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ARTICLE INFO ABSTRACT

Keywords: Irregular defects generated by trauma or surgery in orthopaedics practice were usually difficult to be fitted by the
Injectable hydrogel preformed traditional bone graft substitute. Therefore, the injectable hydrogels have attracted an increasing
Self-healing

interest for bone repair because of their fittability and mini-invasivity. However, the uncontrollable spreading or
mechanical failures during its manipulation remain a problem to be solved. Moreover, in order to achieve
vascularized bone regeneration, alternatives of osteogenic and angiogenic growth factors should be adopted to
avoid the problem of immunogenicity and high cost.

In this study, a novel injectable self-healing hydrogel system (GMO hydrogel) loaded with KP and QK peptides
had been developed for enhancing vascularized regeneration of small irregular bone defect. The dynamic imine
bonds between gelatin methacryloyl and oxidized dextran provided the GMO hydrogel with self-healing and
shear-thinning abilities, which led to an excellent injectability and fittability. By photopolymerization of the
enclosed GelMA, GMO hydrogel was further strengthened and thus more suitable for bone regeneration. Besides,
the osteogenic peptide KP and angiogenic peptide QK were tethered to GMO hydrogel by Schiff base reaction,
leading to desired releasing profiles. In vitro, this composite hydrogel could significantly improve the osteogenic
differentiation of BMSCs and angiogenesis ability of HUVECs. In vivo, KP and QK in the GMO hydrogel
demonstrated a significant synergistic effect in promoting new bone formation in rat calvaria. Overall, the KP
and QK loaded GMO hydrogel was injectable and self-healing, which can be served as an efficient approach for
vascularized bone regeneration via a minimally invasive approach.

KP peptide
QK peptide
Bone tissue engineering

1. Introduction patients. Reconstruction and repair of the critical bone defects is still
challenging, especially for those residing deep with irregular shapes

Bone defects resulting from trauma, infection, tumor or chronic [1-3]. Over the past decades, a large number of biomaterial-based ap-
inflammation cause severe physical and psychological harm to the proaches for bone regeneration have been proposed with desirable
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outcomes, however, a majority of these required extensive surgical
exposure before implantation and usually failed in fitting the irregular
bone defects in practice [4]. The urgent need of mini-invasive and
shape-adaptable bone regeneration strategies encourage the develop-
ment of next-generation of bioactive materials. Among these, hydrogels
have attracted an increasing attention due to their ability to mimic
extracellular matrix (ECM) by providing a hydrophilic
three-dimensional microenvironment suitable for endogenous cell
growth [5].

Injectable hydrogels represent a family of materials that can be easily
processed into the desired area under light forces (normally less than
100 N) [6]. Traditional injectable hydrogels were produced based on
“sol-gel” transition strategy, which indicated that these hydrogels
maintained liquid form during extrusion from the syringe. Subsequently,
a solid gel was formed after injection with time or by external stimulus,
such as heat and pH [7,8]. So far, a lot of injectable hydrogels based on
“sol-gel” transition strategies had been successfully proposed. However,
the gelation processes were hard to process and injection failure
occurred occasionally. For instance, some injectable hydrogels had a
restricted manipulation time, which mainly depends on the gelation
process [9]. Too rapid gelation of the hydrogel indicated a limited
manipulation time, which could increase the probability of clogging
within the needle. Although delaying the gelation or initiating gelation
after injection could gain a sufficient manipulation time [10], the
liquid-form materials incline to disperse before solidification, thus,
causing an undesirable losing of hydrogel and spreading of the drugs/-
cells after injection. Therefore, developing novel strategies for hydrogels
that can pass smoothly through the needle of syringe and retain in situ
without spreading is worth exploring. Dynamic covalent bonds are
capable in endowing the hydrogels with the self-healing and
shear-thinning ability, which can serve as a novel strategy to fabricate
injectable hydrogel [11]. Hydrogels with self-healing and
shear-thinning properties exhibit reversible “gel-sol” transition due to
the natural reversible bond breaking and reforming, thus, making them
ideal scaffolds to deliver the cells or drugs via injection. In this case, the
injectable hydrogels formed by the dynamic covalent bonds can retain
the gel-form prior to injection and undergo a gel-sol transformation
upon shear loading during injection. After injection, these hydrogels can
rapidly integrate and self-heal in situ to prevent the post-transplantation
dispersal [12-14].

Bone repair is a complex and orchestrated process in which propriate
angiogenesis and osteogenesis play critical roles. How to achieve suffi-
cient and rapid vascularization is a critical concern while designing bone
regenerative materials [15]. As widely known, bone morphogenetic
proteins (BMPs) [16] and vascular endothelial growth factor (VEGF)
[17] are used as osteoinductive and angiogenic factors to enhance bone
regeneration, respectively. Recently, an increasing number of studies
have revealed that delivering BMPs and VEGF together can result in the
synergistic outcomes with respect to promoting the new bone formation
[18-20]. However, application of growth factors in practice had some
drawbacks, such as high costs of production, immunogenicity and
transient effect owing to their short half-life and unstable structure [21,
22]. With the development of the synthetic techniques, peptide drugs
have been considered as a promising alternative for the growth factors.
The peptides can be easily synthesized and modified in a cost-effective
manner by using the liquid- or solid-phase synthesis procedures. Due
to their small size, the peptides were more stable and less likely to elicit
an immune response [23-25]. Previous studies have proven that peptide
corresponding to sequence in the knuckle epitope of BMP2 possessed
osteogenic activities [26], whereas a peptide corresponding to the helix
sequence of VEGF had been used to regulate angiogenesis [27]. Loading
both angiogenic and osteogenic peptides into bone regenerative scaf-
folds is promising in vascularized bone regeneration.

In this study, a novel injectable and self-healing hydrogel system
(referred to as GMO hydrogel) has been developed to stimulate bone
regeneration and reconstruction by sustained release of both angiogenic
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and osteogenic peptides. The first network of this injectable GMO
hydrogel was formed by Schiff base reaction between the amino groups
of GelMA and aldehyde groups of ODex. The single network hydrogels
possessed excellent shear-thinning and rapid self-healing ability, which
guaranteed their injectable and in-situ self-healing performance. In order
to avoid rapid degradation and to acquire sufficient mechanical strength
for bone regeneration, a secondary reinforced network was introduced
in the matrix via photopolymerization of GeIMA. Furthermore, osteo-
genic peptide (KP) and angiogenic peptide (QK), which were designed
from BMP2 and VEGF respectively, were tethered to the hydrogel via
Schiff base reaction for the first time to achieve desirable release pro-
files. Subsequently, the osteogenic/angiogenic performance and bone
regeneration efficiency of the injectable composite hydrogel were
comprehensively investigated in vitro and in vivo. (Scheme 1).

2. Materials and methods
2.1. Materials

Dextran, NalO4, f-glycerol phosphate, dexamethasone, ascorbate-2-
phosphate, cetylpyridinium chloride (CPC), Triton X-100, para-
formaldehyde and crystal violet were purchased from Sigma-Aldrich
(MO, USA). Methacrylate gelatin (GelMA, EFL-GM-60, 60% graft de-
gree), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and
GelMA lysis kit (EFL-GM-LS-001) were supplied by Suzhou Intelligent
Manufacturing Research Institute (Suzhou, China). The methacrylate
gelatin was further characterized by 'H NMR (Fig. S1). The BMP2
knuckle epitope derived peptide (KP) (N to C sequence: KIPK(Ac)
ASSVPTELSAISTLYL), FITC labeled KP (N to C sequence: KIPK(Ac)
ASSVPTELSAISTLYL-FITC), VEGF derived peptide (QK) (N to C
sequence: KLTWQELYQLK(Ac)YK(Ac)GI) and TAMRA labeled QK (N to
C sequence: KLTWQELYQLK(Ac)YK(Ac)GI-TAMRA) were commercially
synthesized and identified by ChinaPeptides Co. Ltd. (Shanghai, China).
o-MEM medium, fetal bovine serum (FBS), GlutaMAX™, penicillin/
streptomycin, D-PBS and PBS were procured from Gibco BRL (NY, USA).
Alizarin red staining kit, oil red staining kit, alcian blue staining Kkit,
adipogenic and chondrogenic differentiation medium were purchased
form Cyagen Biosciences Inc. (Suzhou, China). iFluor™ 488-phalloidin,
Hoechst33324, BCA protein assay and anti-rabbit secondary antibodies
were supplied by Beyotime Biotechnology (Shanghai, China). RIPA lysis
buffer, protease and phosphatase inhibitors, TBST and bovine serum
albumin (BSA) were provided by CoWin Biosciences (Nanjing, China).

2.2. Synthesis of ODex and GMO hydrogels

Oxidized dextran (ODex) was synthesized according to a previously
reported method [28]. In brief, 3% NalO4 solution (w/v) was added to
5% dextran solution (w/v) dropwise, followed by stirring in dark for 3 h.
After adding an equimolar amount of diethylene glycol to quench the
unreacted NalOy4, the ODex solution was dialyzed exhaustively and
subsequently lyophilized at —80 °C. The obtained ODex foam was kept
at —20 °C prior to use. The synthesized ODex was characterized by 'H
NMR and FTIR spectra (Fig. S2). The oxidation degree of dextran was
determined by quantifying the unreacted aldehyde groups after reacting
with tert-bytylcarbazate (TBC) [28]. The oxidation degree of dextran
was determined to be 35.6%.

