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ABSTRACT: Safe and effective biomaterials are in urgent clinical need for
tissue regeneration and bone repair. While numerous advances have been
made on hydrogels promoting osteogenesis in bone formation, co-
stimulation of the angiogenic pathways in this process remains to be
exploited. Here, we have developed a gelatin-based blue-light-curable
hydrogel system, functionalized with an angiogenic vascular endothelial
growth factor (VEGF) mimetic peptide, KLTWQELYQLKYKGI (KLT),
and an osteoanabolic peptide, parathyroid hormone (PTH) 1−34. We have
discovered that the covalent modification of gelatin scaffold with peptides
can modulate the physical properties and biological activities of the produced
hydrogels. Furthermore, we have demonstrated that those two peptides
orchestrate synergistically and promote bone regeneration in a rat cranial
bone defect model with remarkable efficacy. This dual-peptide-functionalized
hydrogel system may serve as a promising lead to functional biomaterials in bone repair and tissue engineering.
KEYWORDS: VEGF mimetic peptide, PTH(1−34), covalent functionalization, blue-light-curable hydrogel, bone regeneration

■ INTRODUCTION
Large bone defects caused by trauma, tumors, and infectious
diseases reduce patients’ quality of life and remain a daunting
challenge worldwide. Autogenous transplantation is the gold
standard for bone therapy but is significantly restrained by the
sources of autografts, as allografts and xenografts often
encounter host rejection issues.1 Various biomaterials developed
for bone tissue engineering have shown superior clinical
results,2−4 such as FDA-approved Medtronic’s Infuse Bone
Graft and Stryker’s OP-1. These synthetic bone grafts utilize
growth factors, including recombinant human bone morphoge-
netic protein 2 (rhBMP-2), and BMP-7, to promote
osteoinduction.5 However, the applied bioactive proteins are
limited to certain types, and another essential process in bone
repairing, vascularization,6 is often overlooked in developing
related biomaterials. Compared with macromolecular proteins,
bioactive peptides provide great therapeutic potential owing to
their short amino acid sequences, readily accessibility, and
relatively low cost.7 Moreover, peptides can be easily modified to
achieve controllable release and the modulation of various
pathways involved in bone formation. Thus, the development of
novel bioactive peptide-functionalized biomaterials is of
promising prospect for bone tissue engineering.8

Hydrogels represent an advantageous type of scaffolds for
tissue engineering that can deliver bioactive peptides with

excellent biocompatibility, viscoelasticity, and mechanical
properties.9,10 Several studies have shown that using osteogenic
peptides to functionalize hydrogels is beneficial for bone
regeneration. For instance, Qiao et al. developed a gelatin-
based hydrogel modified by osteogenic growth peptide (OGP)
for repairing rat distal femur defects in vivo,11 and Li et al.
functionalized a hyaluronic acid (HA) hydrogel with Foxy5, a
Wnt5a mimetic hexapeptide, to repair rat calvarial defects with
excellent efficiency.12 These successful examples, along with
other precedents such as the hydrogel functionalized by BMP-2
mimetic peptides (BP),13 mainly focus on the osteogenic
signaling pathways, albeit the bone regeneration process is
highly complicated and affected by various factors.14,15 We
envisaged that combining two types of peptides with different
bioactivities, such as an angiogenic vascular endothelial growth
factor (VEGF) mimetic peptide, KLTWQELYQLKYKGI
(KLT),16,17 and an osteoanabolic peptide, parathyroid hormone
(PTH) 1−34,18 may impact both the vascularization and
osteoinduction processes, thus synergizing bone regeneration.19

Herein, we report a dental blue-light-curable hydrogel scaffold
functionalized with KLT and PTH peptides, which synergisti-
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cally accelerated bone regeneration, presumably through
promoting the blood vessel growth at the early stage, and the
followed bone reconstruction processes (Scheme 1). The
bioactive peptides are covalently linked to the hydrogels
utilizing a photoinduced thiol-norbornene reaction, which
effectively enhances the preservation of the bioactive
agents.8,20−22 The prepared hydrogels were evaluated in cell
proliferation, adhesion, and migration assays in vitro, and in a rat
cranial defect model for their bone regeneration-promoting
capacity, showing an optimal regenerative efficacy of 77% bone
volume/tissue volume (BV/TV). Furthermore, the synergistic
osteogenic and angiogenic effects of combining KLT and
PTH(1−34) were also probed.

■ EXPERIMENTAL SECTION
Materials. Cold water fish gelatin, ascorbic acid, dexamethasone, b-

glycerophosphate, and Alizarin Red S were all purchased from Sigma-
Aldrich. 5-Norbornene-2-carboxylic acid, 1-ethyl-3(3-dimethylpropyl-
amine) carbodiimide (EDCI), N-hydroxysuccinimide (NHS), N,N′-
diisopropylcarbodiimide (DIC), anhydrous dimethylsulfoxide
(DMSO), deuteroxide (D2O), and 4-methylpiperidine were purchased
from Energy Chemical. All reagents for peptide synthesis including
Fmoc-protected amino acids, Fmoc-rink amide MBHA resin, and

oxyma were purchased fromGLBiochem (Shanghai) Ltd. HPLC-grade
acetonitrile and dimethyl formamide (DMF) were purchased from
Oceanpak. The CCK-8 reagents were purchased from Dojindo. The
Live Green and Dead Red reagents and Actin-Tracker Green were
purchased from KeyGEN. The RNA Isolation Reagents TRIzol was
purchased from Invitrogen, the reverse-transcription kit was purchased
from TAKARA, and the Matrigel was purchased from Corning. The α-
MEM and FBS were purchased from Gibco. The BCIP/NBT ALP
Assay Kit was purchased from Beyotime. The MICROFIL was
purchased from the Flow Tech. H&E staining kit (Hematoxylin and
Eosin) and Masson’s trichrome staining kit were obtained from
Solarbio Life Science. The immunohistochemistry antibodies were
purchased from Abcam and Proteintech.
General Protocols for Peptide Synthesis. The peptides were

prepared following the reported protocol with minor optimization.23

Briefly, a CEM Liberty Blue system with microwave irradiation was
adopted with a 0.05 mmol scale using a 5-fold excess of reagents (0.2 M
amino acid solution in DMF, 0.25 M DIC in DMF, 0.5 M Oxyma in
DMF), and coupling for 2 min at 90 °C (50 °C 10 min for Fmoc-
Cys(Trt)-OH and Fmoc-His(Trt)-OH, 75 °C 10 min for Fmoc-
Arg(Pbf)-OH). For amino acids after sterically hindered residues such
as arginine, isoleucine, threonine, valine, and proline, double couplings
were conducted. The Fmoc removal step was conducted using a
deblock solution of 20% 4-methylpiperidine inDMF (v/v) for 30 s at 90
°C. The peptide resin was washed with DCM three times after synthesis

