wd2
Weight remaining (%) = wai < 100,

2.7 | Rheological characterisation

The rheological properties of the developed hydrogel
were evaluated under strain-controlled TA rheometer
(AR-2000ex) using non-porous stainless steel and parallel
plates of 25 mm diameter. The strain amplitude was
optimised to confirm that determinations were used in a
linear viscoelastic region. Hence, elastic modulus (G')
and viscous modulus (G”) were independent of the
results of strain amplitude. Accurately, 1.5 mL of the pre-
pared hydrogel was put into the sample holder for the
analysis, and greater than 1000 pm of gap was always
stretched to the hydrogel group relaxed until equilibrium.
All the measurements were conducted at different tem-
peratures from 25°C to 45°C at a rate of 1°C/min. For
dependence of isothermal frequency, G' and G” were
determined in the range of 0.1 to 100 Hz at constant
strain (1%) and temperature (37°C).

2.8 | Invitro analyses
2.8.1 | Invitro cell compatibility on the
hydrogel scaffolds

In vitro cell cytotoxicity of the prepared injectable hydro-
gel scaffold was performed on the cell lines of BMSCs
and human fibroblast (1.929) for 5 days as previous proto-
cols with minor modifications.*>** The hydrogel extract
was prepared by adding hydrogel (0.5 g/mL) with dis-
tilled water and incubated at 37°C for 24 hours. The
hydrogel extract was sterilised and added into the con-
centrated culture media (RPMI-1640; Gibco) containing
calf serum (6 vol%; Gibco) to obtain clear hydrogel
(100%) extract. The selected cell lines of BMSCs and 1929
were independently cultured onto 96-well plates at 5000
cell numbers per well with the addition of mentioned cul-
ture media and incubated at humidified conditions at
37°C/5% CO, for 12 hours. After that, different sample
extracts were replaced with culture media of the cells and
incubated for 48 hours and observed cell viability using
MTT assay method as previous reports.*’ Briefly, after
completion of incubated time, the hydrogel treated cell
culture media was removed and washed with fresh
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RPMI-1640 media. Then, MTT solution (10 pL; 5 mg/mL)
was added to the treated culture of each well. Finally,
SDS (100 pL; 10 wt%) and HCI (0.01 M) mixed solution
was added to the MTT treated culture after 4 hours and
incubated for 12 hours. The quantitative cell survival rate
was measured by optical density using a microplate
reader at a wavelength of 570 nm. Meanwhile, cell viabil-
ity of main composited hydrogel was observed in differ-
ent concentrations (0, 12.5, 25, 50, 100, 200 pg/mL) at
humidified conditions of 37°C/5% CO, for 48 hours. The
cell proliferations morphology and proliferation rate were
evaluated by the same protocol as mentioned above for
different time periods (1, 3 and 5 days). The morphology
of the BMSCs and 1929 cells were observed by optical
microscopic images.

2.8.2 | BMSCs encapsulated hydrogel vesicle
The prepared blended hydrogel solution was taken into a
glass-bottom dish and loaded with cell suspension
(2 x 10° cells/mL) in proper biological conditions. Then,
the culture medium was added into the glass-dish and
incubated under the suitable humidified incubation con-
dition (37°C, 5% CO,) with proper replacement of culture
media for every 2 to 3 days. After 12 days, the prolifera-
tion of the BMSCs into hydrogel was observed by CLSM
microscopic technique before use for in vivo analyses.

2.8.3 | Gene expressions by RT-qPCR

The TRIZOL Reagent (Invitrogen) was used to hom-
ogenising all RNA isolated from cells presented in the
hydrogel group and then Qiagen RNeasy Plus Mini Kit
was used for RNA purification. After that, reverse tran-
scription process was performed via SuperScript cDNA
synthesis kit (VILO; Invitrogen) as systematically
followed by manufactures instructions. The Applied Bio-
systems manufactured SYBR Green Reaction Mix and
thermocycler (StepOne-Plus) was used to perform real-
time PCR. Finally, the levels of gene expressions (Sox
9, col IT & X, MMP-13) and aggrecan were quantitatively
observed and graphed using GraphPad Prism software.
All the observed values were normalised to RPL13A ribo-
somal protein by using the Ct method.

