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hydrogel for enhanced cranial defect repair
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Abstract

The reconstruction of critical-size calvarial defects remains a fundamental challenge. Recombinant collagen

has gained significant attention in bone tissue engineering owing to its remarkable bioactivity and non-immuno-
genicity. Herein, we have for the first time developed a bioactive poly(ethylene glycol)-chondroitin sulfate-triple
helical recombinant collagen (PEG-ChS-THRC) hydrogel for enhanced bone regeneration in cranial defects. A sim-

ple and mild crosslinking reaction of two-arm polyethylene glycol active ester (NHS-PEG-NHS), adipic dihydrazide
modified chondroitin sulfate (ChS-ADH) and triple helical recombinant collagen (THRC) leads to the formation

of the PEG-ChS-THRC hydrogel. The hydrogel demonstrates interconnected porous structures, enhanced mechani-
cal strength, diminished swelling ratios and adjustable biodegradability. It possesses exceptional biocompatibility
and bioactivity, significantly facilitating cell proliferation, adhesion, migration, and osteogenic differentiation of BMSCs.
Micro-computed tomography (micro-CT), magnetic resonance imaging (MRI) and histological characterization of rat
models with critical-size cranial defects have consistently demonstrated that the PEG-ChS-THRC hydrogel significantly
promotes bone tissues regeneration. The innovative bioactive scaffold provides a remarkably improved remedy

for critical-size cranial defects, holding greatly promising applications in the fields of bone tissue regeneration.
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1 Introduction
Calvarial defects pose significant reconstructive chal-
lenges stemming from various etiologies, including
traumatic brain injury, cerebrovascular disease, onco-
logic resection, and congenital anomalies [1, 2]. Despite
the innate regenerative potential of craniofacial bone,
it is incapable of spontaneously repairing significant or
critical-sized defects [3]. Current surgical interventions
involving autografts and allografts are hindered by sig-
nificant drawbacks, including limited accessibility, donor
site morbidity, pathogen transmission, and immunologi-
cal rejection [4—6]. Commonly used substitutes, such as
titanium mesh and polyether ether ketone, suffer from
poor osteointegration and limited biologic activity [7].
Hydrogels have garnered significant attention as scaf-
folds for tissue engineering to address calvarial defects,
owing to their adaptable physicochemical properties

[8-10]. Poly(ethylene glycol) (PEG) has been extensively
employed in the fabrication of hydrogels due to its supe-
rior mechanical characteristics [11, 12]. Poly(ethylene
glycol)-diacrylate and poly(ethylene glycol)-dithiothreitol
hydrogels have been investigated for the treatment of
calvarial defects [13, 14]. Nevertheless, their subpar bio-
compatibility and limited biodegradability may poten-
tially hinder their therapeutic effectiveness. Various
natural polymers, such as chondroitin sulfate and sodium
alginate, have been integrated into poly(ethylene glycol)
hydrogel to modulate its structural, mechanical, and bio-
logical attributes [15, 16]. However, the intricate prepa-
ration process and constrained bioactivity might restrict
their clinical utility.

Collagen, the principal constituent of natural bone,
has been explored for the fabrication of these hydrogels
thanks to its remarkable biocompatibility, exceptional
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bioactivity, and suitable biodegradability [17-19]. Unlike
the traditional utilization of animal-derived collagen,
recombinant collagen presents notable advantages,
encompassing non-immunogenicity, diminished risk
of viral infection, and consistent quality [20-22]. Nev-
ertheless, the advancement of recombinant collagen-
based hydrogel for cranial defect repair has scarcely been
reported.

Herein, we have for the first time developed a bioac-
tive poly(ethylene glycol)-chondroitin sulfate-triple heli-
cal recombinant collagen (PEG-ChS-THRC) hydrogel
for enhanced cranial defect repair. The PEG-ChS-THRC
hydrogel was fabricated via a simple crosslinking strategy
of two-arm polyethylene glycol active ester (NHS-PEG-
NHS), adipic dihydrazide modified chondroitin sulfate
(ChS-ADH) and triple helical recombinant collagen
(THRC). The hydrogel displayed various adjustable prop-
erties including porous structure, mechanical strength,
swelling ratios and degradation of collagenase, while also
exhibiting a remarkable ability to enhance cell prolifera-
tion, adhesion, and osteogenic differentiation of BMSCs.
In rat models of critical-size cranial defects, the PEG-
ChS-THRC hydrogel has significantly accelerated cranial
regeneration compared with poly(ethylene glycol)-chon-
droitin sulfate (PEG-ChS) hydrogels. This advanced
hydrogel provides a highly efficient treatment of critical-
size cranial defects, suggesting its potential applications
in the realms of orthopedics and plastics.