Scheme 1. VEGF Mimetic Peptide KLT and PTH(1−34) Delivered via a Dental Blue-Light-Curable Hydrogel Accelerate the
Repair of Rat Cranial Defectsa

a(A) Schematic illustration of the fabrication of dual-peptide-functionalized hydrogel via an in situ covalent functionalization strategy. KLT and
PTH(1−34) peptides were covalently attached to the gelatin scaffold efficiently through a rapid photoinduced thiol-norbornene click reaction. (B)
The application of the KLT/PTH-functionalized hydrogel with both angiogenic and osteogenic bioactivities for rat cranial defects repairing. Top
left: A representative neovascularization micro-CT image after vascular perfusion showing cranial defect angiogenesis. Bottom left: A representative
micro-CT image of the cranial bone defect areas showing the bone repair. (C) Schematic illustration of the regenerative process after implantation
of the KLT/PTH-functionalized hydrogel. The bioactive peptides could be slowly released upon the degradation of hydrogel scaffold by matrix
metalloproteinases (MMPs), presenting a favorable microenvironment for early blood vessel growth and the followed bone reconstruction.
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and treated with a solution of TFA/TIPS/H2O (95/2.5/2.5, v/v/v) for
2 h. The resin was then removed by filtration, and the filtrate was
concentrated under a nitrogen atmosphere. The resulting residue was
triturated with cold diethyl ether to give a white solid, which was then
dissolved in a solution of acetonitrile and water containing 5% acetic
acid. The resulting solution was ready for LC−MS analysis or HPLC
purification after filtration. All HPLC separations involved a mobile
phase of 0.05% (v/v) TFA in water (solvent A) and 0.04% (v/v) TFA in
MeCN (solvent B).
Binding Tests of PTH(1−34) Derivative Peptides. A cAMP

assay was conducted to test the activities of PTH(1−34) derivative
peptides. The measurement was carried out using a cAMP-Gs Dynamic
kit (62AM4PEB, Cisbio) according to the manufacturer’s protocol. In
detail, 293T cells stably expressing PTH1R were seeded at a density of
2000 cells per well into HTRF 96-well low-volume plates (66PL96025,
Cisbio), followed by incubation with PTH[Nle8,18]1−34, GCG-
PTH[Nle8,18]1−34 and PTH[Nle8,18]1−34-GCG peptides for 30 min.
Then, cAMP-d2 conjugate and cryptate conjugate in lysis buffer were
added and incubated for another 60 min. Fluorescence data were read
with Biotek Synergy Neo2, and the curve was calculated by nonlinear
regression (three-parameter logistic fit) in GraphPad.
Synthesis of GelNB. The synthesis of GelNB was conducted

following the reportedmethods withminor optimization.24 Briefly, 2.00
g of 5-norbornene-2-carboxylic acid (7.20 mmol) was first dissolved in
40 mL of dichloromethane. Then, an additional 2.24 g of N-
hydroxysuccinimide (NHS-OH, 19.46 mmol) and 3.58 g of EDCI
(18.68 mmol) were added, and the mixed solution was stirred at room
temperature for 24 h. The reaction mixture was poured into 100 mL of
ethyl acetate and washed with 80 mL of saturated NaHCO3 solution,
twice with 80 mL of water and once with 80 mL of brine. The organic
layer was collected and dried over anhydrous magnesium sulfate
(MgSO4). The dried solution was then evaporated on vacuo to yield a
white solid product (yield: 3.41 g, ca. 85%), which was used without
further purification for the next step.
Gelation (10.00 g,−NH2 = 3.06 mmol) from cold water fish (Sigma-

Aldrich) was dissolved in DMSO in a 50 °C water bath under argon
protection, followed by the addition of the synthesized 5-norbornene-2-
NHS ester (1.00 g, 4.25 mmol). The reactant solution was stirred at 50
°C in an oil bath for 24 h before addition to a tenfold volume of acetone.
The suspension was filtered, and the white precipitate was washed with
acetone three times and then dried under vacuum overnight. The crude
gelatin was redissolved in 80 mL of deionized water and centrifuged to
remove the undissolved impurity. The pH of the solution was adjusted
to approximately 7.5 with 1 N NaOH solution before dialysis with
deionized water for 3 days at 40 °C. Finally, the solution was collected
and lyophilized to provide the product as a white solid (yield: 8.52 g, ca.
82%). The modified GelNB was characterized with 400 Hz NMR, and
the degree of substitution (DS) was measured with an ortho-phthalic
dialdehyde assay.
Dental Blue Light-Induced Gelation Tests. The gelation

abilities of GelNB cross-linked with three different thiol-linkers,
DTT, HS-PEG-SH (MW = 2k, Macklin), and MMP-degradable
peptide linker, were investigated. First, 5, 10, and 15% GelNB solutions
in 0.1 mM eosin Y in DPBS were prepared. Then, a proper amount of
linker was dissolved in the prepared GelNB solutions, confirming that
the amount of thiol groups on the linker was equal to the norbornene
groups on the gelatin chain. After thorough mixing, 200 μL of hydrogel
precursor was transferred to a 4 mL sample vial and exposed to light-
emitting diode (LED) dental blue light (LY-B200, 420−480 nm,
1200−2000 mW/cm2) at a 5 mm distance and checked every 5 s. The
gelation was confirmed by inversion of the vial, and the gelation time
points were recorded.
General Procedure for Hydrogel Preparation. Gel-NB (75.00

mg) dissolved in 468.75 μL of 0.1 mMEosin Y solution with or without
thiol-modified peptides was used to prepare a 16% Gel-NB solution.
Then, 56.00 mg of DTT was dissolved in 1.00 mL of 0.1 mM eosin Y
solution to provide DTT thiol-linker solution. To the above 468.75 μL
of 16% Gel-NB solution, 31.25 μL of DTT thiol-linker solution was
added and mixed thoroughly, after which the hydrogel precursor was
transferred to a Teflon cuboid mold (length = width = 10 mm, height =