2.9 | Invivo effect of hydrogel groups on
cartilage defect

In vivo cartilage repair potential of the developed
hydrogel groups in the presence and absence of
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BMSCs were used using SD rat articular cartilage
defect model, and all the animal protocols were
approved by Institutional Animal Research Committee
of the Nanjing Medical University, PR China. To
examine the cartilage repair therapeutic potential of
hydrogel groups with BMSCs transplantations, SD rats
(Male; 160-200 g; n = 24) were randomly divided into
four groups and even six animals assigned per group
as follows; Group (i) control (saline) (n = 6), Group
(ii) SF/PCS hydrogel (n = 6), Group (iii) TGF-p1-SF/
PCS (n = 6) and Group (iv) BMSCs@ TGF-p1-SF/PCS
(n = 6). The respective grouped samples were system-
atically injected into the defect site with proper surgi-
cal procedures. After 6 and 12 weeks, all the rats were
sacrificed with anaesthesia (overdose), and treated carti-
lage joint was harvested methodically for further analyses.
The harvested specimens were fixed with formalin (10%)
for 1 day, and then EDTA (15%) was used for the decalcifi-
cation process. After that, decalcified samples were fixed
onto a piece of paraffin film (5 pm) section. Finally, the
samples were stained with haematoxylin and eosin (H &
E) and Masson's trichrome (MTS) staining and visualised
with Olympus microscopic technique with charge-coupled
device camera.

2.10 | Statistical analysis

The microscopic analyses were observed by triple investi-
gate persons who were completely blinded to the groups.
All quantitative analysis data are presented as mean ()
standard deviation. The statistical differences of the indi-
vidual data groups were performed via one-way ANOVA
and Tukey's post-analysis. The analysis of data was
assessed through GraphPad Prism software, and statisti-
cal significance was considered with a P value of less
than .05 (P > .05) (Figure 1).

Lyophilised Hydrogel
Structure

SF/PCS Blend
With GP

SF/PCS Blend

& - TGF-B1

FIGURE 1

3 | RESULTS AND DISCUSSION

The chemical structural composition, phase purity and
crystalline behaviours of the prepared hydrogel scaffolds
and bare SF and CS components were examined by FT-
IR and XRD analysis techniques (Figure 2). As shown in
Figure 2A, SF/PCS hydrogel displays an absorption band
of amide stretching vibrations at 1732 cm ™!, which was
the increasing intensity with the addition of GP and
EDC/NHS cross-linking agent demonstrating that forma-
tion of successful chemical bonding between SF and CS
polymeric molecules. The characteristic peaks at the
regions of 1541 and 1652 cm ' corresponded to the
absorption of random coil and a-helix, respectively, in
the blended SF/PCS hydrogel group, which was reduced
compared with the pure SF group. Meanwhile, well-
defined peak was observed at ranges between 1633 and
1640 cm™! is attributed to the amide I band, which dem-
onstrates the stable p-folding structure of SF molecules.
This observation confirmed that the blended SF/PCS
hydrogel group with GP component had been promi-
nently modified from the unstable random coil and
a-helix structure of SF to an effective and stable p-folding
structure of fibroin blended with PCS polymeric net-
work.*® Besides, XRD analysis (Figure 2B) of CS hydrogel
group displayed notably weak characteristic diffraction
bands at 10.12°, 19.34° and 21.54°, and bare SF and
SF/PCS blended hydrogel displayed a characteristic peak
at 20 = 20.8. The results of the XRD pattern investigation
demonstrated that blended SF/PCS have a higher degree
of crystalline property and formation of a stable p-folding
structure with increasing intensity when compared with
the bare CS and SF materials. Consequently, blending of
CS molecules could support the crystalline behaviour of
SF by modulating random curls into the highly stable
B-folding structure, which promotes hydrogels' structural
stability.*’