2 Experimental section

2.1 Materials

Chondroitin sulfate (ChS, 50-100 kDa) was purchased
from Sangon Biotech (Shanghai, China). Adipic acid
dihydrazide (ADH) and N-hydroxysuccinimide (NHS)
were obtained from Xiya Reagent (Chengdu, China).
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC) was procured from Aladdin (Shang-
hai, China). Two-arm polyethylene glycol active ester
(NHS-PEG-NHS, 10 kDa) with substitution (\H NMR)
-NHS of 98% was acquired from Ponsure Biotechnol-
ogy (Shanghai, China). Sodium hydroxide was purchased
from Tianjin Damao Chemical Reagent Factory. Sodium
dihydrogen phosphate and disodium hydrogen phos-
phate were obtained from Sinopharm Chemical Reagent
Co., Ltd.

2.2 Preparation and characterization of THRC

Triple helical recombinant collagen (THRC) was
expressed in the E. coli BL21 strain according to estab-
lished protocols [23]. In brief, E. coli cells were seeded in
the 50 mL Luria-Bertani media augmented with 100 pg/
mL ampicillin overnight at 37 °C, and subsequently
scaled up to 1 L Luria-Bertani media. When the OD¢jo,m
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of the media reached 0.8, the addition of isopropyl beta-
D-thiogalactopyranoside (IPTG, 1 mM) was employed to
induce protein expression at 25 °C. After overnight incu-
bation, the collected E. coli cells were resuspended in 20
mM sodium phosphate buffer (pH 7.4) containing 0.5 M
NaCl and 30 mM imidazole, and underwent ultrasound-
induced disruption. The harvested supernatant was sub-
jected to Ni-NTA-Sepharose column purification with 20
mM sodium phosphate buffer (pH 7.4) including 0.5 M
NaCl and 0.5 M imidazole. The purified protein under-
went trypsin digestion at 28 °C for 24 h and was subse-
quently dialyzed against 20 mM PBS buffer (pH 7.4). The
resulting THRC was lyophilized and stored at -20 °C for
future applications.

The purity of THRC was validated through sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Circular dichroism (CD) spectra were acquired
using a J1500 spectrophotometer (JASCO, Japan). Wave-
length scans spanning 190 to 300 nm were registered at
4 °C, with a precision of 0.5 nm per increment. The ther-
mal transition was discerned by measuring the intensity
of the CD peak at 225 nm, as the temperature increased
gradually from 5 to 60 °C. The heating protocol main-
tained an average rate of 0.5 °C/min, and an equilibration
period of 2 min. The determination of the melting tem-
perature (Tm) was derived from the extrema of the first
derivative.

2.3 Synthesis and characterization of ChS-ADH

The chondroitin sulfate-adipic dihydrazide (ChS-ADH)
was synthesized following a previously reported method
[24]. Briefly, 1 g chondroitin sulfate (ChS) was dissolved
in 500 mL of ultrapure water, and thoroughly blended
with 0.47 g EDC and 0.35 g NHS. The mixture was incu-
bated for 30 min after adjusting the pH to 5.5 by drop-
wise addition of HCL Subsequently, 3.2 g of ADH was
added, and the pH was readjusted to 6.0 with NaOH. The
resulting mixture was shaken at room temperature for
24 h. The resulting ChS-ADH was dialyzed, lyophilized
and stored at -20 °C for future use. The modification level
of ChS by ADH was determined by 'H NMR spectra in
deuterium oxide (D,0O) using a JNM-ECS400M Spec-
trometer (JEOL, Japan).

2.4 Preparation and characterization of PEG-ChS
and PEG-ChS-THRC hydrogels

NHS-PEG-NHS and ChS-ADH were dissolved as
160 mg/mL and 100 mg/mL solutions in 0.9% saline,
respectively. 500 pL of NHS-PEG-NHS were mixed with
500 pL of ChS-ADH, and gently stirred at room tempera-
ture. PEG-ChS hydrogel was formed after incubation for
15 min. Additionally, 20 mg, 40 mg, and 80 mg of lyo-
philized THRC were dissolved in the 500 puL of 100 mg/
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mL ChS-ADH solution, yielding a series of mixtures of
ChS-ADH and THRC. 500 pL of 160 mg/mL NHS-PEG-
NHS solution was added to the mixtures of ChS-ADH
and THRC, and ultimately resulting in the formation of
PEG-ChS-THRC,;,, PEG-ChS-THRC,, and PEG-ChS-
THRC,, hydrogel after incubation for 15 min at room
temperature.

Fourier transform infrared (FT-IR) spectroscopy was
conducted using a Nicolet NEXUS 670 FTIR spectrome-
ter ranging from 400 to 4000 cm™. The freeze-dried sam-
ples, including ChS, THRC, ChS-ADH, NHS-PEG-NHS,
and PEG-ChS-THRC, were mixed and ground with KBr
in a mass ratio of 1:100, respectively. The resulting homo-
geneous powders were then compressed into a trans-
parent sheet using a tablet press for subsequent FTIR
analysis.

