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ABSTRACT

Tissue regeneration based on the utilization of artificial soft materials is considered a promising treatment for
bone-related diseases. Here, we report cranial bone regeneration promoted by hydrogels that contain parathyroid
hormone (PTH) peptide PTH(1-34) and nano-hydroxyapatite (nHAP). A combination of the positively charged
natural polymer chitosan (CS) and negatively charged sodium alginate led to the formation of hydrogels with
porous structures, as shown by scanning electron microscopy. Rheological characterizations revealed that the
mechanical properties of the hydrogels were almost maintained upon the addition of nHAP and PTH(1-34). In
vitro experiments showed that the hydrogel containing nHAP and PTH(1-34) exhibited strong biocompatibility
and facilitated osteogenic differentiation of rat bone marrow mesenchymal stem cells (rBMSCs) via the Notch
signaling pathway, as shown by the upregulated expression of osteogenic-related proteins. We found that
increasing the content of PTH(1-34) in the hydrogels resulted in enhanced osteogenic differentiation of BMSCs.
Implantation of the complex hydrogel into a rat cranial defect model led to efficient bone regeneration compared
to the rats treated with the hydrogel alone or with nHAP, indicating the simultaneous therapeutic effect of nHAP
and PTH during the treatment process. Both the in vitro and in vivo results demonstrated that simultaneously
incorporating nHAP and PTH into hydrogels shows promise for bone regeneration, suggesting a new strategy for

tissue engineering and regeneration in the future.

1. Introduction

Bone defects resulting from congenital bone diseases, severe limb
trauma, bone tumors, and infectious diseases cause major problems for
patients and reduce their quality of life [1-3]. Unfortunately, the
treatment of bone defects via conventional surgical operations is hin-
dered by the limited transplantation materials [4 —6]. Autogenous
transplantation, the gold standard method for bone therapy, is limited
for the lack of sources of autografts [7,8], besides it also has a risk of
infection, nerve damage and other postoperative complications [9]. To
address these challenges, researchers have focused on the development
of novel biomaterials with potential in tissue engineering and
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regeneration to facilitate bone regeneration [10-13]. Among synthetic
biomaterials, hydrogels consisting of natural or synthetic polymers that
exhibit excellent mechanical properties and biocompatibility are ideal
scaffolds to emulate extracellular matrices for cell proliferation and
differentiation [12,14-17], thus leading to broad utilization in bone
regeneration. Thus far, many synthetic polymers, including poly
(ethylene glycol), poly (vinyl alcohol), poly (acrylic acid), and poly
(lactic acid), among others, have been utilized to develop hydrogels
[18-21]. Natural polymers such as polypeptides, polysaccharides, and
polynucleotides are alternative components for hydrogel scaffolds.
Despite the progress achieved in the development of hydrogels over the
past few decades, appropriate incorporation of therapeutics into
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hydrogels to efficiently promote bone regeneration is still challenging
and limits the therapeutic efficacy of bone regeneration in vivo.
Parathyroid hormone (PTH) has among its targets were the cells of
cartilage and bone. It mediates calcium and phosphate homeostasis, thus
remodeling bone and cartilage growth [22,23]. The 1-34 amino acid
fragment of PTH, i.e., PTH(1-34), is the active sequence responsible for
the bone remodeling function of PTH and has been approved for use in
the clinical treatment of osteoporosis or as a topical drug in the treat-
ment of bone defects [24]. Low-dose and intermittent administration of
PTH(1-34) leads to anabolic effects in bone regeneration and
improvement of bone mineral density [25-27]. Recently, growing
studies have demonstrated that systemic used or local delivery of PTH
(1-34) to promote bone regeneration in bone defects [28-30]. Hence,
incorporation of PTH(1-34) in hydrogels allows the preparation of
biomaterials for bone regeneration. In addition, hydroxyapatite (HAP), a
calcium phosphate bioceramic, is an essential component for bone
regeneration [31-34]. Combining HAP with hydrogels enables emula-
tion of the natural structures of bone and promotes bone regeneration
[35-37]. The intrinsic mechanical properties of HAP and its interaction
with bone tissues are intimately dependent on the size of HAP. Recent
studies of HAP-based biomaterials have demonstrated that HAP with a
nanoscale size, termed nano-HAP (nHAP), favors the cellular response
and exhibits advanced performance in bone regeneration [38-40].
Despite the broad utilization of PTH(1-34) and nHAP in biomaterials,
their combined therapeutic effects on bone regeneration remain unclear.
To develop biomaterials for bone regeneration beneficial from both
PTH(1-34) and nHAP, here, we reported the simultaneous incorporation
of PTH(1-34) and nHAP into hydrogels consisting of chitosan (CS) and
sodium alginate (SA) and investigated the therapeutic effect on cranial
bone regeneration. Both CS and SA are natural polysaccharides and
exhibit strong biocompatibility [32,41-43]. CS is the N-deacetylation
derivative of chitin and possesses positively charged amino groups [44],
while alginate is composed of (1-4')-linked B-p-mannuronic acid (M)
and a-r-guluronic acid (G) moieties in various ratios and displays
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negatively charged carboxylic groups [45]. CS contains monomeric
units comparable to glycosaminoglycans that associate with collagen
fibers in the extracellular matrix and play an important role in cell
adhesion [46,47]. Due to their oppositely charged groups, a combina-
tion of CS and SA allows for formation of robust hydrogels driven by
electrostatic interactions [45,48,49]. The resulting hydrogels have been
broadly utilized as scaffolds for therapeutic agents in tissue engineering
and regeneration because of their facile preparation, biocompatibility,
lack of immunogenicity, and biodegradability [48-50]. In our studies,
we initially embedded nHAP into CS/SA hydrogels (Gel), leading to
hybrid hydrogels with moderate mechanical properties suitable for drug
scaffolds (Gel-nHAP). Subsequently, PTH(1-34) was added to the hybrid
Gel-nHAP hydrogel at various concentrations in the range of 10-50
pg/mL, giving rise to the hydrogels Gel-nHAP-10 PTH, Gel-nHAP-20
PTH, and Gel-nHAP-50 PTH, to elucidate the dose-dependent thera-
peutic efficiency of PTH(1-34) on bone regeneration. We utilized the
resulting hydrogels as culturing matrices for rat bone marrow mesen-
chymal stem cells (rBMSCs) to evaluate their biocompatibility and
ability to modulate cell proliferation and differentiation. Furthermore,
we found that it facilitated osteogenic differentiation of rBMSCs via the
Notch signaling pathway. Eventually, the osteogenic efficacy of all the
hydrogels was estimated using a rat skull defect model by coating the
hydrogels on the defect area (as shown in Scheme 1).