5 mm) and exposed to dental blue light to form a hydrogel. Hydrogels
were prepared following this protocol for compression, in vitro swelling
and degradation, rheological tests, and scanning electron microscopy
(SEM) analysis.
Peptide Covalent Functionalization and Release Test. Thiol-

containing peptide was dissolved in 0.1 mM eosin Y, followed by the
dissolution of GelNB. The prepared solution was exposed to dental blue
light for 5 min for covalent prefunctionalization, and then DTT thiol-
linker solution in 0.1 mM eosin Y was added. The solution was mixed
thoroughly before addition to the mold and light exposure to form a
hydrogel.
Peptide release tests were conducted with Alliance e2695 analytic

HPLC equipped with an Agilent C18 column (Eclipse XDB-C18, 5 μm,
4.6 mm × 150 mm). Briefly, a calibration curve of the test peptide with
certain concentrations (i.e., 10, 25, 50, 75, 100, 150 μg/mL) was
established according to the peak area integration. Then, 500 μL of
cuboid hydrogels (length = width = 10 mm, height = 5 mm) of 15%
GelNB containing covalently or noncovalently immobilized peptides
was prepared. The hydrogels were incubated in centrifugal tubes with 2
mL of DPBS at 37 °C. After this, 1 mL of the solution was taken from
each tube at different time points (i.e., 30 min, 60 min, 12 h, 1 day, 2
days, 3 days, etc.), after which 1 mL of DPBS was added. The aliquots
were analyzed with HPLC, and the concentration of the peptides was
calculated according to the calibration curve.
Physical Characterizations of Peptide-Functionalized Hy-

drogels. Four groups of 500 μL cuboid hydrogels (length = width = 10
mm, height = 5 mm) composed of 15% GelNB covalently
functionalized without peptides, with 1 mg/mL PTH[Nle8,18]1−34-
GCG, 5 mg/mLGCG-KLT, 1 mg/mL PTH[Nle8,18]1−34-GCG, and 5
mg/mL GCG-KLT, were prepared and used in the following tests.
Compression tests were conducted using an Instron 5696

mechanical tester at a rate of 5 mm/min until failure. Compressive
strain (mm) and load (N) were then measured using Instron’s Bluehill
3 software. Moduli were determined by obtaining the tangent of the
slope of the linear region on the loading stress/strain curve between 25
and 35% (n = 5).
The adhesive tests were conducted with porcine skin. The hydrogel

(50 μL) was photo-cross-linked with two pieces of porcine skin (10mm
× 10 mm). The adhesive strength was measured with an Instron 5696
mechanical tester at a speed of 5 mm/min until two pieces of porcine
skin separated (n = 5).
The porosity of the cross-linked hydrogels was evaluated with SEM

imaging and analysis. Lyophilized hydrogel samples were prepared first.
SEM images were obtained using a scanning electron microscope
(Zeiss Merlin FE-SEM). Pore sizes of the hydrogels were averaged from
at least three images from three samples for each condition (n = 5).
Swellability of the hydrogels was determined by incubating the

hydrogels in DPBS at 37 °C for 24 h. Hydrogels were prepared and
lyophilized, and their dried weights were measured (Wdry). At specific
time points of 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h, hydrogels were
then removed from the buffer and weighed to obtain swollen weights
(Wswollen). Swelling ratio was calculated by Wswollen/Wdry (n = 4).
To evaluate the degree of in vitro degradation, hydrogels were

lyophilized and weighed to record the initial weights (W0). The samples
were placed in centrifugal tubes, 2 mL of collagenase II solution (5 μg/
mL in PBS) was added, followed by incubation at 37 °C. At 12 h, 24 h,
36 h, 2 days, 3 days, and 5 days, the buffer was removed andwashedwith
DPBS 3 times for 5 min each. The samples were lyophilized and
weighed (WT). Weight loss was calculated by W0 − WT/W0 (n = 4).
Rheological measurements were performed on a MARS rheometer

(HAAKE). For in situ light-triggered oscillatory time sweep test, an
external LED dental blue light as a light source with a glass plate rotor
(20 mm diameter, 0.5 mm gap) was used, where all samples were
measured at 10% strain and 1 Hz for 200 s and blue light was emitted
from the 30th second. Every time, 100 μL of hydrogel precursor was
added to the plate andmeasured at 25 °C (n = 5). Cylinder hydrogels (d
= 8 mm, z = 1 mm) were prepared for the oscillatory time sweep test
with a cone rotor (35 mm diameter, 1° cone angle, 0.5 mm gap). All
samples were measured at 10% strain and 1 Hz for 60 s at 25 °C (n = 5).
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Real-Time Polymerase Chain Reaction (RT-PCR) Assay.

HUVECs were cultured with PTH, KLT, or PTH/KLT medium.

After 7 days, the cells were harvested and total RNA was extracted with

TRIzol (Invitrogen). The RNA concentration and quality were

Figure 1. Fabrication of gelatin-based hydrogel covalently functionalized with KLT/PTH peptides. (A) Synthetic scheme for PTH(1−34) and KLT
peptide analogues. (B) Reaction scheme for GelNB preparation, gelation tests in 0.1 mM eosin Y with dental blue light (430−480 nm) and in situ
covalent functionalization of thiol-modified peptide into GelNB hydrogel. (C) Blue-light-induced hydrogel formation cross-linked by thiol-containing
DTT, PEG, and peptide linkers in 0.1 mM eosin Y. In vitro release profile of noncovalently and covalently immobilized peptides from 15% (w/v)
GelNB hydrogels with (D) 5 mg/mL KLT and 5 mg/mL GCG-KLT, (E) 1 mg/mL PTH[Nle8,18]1−34 and 1 mg/mL PTH[Nle8,18]1−34-GCG, and
(F) 5 mg/mL KLT + 1 mg/mL PTH[Nle8,18]1−34 and 5 mg/mL GCG-KLT + 1 mg/mL PTH[Nle8,18]1−34-GCG (n ≥ 3).
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measured with a NanoDrop-8000 spectrophotometer (Thermo
Fisher). cDNA synthesis was performed using a reverse-transcription
kit (TAKARA, Shiga, Japan). The mRNA expression of VEGF,
PECAW, and vWF was measured with RT-PCR. The endogenous
control to normalize the gene expression used the β-actin gene. The
primers used in the present study are shown in Supplementary Table 1.
HUVEC Tube Formation Assay. Briefly, 200 μL of cold Matrigel