GelMA and LAP were dissolved in the PBS solution at 50 °C (with a
final concentration of 10% and 0.25% w/v). Afterwards, the solution
was mixed with the ODex solution at final concentrations as 1% (w/v).
After incubating at 37 °C for 30 min, the single network GMO hydrogel
(SN-GMO) were facilely obtained. The double-network GMO hydrogels
(DN-GMO) could be further fabricated after being exposed to 405 nm
light for 90 s (25 mW/cm?). For the peptide loaded GMO hydrogel, the
KP or/and QK peptide solutions were mixed with the ODex solution in
advance, then the GelMA and LAP solutions were added subsequently.
The solution containing 10% (w/v) GelMA and 0.25% (w/v) LAP was
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Scheme 1. Schematic illustration of this study. GMO hydrogel loaded with osteogenic (KP) and angiogenic (QK) peptides could be injected into the defect area of rat
calvaria bone (based on its shear-thinning and self healing properties), sustainedly releasing of both bioactive peptides and recruiting of surrounding cells, thus,

synergistically promote vascularized bone regeneration.

exposed to 405 nm light for 90 s (25 mW/cm?) to obtain GelMA
hydrogel.

2.3. Characterization of GMO hydrogels

FTIR analysis: Fourier transformed infrared (FTIR) spectra of Odex,
GelMA, and GMO were measured by NICOLET 6700 FTIR spectrameter
(Thermo, US) in a range of 4000-550 em .

Rheological analysis: The rheological measurements were performed
by using an AR-G2 rheometer (TA Instruments). The time-sweep oscil-
latory tests were carried out immediately after loading the mixture of
the hydrogel precursors at 0.5% strain and 1 Hz frequency to monitor
the gelation process of the hydrogels. After the hydrogels were stabi-
lized, the frequency-sweep tests were carried out from 1 to 100 rad/s at
0.5% strain and 1 Hz frequency. To quantitatively evaluate the self-
healing capability of the hydrogels, the hydrogels were first damaged
by increasing the strain from 0.5% to 200% at 1 Hz, and the self-healing
behavior was subsequently monitored via the time-sweep test upon
decreasing the strain to 0.5%.

Scanning electron microscopy (SEM): The hydrogels were loaded on
the copper grids after freeze drying. Afterwards, the samples were
sprayed with gold and characterized by using a scanning electron mi-
croscope (FEI QUANTA200, Czech) with an acceleration voltage of 10
kv.

Compressive analysis: The compressive stress-strain analysis of SN-
GMO hydrogel, GeIMA hydrogel (10% w/v), DN-GMO hydrogel and
DN-GMO hydrogel loaded with KP and QK were conducted by using a
universal testing machine (Instron E3000, UK). For this purpose, the
hydrogels were prepared in the form of cylinders with 13 mm in
diameter and 5 mm in height. The compressive analysis was performed
up to 80% of the original height with a steady strain rate of 1 mm/min.

Swelling and enzymolysis assay: The cylinderical hydrogels (13 mm
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in diameter, 3 mm in height) were prepared as described above. To
evaluate swelling ratio of the hydrogels, the initial weights (M) were
measured first. Subsequently, the hydrogels were immersed in PBS so-
lution (pH = 7.4). At different points, the weight of the wet samples (M)
was measured. The swelling ratio of the hydrogels was calculated ac-
cording to the following equation: Wy = (M; — Mp)/My x 100%. To
evaluate the enzymolysis of the hydrogels, the initial weights (M) were
measured first. Afterwads, the hydrogels were immersed in PBS solution
(pH =7.4) containing 1 mg/mL collagenase I (Sigma-Aldrich, USA). The
collagenase solution was replaced every 12 h to maintain the enzyme
activity. At different points, the weight of the wet samples (M) was
measured. The percent residual mass of the sample was calculated ac-
cording to the following equation: residual mass% = My /My x 100%. All
experiments were conducted in triplicate.

2.4. Peptides releasing profiles

KP-FITC, QK-TAMRA, ODex, GelMA and LAP were dissolved in PBS.
Subsequently, the KP-FITC and QK-TAMRA solutions were mixed with
the ODex solution respectively and incubated at 37 °C for 30 min. The
GelMA and LAP solutions were added next, and the prehdyrogel was
obtained with the final KP-FITC concentrations of 500 pg/mL and QK-
TAMRA concentrations of 300 pg/mL 1.5 mL hydrogel were photo-
crosslinked by using the visible light (405 nm, 25 mW/cm?) and then
immersed with 4 mL PBS in a 15 mL centrifuge tube. 100 pL supernatant
was collected at different time intervals (1, 3, 6, 9, 12, 15,18, 21 d).
Further, 100 pL fresh PBS was added to the incubation mixture. The
concentration of KP or QK in the collected PBS was determined by
estimating the fluorescence intensity of FITC (Ex:492 nm, Em: 518 nm)
and TAMRA (Ex:542 nm, Em: 568 nm), respectively, by using a micro-
plate spectrophotometer (Bio-Tek, UK). The fluorescence intensity of
FITC or TAMRA in 4 mL PBS containing 750 pg KP-FITC or 450 pg QK-
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TAMRA was denoted as the total fluorescence intensity. The releasing
profiles were determined from the ratio between the supernatant and
total fluorescence intensity.

2.5. Isolation, identification and cultivation of BMSCs

Isolation, identification and cultivation of the bone marrow mesen-
chymal stem cells (BMSCs) were carried out by following the reported
protocols [29,30]. In specific, the femurs and tibias were isolated from
the C57/BL6 mice (4-6 weeks of age) after cervical dislocation. After
flushing with a syringe, bone marrow cells were cultured with the
complete a-MEM medium (containing 15% FBS, 1% v/v GlutaMAX™
and 1% v/v penicillin/streptomycin) at 37 °C in a 5% CO2 humidified
cell culture incubator. The adherent cells were collected and passaged,
with the cells from passages 2 to 3 (P2-3) used for the subsequent ex-
periments. The medium was changed every 2-3 days during culturing.

A phase-contrast microscope (Zeiss, Germany) was used to image
BMSCs after reaching 90% confluency. The multiple differentiation
ability of BMSCs was confirmed by the alizarin red, oil red and alcian
blue staining after 21 days culturing in different induction mediums. The
surface markers of BMSCs were analyzed by flow cytometry (Beckman
CytoFLEX, USA) based on CD29, CD34, CD44, CD45 and CD90.2 (Bio-
Legend, USA).

2.6. Acquisition and cultivation of HUVECs

Human umbilical vein endothelial cells (HUVECs) were purchased
from ScienCell™ Reserch Laboratories (USA) and cultured in the
Endothelial Cell Medium (ECM) containing 5% FBS, 1% v/v penicillin/
streptomycin and 1% ECGS (purchased from ScienCell™ Reserch Lab-
oratories, USA) at 37 °C in a 5% CO5 humidified cell culture incubator.
The cells from passages 2 to 5 (P2-5) were used for the subsequent
experiments.

2.7. Cell viability, proliferation and spreading assessment

The CCK-8 cell proliferation assay was performed as per the manu-
facturer’s instructions. Specifically, BMSCs and HUVECs were planted in
the 48-well plates alone or palates covered with different hydrogels at a
density of 1 x 10* cells/well. The medium was removed after 1,3,5and
7 days of incubation, and a fresh culture medium containing 10% v/v
Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies Inc.,
Japan) was added to the 48-well plates, followed by incubation for 1 h at
37 °C in a 5% CO, humidified cell culture incubator in the absence of
light. Subsequently, 100 pL supernatant medium was transferred to the
96 well plates, and the absorbance at a wavelength of 450 nm was
measured using a microplate spectrophotometer (Bio-Tek, UK).

The live/dead staining assay was performed by using the LIVE/DEAD
assay kit (Invitrogen, USA), following the manufacturer’s instructions.
BMSCs and HUVECs were planted in the 48-well plates alone or palates
covered with different hydrogels at a density of 2 x 10* cells/well.
Calcein AM and ethidium homodimer-1 were diluted in D-PBS to form
the staining solution with concentrations of 2 pM and 4 pM, respectively.
Subsequently, the staining solution was added to the well after removing
the culture medium and incubated for 30 min at 37 °C in a 5% CO-
humidified cell culture incubator in the absence of light. The live (green
stain, Ex:480 nm, Em: 530 nm) and dead (red stain, Ex:530 nm, Em: 645
nm) cells were imaged using an inverted fluorescence microscope (Zeiss,
Germany).

The immunofluorescent staining with iFluor™ 488-phalloidin and
Hoechst33342 was performed by following the manufacturer’s in-
structions. Briefly, BMSCs and HUVECs were planted in the 35 mm
confocal dishes alone or confocal dishes covered with different hydro-
gels at a density of 1 x 10° cells/dish. The cells were fixed in 4%
paraformaldehyde and permeabilized with the PBS solution containing
1% Triton X-100. Afterwards, the cells were stained with phalloidin for
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1 h and Hoechst for 5 min at room temperature. Finally, the cells were
imaged by using a laser scanning confocal microscope (Olympus,
Japan).