TGF-B1 & BMSCs
embedded Hydrogel

Defected Cartilage Site
onKnee Joint

Regenerated Cartilage
Model

8 =.BMSCs

Schematic illustration of BMSCs and TGF-p1 encapsulated SF/PCS injectable hydrogel for cartilage repair application
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The morphological microstructure of the lyophilised
hydrogel groups was investigated by scanning electron
microscopic technique, which exhibits well-distributed
and interconnected porous surface as shown in Figure 3A.
The results demonstrate that incorporation of GP solution
and blending ratios of SF and PCS have been significantly
influenced by the structure of the hydrogel network and
rapidly affected the morphological nature and microstruc-
ture of the SF/PCS hydrogel scaffolds. Furthermore, the
morphology of the hydrogel was strongly connected to the

P - WwWiLEy-L

optimised proportion of SF and PCS polymers at suitable
concentrations, which was used in the hydrogel prepara-
tion method. The prepared SF/PCS hydrogel scaffold with
optimal composition had a favourable average porous size
of 38.45 + 3.55 pm (Figure 3B) that would be greatly suit-
able for cell compatibility, adhesion and proliferations,
meanwhile support effective metabolite and nutrient diffu-
sion to the cells.

Generally, prepared hydrogels applied for the tissue
engineering application, specifically in the treatment of
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purity of CS, RSF, PCS and SF/PCS
were evaluated by FT-IR (A) and
XRD (B) spectroscopic analyses
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The morphological and interconnected structure of prepared hydrogel groups with different blending ratios were observed

and visualised by SEM analysis (A). Porosity (B), swelling ratio (C) and water uptake ratio (D) of different hydrogel groups were presented
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FIGURE 4 The evaluations of compressive stress-strain curve (A), compressive strength (D) and compressive modulus (C) of the
blended SF/PCS hydrogel groups were exhibited to show mechanical ability and suitability of the scaffolding material

cartilage repair, should be stable and maintain respective
microenvironment in the defect site for the cell adhesion
and have the ability to effective tissue regeneration prop-
erties. The swelling properties of the prepared blended
hydrogel samples after being immersed into the PBS
medium at suitable biological conditions (37°C) for
24 hours as shown in Figure 3C. The observed results
exhibited blended hydrogel group (IV) has greater equili-
brated swelling rate and water uptake ability in the per-
centage of 94.80% and 90.76%, respectively, indicating that
blended hydrogel has prominent suitability water-holding
capability. Frequently, when the incorporation of GP with
EDC-NHS cross-linking agents was gradually increased
swelling ratio, which also supported the formation of effec-
tive blended hydrogels. As described above, the distribu-
tion of GP and increasing concentration of CS molecules
into the blending hydrogel have improved cross-linking
density, suitable porous size and stable network, which
would induce the water diffusion into hydrogels.**

The favourable and improved mechanical strength of
the hydrogel is important for the tissue engineering appli-
cation because hydrogel is required to maintain their
structural integrity and also to withstand host responding
forces by surrounding tissues.*® Hence, stress-stain curve,
compressive strength and compressive modulus were
investigated for the developed hydrogel groups, as
exhibited in Figure 4. It was distinguished that the chang-
ing blending ratios of the polymeric groups significantly
influenced their mechanical properties, as shown in dia-
grams. Predominantly, compared with Group (I), the
blended hydrogel of SF/PCS (Group IV) exhibited out-
standing improvement in compressive elastic modulus
and compressive strength because of effective cross-
linking density of GP and CS molecules as displayed in
Figure 4B,C.