The morphology of the PEG-ChS and PEG-ChS-THRC
hydrogels was examined with a Hitachi S-4800 scanning
electron microscope (Hitachi Limited, Japan) operat-
ing at 5.0 kV. To enhance conductivity, the freeze-dried
hydrogels were meticulously positioned in an ion sput-
terer (Hitachi, Japan) for gold spraying before imaging.
The pore sizes for freeze-dried hydrogels were analyzed
using Image ] software, with a mean value of three
images.

Rheological tests were carried out using an Anton Paar
rheometer at room temperature. The PEG-ChS, PEG-
ChS-THRC,,, PEG-ChS-THRC,,, and PEG-ChS-THRC,,
hydrogels were prepared respectively, and then placed in
the center of a 15 mm diameter parallel plate. Frequency-
dependent rheological behaviors were examined through
oscillation frequency measurements with a 1% strain,
while strain-dependent oscillatory rheology was per-
formed at a 1 Hz frequency.

The lyophilized hydrogel specimens (PEG-ChS,
PEG-ChS-THRC,;,, PEG-ChS-THRC,, and PEG-ChS-
THRC,,) were initially weighed (m,, g) and subsequently
immersed in a PBS solution. At designated time inter-
vals, the specimens were extracted from the PBS solu-
tion, eliminated surplus water, and then re-weighed (m,,
g). The swelling rate (SR) was calculated employing the
equation: SR (g/g) = (m, - m,) / m,,

The freeze-dried hydrogels (PEG-ChS, PEG-ChS-
THRC,,, PEG-ChS-THRC,;, and PEG-ChS-THRC,,)
were initially weighed (m,, mg) and subsequently exposed
to a TES buffer (1lmM CaCl,, pH 7.4) containing 10 U/
mL of collagenases at 37 “C, respectively. To uphold con-
sistent enzyme activity, the collagenase solution under-
went replacement once daily. At various time intervals,
the specimens were extracted from the collagenase solu-
tion and rinsed thrice with deionized water. The residual
weights (m,, mg) of the specimens were determined after
freeze-drying. The mass degradation percentage (MD, %)
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was computed using the equation: MD (%) = (m, - m,) /
mg X 100%.

2.5 Cell experiment of PEG-ChS and PEG-ChS-THRC
hydrogels

The second generation of rat bone marrow mesenchy-
mal stem cells (rBMSCs, P2) were obtained from the
Cell Bank of the Chinese Academy of Science (Shanghai,
China), and cultured in a-MEM medium (15% FBS, 1%
penicillin-streptomycin antibiotics) at 37 °C in a 5% CO,
atmosphere. The adherent cells were dissociated into sus-
pension using 0.25% (w/w) trypsin.

100 pL of rBMSCs suspension (1x10° cells/mL) were
added to a 96-well plate and incubated for 24 h. After
removing the culture medium, 100 pL of the extract of
PEG-ChS and PEG-ChS-THPC hydrogels were added
to the wells, while the blank group received a-MEM
medium. Following a 24-hour incubation at 37 °C, 10
uL of CCK-8 was added to each well, and the cells were
cultured for another 30 min at 37 °C. The absorbance at
450 nm was measured using a Tecan Infinite F200/M200
multifunctional microplate reader (Tecan, Mannedorf,
Switzerland).

100 pL of rBMSCs suspension with a density of 1x 10°
cells/mL were added to a 96-well plate and cultured in
cell incubator for 24 h. Subsequently, 100 uL of hydrogel
samples diluted 100 times were added to their respective
wells, while the fresh a-MEM medium was supplemented
into the blank group. After incubation of 1, 3, and 7 days,
10 uL of CCK-8 was added into each well, and then cul-
tured at 37 °C for another 30 min. The absorbance at
450 nm was measured using a Tecan Infinite F200/M200
multifunctional microplate reader (Tecan, Mannedorf,
Switzerland).

The mixture comprising rBMSCs and hydrogel (diluted
100 times) at a density of 1x10° cells/mL was cultured
in a laser confocal dish. Following 7 days of incubation,
the cells underwent fixation in 4% paraformaldehyde
for 15 min, permeabilization with 0.1% Triton X-100
for 5 minutes, and blocking using a 1% BSA solution for
30 min at room temperature. Phalloidin-tetramethylrho-
damine isothiocyanate (Solarbio, China) and Hoechst
33,258 (Solarbio, China) were employed to stain F-actin
and cell nuclei at 37 C, respectively. Ultimately, fluores-
cence images were acquired using laser confocal micros-
copy (Olympus, FV3000, Japan).

Three horizontal lines, spaced at intervals of 0.57! cm,
were drawn along the bottom of a 6-well plate using a
marker pen. rBMSCs with a density of 1x 10° cells per
well were cultured at 37 °C for 24 h. Cell scratches were
created vertically along the horizontal lines at the bot-
tom using a 10 pL pipette tip. After being rinsed with
PBS, 2 mL of hydrogel samples diluted 100 times were
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added into separate wells, followed by an incubation
period at 37 °C for 24 h. The images of cell scratches
were captured at 0 and 24 h using an inverted micro-
scope (Olympus, IX53, Japan).