(Corning, NY) was coated on a 24-well plate and then placed in a 37 °C
incubator for 30 min to let theMatrigel cure. Then, 1× 104 HUVECs in
500 μL of mediumwere seeded onMatrigel. Additional PTH, KLT, and
PTH/KLT peptide were added to the medium. After 8 hours, the
images were captured with a light microscope. The number of branch
points was used to evaluate the peptide ability to form capillary-like
structures in three randomly chosen fields.
Chick Embryo Chorioallantoic Membrane (CAM) Assay. First,

the fertilized chicken eggs were incubated at 37 °C with 80% humidity.
On day 5, the embryo developed and a small window in the shell on the
embryo allantoic sac was created. The medium containing PTH, KLT,
or PTH/KLT was incubated with the CAMs. On day 10, the blood
vessels in the incubated area were fixed and photographed with a
stereomicroscope (Olympus, Japan). The number of blood vessels was
quantified and calculated. In each group, 6 viable embryos were used.
Osteogenic Differentiation Tests for the PTH and KLT

Peptides. Osteogenic differentiation was induced using osteogenic
medium (50 mg/mL ascorbic acid, 100 nM dexamethasone, and 5 mM
b-glycerophosphate; Sigma-Aldrich; DMEM, 10% FBS). PTH, KLT, or
PTH/KLT were added to the osteogenic medium, whereas cells in the
control group were cultured in an osteogenic medium. The effect of
early osteogenic differentiation was evaluated by alkaline phosphatase
(ALP) staining, ALP activity, and RT-PCR on day 7. On day 14,
Alizarin red S staining and RT-PCR were used to assess the later
osteogenic differentiation ability. For ALP staining, the cells were
washed with PBS three times and fixed with 4% paraformaldehyde for
30 min. The cells were then incubated with a BCIP/NBT ALP Assay
Kit (Beyotime, Shanghai, China) for 10 min. To measure the ALP
activity, the protein was collected and reacted with p-nitrophenyl
phosphate for 30 min, and then the absorbance was detected at 405 nm
to measure the ALP activity. After osteogenic differentiation for 14
days, the cells were fixed for 30 min and then stained with 1% Alizarin
Red S (Sigma-Aldrich) solution. To quantify mineralization, the stained
cells were desorbed with 10% cetylpyridinium chloride.
Cranial Bone Defect Surgical Procedure. Before the animal

experiment, the procedures were allowed by the Biomedical Ethics
Committee of Peking University (LA2021106, China). Sprague−
Dawley (SD) rats were provided by Beijing Charles River Laboratories.
In the present study, 60 SD rats aged 6−8 weeks and weighing
approximately 200 g were used. There were four experimental groups,
and each group consisted of 3 SD rats. The detailed groups were as
follows: (1) blank group, (2) PTH group, (3) KLT group, and (4)
PTH/KLT group. Each SD rat on the left side served as the control
group without hydrogel. After general anesthesia, a longitudinal
incision was made in the calvarial bone, and the periosteum on the
skull bone was resected. A 5 mm trephine was used to create two
craniotomy defects along the middle cranial suture, with 0.9% saline
continuously irrigated during the procedure. After hemostasis, the
hydrogel or covalent with PTH/KLT was injected into the defects and
irradiated with LED curing light (420−480 nm, 1200−2000 mW/cm2)
for 2 min. The wound was sutured with 5-0 braided absorbable sutures.
After the surgery, SD rats were intramuscularly injected with
gentamicin sulfate (40 mg). After 4 and 8 weeks, the rats were
euthanized with carbon dioxide and the calvaria were anatomically
sampled. The rat skulls were preserved in 10% formalin solution for 3
days before the next experiment.
Vascular Perfusion. To evaluate blood vessel formation in skull

defects, vascular perfusion was performed. Briefly, 2, 4, and 8 weeks
after surgery, the rats were anesthetized, the chest was opened, and the
heart was exposed. Next, the heart was perfused with heparin saline, 4%
paraformaldehyde, and 20 mL of MICROFIL (Flow Tech, Carver,
MA). Then, the rats were preserved overnight at 4 °C. The skulls were

harvested the next day. After decalcification, the skull was scanned to
observe cranial defect angiogenesis.
Micro-CT Analysis. After fixation in 10% formalin, the skulls were

scanned via micro-CT (GANTRY-STD CT 3121, Germany). The
specific scan parameters were as follows: 80 kV, 500 μA, 33.658 μm
pixel size, 101.800mm source-to-center distance, and 10.590° fan beam
angle. The analysis software was Inveon, and the measurement of the
new bone was calculated with the bone mineral density (BMD) and
BV/TV index. At the same time, the three-dimensional (3D) image was
captured.
Masson, HE, and Immunohistochemistry (IHC) Analysis. After

micro-CT scanning, the skulls were decalcified in 10% ethyl-
enediaminetetraacetic acid and changed every day. The decalcified
period lasted 4 weeks. Subsequently, the skull bones were embedded in
paraffin, and the paraffin blocks were sectioned into 5 μm sections.
Then, the slides were stained with HE and Masson’s trichrome. At the
same time, the slides were detected with mouse monoclonal antibodies
against platelet endothelial cell adhesion molecule-1 (PECAM-1/
CD31) (Abcam) and osteocalcin (OCN) (Proteintech).
Statistical Analysis. The data are presented as the average ±

standard deviation (SD). One-way analysis of variance (ANOVA) with
LSD multiple comparison tests was conducted using the Statistical
Package for the Social Sciences version 20.0 (IBMCorp.). A P value less
than 0.05 was accepted as statistically significant.