Naturally, the optimised composition of the thermal-
sensitive injectable hydrogel is a main factor to maintain

their gelation and injectability properties with physiologi-
cal temperature, as shown in Figure 5. The results
exhibited that increasing concentration of GP into the
SF/PCS blended hydrogel has greatly influenced gelation
time, elastic modulus (G') and viscous modulus (G”)
behaviours at neutral pH value. The SF/PCS and
SF/PCS/GP(i) hydrogel groups exhibited weak elastic
modulus (G") and viscous modulus (G”) when increasing
temperature from 25°C to 37°C and juncture of G’ and
G" having a G’ < G” feature, signifying their viscous abil-
ity. The G’ and G” curves of hydrogel groups of SF/PCS/
GP (ii) and SF/PCS/GP (iii) have noted that smaller gap
between them when compared with other groups, which
confirms that increasing concentration of GP molecules
would improve the elasticity of the blended hydrogel
group. The data exhibited that incipient gelling tempera-
ture (T;) of the prepared hydrogel groups was differenti-
ated depending on the amount of GP incorporated into
the hydrogel. The T; of the SF/PCS/GP group was about
35°C, which exhibits higher than that of other hydrogel
groups, demonstrating that the increasing concentrated
incorporation of GP have well-maintained and permitting
their gelling temperature to be closer to the physiological
temperature. The results presented in Figure 1 is also
supported that SF/PCS/GP (ii) and SF/PCS/GP (iii) have
reduced gelation time when compared with the SF/PCS/
GP (i) hydrogel group because of the influences of higher
content of thermosensitive GP molecules. These observed
rheological results established that increasing suitable
concentration of GP greatly influenced their gelation
time and were significantly able to form gel when
reaching physiological temperature.**

The biodegradation property of the prepared inject-
able hydrogel groups is very prominent and highly
related to the activity in tissue engineering applications.
The suitable speed of biodegradation of the implanted
scaffolds would favour drug/cell delivery and new tissue
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FIGURE 5 The rheological measurements (storage modulus and loss modulus) of the prepared hydrogel with different blending ratios

in different temperatures from 25°C to 45°C

formation. In the present study, the degradation ability of
the hydrogel groups was investigated by using biological
PBS solution in the presence and absence of protease XIV
and lysozyme, which may be similar to the physiological
conditions of human body fluid, as shown in Figure 6A,
B. The SF/PCS scaffold without GP has low biodegrada-
tion properties with weight remaining of 85.3% and 90.5%
in the PBS medium with and without protease enzyme,
respectively, for 8 weeks. Nonetheless, SF/PCS injectable
hydrogel groups with GP have significant biodegradation
rate of 20.63%, 60.6%, 52.6% and 43.7% for SF/PCS
Group [, II, III and IV, respectively, and groups respec-
tively in PBS medium with protease enzyme, which has
higher degradation behaviour compared with the PBS
medium without protease enzyme. These observations
have strongly supported to confirm the incorporation of
GP influenced to biodegradation of SF/PCS blended
hydrogel groups. In addition, the degradation behaviour
of the SF/PCS hydrogel could be tunable by adjusting the
concentration of GP based on application purpose.

Therefore, the favourable in vitro degradation ability of
the injectable hydrogel materials in the PBS with prote-
ase enzyme could be prominently used to expect in vivo
biodegradability and confirms that the hydrogel material
can gradually disappear from the body after affecting its
function.”’