The suspension of BMSCs and diluted hydrogels
with a density of 1x10° cells/mL were added into the
6-well culture plates, and then incubated for 1, 3 and
7 days, respectively. Subsequently, total RNA was
extracted using an RNA isolation kit (Accurate Biology,
AG21101, China). The expression levels of genes were
analyzed using PrimeScript RT reagent Kit with gDNA
Eraser (Takara, Japan) and TB Green Premix Ex Taq II
(Takara, Japan) as well as Real-Time PCR System (Agi-
lent, Mx 3005P, USA). The relative expression level of
the target genes was calculated by the 2724¢T method,
which was normalized to the expression of a house-
keeping gene (B-actin). The changes of osteogenic genes
were relative to the blank group at day 1. The primer
sequences of osteogenic genes are listed in Table 1.

2.6 Animal model construction and in vivo implantation
The animal study was approved by the Ethics Com-
mittee of the Lanzhou University No.1 Hospital (No.
LDYYLL-2019-271). All the animals were purchased
from Laboratory Animal Center of Lanzhou University
and the animal certification is No. LZU-SD-1206-30.
Prior to surgery, male SPF Sprague Dawley (SD) rats
(250-300 g) were anesthetized with a 10% (w/v) sodium
pentobarbital intraperitoneal injection (0.3 mL/100 g).
The surgical site was shaved and sterilized with iodo-
phor for aseptic conditions. A midline linear incision
on the scalp was made to expose the cranial bone, and
two calvarial defects with 5 mm diameter were meticu-
lously created using a dental drill. Subsequently, PEG-
ChS and PEG-ChS-THPC hydrogels (5 mm diameter,
2 mm thickness) were respectively implanted into the
calvarial defect sites (#=8). Both calvarial defects of
each rat were filled with the identical hydrogel. Con-
trol groups (n=28) received no interventions before
the wounds were sutured. At different time intervals,
rats of each group were euthanized by an overdose of
sodium pentobarbital.

Table 1 Primer sequences of osteogenic genes for RT-qPCR

Gene Forward (5’-3") Reverse (5'-3')

ALP AACCTGACTGACCCTTCCCTCT  TCAATCCTGCCTCCTTCCACTA

Collal ~ GCTTGGTCCACTTGCTTGAAGA  GAGCATTGCCTTTGATTGCTG

Runx-2  AGTAAGAAGAGCCAGGCA GTGTAAGTGAAGGTGGCT
GGTG GGATAG

B-actin - CCCATCTATGAGGGTTACGC TTTAATGTCACGCACGATTTC
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2.7 CT and MRI characterization

CT experiments were conducted using a dual-source
CT scanner (SIEMENS SOMATOM Definition Flash).
The X-ray source voltage was fixed at 120 kVp, and
the tube current was maintained at 5 mA. Image data
(image matrix 480x480%x636) were reconstructed
employing a modified Feldkamp algorithm with a voxel
size of 0.2 mm?® The volumetric scanning technique
was utilized, with a total scan time of 3 mins, an expo-
sure time of 2 s, and a spiral scan pitch of 0.6 mm. The
analysis of the defect areas was conducted utilizing CT-
analyzer software, with the mean value derived from
four images.

MRI scans were executed on a MAGNETOM Skyra
3.0 T magnetic resonance imaging system. T1-weighted
experiments utilized the SE sequence with a TE of 9 ms,
TR of 500 ms, FOV of 100x 100 mm, and a slice thick-
ness of 1 mm. T2-weighted experiments were performed
employing the SE sequence with a TE of 106 ms, TR of
3000 ms, FOV of 80x80 mm, and a slice thickness of
1.5 mm. T2-tirm experiments were conducted using the
TSE sequence with a TE of 86 ms, TR of 8000 ms, FOV of
80 % 80 mm, and a slice thickness of 1 mm.

2.8 Histological analysis

The collected cranial bone samples underwent fixation in
4% paraformaldehyde for 48 h, followed by decalcification
in a Rapid Cal-Immuno decalcification solution for one
week. Subsequently, the samples underwent dehydration
through a gradient of alcohol, paraffin embedding, and
were then sectioned into 8 um slices. Standard Hematox-
ylin-Eosin (H&E) staining protocols were applied to these
tissue slices. The sections underwent dewaxing using a
xylene solution, followed by dehydration using gradient
alcohols and immersion in water. Subsequently, the slices
were stained with a hematoxylin solution for 15 min and
immersed in a differentiation solution for 3 min, fol-
lowed by rinsing in running tap water. Re-staining was
performed using an eosin solution for 2 min, followed by
dehydration in gradient alcohols. Finally, the specimens
were rendered transparent using xylene and sealed with
resinene. Analysis of all histological sections was con-
ducted using a digital image analysis system (Nikon E
600 Microscope with a Nikon Digital Camera DXM 1200,
Nikon Corporation, Japan).