■ RESULTS AND DISCUSSION
Fabrication of the Peptide-Functionalized Blue-Light-

Curable Hydrogel. We selected norbornene-modified gelatin
(GelNB) as the hydrogel scaffold, as thiol−ene click reactions
proceed efficiently under light irradiation,25 allowing for a high
degree of substitution (DS) preferred for the requirement of
installing both cross-linkers and the bioactive peptides.
Accordingly, incorporating cysteines in the peptide sequences
is required but shall not compromise their biological activities.
Previous studies on self-assembling peptide hydrogels have
demonstrated that modification at the N-terminus of KLT
peptide shows insignificant effects on its interaction with VEGF
receptor,26,27 while the proper sites for installing cysteines in
PTH(1−34) remain to be confirmed.28−30 With these
considerations in mind, three cysteine-containing peptides
were prepared using solid-phase peptide synthesis (SPPS)
with a previously optimized protocol (Figure 1A),23 including
N-terminus-modified KLT (1), N-terminus-modified PTH (4),
and C-terminus-modified PTH (5), along with two controlled-
group sequences KLT (2) and [Nle8,18]PTH(1−34) (3).
Notably, The Met residues at sites 8 and 18 in PTH were
mutated to norleucine (Nle), which could increase the stability
and the synthetic efficiency, but not influence the bioactivity.31

In a cAMP activation assay, revealing the binding ability of PTH
to PTHR,32 peptide 5 exhibited similar activity to that of the
unmodified peptide 3, while the N-terminal modification
significantly decreased the activity leading to a much higher
EC50 value (Figure S1). These results were in accordance with
the action mechanism of PTH, as its N-terminus is the critical
region that binds to PTHR.33 Therefore, PTH analogue 5 was
chosen for further investigation.
For introducing the norbornene groups, using 1.4 equiv of

preformed 5-norbornene-2-NHS ester was found to be optimal
(Figure 1B),24,34 affording GelNB with a 100% degree of
substitution (DS), as confirmed by an ortho-phthalic dialdehyde
assay and 1H NMR (Figure S2). This optimized method allows
for the highest reported DS of GelNB with minimal substrate
consumption and easy purification.25 With the safety concerns
of UV irradiated conditions in mind,35−37 we investigated blue
light-induced gelation conditions on crosslinking GelNB with
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dithiothreitol (DTT).38 Hydrogel formation proceeded rapidly
under the sensitization of eosin Y (0.1 mM) with a GelNB
concentration as low as 5% (Figure S3), which was much faster
than the previously reported 2 min gelation time using lithium
phenyl-2,4,6-trimethylbenzoyl phosphinate (LAP) as the photo-
initiator.39 The gelation time could be further shortened by
increasing the concentration of GelNB (Figure 1C). Consider-
ing that different linkers may affect the gelation time, physical
properties, and biological activities,40 we further tested dithiol-
containing poly(ethylene glycol) (PEG) and an MMP-
degradable peptide linker. At the same concentration of
GelNB, the PEG linker resulted in faster gelation than the
DTT linker, which might be caused by the intertwining of
flexible PEG chains and gelatin after the chemical crosslinking.
Interestingly, the gelation rates of GelNB seemed to be
independent of the concentration when using peptide as the
linker, where the gelation time was approximately 15 s at each of
the three concentrations. Overall, the eosin Y-promoted photo-

irradiation conditions were highly efficient and robust in
producing GelNB hydrogels.41,42

Next, we evaluated the efficiency for covalently immobilizing
the bioactive peptides. The KLT or PTH derivative was installed
onto GelNB under the blue light irradiation for 5 min, followed
by the addition of a dithiol cross-linker (Figure 1B). The
obtained hydrogel was incubated in Dulbecco’s phosphate-
buffered saline (DPBS), and the leakage of loaded peptides was
monitored using high-performance liquid chromatography
(HPLC). The release of the covalently linked GCG-KLT was
only 2.7% after 12 days, while a significant leakage of the peptide
was observed for the hydrogel prepared with noncovalently
loaded KLT (Figure 1D). These results suggested that the
covalent functionalization strategy can largely preserve the
bioactive peptides for a slow-release under suitable stimuli (e.g.,
enzymatic degradations), which would be more advantageous
for cases requiring slow-release as the bone regeneration may
last up to 6−8 weeks. Tests using PTH peptides (Figure 1E) and

Figure 2. Physical characterization of the peptide covalently immobilized hydrogels. Four groups of GelNB hydrogels cross-linked with DTT in 0.1
mM eosin Y without peptide or covalently immobilized with 5 mg/mL KLT, 1 mg/mL PTH, and 5 mg/mL KLT + 1 mg/mL PTH were used for the
following characterizations. The results from compression tests including (A) representative compressive stress−strain curves and (B) compressive
modulus. (C) In vitro adhesion strength of the hydrogels determined with an Instron 5696 mechanical tester. (D) Representative SEM images (scale
bar = 200 μm) and (E) pore size characterization. (F) Swelling ratio changes within 24 h incubation in DPBS at 37 °C. (G) In vitro degradation
properties in 5 μg/mL collagenase type II solution in PBS. (H) In situ photorheometry test of hydrogel gelation kinetics. Light was placed 30mm away
from the gelators, and turned on at 30 s (red arrow) after initiating the measurement. (I) Elastic modulus (G′) and viscous modulus (G″) of the
hydrogels measured by oscillatory time sweep tests. Data are represented as mean± SD (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n ≥ 3).
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a combination of two types of peptides (Figure 1F) further
showed that this gelation strategy might be applied to co-deliver
different peptides simultaneously.
Characterization of the Physical Properties of Pep-

tide-Functionalized Hydrogels. As suitable physical proper-
ties of hydrogels may enhance the bone regeneration process, we
conducted compression tests on the 15% GelNB hydrogels
modified with peptides by measuring the compressive stress−

strain curves (Figure 2A). Interestingly, peptide functionaliza-
tion prior to the crosslinking seemed to impact the hydrogels’
physical properties: the incorporation of KLT peptide increased
the stiffness, compression modulus, and ultimate stress, while a
decrease was observed in the case of using PTH alone (Figures
2B and S4). In vitro adhesion properties of the hydrogels were
evaluated through gluing tests on fresh porcine skin and
measurements of the corresponding adhesion strength using a