2. Experimental section
2.1. Materials

PTH(1-34) was provided by ApexBio. CS (500-1000 kD) was pur-
chased from Meryer (Shanghai) Chemical Technology Co., Ltd., and had
a degree of deacetylation over 95%. SA was also purchased from Meryer
(Shanghai) Chemical Technology Co., Ltd., with a molecular weight of
32-250 kD. Fluorescein isothiocyanate (FITC) was provided by
Guangzhou Saiguo Biotech Co., Ltd. Polyethylene glycol (PEG400) was
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Scheme 1. Schematic illustration of preparation of the chitosan/sodium alginate (CA/SA) hydrogel simultaneously loaded with parathyroid hormone fragment PTH
(1-34) and nano-hydroxyapatite for promoting cranial bone regeneration via the Notch signaling pathway.
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purchased from TCI Chemicals (Shanghai) Co., Ltd. N,N-
diisopropylethylamine (DIEA) was purchased from 3A Chemicals
(Shanghai) Co., Ltd. Dimethyl sulfoxide (DMSO) was purchased from
Shanghai BioLeaf Biotech Co., Ltd. N,N-dimethylformamide (DMF) was
purchased from Tianjin Concord Chemical Technology Co., Ltd. nHAP
(particle size: 60-80 nm) was purchased from Shanghai McLean
Biochemical Co., Ltd. PBS (0.01 mol/L, pH 7.2-7.4) and ammonia hy-
droxide solution (25%) were purchased from Tianjin Wind Boat
Chemical Reagent Technology Co., Ltd. Hydrochloric acid was pur-
chased from Yongfei Chemical Reagent Co., Ltd. (Hebei, China). Fetal
bovine serum (FBS) and antibiotic agents (penicillin/streptomycin, PS)
were purchased from Gibco BRL (Invitrogen Co., USA).

2.2. Synthesis of FITC-labeled PTH(1-34) (FITC-PTH)

PTH(1-34) (10 mg, 0.0024 mmol) and FITC (1.4 mg) were dissolved
in DMSO (2 mL). DIEA (2.6 mol/L) was added to the mixture, and the
reaction solution was stirred in the dark for 18 h. After lyophilization to
remove DMSO, the remaining mixture was dispersed in methanol to
remove the unreacted FITC, and the solid was collected by centrifuga-
tion. After the sample was washed with DMF and methanol again, the
solid was collected by centrifugation and re-dissolved in water (800 pL).
Lyophilizing the solution led to FITC-PTH in a quantitative yield. The
structure of FITC-PTH was characterized by MALDI-TOF mass spec-
trometry (Autoflex III TOF/TOF200, Bruker, Germany).