2.9 Statistical analysis

The data were presented as the mean *standard devia-
tion (SD) of three experiments and statistically analyzed
by Student’s t-test. Statistical significance was defined as
*P<0.05, *P<0.01 and ***P<0.001, respectively.
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3 Results and discussion

3.1 Design of PEG-ChS-THRC hydrogel

A bioactive poly(ethylene glycol)-chondroitin sulfate-
triple helical recombinant collagen (PEG-ChS-THRC)
hydrogel has been constructed for enhanced cranial
defect repair (Fig. 1). ChS-ADH was initially synthe-
sized through a condensation reaction involving the
amine groups in adipic dihydrazide (ADH) and the car-
boxyl groups in chondroitin sulfate (ChS). The molecu-
lar structure of triple helical recombinant collagen
(THRC) enriched with amino groups, creating an aus-
picious condition for the occurrence of crosslinking
reactions. The formation of PEG-ChS-THRC hydrogel
was masterminded through the orchestrated covalent
crosslinking of amino groups in ChS-ADH and THRC
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with N-hydroxysuccinimide (NHS) in polyethylene gly-
col active ester (NHS-PEG-NHS). The resulting hydrogel
offered advantageous structural support at the site of cra-
nial defects, while also exhibiting remarkable bioactivity
attributable to the incorporation of THRC. Ultimately,
the bioactive PEG-ChS-THRC hydrogel substantially
facilitated the regeneration of bone tissue, providing
a significant therapeutic avenue for addressing cranial
defects.

3.2 Characterization of THRC and ChS-ADH

The purity and structural integrity of THRC were evalu-
ated using SDS-PAGE analysis and circular dichroism
(CD) spectra. The SDS-PAGE image displayed a dis-
tinct and well-defined band within the 25-35 kDa range

N\ Pes

NHS-PEG-NHS

NH, NH, NH,
/*\(\ @ngm X

THRC

Crosslinking

Hydrogel

Fig. 1 Schematic design of a bioactive PEG-ChS-THRC hydrogel for enhanced cranial defect repair in rats
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for the THRC sample (Fig. 2A), affirming the success-
ful preparation of a highly pure THRC. The CD spectra
of THRC exhibited a characteristic peak at 222 nm and
revealed a melting temperature (Tm) of 33.8 °C (Fig. 2B-
D), providing evidence for the formation of a stable tri-
ple-helical structure in the THRC.

The substitution degree of ChS-ADH was analyzed
by '"H NMR spectroscopy. The 'H NMR spectra of ChS
exhibited a typical peak at 1.81 ppm (peak a, assigned
to the -CH; group), along with multiple peaks span-
ning 3.25-4.65 ppm (peak f, assigned to the protons in
the ChS sugar ring). Meanwhile, distinctive peaks at 2.15
ppm (peaks b, c, assigned to the -CH, group) and 1.40
ppm (peaks d, e, assigned to the -CH, group) were dis-
cerned in ADH (Fig. S1). Notably, the ChS-ADH show-
cased corresponding peaks of both ChS (peaks a and f)
and ADH (peaks b, ¢, and d, e), indicating the successful
conjugation of ADH and ChS (Fig. 2E). The modification
level of ChS-ADH was calculated to be 72%, which was
quantitatively estimated by the integration ratio between
the methylene in ADH (peaks b, ¢, and d, e) and the
N-acetyl group in ChS (peak a).

3.3 Synthesis and characterization of PEG-ChS-THRC
hydrogel

The synthesis of PEG-ChS-THRC hydrogel was per-
formed through a straightforward approach under mild
conditions. Initially, the stock solutions of NHS-PEG-
NHS (160 mg/mL) and ChS-ADH (100 mg/mL) were
prepared in 0.9% saline, respectively. Subsequently,
20 mg, 40 mg and 80 mg of THRC were added to the 500
uL of ChS-ADH solution to create a series of mixtures.
Ultimately, 500 pL of the NHS-PEG-NHS were blended

A B E

THRC
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M
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with each mixture, culminating in the formation of PEG-
ChS-THRC,,, PEG-ChS-THRC,,, and PEG-ChS-THRC,,
hydrogels.

The morphology of PEG-ChS-THRC hydrogels at
varying concentrations of THRC was characterized by
scanning electron microscope (SEM). The images of the
lyophilized PEG-ChS and PEG-ChS-THRC hydrogels
displayed a three-dimensional interconnected porous
network with unevenly distributed pores (Fig. 3A-D).
The pore sizes of PEG-ChS, PEG-ChS-THRC,, PEG-
ChS-THRC,,, and PEG-ChS-THRC,, hydrogels were
calculated as 4.8+ 0.5 pm, 5.7+0.4 pm, 7.4+ 0.6 pm, and
6.4+0.7 um, respectively (Fig. 3E). The introduction of
THRC resulted in an enlargement of the pore size in the
PEG-ChS-THRC hydrogel, facilitating cellular growth
and nutrient circulation. The results indicated that the
inclusion of THRC effectively modulated the porous
structure of the PEG-ChS-THRC hydrogel.