In vitro cytocompatibility is one of the significant bio-
logical factors to investigate the suitability of implant
material for biomedical purposes. Importantly, implant
materials for tissue engineering applications should not
show any toxicity to the tissue site normal human cells.
As previously reported studies, the preparation of
implanted materials using SF and CS components would
not show any toxicity and might enhance the cell com-
patibility with improved cell growth and prolifera-
tion.***** In the present study, in vitro cell survival of
prepared hydrogel groups was used on two different
kinds of cells (BMSCs and L929) using MTT assay for
24 hours of incubation (Figure 7). The presented results
confirmed that all hydrogel groups have cell survival rate
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between 85% and 100% for 1929 cells, and BMSCs have
ranged between 90% and 100%, demonstrating that incor-
poration of GP with higher concentration does not pro-
vide toxicity to the cells. The cell viability (%) reduction
differences between control and treated samples by >30%
was represented as a more toxic effect according to ISO
10993-5 in vitro cytotoxicity standard. Therefore, all the
hydrogel groups have no toxicity on BMSCs and 1929 cell
lines. Additionally, the main sample of implantation
TGF-p1-Group (IV) was performed on respective cell
lines (BMSCs and L929) in different concentrations
(0, 50, 100, 150, 200 and 250 pg/mL), exhibited that little
toxicity with reasonable cell compatibility with increasing
concentrations, indicating that prepared injectable hydro-
gel group greatly suitable for cell loading and delivery
into the defect site for tissue engineering applications.
Figure 7A exhibits the respective fluorescence micro-
scopic images of BMSCs cell growth on the different
hydrogel surfaces. As presented in images, the BMSCs
were proliferated and adhered well onto the hydrogel sur-
faces and exhibited typical and elongated morphology
when increasing incubation days to 14 days. Specifically,
TGF-p1@Group (IV) hydrogel group has greater cell pro-
liferation ability compared with the other hydrogel
groups, demonstrating that incorporation of TGF-f1
would provide essential components for cell proliferation
and differentiation. Biocompatibility is very important for
prepared hydrogel scaffolds, which are fabricated for cel-
lular delivery and bioengineered tissue regeneration
applications. The improved cell compatibility properties
of the blended SF/PCS hydrogel groups might be mainly
because of the high hydrophilic ability and existence of
RGD sequences of silk fibroin polymeric groups. In addi-
tion, large number of cationic sites presented CS molecules
blended to SF network would influence the cell adhesion
and proliferation on hydrogel groups because of the
favourable electrostatic interactions between negatively

charged groups of cell and positively charged amino
groups of CS polymer. As previously reported, SF/CS
blended hydrogel has been demonstrated for the greater
cell survival ability and uniform cell distributions because
of the directional flow of media that replaces nutrients and
supports cell proliferation that resulted in existing surface
of the scaffold. The cell compatibility results of the present
investigation demonstrated that blended hydrogel groups
have enhanced cell survival proliferation of BMSCs, which
may be because of the amended hydrophilicity of the
blended hydrogel samples. In addition, previous reports
established that blended hydrogels have played outstand-
ing therapeutic potential in cartilage tissue engineering
applications through the introduction of stem cells and
their polymeric components with exceeding swollen net-
work, allowing required nutrients and biological factors to
cell growth. The fabricated SF/CS blended hydrogel
groups have extraordinary cell compatibility and chemistry
versatility to facilitate BMSCs cell adhesion, proliferation
and matrix production.

The prepared SF/PCS blended hydrogels with GP are
capable of indorsing and preserving the matrix deposition
and cell phenotype in vitro and in vivo after implanta-
tion. The presentations of TGF-p1 and BMSCs into the
hydrogel greatly prompted the up-regulation of cartilage-
specific gene expressions that have been established in
previously reported works.>**° The gene expression levels
of BMSCs loaded with hydrogels were seeded in a
chondrogenic differentiation medium, and gene expres-
sion levels were examined at different post-encapsulation
time periods (14 and 28 days) under qRT-PCR method
(Figure 8). The results exhibited that the developed
hydrogel groups have significant up-regulation of
cartilage-specific genes, including aggrecan (AGG), colla-
gen type II (COL II) and SOX-9. The SOX-9 transcription
factor is a well-known early stage chondrogenic marker,
and its expression level was significantly increased for



ZHENG ET AL.

(A) Group (1) Group (I1)

L929

BMSCs

Group (Ill)

(B) 120

mm rBMSCs mm L929 ns

100+

«®
o
1

Cell Viability (%)
& 8

Q S N 3 )
N S S & S
N R R R R
o K
[ © © o o>
© [ o ©o‘
&
P’

FIGURE 7

P WiLEy- L=

TGF-B1@Group (IV)

Group (IV)

120- ™= BMSCsmm L929

404

Cell Viability (%)

0 50 100 150 200 250

Concentration (pg/mL)