2.8. Osteogenic induction, alkaline phosphatase staining, alizarin red
staining and quantification of BMSCs

The osteogenic induction medium (OM) was obtained by adding 10
mM p-glycerol phosphate, 100 nM dexamethasone and 50 mg/mL
ascorbate-2-phosphate in the culture medium. The OM medium was
changed every 3 days during the osteogenic differentiation of BMSCs.
The GelMA lysis kit and trypsin were used to decompose the hydrogels
and acquire cells on the hydrogels.

The alkaline phosphatase (ALP) staining was conducted by using the
Alkaline Phosphatase Staining Kit (Yeasen, China), following the man-
ufacturer’s instructions. Briefly, BMSCs were fixed by 4% para-
formaldehyde (PFA), followed by washing with the PBS and staining for
30 min after osteogenic induction. The stained cells were imaged by
using a phase-contrast microscope (Zeiss, Germany). Meanwhile, to
evaluate the alkaline phosphatase (ALP) activity of BMSCs, the cell ly-
sates were characterized using the ALP activity measurement kit (Jian-
cheng Nanjing, China). After incubation with the p-nitrophenyl
phosphate solution, the alkaline phosphatase activity was calculated by
measuring the absorbance at 520 nm with a microplate spectropho-
tometer (Bio-Tek, UK).

The Alizarin Red S solution was used to stain the deposited calcium
in BMSCs after osteogenic induction. Briefly, BMSCs were fixed by 4%
PFA, followed by staining by using the Alizarin Red S solution at room
temperature for 30 min and washing with PBS. The cells were charac-
terized by using a phase-contrast microscope (Zeiss, Germany). 10%
cetylpyridinium chloride (CPC) was used to dissolve the stained calcium
deposition, and the absorbance was measured at 562 nm using a
microplate spectrophotometer (Bio-Tek, UK) for the determining the
mineralization.

2.9. Tube formation and migration ability assessments of HUVECs

The Matrigel (BD Biosciences, USA) was used for evaluating the tube
formation ability of HUVECs. After thawing on ice overnight, 250 pL
Matrigel was added to the 48 well plates, followed by incubation at
37 °C for 30 min for gelation. HUVECs were planted on the Matrigel at a
concentration of 2.5 x 10%/well with different treatments (the leaching
media were obtained by soaking the corresponding hydrogels for 72 h).
The cells were subsequently incubated at 37 °C with 5% CO» for 6 h.
Afterwards, the cells were imaged by using a phase-contrast microscope
(Zeiss, Germany). The quantification analysis was performed by using
the ImageJ software.

A 8.0 ym pore Transwell (BD Falcon™, USA) system was used to
evaluate the migration of HUVECs. HUVECs were trypsinized and
resuspended, followed by loading in the upper chamber at a density of 2
x 10%/insert. Different hydrogels were placed in the lower chamber.
After 24 h, the cells were fixed with 4% paraformaldehyde for 30 min
and subsequently stained with 0.1% crystal violet. The migrated cells (at
the bottom surface of the insert) were imaged by using a phase-contrast
microscope (Zeiss, Germany).

A linear wound scratch model was used to assess the migration of
HUVEGs as well. HUVECs were seeded at a density of 2 x 10° cells/well
in the 12 well plates and allowed to grow to 100% confluency. After
starving for 3 h, a linear scratch (approximate 600 pm wide) was
introduced in the monolayer, and the cells were incubated at 37 °C and
5% CO, for 12 h with different leaching media (serum-free). Afterwards,
the cells were imaged by using a phase-contrast microscope (Zeiss,
Germany). The relative closure of the scratch wound was quantified by
measuring the wound area with the ImageJ software.
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2.10. Quantitative real-time PCR

The gene encoding runt-related transcription factor 2 (RUNX2),
Osterix (0SX), alkaline phosphatase (ALP), Osteopontin (OPN) and
osteocalcin (OCN) of BMSCs were determined by employing the quan-
titative real-time PCR analysis. After osteogenic stimulation, total RNA
was extracted from the cells with TRIzol (Thermo, USA) and reverse
transcribed into cDNA using the HiScript® III 1st Strand cDNA Synthesis
Kit (Vazyme, China), following the manufacturer’s instructions. The
quantitative real-time PCR was performed by using the AceQ qPCR
SYBR Green Master Mix (Vazyme, China) under the following thermo-
cycling conditions: 95 °C for 5 min, 40 cycles at 95 °C for 20 s, 60 °C for
30 s and 72 °C for 30s. The primer sequences are shown in Table S1.
Gapdh was used as an internal control for PCR. The relative expression of
genes was calculated using the 2722 method.

The gene encoding platelet endothelial cell adhesion molecule or
CD31 (PECAM1), von Willebrand factor (VWF) and plasmalemma
vesicle-associated protein (PLVAP) of HUVECs were determined by
employing the quantitative real-time PCR as well. After culturing on
different hydrogels, total RNA was extracted from the cells with TRIzol
and reverse transcription, and the quantitative real-time PCR was con-
ducted as previously mentioned. The primer sequences are shown in
Table S1.

2.11. Western blot analysis

After osteogenic stimulation, the total protein of BMSCs was
extracted by the RIPA lysis buffer supplemented with 1% protease and
phosphatase inhibitors. Afterwards, the protein concentration was
determined by using the BCA protein assay. Next, the proteins were
resolved by SDS-PAGE (Genscript, China) and transferred to a poly-
vinylidene fluoride (PVDF) membrane (Millipore, USA) by using a wet
transfer blotting system (Bio-Rad, China). The membranes were placed
in a blocking solution (TBST containing 5% non-fat dry milk) for 1 h.
Subsequently, the membranes were incubated at 4 °C overnight with
appropriate primary antibodies: monoclonal rabbit anti-RUNX2
(1:1000, CST, USA), polyclonal rabbit anti-ALP (1:1000, Abcam, USA)
and polyclonal rabbit anti-B-Actin (1:1000, Servicebio, China). After-
wards, the membranes were washed and incubated with the relevant
secondary antibodies (1:10000) for 1 h at room temperature. The band
signals were detected using the ECL western blotting substrate kit
(Millipore, USA). The relative intensities of each immunoreactive band
were quantified by using the ImageJ software.

After starving for 6 h, HUVECs were treated with different leaching
mediums (ECGS-free) for 30 min. The subsequent procedure was the
same as mentioned earlier. The primary antibodies used for analysis
were: monoclonal rabbit anti-Phospho-p44/42 MAPK (Erk1,/2) (1:2000,
CST, USA), monoclonal rabbit anti-p44/42 MAPK (Erk1/2) (1:1000,
CST, USA), monoclonal rabbit anti-Phospho-Akt (1:2000, CST, USA),
monoclonal rabbit anti-Akt (1:1000, CST, USA) and polyclonal rabbit
anti-p-Actin (1:1000, Servicebio, China).

2.12. Immunofluorescence

BMSCs were cultivated on different hydrogels with the osteogenic
medium. Afterwards, the cells were washed with the PBS solution and
fixed with 4% paraformaldehyde for 15 min. After incubation with 0.5%
TBST for 30 min, the cells were blocked in the PBS solution containing
5% BSA for 30 min. Next, the cells were incubated with the primary
antibodies anti-RUNX2 (1:200, CST, USA) and anti-OPN (1:200 Abcam,
USA) overnight at 4 °C. Subsequently, the secondary antibodies conju-
gated to FITC were incubated at room temperature for 1 h. Finally, the
nucleus was stained with Hoechst33342. The cells were characterized
using a laser scanning confocal microscope (Zeiss, Germany).

271

Bioactive Materials 18 (2022) 267-283
2.13. Animal surgery

All animal procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of Sun Yat-Sen University (Reference:
SYSU-IACUC-2021-000445). Eight-week-old male SD rats, weighing
250-300 g, were used in this study. The rats were randomly divided into
four groups: (1) DN-GMO hydrogel alone (GMO Ctrl group); (2) DN-
GMO hydrogel with QK (QK/GMO group); (4) DN-GMO hydrogel with
KP (KP/GMO group); and (5) DN-GMO hydrogel with KP and QK (KP/
QK/GMO group). The final concentration of the incorporated KP and QK
was 500 pg/mL and 300 pg/mL respectively. The rats were anesthetized
with 1% pentobarbital (0.4 mL/100 g) via the intraperitoneal injection.
After cleaning and sterilizing the skin, a longitudinal incision of
approximately 2 cm in length was made to cut the skin and subcu-
taneous tissue. Next, the circular full-thickness bone defects of 5 mm in
diameter was made by an electric trephine drill. The corresponding
hydrogels were subsequently implanted in the defect area va injection.
After filling of the defect area, hydrogels were exposed to 405 nm light
for 90 s (25 mW/cm?) for reinforcement. The soft tissue and skin were
then sutured layer by layer carefully. After 8 weeks, the rats were
euthanized to harvest the cranial bone. The tissues were fixed in 4%
paraformaldehyde solution for 24 h and stored in 75% ethanol for
subsequent analysis.