Fourier transform infrared spectroscopy (FT-IR) was
recorded to examine the crosslinking of NHS-PEG-NHS,
ChS-ADH and THRC (Fig. 3F). A distinct vibration peak
of THRC at 1658 cm™! and 1550 cm™ was corresponded
to the C=0 bond. FT-IR spectra of ChS-ADH displayed
typical peaks at 1415 cm™! attributed to C-O bond, and
1654 cm™! and 1576 cm™! ascribed to C=0 bond. A
characteristic vibration peak at 2888 cm™! and 1738 cm™!
was exhibited in FT-IR spectra of PEG, assigned to
-CH, and C=0 bond. Notably, the FT-IR spectra of
the PEG-ChS-THRC hydrogel showed vibration peaks
at 2888 cm™! and 1738 cm™! (-CH, and C=0 groups
from PEG), 1658 cm™ and 1550 cm™}(C=0O group from
THRC and ChS-ADH), 1415 cm™" (C-O bond from ChS-
ADH). These results suggested that the PEG-ChS-THRC

NH,
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Fig. 2 Characterization of THRC and ChS-ADH. A SDS-PAGE image of THRC; B CD wavelength scans, C thermal transition, and (D) the first derivative

(d6/dT) of the thermal transition curves; E 'H NMR spectra of ChS-ADH
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hydrogel was fabricated through crosslinking of NHS-
PEG-NHS, ChS-ADH and THRC.

The mechanical properties of the hydrogels were
assessed through rheological analysis, measuring their
storage modulus (G’) and loss modulus (G”). Strain-
dependent oscillatory rheology demonstrated that the
critical strain values at gel-sol transition point were
approximately 35.8%, 85.5%, 87.8% and 21.2% for the
PEG-ChS, PEG-ChS-THRC,;, PEG-ChS-THRC,, and
PEG-ChS-THRC,, hydrogels, respectively (Fig. 3G). Fre-
quency-dependent oscillatory shear rheology manifested
the dominance of G’ values, measuring approximately
769.7 Pa, 1078.3 Pa, 1261.1 Pa, and 1346.8 Pa for all four
hydrogels, respectively (Fig. 3H). These results under-
scored significantly enhanced mechanical strength of
PEG-ChS-THRC hydrogel with the increased concentra-
tion of THRC.

The swelling ratio (SR) of lyophilized hydrogels was
examined through immersion in PBS solutions (Fig. 3I).
The SR of the PEG-ChS, PEG-ChS-THRC,,, PEG-ChS-
THRC,,, and PEG-ChS-THRC,, hydrogels demonstrated
a gradual augmentation, attaining equilibrium after
approximately 48 h. The final values of swelling equi-
librium were determined as 46.0, 40.3, 37.3, and 36.2,
respectively. These results highlighted diminished swell-
ing ratios of the PEG-ChS-THRC hydrogels as the con-
centrations of THRC increased.

The in vitro degradation of freeze-dried hydrogels was
investigated in collagenase solutions (Fig. 3]). After incu-
bation of 14 days, the degradation rates of PEG-ChS,
PEG-ChS-THRC,,, PEG-ChS-THRC,,, and PEG-ChS-
THRC,, hydrogels were calculated as 59.63%, 77.65%,
87.55%, and 94.26%, respectively. Notably, the PEG-ChS-
THRC,, hydrogel manifested a markedly accelerated
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collagenase degradation attributable to the heightened
concentration of THRC. The results demonstrated that
the introduction of THRC endowed the PEG-ChS-THRC
hydrogel with adjustable biodegradability.

3.4 Biocompatibility and bioactivity of PEG-ChS-THRC
hydrogel
The in vitro cytotoxicity of PEG-ChS and PEG-ChS-
THRC hydrogels was assessed by examining the viability
of rat bone marrow mesenchymal stem cells (rBMSCs)
through CCK-8 assays (Fig. 4A). Following a 24-hour
incubation period, the cell viability for the PEG-ChS and
PEG-ChS-THRC groups was determined to be 118% and
133%, respectively. These results suggested that the PEG-
ChS-THRC hydrogel possessed notable biocompatibility.
The cell proliferation of PEG-ChS-THRC hydrogel
was evaluated utilizing the cell counting kit-8 (CCK-8)
assay. The cell viability of ChS, THRC, PEG-ChS, and
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PEG-ChS-THRC groups exhibited a time-dependent
augmentation following incubation from 1 to 7 days.
Remarkably, the density of viable cells was markedly
higher in the PEG-ChS-THRC hydrogel compared to
that of the ChS, THRC, and PEG-ChS groups (Fig. 4B).
Furthermore, the CCK-8 assays revealed a progressive
increase in the cell numbers of the PEG-ChS-THRC
hydrogel with escalating concentrations of THRC
(Fig. 4C). These results underscored the exceptional bio-
compatibility of the PEG-ChS-THRC hydrogel, which
significantly expedited cell proliferation.