In vitro qualitative (A) and quantitative (B and C) evaluations of cell compatibility of hydrogel groups on BMSCs and L929

fibroblast cell lines incubated for 24 hours; (A) Fluorescence microscopic observation of BMSCs and 1929 proliferations after 24 hours

incubation with different hydrogel groups, (Scale bar = 20 pm) (B) quantitative observation of cell survival rate (%) treated with different
hydrogel groups under MTT assay and (C) cell survival rate (%) treated with increasing concentrations of TGF-p1@SF/PCS hydrogel after

24 hours incubation time

TGF-p1@Group (IV) and BMSCs/TGF-pl@ Group
(IV) when compared with the chondrogenic model (con-
trol). As previous reports, SOX-9 is a vital transcription
factor, which has been greatly influenced in the mecha-
nism of chondrogenesis and also involved in condensa-
tion of mesenchymal cells and inhibition of cartilage
hypertrophy. Additionally, increased expressions of
SOX-9 would be activation to different genes of cho-
ndrocytes proliferation, including COL II, COL IX, COL
XI and AGG.”*>" The expression levels of COL II and
AGG were also increased suggestively, demonstrating the
considerable gene-related matrix production and effective
cartilage-specific ECM deposition. Importantly, increas-
ing inflammation is a general complication for articular
cartilage defect patients. Hence, producing lower expres-
sions of inflammation-related genes (IL-1p and IL-6)
could make possibilities to abridge in vivo cartilage deg-
radation because increasing expressions of I1L-6 would

play a key role in cartilage catabolism. The results
exhibited that the expression levels of inflammation-
related factors (IL-1p and IL-6) were considerably
down-regulated when compared with the control group
after 14 and 28 days of incubation. Overall, observed
results established that BMSCs embedded TGF-
f1@Group (IV) hydrogel has up-regulated functions in
cartilage-related genes and down-regulated activity in
inflammation-based genes, which confirmed that pre-
pared hydrogel can be greatly suitable for the cartilage-
regeneration treatment.

The therapeutic potential of the injectable hydrogels
scaffold in cartilage regeneration was investigated by the
injection of partial-thickness cartilage defect on knees of
SD rat models. The treated animal models did not express
any complications such as inflammation and rejection
responses during postoperative periods. Additionally, the
incised skin sites were healed rapidly, and all models
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endured in healthy condition. Then, we examined the
treated models to show cartilage-regeneration capability of
the injectable hydrogel under microscopic histological
observations and histological score assessments. The quali-
tative and quantitative assessments of treated cartilage
defects were measured by histological observations and
markings of regeneration percentages, respectively, which
was supportive of demonstrating repair efficiency of
implant substitutes as shown in Figures 9 to 11. The H&E
staining (Figure 9) and MTS staining (Figure 10) observa-
tions of BMSCs loaded TGF-f1@Group (IV) hydrogel
group exhibited freshly formed cartilage cells and signifi-
cantly distributed on the defect sites when compared with
the control group at 6 weeks of postoperative period. The
defect groups of developed hydrogel group with and with-
out BMSCs could display some chondrocyte cells. Addi-
tionally, it is interesting to observe that BMSCs loaded
TGF-f1@ Group (IV) hydrogel group effectively regrows
cartilage layer on the defect site and as well exhibited
repaired hyaline cartilage with the subchondral bone.
Consequently, the control group had limited repair ability,
and controlled fibrocartilage cells appeared after 6 weeks
of postoperative period. Furthermore, it is worth observing
that the BMSCs embedded TGF-f1@ Group (IV) hydrogel

group provide an effective regeneration of subchondral
bone, chondrocytes and superior junctions between natu-
ral cartilage and newly formed regenerated cartilage at
12 weeks of postoperative period. The histopathological
results of H&E and MTS staining confirmed that blended
hydrogel group with BMSCs delivery exhibited a suitable
cell MSCs carrier and provided successful regeneration
ability to cartilage defect repair.