2.14. Micro-CT analysis

After harvesting the samples, each sample was scanned using a
micro-CT system at 70 kV and 114 pA (Scanco Medical pCT 50,
Switzerland). The results were reconstructed and analyzed by using a
data analysis software (Avizo 8.1, USA). The region of interest was set to
be a 5-mm circle along the defect edge and was subsequently used to
calculate the ratio of the bone volume (BV) to the total volume (TV) for
quantitatively assessing the bone formation.

2.15. Histological analysis and immunohistochemistry (IHC)

After micro-CT analysis, the samples were decalcified in ethylene
diamine tetraacetic acid (EDTA) for 6 weeks. After dehydration by
graded alcohol series and embedding in paraffin, the samples were cut
into 6-pm sections for staining. The sections were stained with hema-
toxylin & eosin (H & E) and Masson’s trichrome stain according to the
manufacturer’s protocol (Servicebio, China). As for immunohisto-
chemistry, after dewaxing, rehydration and antigen retrieval, the slices
were incubated overnight with anti-OPN (1:200, Abcam, USA), anti-
CD31 (1:200, Servicebio, China) primary antibodies at 4 °C. After in-
cubation with the appropriate secondary antibodies for 1 h at room
temperature, diaminobenzidine (DAB) (Servicebio, China) was used for
visualization, followed by counterstaining with hematoxylin (Service-
bio, China). The Aperio AT2 slide scanner (Leica Biosystems, Germany)
was used for imaging the tissue slices. The IHC-Toolbox plugin (NIH,
USA) of ImageJ was used to quantify the immunohistochemistry images.

2.16. Statistical analysis

The data was expressed as mean + standard deviation (SD) of at least
three independent experiments. The comparisons were performed by
using the GraphPad Prism software. Statistical analysis was performed
by employing the Student’s two-tailed t-test or one-way analysis of
variance (ANOVA). The differences between groups or treatments were
reported as ns/Ns (non-significant) or significant (*P < 0.05, **P < 0.01,
=P < 0.001 vs Ctrl; *P < 0.05, #*P < 0.01 and *##P < 0.001 among
groups).
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3. Results
3.1. Fabrication and characterization of GMO hydrogels

The single-network GMO hydrogel (SN-GMO) was formed by mixing
the pre-dissolved GelMA and ODex solution. As shown in Fig. 1A, after
30 min incubation at 37 °C, the prehydrogel solution changed from a
liquid to a gel with a light-yellow appearance, while the prehydrogel
containing only GelMA was still liquid before photopolymerization
(Fig. 1B). Then the FTIR spectra of GelMA, ODex, SN-GMO and double-
network GMO hydrogel (DN-GMO) were measured. As shown in Fig. 1C,
the characteristic peak at 1730 cm™! corresponding to carbonyl
stretching of ODex almost disappeared in the spectrum of SN-GMO and
DN-GMO, while the peak band at 1542 cm ™! attributed to the primary
amino group exhibited decreased intensity in spectrum of SN-GMO and
DN-GMO than GelMA, indicating the consumption of aldehyde group of
ODex and primary amino group of GelMA, respectively [31,32]. In
addition, the -N—C- characteristic peak at 1644 cm 'present in the
SN-GMO and DN-GMO spectrum, suggesting Schiff base was formed via
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the reaction of aldehyde group and amino group [33]. The slight
decrease of amide II peak at 1534 cm-1 in spectrum of DN-GMO
compared with SN-GMO indicate reaction between methacryloyl
groups during light irradiation [34].

Gelation time was characterized by rheometer via the time sweep
analysis. At the physiological temperature, SN-GMO hydrogel was
formed via Schiff base reaction (Fig. 1D). Besides, as shown in the fre-
quency sweep results, the G’ values keeps higher than the corresponding
G’ values in the range of 1-100 Hz, demonstrating that stable structure
was formed via the first network (Fig. 1E).

The mechanical behavior was further tested by compressive analysis.
As shown in Fig. 1F and G, the SN-GMO hydrogel had a relatively flat
curve and low compression modulus (4.5 + 0.7 kPa), while the DN-GMO
hydrogel exhibited the typical “J-shaped” stress-strain curves and pre-
sented a much higher compression modulus (136.5 + 11.6 kPa). It
indicated that introducing the covalent bonds in the dynamic hydrogel
could significantly improve its mechanical strength. The compression
modulus of the DN-GMO hydrogel was also higher than the GelMA
hydrogel (87.7 + 7.9 kPa), which signaled that the Schiff base formed in
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the GMO hydrogel could also improve its mechanical strength. How-
ever, there was no statistical difference as compared with the DN-GMO
hydrogel incorporated with or without peptides (Fig. S3C).

The microstructure of the hydrogels was examined by SEM. As
shown in Fig. 1H and Fig. S3A, the DN-GMO and peptides incorporated
DN-GMO hydrogel (KP/QK/DN-GMO) tended to present smaller pore
size as compared with SN-GMO or GelMA, indicating a denser cross-
linkings inside. Overall, the hydrogels presented porous microstructure
which was suitable for nutrient exchange, cell attachment and prolif-
eration [35,36]. Then the swelling ratios of GelMA, SN-GMO and
DN-GMO hydrogel were studied. As shown in Fig. 11, DN-GMO hydrogel
presented the lowest swelling ratio (9.1 + 3.1%) compared with GelMA
hydrogel (21.9 + 3.8%) and SN-GMO hydrogel (69.3 + 7.5%). This
indicated that introducing dynamic covalent bond can enhance the
network density and decrease the swelling rate of hydrogels. Rapid
increment of volume due to absorbing water from surrounding may
accelerate degradation of the hydrogel. As shown in Fig. S4, the three
gelatin based hydrogel (SN-GMO, GelMA and DN-GMO) were sensitive
to collagenase and could be completely decomposed with 1 mg/mL
concentration. However, the DN-GMO showed a delayed enzymolysis
process. The decreased swelling ratio and degradation rate improved the
mechanical stability and morphological compatibility of the DN-GMO
hydrogel. .

3.2. Dynamic properties and release profile of GMO hydrogels

To verify the self-healing capability of the SN-GMO hydrogel, the
bulk hydrogels stained with TAMRA (Red) and FITC (yellow) were cut
into two halves, respectively. By replacing the two halves of the
hydrogel together, the gap were observed to diminish gradually and a
complete integration was observed after incubation at 37 °C for 30 min
(Fig. 2A). Furthermore, step-strain measurements were carried out to
quantitatively evaluate the repetitive self-healing ability of the hydro-
gels (Fig. 2B). When the loading strain increased from 0.5% to 200%, the
crossover of G’ and G’ with a sharp reduction in the former one and an
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increment in the latter one, indicating the structural destruction of the
hydrogel networks and the transition from the “gel” to “sol” behavior.
Then the hydrogels rapidly transformed from the “sol” to “gel” character
and recovered their original modulus while the loading strain was
decreased to 0.5%. As shown in Fig. 2B, the recovery rate and extent of
the SN-GMO hydrogel barely changed after several cycles, demon-
strating the repetitive self-healing capability of the hydrogel.

The steady-shear measurement result revealed that the hydrogels
displayed an excellent shear-thinning behaviors, evidenced by the sharp
decreasing of viscosity upon increasing of the shear rate (Fig. 2G). Then
the self-healing and shear-thinning behavior of hydrogels with different
ODex concentration were studied. As shown in Fig. S5, on increasing the
ODex concentration, the healing time and efficiency of the hydrogels
were decreased. For practical applications, the ideal injectable hydrogel
should integrate and recover the mechanical strength once injected at
the target site [37]. The rapid self-recovery of structural and mechanical
properties guarantee the spontaneous integration of the hydrogel after
injection and repair the mini cracks during usage. Therefore, GMO
hydrogel containing 1% Odex was chosen in this study for subsequent
experiment. Then the SN-GMO hydrogel was tested by injecting through
a 26G syringe. The specific written shapes stranded on the glass sides
immediately after injection neither spreading nor leakage (Fig. 2E and
F). Meanwhile, the SN-GMO hydorgel could also be injected into water
without any breakage (Fig. 2D). These results indicated that the
SN-GMO hydrogel had the potency to be implanted mini-invasively via
injection, which can significantly reduce the surgery exposures during
the bone defect restoration.

Bioactive peptides QK and KP were tethered to the hydrogel matrix
through imine bonds formed via the reaction between aldehyde groups
of ODex and primary amino groups of peptides. Peptides with fluores-
cence labels were used to study the release profile of the GMO hydrogels.
As shown in Fig. 2H, a constant and sustained release of KP and QK was
observed up to 21 d in the DN-GMO hydrogels. In contrast, a burst
release was observed in GelMa hydrogels (Fig. 2I), which released over
70% peptides in 3 days and almost 90% in 7 days. The sustained
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Fig. 2. Assessment of the dynamic properties and peptide release profile of GMO hydrogels.