Cellular adhesion of BMSCs cultured with ChS, THRC,
PEG-ChS, and PEG-ChS-THRC were examined utilizing
immunofluorescence staining. A small amount of BMSCs
with suboptimal cytoskeletal structures were observed
in the Blank and ChS, while the THRC and PEG-ChS
displayed well-developed cytoskeletal structures. Nota-
bly, an increasing number of BMSCs adhered to the
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PEG-ChS-THRC hydrogel, showcasing exquisite actin
cytoskeletal arrangements (Fig. 4D). The results indicated
that PEG-ChS-THRC hydrogel provided bioactive scaf-
folds, effectively promoting the adhesion of BMSCs.

A cellular motility assessment was conducted via a
migration assay (Fig. S2). Following a 24-hour co-culture
period of the extract with BMSCs, the blank group dis-
played a cell migration rate of 10.8%, whereas the values
of ChS, THRC, and PEG-ChS groups were determined
to be 24.2%, 33.8%, and 41.1%, respectively. Notably, the
PEG-ChS-THRC group demonstrated a remarkable cel-
lular migration rate of 83.1%. These results highlighted
the substantial enhancement of BMSCs’ migratory capac-
ity by the PEG-ChS-THRC hydrogel.

The expression of critical osteogenic marker genes of
BMSCs were further evaluated by real time-quantitative
polymerase chain reaction (RT-qPCR) analysis (Fig. 4E-
G). Following a 7-day incubation, the PEG-ChS group
exhibited increased expression levels of ALP, Collal, and
Runx-2 genes compared to the ChS and THRC groups,
credited to the supportive nature of hydrogel scaffolds.
Remarkably, the PEG-ChS-THRC group demonstrated
significantly heightened expression of osteogenic-specific
genes compared to the PEG-ChS group, attributed to
the introduction of bioactive THRC. These results signi-
fied the exceptional bioactivity of the PEG-ChS-THRC
hydrogel, which remarkably enhanced the osteogenic dif-
ferentiation of BMSCs.

3.5 CT and MRI analysis for bone regeneration

A critical-sized cranial defect model in rats was estab-
lished to explore the efficacy of promoting bone regen-
eration. After the rats were anesthetized, two 5 mm
diameter cranial defect was drilled, and then each hydro-
gel was placed on top of the endocranium and allowed to
fill the two defect completely (Fig. 5A). The bone regen-
eration abilities of the hydrogels were investigated after
implantation for 2 weeks, 4 weeks and 8 weeks.

Computed tomography (CT) was performed to evalu-
ate the capacity for repairing cranial defect (Fig. 5B). The
CT images of the blank group revealed minimal forma-
tion of new bone at the defect sites after 56 days, con-
firming the absence of inherent self-healing ability in
critical-size cranial defects. The PEG-ChS treated group
manifested a decrease in the area of cranial defects, while
the PEG-ChS-THRC group demonstrated a significantly
smaller defect area (Fig. 5C). The results suggested that
the PEG-ChS-THRC hydrogels markedly enhanced bone
regeneration capability.

Magnetic resonance imaging (MRI) was employed to
further examine the cranial bone regeneration (Fig. 6).
At the first day, the blank, PEG-ChS and PEG-ChS-
THRC groups showcased a substantial segment lacking
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low T1 signal, indicating the presence of significant bone
defects. Meanwhile, the high signal of T2 may be attrib-
uted not only to the hydrogels but also to tissue edema
and encephalocele (Fig. 6A-C). At the 56th day, the blank
group displayed a notable fragment without low T1 sig-
nal, whereas the PEG-ChS treated group showed a small
central segment with low T1 signal. Notably, the PEG-
ChS-THRC treated group demonstrated continuous low
T1 signal as well as significantly stronger and broader low
signals of T2 (Fig. 6D-F), suggesting a greater formation
of bone tissue within the cranial defects.

3.6 Histological analysis

The hydrogels-mediated bone regeneration was fur-
ther investigated by hematoxylin and eosin (H&E). At
14 days, a significantly larger quantity of hydrogel per-
sisted in the PEG-ChS treated group, suggesting its inad-
equate degradation in vivo (Fig. 7A, D). At 28 days, the
PEG-ChS-THRC treated group displayed a notable pres-
ence of pink osteoid, representing fibrous tissue situ-
ated further from the original bone tissues. In contrast,
the PEG-ChS treated group exhibited only a few pink
osteoid (Fig. 7B, E). At 56 days, the PEG-ChS-THRC
treated group showed a substantial increase of regener-
ated bone tissues, while a comparatively lesser amount of
newly formed bone was observed in the PEG-ChS treated
group (Fig. 7C, F). The H&E staining revealed that the
PEG-ChS-THRC hydrogel possessed favourable biodeg-
radability and remarkable osteogenic activity, accelerat-
ing bone tissue regeneration and cranial defect repair.