Figure 3. Cytocompatibility of KLT/PTH peptide-functionalized scaffolds. (A) Images of the live/dead assay with BMSCs wrapped in peptide-
functionalized hydrogels, the live cells were stained with calcein-AM in green, the dead cells were stained with PI in red, and the BMSCs in peptide-
functionalized hydrogels were all stained green (scale bar = 50 μm). (B) KLT/PTH peptide scaffolds increased the proliferation of BMSCs compared
with the blank group on day 5 and day 7, as analyzed by a CCK-8 assay. (C) Transwell migration assays of BMSCswith different treatments (scale bar =
100 μm) and (D) quantitative analysis of the number of migrated cells in three regions (1.5 mm × 1.5 mm) of each group. (E) Fluorescence
microscopy images of the cytoskeleton and SEM images of cells on peptide scaffolds (scale bar = 50 μm). Data are represented as mean± SD, n = 3 per
group. (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
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mechanical tester (Figure S5B).43 As shown in Figure S5A, two
pieces of porcine skin can be firmly attached with all four groups
of the hydrogels, which were able to support a weight of 20 g.
The adhesion strength of the hydrogels to porcine skin ranged
from 8.0 to 12.5 kPa (Figure 2C), similar to a reported GelMA-
based hydrogel.34 Scanning electron microscopy (SEM) images
of lyophilized hydrogels show that the average pore size of KLT-
modified hydrogel (Figure 2D,E), either with or without the
PTH peptide (67.1 ± 12.3 or 61.2 ± 12.9 μm, respectively), is
significantly smaller than that of the unmodified one (223.5 ±
36.8 μm). In contrast, the PTH-modified hydrogel displays a
porous structure with an enlarged pore size (314.9 ± 32.4 μm).
Considering that the crosslinking density of hydrogel would not
be significantly affected by the immobilization of KLT peptide
(taken up approx. 5% of all norbornene groups), these results
indicate that the installation of varied peptide sequences may
have different impacts on the physical properties of hydrogels,
presumably through noncovalent interactions with the gelatin
peptide chains.

The swelling and enzymatically degrading properties of the
prepared hydrogels were also influenced by the incorporated
peptides (Figures 2F and S6). After 24 h of incubation in DPBS,
all tested hydrogels reached the maximum mass: the swollen
mass ratios of the hydrogel without peptide modification (6.5 ±
0.2) and hydrogel containing PTH (6.5 ± 0.2) are significantly
higher than that of the ones containing KLT peptide with or
without PTH (5.8 ± 0.0, and 5.9 ± 0.1, respectively). These
results correlate well with the trend that larger pore-sized
hydrogels can attract and store more water than the smaller
pore-sized ones. Further, the results from incubating the
hydrogels with collagenase type II in PBS revealed that the
KLT-containing hydrogels degraded at a slower rate than the
materials without KLT modification (Figure 2G), where the
small-sized pores may impede the accessibility of enzyme to
peptides. Moreover, rapid gelation was observed for all gelating
materials under dental blue light irradiation (Figure 2H).
Oscillatory time sweep tests showed that the elastic modulus
(G′) and viscous modulus (G″) of the prepared hydrogels were
stable as time changed (Figure 2I). Notably, the KLT peptide-

Figure 4. In vivo effects of the KLT/PTH peptide-functionalized hydrogels on bone regeneration at 4 and 8 weeks. (A, D) Micro-CT images of the
cranial bone defect areas. (B, E) Bone mineral density of defect areas at 4 and 8 weeks. (C, F) Bone volume/total volume of defect areas at 4 and 8
weeks (n = 3 per group). (Data are represented as mean ± SD, *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
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modified hydrogels display greater G′ values than the hydrogel
containing only PTH (Figure S7A), suggesting an improved
stiffness. In addition, the phase angles of all of the hydrogels were
maintained at 0.2−1.5° (Figure S7B,C), indicating the highly
elastic behavior of the tested hydrogels. Together, these results
show that the prepared hydrogels possess suitable physical
characteristics as biomaterials for certain medical applications,
which prompted us to evaluate their cytocompatibility and
biological activities further.
Cytocompatibility of Peptide-Functionalized Hydro-

gels. To evaluate the cytotoxicity of KLT/PTH peptide-
functionalized hydrogels, we conducted live/dead experiments
in a bone marrow stromal cell (BMSC) and human umbilical
vein endothelial cell (HUVEC) assays, where the cells were
wrapped in peptide-functionalized hydrogels and cultured for
seven days. As shown in Figures 3A and S8A in the Supporting
Information, no obvious cell death was observed, indicating that
incorporating peptides into the hydrogel did not influence cell
viability. The results from a CCK-8 assay showed a steady
increase in cell numbers for the peptide-modified hydrogels over
a 7-day culturing period, and the cell numbers of the groups
using KLT-containing hydrogel are significantly higher than the
groups with hydrogels with PTH modification or without any
peptides after 5 days (Figures 3B and S8B). The enhanced cell
proliferation may be attributed to the binding of KLT to the
receptor on the cell surface, leading to the activation of related
signaling pathways.44 Further, by conducting a transwell assay to
examine the migration ability of BMSCs cultured in the upper
compartment of the chamber and different hydrogels in the
lower compartment, we discovered that significantly more cells
in the KLT/PTH groupmoved to the lower chamber than those
in the other three groups (Figure 3C), which was subsequently

confirmed by quantitative analysis (Figure 3D). Confocal
microscopy images of the cell cytoskeleton showed more
fluorescent staining for the aligned F-actin fiber in the KLT/
PTH group (Figure 3E). The SEM images clearly display that
the KLT/PTH-functionalized hydrogel scaffolds are covered
with cells in an elongated spindle-like morphology, and more
interaction of cells is present. The above results suggested that
incorporating the peptide into the hydrogel enhanced the
alignment of cell actin fibers, allowing cells to suffer more
external mechanical stress. The increased cell adhesion on
peptide-functionalized hydrogels might be ascribed to the
improved stiffness and the rougher surface of the peptide
hydrogels, which are conducive to cell adhesion.45