In addition, the volume of newly formed cartilage
and subchondral bone were quantitatively analysed, as
shown in Figure 11. The percentage of newly formed car-
tilage of TGF-p1@ Group (IV) and BMSCs loaded TGF-
f1@ Group (IV) hydrogel groups were 45.34% and
54.34 at 6 weeks post-implantation period. The bone vol-
ume percentages of these treated TGF-p1@ Group
(IV) hydrogel groups with and without BMSCs were
promisingly progressed to 97.87% and 80.89% after
12 weeks of post-implantation, which regenerated the
maximum area of the defect site compared with the con-
trol group (Figure 11A). The measurement of the histo-
logical score was examined by different features
including surface regularity, cell morphology and matrix
staining, integration of donor with host cartilage tissue,
defect filling and reconstruction of subchondral bone.
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FIGURE 9 Histological
(H&E staining) observation of
in vivo cartilage defect treated
with BMSCs and TGF-f1
embedded SF/PCS hydrogel
groups at 6, 12 and 18 weeks of
postoperative period;
Magnification = x40

FIGURE 10 Histological
(MTS) observation of in vivo
cartilage defect treated with
BMSCs and TGF-f1 embedded
SF/PCS hydrogel groups at

6, 12 and 18 weeks of
postoperative period;
Magnification = x40
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The histological score value of BMSCs loaded TGF-  favourable performance than the control group as
B1@Group (IV) hydrogel group was decreased when  exhibited in Figure 11B. Furthermore, there are no statisti-
increasing postoperative time, which demonstrates devel- cal differences between TGF-p1@ Group (IV) and BMSCs
oped hydrogel groups have superior histological score and loaded TGF-p1@ Group (IV) groups. Andrew M.A et al.,
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reported that human ASC-encapsulated CS/SF blended
hydrogel acts as cytoprosthetic hybrid and has effective
stem cells differentiation, which provides support to
cutaneous wound healing applications. Jingjing wu
et al, demonstrated that hydroxyapatite-loaded CS/SF
injectable hydrogel has therapeutic potential with
injectability, improved mechanical characteristics and
degradation tolerance. Nandana et al., blended SF/CS
hydrogel, which has strong in vitro chondrogenesis sup-
port of MSCs and greater cell attachment, proliferation
and differentiation, reported enhanced cartilage repair.
Parinita et al, reported that human MSCs encapsulated
CS/SF with glucosamine was successfully established
for cartilage construct with suitable hMSCs differentia-
tion to chondrocytes of cartilage-regeneration treat-
ment. The observed results demonstrated that the
hydrogel scaffolding materials with and without BMSCs
have played a prominent role in articular cartilage
defect repair. Additionally, the developed hydrogel
structure may improve survival, and effective carrier of
the BMSCs could greatly influence the chondrogenic dif-
ferentiation. Meanwhile, the hydrogel was suitably
degraded along with cell delivery to the defect site and
favourably accepted by the body microenvironment, and
a new cartilage formed instead of the hydrogel.

4 | CONCLUSION

In summary, we established the suitability of SF blended
polylysine-chitosan injectable hydrogel scaffold using
glycerophosphate as a thermal-sensitive agent for effective
stem cell carrier in the articular cartilage-regeneration
treatment. This novel approach of biopolymeric injectable
hydrogel scaffold might be valuable to provide therapeutic
potential in cartilage defect repair and regeneration of

cartilage layer through minimally invasive way. The
blended hydrogel scaffolds with different blending ratios
have prominent advantages, including well-organised
porous structure, smooth morphology, enhanced rheologi-
cal and mechanical properties and suitable biodegradabil-
ity behaviours. BMSCs cultured on the injectable hydrogel
could effectively proliferate cells into their favourable
microenvironment and also provide survival ability of the
cells. Then, the regeneration ability of the TGF-f1@
Group (IV) hydrogel loaded with BMSCs was examined
using histological observation of partial-thickness cartilage
defect in an SD rat model. Overall, the results demon-
strated that the blended hydrogel with TGF-p1 and BMSCs
could be a promising substrate for articular cartilage
repair.
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