3.7 Mechanism of PEG-ChS-THRC hydrogel for cranial
defect repair

A bioactive PEG-ChS-THRC hydrogel has been synthe-
sized for the treatment of cranial defects. The forma-
tion of the PEG-ChS-THRC hydrogel was orchestrated
through the covalent crosslinking of amino groups in
ChS-ADH and THRC with N-hydroxysuccinimide
(NHS) in polyethylene glycol active ester (NHS-PEG-
NHS). Incorporating THRC effectively increased the
pore size of the PEG-ChS-THRC hydrogel, facilitat-
ing cell growth and nutrient circulation. Compared to
PEG-ChS, the PEG-ChS-THRC hydrogel exhibited sig-
nificantly enhanced mechanical strength, providing sub-
stantial structural support for cell growth. Additionally,
the PEG-ChS-THRC hydrogel displayed reduced swell-
ing ratios and a notable degradation rate with increasing
concentrations of THRC, which would promote cranial
bone tissue regeneration.

Cell experiments consistently demonstrated that
the PEG-ChS-THRC hydrogel effectively promoted
cell proliferation, adhesion, and osteogenic differen-
tiation due to its remarkable characteristics. Upon
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implantation into cranial defects, this hydrogel not only
offered favorable support but also exhibited remark-
able biocompatibility, bioactivity, and appropriate
biodegradation. Ultimately, the bioactive PEG-ChS-
THRC hydrogel significantly enhanced bone tissue

regeneration, presenting a promising strategy for cra-
nial defect treatment.

3.8 The potential limitations and future directions

While considerable strides have been made in this work,
it is essential to acknowledge the persistence of potential
limitations. Firstly, recombinant collagen offers notable
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advantages over animal-derived collagen, particularly
in terms of its non-immunogenic nature and dimin-
ished susceptibility to viral infection. Nevertheless, it is
paramount to emphasize the necessity for additional
validation through pivotal experiments such as immuno-
genicity assays and viral detection. These investigations
are indispensable for ascertaining the safety and efficacy
of recombinant collagen across a spectrum of biomedical
applications.

Secondly, delving into the in vivo biodegradation of
PEG-ChS-THRC hydrogel and discerning its degradation
products constitute pivotal strides in evaluating its safety
and efficacy for clinical translation. Employing biochemi-
cal assays, researchers can meticulously quantify the
concentrations of specific degradation byproducts in bio-
logical specimens, yielding invaluable insights into degra-
dation kinetics and pathways. Furthermore, histological
scrutiny facilitates the visualization of tissue responses
and the presence of degradation byproducts, thereby fur-
nishing complementary data on in vivo biodegradation
processes.

Thirdly, the heightened bioactivity witnessed in cranial
defect repair with PEG-ChS-THRC hydrogel underscores
its potential for applications in regenerative medicine.
Nonetheless, the augmentation of its biological activ-
ity can be further realized through the integration of
inorganic components and growth factors. Bioactive
ceramics, as inorganic constituents, confer structural
reinforcement and foster osteogenic differentiation,
thereby fostering bone regeneration. Moreover, growth
factors, such as bone morphogenetic proteins (BMPs) or
platelet-derived growth factors (PDGFs), expedite tissue
repair and bolster the development of functional tissue.

4 Conclusion

The rejuvenation of critical-size cranial defects pre-
sents an overwhelming challenge in tissue engineering.
Herein, we have for the first time developed a bioactive
poly(ethylene glycol)-chondroitin sulfate-triple helical
recombinant collagen (PEG-ChS-THRC) hydrogel for
enhanced cranial defects repair. A simple crosslinking
strategy with mild conditions was utilized to fabricate
the PEG-ChS-THRC hydrogel. The hydrogel exhibites
interconnected porous structures, augmented mechani-
cal strength, reduced swelling ratios, and customizable
biodegradability, as well as pronounced biocompatibility
and bioactivity, substantially promoting the prolifera-
tion, adhesion, migration and osteogenic differentiation
of BMSCs. The results of rat models of critical-size cra-
nial defects displays that the PEG-ChS-THRC hydrogel
significantly facilitates bone tissue regeneration at 56
days post implantation. Notably, the PEG-ChS-THRC
hydrogel demonstrated the effectively improved bone
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regeneration capability and excellent degradation perfor-
mance compared with PEG-ChS hydrogel, which would
be attributed to the addition of THRC. The bioactive
PEG-ChS-THRC hydrogel provides a supreme remedy
of critical-size cranial defects, holding great potential in
bone tissue engineering and regenerative medicine.
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