In Vivo Bone Regeneration Effects of Peptide-
Functionalized Hydrogels. Critical-sized rat cranial bone
defect models were utilized to further evaluate the bone
regeneration effects of hydrogels covalently functionalized with
KLT and PTH peptides. We seeded the blank, PTH, KLT, and
KLT/PTH scaffolds into the right side of the cranial defects, and
the left side served as a control without hydrogel. The bone
restoration was measured with the micro-CT. The fourth- and
eighth-week micro-CT images and quantitative analyses of the
bone mineral density (BMD) and BV fractions of the defect
areas are shown in Figure 4. Early bone regeneration was
evaluated on the fourth week. As shown in Figure 4A, in the
blank hydrogel group, there were still large defects, while for the
peptide-functionalized hydrogel groups, there was relatively
more bone regeneration around the cranial defect. In Figure 4B,
a quantitative measurement index for newborn bone growth was
conducted using bonemineral density (BMD) and BV/TV. The
new bone growth index with BMD and BV/TV was highest in
the KLT/PTH group (504.5 ± 4.5, 0.480± 0.005), followed by

Figure 5. Angiogenic effects of the KLT/PTH peptide-functionalized hydrogels on bone regeneration at 2, 4, and 8 weeks. (A, C, E)
Neovascularization micro-CT images of the cranial bone defect areas at 2, 4, and 8 weeks. (B, D, F) Quantitative analysis of neovascularization of the
cranial bone defect areas at 2, 4, and 8 weeks (n = 3 per group). (Data are represented as mean± SD, *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p <
0.0001).
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the PTH (382.0 ± 3.9, 0.340 ± 0.009) and KLT (321.0 ± 4.0,
0.309 ± 0.001) groups, which showed better results than the
group filled only with the hydrogel scaffold (204.0 ± 9.5, 0.262
± 0.008) (p < 0.01). At 4 weeks postoperatively, new bone
formation was evident in the KLT/PTH group (Figure 4C).
Quantitative analysis showed the same trend for the increase in
BMD and BV/TV at 8 weeks after surgery. In detail, the most
bone regeneration of BMD and BV/TV was observed in KLT/
PTH group (2559± 86, 0.773± 0.029), which was significantly
higher than the PTH (2151 ± 168, 0.660 ± 0.017) and KLT
(2111 ± 123, 0.647 ± 0.007) groups. All three peptide-
functionalized groups showed a significant regenerative effect
compared with the blank group (838± 132, 0.393± 0.012) (p <
0.01).
HE and Masson’s trichrome staining further histologically

confirmed the formation and maturity of new bone (Figures S9
and S10). Consistent with the micro-CT results, staining of the
cranial bone tissues showed that all hydrogel groups were
undergoing bone restoration to a certain extent. As shown in the
HE images, no inflammatory reaction or necrosis was observed

in any of the groups. Four weeks after surgery, fibrous connective
tissue was mainly observed in the blank group. A small amount
of new bone tissue was seen in the blank group, and new bone
appeared in the PTH and KLT groups, especially the KLT/PTH
group. Masson’s trichrome staining revealed that collagen fibers,
calcified tissue, and cartilage were stained blue; muscle fibers and
cellulose were stained red; and nuclei were stained blue-black.
As shown in Figure S9B, scarce collagen fibers and calcified
tissues developed at the defect site in the blank group at 4 weeks.
In the PTH and KLT groups, there were more collagen fibers
and ossification tissues than in the blank group, while the KLT/
PTH group showed the most significant calcified tissues. At 8
weeks postoperatively (Figure S10B), bone regeneration was
obvious, and the calcified tissues in the KLT/PTH group were
significantly greater than those in the other three groups.
Immunohistochemical staining of OCN, which is a bone tissue-
specific protein, was also conducted to obtain further insights
into the effect of peptide covalently functionalized hydrogels on
bone regeneration in vivo (Figures S9D and S10D). At both 4
and 8 weeks after the surgery, all three groups functionalized

Figure 6. Gene expression and angiogenic effect of KLT/PTH peptide. (A) The proangiogenic gene expression of vWF, PECAW, and VEGF of
HUVECs; (B) tube formation assays with HUVECs were performed and observed after 8 h; (C) quantitative analysis of the master junctions; (D)
formed blood vessels on the CAMwere photographed after fixation; and (E) number of newly formed microvessels were quantified (n = 3 per group).
(Data are represented as mean ± SD, *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
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with bioactive peptides exhibited positive staining of OCN.
These results indicated that PTH and KLT covalently
functionalized hydrogel scaffolds exerted a positive effect on
bone regeneration.
Neovascularization formation is an important part of bone

regeneration. With adequate blood vessel regeneration, more
oxygen and nutrients could be transported. To confirm blood
vessel growth at the cranial defect site, vascular perfusion was
performed, and neovascularization in the defect area was
observed clearly by micro-CT. The 3D construction images
are shown in Figure 5. The results showed that compared to the
blank group, the peptide-incorporated groups exhibited

strikingly enhanced angiogenesis, and the KLT/PTH group
showed more blood vessel growth than the other three groups at
2, 4, and 8 weeks. Quantification of the new capillary formation
was consistent with the trend. Platelet endothelial cell adhesion
molecule (PECAM-1), also known as cluster of differentiation
31 (CD31), can help to evaluate the degree of angiogenesis.
Immunohistochemical staining of CD31 was conducted
(Figures S9C and S10C). At 4 weeks after the surgery, the
immunohistochemistry staining results indicated more abun-
dant areas of CD31 cells in the KLT/PTH group than in the
other three groups. All three groups exhibited positive staining of
CD31 at 8 weeks postoperation. These findings suggested that