(A) Optical images of the self-healing process of the SN-GMO hydrogel. (B) Four-cycle step-strain measurement of the SN-GMO hydrogel at strain from 0.5% to 200%
at 1 Hz. (C) Schematic illustration of the injection process for the SN-GMO hydrogel. (D) Optical images of the SN-GMO hydrogel injected into water or (E) on glass
side. (F) Optical images of the SN-GMO hydrogel written into “SYSU” and “GH” on glass side through injection. (G) Complex viscosity changes of SN-GMO hydrogel
in frequency sweeps from 1 to 100 rad/s at 0.5% strain and 1 Hz frequency. (H) Peptides releasing profiles from DN-GMO hydorgel and (I) Ge]MA hydrogel.

273



R. Lietal Bioactive Materials 18 (2022) 267-283
releasing profile of the osteogenic and angiogenic peptides further differentiation abilities (Figs. S6B-D) and cell surface markers (Fig. S6E)
guaranteed the biological function of the hydrogel. before used. In advance, the concentrations of the incorporated KP and
QK peptides were optimized in vitro. The ALP activity (Fig. S7A) and
Ostrix expression (Fig. S7B) of BMSCs were elevated with the increase of
KP concentration from 0 to 500 pg/mL, however, no difference was
observed on increasing the KP concentration from 500 to 700 pg/mL.
Similarly, the expression of PLVAP (Fig. S7C) and the activation of
MAPK(ERK1/2) pathway (Figs. S7D-6F) of HUVECs were elevated on
increasing the QK concentration from 0 to 300 pg/mL. However, there

3.3. Cytotoxicity assessment of the GMO hydrogels

The biocompatibility is a crucial assessment for biomaterials [5,38,
39]. To assess the cytotoxicity of the composite GMO hydrogels in vitro,
BMSCs and HUVECs were used for the subsequent experiments. BMSCs
were characterized for their morphology (Fig. S6A), multilineage
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Fig. 3. Cytotoxicity assessment of the composite GMO Hydrogels.
(A) Representative live-dead images of BMSCs and (B) HUVECs that were seeded on the glass dishes (Blank Ctrl), DN-GMO hydrogel alone (GMO) and with KP (KP/

GMO), QK (QK/GMO), KP + QK (KP/QK/GMO) incorporated respectively. Scale bar = 400 pm. Live: green; Dead: read. (C) CCK-8 assay of BMSCs and (D) HUVECs
cultivated on glass dishes (Blank Ctrl), the DN-GMO hydrogel alone (GMO) and with KP (KP/GMO), QK (QK/GMO), KP + QK (KP/QK/GMO) incorporated
respectively after 1, 3, 5, and 7 days of seeding. (E) Representative images of cytoskeleton and nucleus staining images of BMSCs (Left) and HUVECs (Right)
cultivated on the glass dishes (Blank) and DN-GMO hydrogel (GMO) after 24 h. Scale bar = 50 pm. (n = 3; NSp~0.05, *P < 0.05, and **P < 0.01, ***P < 0.001
compared with Ctrl group; ®P>0.05, *P < 0.05, and *#P < 0.01, *##P < 0.001 compared among groups).
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were no significant differences on enhancing the QK concentrations
from 300 to 400 pg/mL. Therefore, the GMO hydrogels containing 500
pg/mL KP and 300 pg/mL QK were used for futher study.

To directly observe the cell viability, the live/dead staining was
carried out to stain BMSCs and HUVECs cultivated without hydrogels
(Blank Ctrl), on the DN-GMO hydrogel alone (GMO) as well as the
hydrogels incorporated with QK (QK/GMO), KP (KP/GMO) or KP + QK
(KP/QK/GMO). As expected, BMSCs (Fig. 3A) and HUVECs (Fig. 3B) on
the hydrogels exhibited a high viability after seeding, and almost no
dead cells were detected. The CCK-8 assay was further used to evaluate
the survival and proliferation of BMSCs and HUVECs. The cell prolif-
eration was analyzed at the duration of 1, 3, 5 and 7 d. As shown in
Fig. 3C, the OD values in all groups increased with time, thus, suggesting
that the GMO hydrogel did not show any toxicity on the cells. Moreover,
from 3 days onwards, the OD value in all four hydrogel groups was
higher than the Blank Ctrl group, which indicated that GMO hydrogels
could enhanced the cell proliferation activity. As for HUVECs, the OD
values for all hydrogels were observed to increase with time (Fig. 3D),
which suggested that the GMO hydrogel exhibited cytocompatibility for
the cultivated HUVECs as well. Interestingly, from 3 days onwards, the
OD value for the QK/GMO and QK/KP/GMO groups were significantly
higher than the GMO group, which indicated an accelerated prolifera-
tion of HUVECs in these groups. As the OD values of the KP/GMO and
GMO groups were similar, the observed improvement in the prolifera-
tion was mainly attributed to the presence of QK. It is well established
that VEGF can significantly increased the proliferation of ECs for
angiogenesis [40]. The observed results indicate that QK also presents a
high growth promotion effect on HUVECs, which is beneficial for further
vascular tissue formation.

Meanwhile, to verify the adhesion and spreading of the cells, the
skeleton and nucleus of BMSCs and HUVECs cultivated without hydrogel
and on the DN-GMO hydrogel were stained 24 h after seeding. As shown
in Fig. 3E, the cells spread well on the surface of the DN-GMO hydrogel,
thus, suggesting the healthy status. The obtained results indicated that
the GMO hydrogel alone or loaded with the bioactive peptides exhibited
a high cell compatibility.

3.4. Promotion of osteogenic differentiation of BMSCs in vitro by KP
loaded GMO hydrogels

To further verify the osteoinductivity, the ALP and ARS staining
assays were first conducted to analyze the early and late osteogenic
differentiation of BMSCs on different hydrogels. The ALP staining results
(Fig. 4A) demonstrated that BMSCs in the KP/GMO and QK/KP/GMO
groups presented a more ALP-positive area and a higher staining in-
tensity than the GMO group after 7 days. The ALP activity assay of the
cell lysates revealed the similar results (Fig. 4B). As for the ARS staining,
the results (Fig. 4C) indicated a dramatic improvement in the calcium
nodule formation in the KP/GMO and QK/KP/GMO groups after 21
days. It could be further verified by the semi-quantitative analysis of the
mineralized nodules (Fig. 4D). Next, the expression of the early and late
osteogenic markers of the hydrogel groups were detected by qPCR. As
shown in Fig. 4E, the expression of Runx2, Osterix and Alpl in BMSCs was
significantly upregulated after culturing on the DN-GMO hydrogels
loaded with KP or KP/QK peptide for 7 days, whereas Opn and Ocn was
significantly upregulated after 14 days. Meanwhile, the osteogenic-
relative protein expression of BMSCs cultivated on different GMO
hydrogels was detected after 7 days. The western Blot results (Fig. 4F)
indicated that the selected proteins (RUNX2 and ALP) were ungulated in
the KP/GMO or KP/QK/GMO groups as compared with the other
groups. The quantitative analysis based on the band density (Fig. 4G)
further confirmed the obtained results. To observe the RUNX2 and OPN
expression of BMSCs cultivated on different GMO hydrogels directly, the
immunofluorescence staining was further conducted. As expected, the
immunofluorescence staining presented similar expression pattern as
the mRNA and proteins mentioned earlier. BMSCs in the KP/GMO and
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KP/QK/GMO groups exhibited a higher RUNX2 fluoresce intensity in
the nucleus after 7 days and a higher OPN fluoresce intensity mainly in
the cytoplasm after 14 days (Fig. 4H). However, there were no statistical
differences in the ALP activity, calcium nodule formation and osteogenic
gene expression between the QK/GMO and GMO Ctrl groups, the KP/
GMO and KP/QK/GMO groups also expressed no statistical differences.
Generally, KP in the hydrogels played a key role in promoting osteo-
genesis of BMSCs. The observed results indicated that the KP loaded
GMO hydrogel revealed an excellent osteoindutive ability in vitro by
upregulating the expression of the osteogenic proteins and genes.

3.5. Stimulation of angiogenesis of HUVECs in vitro by QK loaded GMO
hydrogels

The angiogenic functions of the composite GMO hydrogels with
HUVECs were further explored. First, the migration of HUVECs was
examined by the transwell migration and scratch wound assays. The
transwell migration assay (Fig. 5A) revealed that the released peptides
from the QK/GMO and QK/KP/GMO groups could significantly increase
the migration of HUVECs as compared with the GMO Ctrl group. The
quantitative analysis of the number of the migrated cells (Fig. 5B) was
consistent with the observation. Meanwhile, the scratch wound assay
also indicated that the DN-GMO hydrogels loaded with QK or QK and KP
could significantly accelerate the migration of HUVECs to the wound
area (Fig. 5C), thus, resulting in an enhanced healing ratio (Fig. 5D) as
compared with the DN-GMO hydrogel alone. These observed results
verified that the QK loaded GMO hydrogel significantly promoted the
migration of the endothelial cells. Next, the tube formation ability of
HUVECs treated by the released peptides from different hydrogels was
further measured. The QK/GMO and QK/KP/GMO groups showed a
markedly improvement of the branch points (Fig. 5F) and total length
(Fig. 5G) of the tubes formed by HUVECs on the Matrigel, which pre-
sented a superior tubular morphology than the GMO Ctrl group
(Fig. 5E). Furthermore, the activation of the several pro-angiogenesis
pathways was evaluated by Western Blot. As shown in Fig. 5H and I,
the released peptides from the QK/GMO and QK/KP/GMO groups
significantly promoted the phosphorylation of ERK1/2 and AKT, thus,
indicating the activation of the MAPK(ERK1/2) and PI3K/Akt pathways.
The quantitative analysis (Fig. 5J and K) of the proteins, their respective
phosphorylated form and ratio based on the band density further
confirmed the observation results. Finally, the expression of genes
involving the cell-cell interactions and endothelial function of HUVECs
cultivated on different hydrogels after 3 days were analyzed. As shown
in Fig. 5L, an obvious upregulation of PLVAP, VWF and PECAM1 was
observed in the QK/GMO and QK/KP/GMO groups as compared with
the GMO Ctrl group. However, any significant effect of KP in promoting
the angiogenesis of HUVECs was not observed.