Figure 7. Effects of KLT/PTH peptide on the osteogenic differentiation of BMSCs. (A) ALP staining, (B) ALP activity, (C) RT-PCR analysis of ALP,
(D) Alizarin red staining, (E) quantification of mineral deposits, and (F−H) osteogenic gene expression (Runx2, BMP2, and Col Iα) in BMSCs. The
results confirmed that the PTH, KLT, and KLT/PTH combination promoted osteogenic differentiation of BMSCs and that synergistic PHT and KLT
showed the most significant upregulation effect (n = 3 per group). (Data are represented as mean± SD, *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****,
p < 0.0001).
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the combined treatment of PTH and KLT stimulated angio-
genesis, thus potentially improving calvarial bone formation
through neovascularization mechanisms.
Mechanistic Insight into the Potential Synergistic

Effects of KLT/PTH Peptides. As we have demonstrated that
the combination of KLT and PTH in hydrogel showed the best
in vivo regenerative efficacy, we set out to evaluate the angiogenic
effects of KLT/PTH peptides, using human umbilical vein
endothelial cells (HUVECs) in a capillary tube formation assay
and a chick embryo chorioallantoic membrane (CAM) assay.
First, we cultured HUVECs with peptides for seven days and
detected the mRNA expression of proangiogenic genes. Real-
time PCR (RT-PCR) results (Figure 6A) showed that the KLT
peptide alone significantly upregulated the mRNA levels of
VEGF, PECAW, and vWF compared to the blank group.
Remarkably, with the combination of KLT and PTH, VEGF and
vWF expression achieved the highest level, suggesting that the
combination of PTH and KLT may synergistically promote the
angiogenic ability of HUVECs. Meanwhile, the capillary tube
formation assay indicated better tube formation performance
(characterized by a greater total tube length and complete
tubular structure) in the KLT/PTH group than in the PTH,
KLT, and blank groups (Figure 6B). The tube formation counts
(Figure 6C) verified the above-mentioned results. Moreover,
the angiogenic efficacy of the peptides was assessed by a CAM
assay. Many microvessels were observed for the KLT peptide
alone or combined with PTH (Figure 6D), and the quantitative
data for the major number of master junctions of vessels proved
that the KLT/PTH group significantly promoted the new
formation of blood vessels compared to the blank group (Figure
6E). These results indicated that the KLT peptide effectively
promoted the angiogenesis efficacy of HUVECs. VEGF has been
reported as a potent growth factor for angiogenesis,46 and the
VEGF mimetic peptide KLT showed the same biological
properties in the present study. Furthermore, we found that the
KLT/PTH combination showed better angiogenic efficacy than
KLT alone.
Next, we evaluated the osteogenic differentiation ability of the

KLT/PTH combination by measuring the alkaline phosphatase
(ALP) expression level and conducting Alizarin red staining
(ARS) and gene expression tests. To begin with, ALP, an early
osteogenic marker for osteogenic differentiation, was measured
to evaluate the osteogenic ability of the peptides by both staining
and mRNA expression. As shown in Figure 7, either PTH or
KLT peptide alone, or a combination of the two, exhibited more
dark staining and higher ALP protein expression compared to
the blank group. The mRNA expression of ALP was in accord
with the staining outcomes (Figure 7C). The combination of
KLT/PTH significantly increased ALP mRNA expression 4.2-
fold compared with the blank group. After culturing for 14 days,
calcium deposition was detected with Alizarin red staining
(ARS) to reveal the late osteogenic differentiation ability (Figure
7D). The stained nodules produced by the KLT/PTH
combination were the most abundant compared to the blank
group, or PTH or KLT alone. The quantification of the mineral
deposits was consistent with the ARS results (Figure 7E) and
confirmed by the mRNA expression levels of gene markers
related to bone formation, including Runx2, BMP-2, and Col 1α
(Figure 7F−H). While we have observed that PTH alone
exhibited an apparent osteogenic effect, the above-mentioned
results revealed that the PTH and KLT peptide combination
promoted osteogenic differentiation better than the PTH
peptide alone. A previous study reported that VEGF led to

increased osteogenesis through activation of Akt signaling,47

while another study found that PTH could activate the
antiapoptotic signaling pathway of the phosphoinositide 3-
kinase-Akt-Bad cascade.48 Therefore, it was reasonable that the
combined use of PTH and KLT might synergistically amplify
Akt signaling to promote osteogenesis.
In our in vivo study on rat models, the KLT/PTH hydrogel

exhibited a remarkable regenerative efficacy of 77.3± 5.0% BV/
TV in 8 weeks, exceeding all of the previously reported PTH-
loaded hydrogel systems.49−51 Based on the above in vitro tests,
we reason that the excellent regenerative ability induced by the
KLT/PTH hydrogel may be attributed to the following aspects.
At the early stage of bone regeneration, with the combinational
treatment of KLT/PTH, a large number of endothelial cells
could be recruited to the defect site, forming new blood vessels.
As a result, more oxygen, nutrients, ions, and BMSCs could be
transported. Furthermore, the combinational stimulation of
KLT/PTH significantly enhanced the attachment of stem cells
to the hydrogel. Finally, the upregulated expression of MMPs at
the defect site52 could degrade the hydrogel scaffold, achieving
the continuous release of PTH(1−34) and KLT peptide to
maintain the local environment for stem cell recruitment and
osteogenic differentiation. This kind of virtuous cycle eventually
leads to efficient bone regeneration.

■ CONCLUSIONS
In summary, we have demonstrated that the combined
utilization of the peptides KLT and PTH(1−34) could
synergistically promote both in vitro and in vivo angiogenic
and osteogenic processes. Based on a norbornene-functionalized
gelatin scaffold, we have shown that the covalent incorporation
of active peptide component and simultaneous hydrogel
curation could be accomplished within seconds under dental
blue light irradiation, which provided favorable convenience and
safety that meets the clinical demands. In addition, covalently
installed KLT and PTH peptides in hydrogel facilitate slow-
release, benefiting the usually long course of bone regeneration.
The KLT/PTH-functionalized hydrogel performed excellently
in a rat cranial defect model, suggesting that co-delivery of an
angiogenic VEGFmimetic peptide and an osteogenic factor may
be of excellent prospects in the application of bone tissue
regeneration. We believe that further optimization on this
hydrogel system, such as incorporating other structural
components (e.g., nanohydroxyapatite or ceramic) to increase
its mechanical and osteoinductive properties, may be highly
useful in producing more effective biomaterials for therapeutic
use.
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