The obtained results indicated that the QK loaded GMO hydrogel
exhibited an excellent pro-angiogenic ability in vitro by activating the
angiogenic pathways and promoting the expression of the angiogenesis
related genes.

3.6. Synergistically enhanced critical bone repair in vivo by GMO
hydrogels loaded with KP and QK

The bone regenerative capacities of the hydrogels were explored by
using the critical-sized calvaria bone defect models in the rats. Eight-
week-old male Sprague Dawley rats were randomly divided into four
groups (GMO Ctrl, QK/GMO, KP/GMO and QK/KP/GMO). After the
critical-size defects were created, corresponding hydrogels were injected
in the defect area (Fig. 6A). As shown in the three-dimensional recon-
struction (Fig. 6C), only a few new bones were observed to be formed at
the edges of the defect areas in the GMO Ctrl group. Compared with the
GMO Ctrl group, the KP/GMO group exhibited an almost healed bone
defect repair, which was consistent with the in vitro observations.
Interestingly, the QK/GMO group also presented a superior efficiency of
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Fig. 4. Promotion of osteogenic differentiation of BMSCs in vitro by KP loaded GMO hydrogels.

(A) Representative images of gross appearance (upper) and microscopic images (lower) with ALP staining and (B) ALP activity of BMSCs cultivated on the DN-GMO
hydrogel alone (GMO) and with KP (KP/GMO), QK (QK/GMO), KP + QK (KP/QK/GMO) incorporated after 7 days. Scale bar = 400 pm (C) Representative images of
gross appearance (upper) and microscopic images (lower) with Alizarin red S staining of mineralized nodules and (D) semi-quantitative evaluation of Alizarin Red S
staining of BMSCs cultivated on the DN-GMO hydrogel alone (GMO) and with KP (KP/GMO), QK (QK/GMO), KP + QK (KP/QK/GMO) incorporated after 21 days.
Scale bar = 200 pm (E) qPCR analysis of osteogenic-related genes expression of BMSCs cultivated on the DN-GMO hydrogel alone (GMO) and with KP (KP/GMO), QK
(QK/GMO), KP + QK (KP/QK/GMO) incorporated after 7 days (Runx2, Osterix, Alpl) and 14 days (Opn, Ocn). (F) Immunoblotted image for ALP, RUNX2 and p-ACTIN
of BMSCs cultivated on the DN-GMO hydrogel alone (GMO) and with KP (KP/GMO), QK (QK/GMO), KP + QK (KP/QK/GMO) incorporated after 7 days. (G)
Densitometric analyses of blots showing the values for ALP and RUNX2 proteins. (H) Representative immunofluorescent images for RUNX2 (Left) and OPN (Right) of
BMSCs cultivated on the DN-GMO hydrogel alone (GMO) and with KP (KP/GMO), QK (QK/GMO), KP + QK (KP/QK/GMO) incorporated after 7 days and 14 days.
RUNX2/OPN are marked by green fluorescence, and the cell nuclei were dyed blue by the Hoechst. Scale bar = 50 pm. (n = 3; ¥P > 0.05, *P < 0.05, and **P < 0.01,
*#%P < 0,001 compared with Ctrl group; "P>0.05, *P < 0.05, and *#P < 0.01, *#*#P < 0.001 compared among groups).
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GMO), KP + QK (KP/QK/GMO) incorporated in scratch wound healing assay (0 h, 12 h). Scale bar = 400 pm. (E) Representative microscopy images for the tube
formation and quantitively analysis of (F) branch points, (G) tube lengths of HUVECs on Matrigel treated by released peptides from the DN-GMO hydrogel alone
(GMO) and with KP (KP/GMO), QK (QK/GMO), KP + QK (KP/QK/GMO) incorporated after 6 h. Scale bar = 400 pm. (H, I) Inmunoblotted image for p-ERK1/2, total
ERK1/2, p-AKT, total AKT and B-ACTIN of HUVEGs treated by released peptides from the DN-GMO hydrogel alone (GMO) and with KP (KP/GMO), QK (QK/GMO),
KP + QK (KP/QK/GMO) incorporated. (J) Densitometric analyses of blots showing the values for phosphorylated and total protein of ERK1/2 and AKT (K) and the
ratio between phosphorylated and total protein (densitometric unit ratio). (L) gPCR analysis of angiogenesis-related genes (PECMA, VWF and PLVAP) expression of
HUVECsS cultivated on the DN-GMO hydrogel alone (GMO) and with KP (KP/GMO), QK (QK/GMO), KP + QK (KP/QK/GMO) incorporated after 3 days. (n = 3; NSp >
0.05, *P < 0.05, and **P < 0.01, ***P < 0.001 compared with Ctrl group; "P >0.05, #p < 0.05, and **P < 0.01, *##P < 0.001 compared among groups).
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Fig. 6. Synergistically enhanced of critical bone repair in vivo by GMO hydrogels loaded with KP and QK.

(A) Gross images and (B) schematic illustration of the surgical procedures. Scale bar = 5 mm. (C) Representative images of 3D reconstruction and (D) sagittal
crosssection showed the bone formation of the defect area treated with DN-GMO hydrogel alone (GMO Ctrl) or DN-GMO hydrogel with QK (QK/GMO), KP (KP/GMO)
and KP + QK(KP/QK/GMO) incorporated after 8 weeks. (E) Quantitative analysis of bone formation by BV/TV in specific regions of interest. (n = 3-4; NP > 0.05, *P
< 0.05, and **P < 0.01, ***P < 0.001 compared with Ctrl group; **P>0.05, *P < 0.05, and **P < 0.01, **#P < 0.001 compared among groups).

bone repair as compared with the GMO Ctrl group, while the KP/QK/
GMO group revealed the highest efficiency of bone repair among the
groups. The sagittal crosssection images (Fig. 6D) were observed to be
consistent with the reconstruction results. A consecutive regenerated
bone was formed in the defect area in the KP/QK/GMO group, while the
GMO Ctrl group only demonstrated a separated one. The other groups
presented the behaviors in between the KP/QK/GMO and GMO Ctrl
groups. As shown in the quantitative analyses of the BV/TV ratio (BV/
TV x 100%) of the defect areas (Fig. 6E), compared with the low ratio
(18.0 £ 5.2%) in the GMO Ctrl group, the BV fractions in the QK/GMO
(28.9 + 3.8%), KP/GMO (48.8 + 2.0%) and KP/QK/GMO (58.2 +
3.5%) groups were obviously increased, thus, indicating the accelerated
bone bridging and defect reunion associated with the composite GMO
hydrogels. Though QK had a limited effect on the osteogenic differen-
tiation of BMSCs in vitro, however, it is worth noting that the QK loaded
GMO hydrogel exhibited a slight promotion of the bone formation in
vivo. Meanwhile, the GMO hydrogel with the incorporation of both KP
and QK revealed a higher healing efficiency of the bone defects than
those with KP alone, which indicated a synergistic effect of the two
bioactive peptides in vivo.

The results of Hematoxylin & Eosin (H & E) and Masson’s trichrome
staining further confirmed the formation new bone in different groups.
As shown in the H & E staining images (Fig. 7A), fibrous connective
tissues were dominant in the defect areas, and there were only a few new
bone formation in GMO Ctrl group. On the contrary, a large number of
osseous tissues along the junction of the defects were observed in the
KP/QK/GMO group, which led to a nearly complete healing. Moreover,
the QK/GMO group also presented a superior new bone formation as
compared with the GMO Ctrl group, while it was inferior as compared
with the KP/GMO group. This was consistent with the microCT obser-
vation that the angiogenic peptide QK could also promote bone healing
in vivo. Consistent with H & E staining, Masson’s trichrome staining
revealed that consecutive collagen fiber bundles and ossified tissues
were arranged compactly in the defect area in the KP/QK/GMO group,
while the GMO Ctrl group only demonstrated the connected fibers with a
few new bone formation (Fig. 7B). The other groups presented the be-
haviors in between the KP/QK/GMO and GNO Ctrl groups. The results of
the osteogenetic efficiency were further confirmed by immunohisto-
chemical staining of OPN, which was expressed to the highest extent in
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KP/QK/GMO group as well (Fig. 7C). The quantitative analysis of
immunohistochemical staining revealed highest OPN expression in the
KP/QK/GMO group, while there was only a slight expression in the GMO
Ctrl group (Fig. 7E). In order to evaluate neovascularization in the bone
defect area, the CD31 immunohistochemical staining was further per-
formed (Fig. 7D). Compared with the GMO Ctrl group, only a slightly
higher number of the newly formed vessels were noted in the KP/GMO
group. However, more newly formed vessels were observed in the
groups containing QK peptides. In particular, KP/QK/GMO group
showed the highest number of vessels among all groups. The quantita-
tive analysis of the number of vessels further confirmed the observed
results (Fig. 7F).

Overall, the obtained results suggested the sustained release of KP
and QK from the injectable GMO hydrogel scaffold could synergistically
promote the osteogenesis and angiogenesis of bone tissue, which further
led to an efficient vascularized bone regeneration in the defect areas.

4. Discussion

Repairing irregular or deep burr-hole bone defect (e.g. in oral and
maxillofacial region) is still a huge challenge to traditional hydrogel
scaffolds. Although 3D printing is promising in endowing the scaffolds a
significant shape-fitness, the requirement of extensive surgical exposure
limited its application [41,42]. To overcome this issue, the current study
aimed to design an injectable hydrogel that could easily pass through the
needle of a syringe and possess the stability to retain in situ. Although the
traditional injectable hydrogels based on “sol-gel” transition strategy
have drawn much attention in the past decade, they still lack a sufficient
maneuverability in clinical application due to the defined operation
time, complex manipulation process, uncontrollable spreading or me-
chanical weaknesses.

To overcome the obstacles, novel injectable and self-healing hydro-
gels based on dynamic crosslinks have attracted increasing attentions
recently. For example, Ding et al. [37] reported an injectable and
self-healing hydrogel possessed dynamic -C—=C- double bond based on
the Knoevenagel condensation (KC) reaction by mixing cyanoacetate-
and benzaldehyde-modified dextran. Although rapid self-healing and
excellent injectable properties were achieved in this study, the
requirement of catalyst for the KC reaction and the complicated
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Fig. 7. Histological analysis of bone regeneration in vivo.

(A) Representative images of H & E and (B) Masson’s trichrome staining for the defect area in each groups. Scale bar = 1 mm (Left); 200 pm (Right). NB: new bone;
FT: fibrous tissues. (C) Representative immunohistochemical staining images of OPN and (E) the quantitative analysis in each group. Arrows point to the positive
area. Scale bar = 200 pm (Upper); 50 pm (Lower). (D) Representative immunohistochemical staining images of CD31 and (F) the quantitative analysis of the vessels
number in each group. Arrows point to the vessels. Scale bar = 50 pm. (n = 3-4; ¥5P>0.05, *P < 0.05, and **P < 0.01, ***P < 0.001 compared with Ctrl group;
15p0.05, ¥P < 0.05, and *#P < 0.01, **#P < 0.001 compared among groups).
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modifications of dextran increased the system complexity in this work.
Another example was reported by Liu et al., where an injectable
hydrogel based on 4-arm-thiolated polyethylene glycol (PEG-SH) and
Mg2+ ions was developed [43]. Due to the reverse nature of the Mg-S
coordination bond and disufide bond, the formed hydrogel showed a
promising shear-thinning property and could be extruded through a
needle without any clogging. However, the synthetic polymers-based
hydrogel may lack natural cell-targeting signals and need extra modi-
fications to improve its biological responses in practice [44,45].
Therefore, developing injectable and self-healing hydrogels with a facile
fabrication method and desirable biological responses is worth
exploring. In our study, the hydrogel was synthesized mainly based on
gelatin methacryloyl (GelMA) and oxidized dextran (ODex), which
could be easily obtained by carrying out a slight modification of their
original natural polymers. Considering the sufficient amino groups and
aldehyde groups in the backbone of GelMA and Odex independently, the
Schiff base, normally produced by the condensation reaction between
the aldehyde groups and amines [12,46], was chosen to form the
hydrogel network. As shown in Fig. 1, the first network of the GMO
hydorgel could be facilely obtained by mixing precursors, the second
network could be further formed after exposing to visible light. Due to
the presence of RGD peptides and natural degradation sites for matrix
metalloproteinases (MMPs) [47], the natural polymers-derived hydrogel
displayed excellent biocompatibility and desirable biodegradability in
our study (Fig. 3, Fig. S4).

The shear-thinning and self-healing properties are needed to be
considered primarily when designing injectable hydrogels based on the
“gel-sol-gel” transition strategy. The hydrogels with significant shear-
thinning performance are expected to be injected with less forces. The
rapid self-healing property further guarantees the spontaneous inte-
gration of the hydrogel after injection. Inappropriate design may lead to
a reduction in the dynamic properties, thus, further altering the inject-
ability of the hydrogel. For instance, the dynamic exchanges of the
—C—=C- double bond are relatively slow without a catalyst, therefore, the
injectable hydrogel reported by Ding et al. displayed a reduced shear-
thinning and self-healing properties without histidine and were not
satisfactory as an injectable carrier [37]. In our study, the Schiff base
displayed desirable dynamic properties under physiological condition
without catalyst and endowed the GMO hydrogel with continuous and
spontaneous self-healing ability (Fig. 2A and B) as well as a significant
shear-thinning performance (Fig. 2G). There was no need to preform the
material to match the shape of defects, and a minimal operative field
exposure was guaranteed, which was advantageous in clinical practice.
Interestingly, a bioadhesive hydrogel with high concentrations of GelMa
(20%, w/v) and ODex (5%, w/v) was reported by Zhao et al. for
sutureless keratoplasty [48]. Although the adhesive strength was greatly
improved due to the high concentration of ODex, the hydrogel showed a
limited “gel-sol-gel” transition performance in practice. Similarly, the
self-healing efficiency of GMO hydorgel was decreased when increasing
the Odex concentration in our study, which might further alter its
injectability in practice. Therefore, a low concentration of ODex was
used in the current study to obtain a self-healing and injectable hydrogel
with excellent “gel-sol-gel” transition performance.

The ideal bone repair scaffolds should present sufficient structural
stability and mechanical strength to frame the osteogenic environment,
as the optimal hardness facilitate cell adhesion, proliferation and ulti-
mately osteogenic differentiation [2,5,49]. Substantial injectable
hydrogels based on the dynamic crosslinks had been proposed recently,
but the low mechanical strength and rapid degradation hindered their
application as bone restoration materials [6,50,51]. For example, Tseng
et al. reported a dynamic hydrogel based on glycol chitosan and tele-
chelic difunctional poly(ethylene glycol) (DFPEG) [52]. Due to the
reversible Schiff base inside, the hydorgel showed a excellent
self-healing and injectable ability, however, an insufficient stiffness (G’
~ 1.5 kPa) for bone regeneration was observed. Similarly, the SN-GMO
hydrogel formed by the Schiff base alone exhibited an insufficient
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compression modulus (4.5 + 0.7 kPa) with respect to achieving efficient
bone repair. Therefore, in our study, the in situ reinforced hydrogel with
double networks was achieved via the photopolymerization of GelMA.
After visible light radiation, the mechanical strength of the DN-GMO
hydrogel was significantly improved (Fig. 1F and G), which ensure a
suitable micro-environment for osteogenesis.

Bioactive moleculars delivery from bio-scaffold is a crucial strategy
in bone tissue engineering [2]. Recently, a few self-healing and inject-
able hydrogels were reported to represent the promising outcomes in
bone regeneration. For instance, Zhang et al. reported a self-healing
hydrogel developed by crosslinking the oxidized dextran and adipic
dihydrazide modified hyaluronic acid (HA) [53]. Accompanied with the
LAP nanoplatelet-mediated BMP2 delivery, the nanocomposite hydro-
gels could greatly promote osteogenesis in vitro and in vivo. However, as
to growth factors, the drawbacks such as high costs of production,
immunogenicity and instability of are still needed to be overcome in
clinical application. Utilizing inorganic materials, such as bioactive glass
[54], may be an alternative choice. For example, Hou et al. prepared a
biodegradable adhesive glue based on oxidized dextran and modified
methacrylate gelatin for bone fracture fixation. The incorporation of
aminated mesoporous bioactive glass nanoparticles (AMBGN) could
further endow the hydrogel with the osteogenic activity [55]. However,
more importance should be attached to angiogenesis process and
vascular tissue formation during bone regeneration. To solve the prob-
lems above, peptides that can mimic the functions of osteogeni-
c/angiogenic growth factors are worth exploring. BMP-2 has been
reported to present a strong osteoinductive activity in numerous studies,
so utilizing the peptides derived from the active BMP2 domain to pro-
mote the bone regeneration has attracted a significant attention recently
[56,57]. Among these, the peptide corresponding to the residues 73-92,
representing the knuckle epitope of the BMP2 protein, was observed to
have the highest osteogenic activity by binding to the BMP receptor Il on
cells and initiating the BMP signal transduction [26]. As a crucial factor
in vascular development and angiogenesis, VEGF played an important
role in bone repair and bone regeneration [58,59]. Peptide based on the
VEGF helix sequence had been proven to maintain the helix structure in
liquid and demonstrate a high affinity to the kinase domain receptor
(KDR), initiating the VEGF pathway transduction consequently [60].
Therefore, in our study, in order to achieve an efficient vascularized
bone regeneration, the osteogenic peptide derived from BMP2 (knuckle
epitope peptide, KP) and angiogenic peptide derived from VEGF (QK)
were chose with slight modification. To minimize peptide structure
alteration and avoid side reactions, only lysine in the N-terminal of
peptide was kept in active state for subsequent chemical reaction.

Considering that the healing of the bone defect was a complex and
long-term process [61], burst release of the bioactive molecules from
bone grafting substitutes was obviously not satisfying. Although KP and
QK were promising in vascularized bone regeneration due to their
excellent osteogenic and angiogenic effect, a suitable releasing pattern
from scaffold should be strived for. Physical adsorption was the simplest
way to encapsulate bioactive factors into scaffolds [62]. However, weak
interaction might result in burst release of bioactive factors, making it
impossible to provide a sustained stimulation to target cells, which was
especially important during bone tissue engineering. In contrast, the
covalent bonds present a high bond energy and can provide a stable
interaction between the bioactive factors and biomaterials [63], there-
fore, a reliable binding was achieved. However, such reactions require
the additional catalysts or harsh conditions, which can complicate the
process and may alter the biological functions of the binding factors.
Moreover, too strong binding may give rise to immobilization of the
factors, further impairing the cell recruitment and bone remodeling.

In the current study, taking into consideration the high content of
aldehyde groups in the backbone of GMO hydrogel, two bioactive pep-
tides (KP and QK) with active lysine in the N-terminus were stably
tethered to the hydrogel matrix via Schiff base interaction. The reaction
could be achieved by simply adding the peptides to pre-hydrogel
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solution, without additional reagent. The sustained release profiles of
both KP and QK from GMO hydrogel were observed, but QK showed a
superior release kinetic than KP (Fig. 2H). It has been reported that KP
has a p-strand like structure [26], while QK exhibits a helical structure
[27]. As evidenced by the sequences and overall hydropathicity
(GRAVY) analysis, QK showed a lower molecular weight and higher
hydropathicity (GRAVY = —0.73) than KP (GRAVY = 0.39). Therefore,
it was speculated that the difference in structures, length of sequence
and hydropathicity of KP and QK might have contributed to the result.
During physical bone healing, angiogenesis and osteogenesis occurred
sequentially. The angiogenic factors, such as VEGF, were expressed at
early stage to promote vascular tissue formation, while the osteogenic
factors, such as BMP-2, come later for facilitating the bone tissue for-
mation [15]. It has been reported that a controlled released of VEGF and
BMP2 sequentially can promote the bone regeneration effectively [64].
As QK and KP mimic the corresponding functions of VEGF and BMP2, it
was believed that the rapid-sustained release of QK and slow-sustained
release of KP help to achieve a high efficient bone regeneration in vivo.

As shown, the KP and QK loaded GMO hydrogel exhibited strong
osteogenic and angiogenic inductivities on BMSCs and HUVECs in vitro,
respectively. The migration, proliferation and tube formation ability can
reflect angiogenic potential of the endothelial cells [65]. The MAPK
(ERK1/2) and PI3K/Akt signals, which can promote proliferation and
migration during angiogenesis after activation, were the major down-
stream targets of VEGF pathway [58,66,67]. Besides, certain genes
related to cell-cell interactions (such as PECAMI1) and endothelial
function (such as PLVAP, VWF) can indicate the angiogenic potential of
endothelial cells as well [68]. In our study, GMO hydrogel loaded with
QK significantly enhanced migration, proliferation and tube formation
by activating the angiogenesis related pathways as well as stimulating
the expression of the angiogenic genes of HUVECS, indicating great
angiogenic induction potential. These results were consistent with the
earlier reports of the QK modified scaffold materials showing a vast
improvement in angiogenesis in vitro [69-71]. The osteogenic differ-
entiation of BMSCs could be reflected by the high expression of the
osteogenic genes, increased alkaline phosphatase activity and elevated
production of the bone-like calcium deposits. GMO hydrogel loaded
with KP demonstrated a significantly promoted osteogenesis, which
were consistent with previous studies about other BMP-2 derived pep-
tide modified scaffold materials [72-74].

As shown in Figs. 6 and 7, consistent with the in vitro results, GMO
hydrogel loaded with KP showed a significant enhancement of bone
regeneration in vivo. This further verified the osteoinductivity of KP in
GMO hydrogels. Interestingly, although QK demonstrated a limited ef-
fect on the osteogenic differentiation of BMSCs in vitro, the QK incor-
porated GMO hydrogel showed a slight promotion of the bone formation
in vivo. Considering increased angiogenesis by QK in vitro, our result was
consistent with previous studies indicating that the angiogenesis process
induced by VEGF could further promote osteogenesis in vivo [58,75].
Moreover, a synergistic effect of QK and KP in vivo was observed in this
study as the GMO hydrogel loaded with both KP and QK showed the
highest healing efficiency of bone defect among all groups. It is widely
known that angiogenesis and osteogenesis are independent in bone
regeneration process. The increased vascular tissue formation induced
by QK can further provide sufficient nutrition and more osteogenesis
bioactive factors for maturity of MSCs, whereas the angiogenic bioactive
factors secreted by osteocytes in turn strengthen the angiogenesis pro-
cess [15,64]. It was likely that these independent processes finally led to
the synergistic effects and superior bone tissue restoration.

In the past decades, the bone tissue engineering strategy of
employing the bioactive factors and/or exogenous stem cells to fill the
defects area, has achieved excellent advancements in bone repair [4].
However, deliver of exogenous stem cells suffered from increasing
limitations such as low acquiring ratio, low survival rates, impaired
therapeutic efficacy, risk of rejection and immunological reactions [76].
Considering the recruiting ability of bioactive peptides, a cell-free
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strategy was chosen in this study. Released peptides from the hydrogel
could initiate angiogenesis and recruit sufficient stem cells from the
microenvironment. Subsequently, osteogenic was stimulated, leading to
an efficient bone regeneration afterwards. The current results indicated
that delivering KP and QK together in GMO hydrogel could achieve an
efficient bone regeneration in vivo.

The present study also had several limitations. First, only BMSCs and
HUVECs were used to investigate the osteogenic and angiogenic
inductivities of KP and QK. For the sake of intricate microenvironment
and network of bone regeneration, multiple cell types should be
included in future studies. Second, though the two functional peptides
showed a sustained released profile from the GMO hydrogel, however,
the mechanism of the releasing activity need to further explored. As to
the GMO hydrogel, developing new strategy to deliver functional pep-
tides in a more spatio-temperally controllable way is worth exploring.
Third, in this study, we only adopted the cell-free material strategy with
bioactive peptides. In fact, the GMO hydrogel also has tremendous po-
tential as a cell-laden injectable scaffold. In GMO hydrogel, the broken
dynamic covalent bonds during injection might disperse the harmful
forces and protect encapsulated cells from mechanical injuries, there-
fore, enhancing the cell survival and stem cell abased bone tissue en-
gineering. In the future, it is worth investigating the suitable cell-laden
strategies for bone regeneration based on GMO hydrogel. Finally,
though the GMO hydrogel displayed a significant potential as a mini-
mally invasive and efficient approach for bone defect repair, the detailed
protocols for clinical application, such as about injection and photo-
reinforcement, need to be further explored and optimized. Inspired by
the arthroscopic device used to inject and photocrosslink hydrogel for
articular cartilage repair [77], similar minimally invasive (MIS) devices
may be a solution for GMO hydorgels application in practice.

5. Conclusion

A novel injectable and self-healing hydrogel (GMO), loaded with
both osteogenic and angiogenic peptides, was developed in this study for
efficient bone regeneration. This composite GMO hydrogel exhibited
high biocompatibility, desirable mechanical strength, excellent inject-
able and self-healing abilities, which guaranteed a minimally invasive
and convenient approach for irregular and small bone defects restora-
tion. Two bioactive peptides (KP and QK), derived from BMP2 and
VEGF, were tethered to the GMO hydrogel via the Schiff base bond and
achieved the desirable releasing profiles. In vitro, the KP and QK loaded
GMO hydrogel not only increased the expression of the osteogenic
genes, alkaline phosphatase activities and production of the bone-like
calcium deposits of BMSCs, but also promoted the proliferation,
migration, tube formation ability and angiogenic signaling transduction
of HUVECsS. In vivo, the GMO hydrogel loaded with KP and QK revealed a
significant synergistic promotion of both osteogenesis and angiogenesis,
thus, resulting in a markedly enhanced bone formation in the rat
calvaria defect. Overall, the KP/QK loaded into GMO hydrogel was
proven to serve as an efficient approach for the vascularized bone
regeneration, providing an injectable self-healing material and sug-
gesting a new strategy for bone tissue engineering via a minimally
invasive approach.
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