2.3. Preparation of hydrogels

Several stock solutions, including PTH(1-34) with a concentration of
2.5 or 5 mg/mL, FITC-PTH with a concentration of 2.5 or 5 mg/mL,
nHAP in PEG400 with a concentration of 4% (w%), CS with a concen-
tration of 2% (w%), and SA with a concentration of 5% (w%), were
prepared to create the corresponding hydrogels.

Hydrogel CS/SA (Gel): The hydrogel CS/SA was prepared by adding
the stock solution of CS (2% (w%), 1 mL) to the stock solution of SA (5%
(w%), 1 mL). The hydrogel CS/SA, termed as Gel, was formed imme-
diately upon mixing the solutions of CS and SA.

Hydrogel Gel-nHAP: To prepare hydrogel Gel-nHAP, the prepared
stock solution of nHAP (4% (w%), 5 pL) was added to the stock solution
CS (2% (w%), 1 mL). Addition of the stock solution of SA (5% (w%), 1
mL) to the mixed solution of nHAP and CS led to formation of hydrogel
Gel-nHAP.

Hydrogels Gel-nHAP-x PTH: Hydrogels Gel-nHAP-x PTH [x denotes
the content of PTH(1-34)] were prepared by adding stock solutions of
nHAP and PTH(1-34) to that of CS and subsequently mixing in that of SA
under an identical protocol for preparation of hydrogel Gel-nHAP. The
final content of PTH(1-34) in the hydrogels was 10, 20, and 50 pg/mL,
leading to the hydrogels Gel-nHAP-10 PTH, Gel-nHAP-20 PTH, and Gel-
nHAP-50 PTH, respectively. To reduce the diluting effect of hydrogels,
we used two stock solutions of PTH(1-34) at a concentration of 2.5 or 5
mg/mL, respectively, to prepare these hydrogels. To prepare hydrogel
Gel-nHAP-10 PTH, the mixed solution of nHAP, PTH(1-34), and CS was
prepared by adding the stock solutions of nHAP (4% (w%), 5 pL) and
PTH(1-34) (2.5 mg/mL, 8 pL) to that of CS (2% (w%), 1 mL). To prepare
hydrogel Gel-nHAP-20 PTH, the mixed solution of nHAP, PTH(1-34),
and CS was prepared by adding the stock solutions of nHAP (4% (w%), 5
pL) and PTH(1-34) (2.5 mg/mL, 16 pL) to that of CS (2% (w%), 1 mL).
To prepare hydrogel Gel-nHAP-50 PTH, the mixed solution of nHAP,
PTH(1-34), and CS was prepared by adding the stock solutions of nHAP
(4% (w%), 5 pL) and PTH(1-34) (5 mg/mL, 20 pL) to that of CS (2% (w
%), 1 mL). Subsequently, adding the stock solution of SA (5% (w%), 1
mL) to the mixed solutions resulted in the hydrogels. In addition, the
stock solution of unlabeled PTH(1-34) was replaced by that of FITC-PTH
(1-34) during the preparation of the hydrogels utilized in the drug
release assays.
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2.4. Characterization of hydrogels

Rheological experiments: The rheological test of the hydrogels was
carried out in oscillatory mode using a rheometer (AR 1500ex, TA In-
struments, USA). During the experiments, the hydrogels were spread on
a parallel plate (25 mm) and sealed with silicone oil to prevent solvent
evaporation. A dynamic frequency scan in the range from 0.1 to 100
rad/s was used to record the storage and loss moduli G’ and G”. The
stress amplitude and temperature were set as 0.1% and 25 °C,
respectively.

Fourier transform infrared (FTIR) spectroscopy: The FTIR spectra of
the hydrogels and individual components were obtained on an attenu-
ated total reflection-FTIR spectroscope (Tensor II FTIR spectrometer,
Bruker, Germany), and the scanned wavenumber was in the range of
4000 and 500 cm ™.

Scanning electron microscopy (SEM): The hydrogels were coated on
copper grids and dried under atmospheric conditions. The samples were
sprayed with gold and detected by a scanning electron microscope (Zeiss
Merlin Compact microscope, Germany) with an acceleration voltage of
5 kV.

2.5. Drug release assays

The release of PTH(1-34) from the Gel-nHAP-x PTH hydrogels was
estimated by a fluorescence spectrometer (Agilent Cary Eclipse,
Australia) by recording the emission of the fluorescein moiety excited at
a wavelength of 495 nm. Prior to the assays, the hydrogel surface-
located PTH(1-34) was gently washed away by PBS. The FITC-PTH-
containing hydrogels were placed in dialysis tubes with a 10,000 MW
cutoff. During the assays, 300 pL of PBS from outside of the tube was
collected to monitor the fluorescence spectrum and returned to the
sample after the measurement. This process was repeated as a function
of time during the mentioned period to obtain the release kinetics of
PTH(1-34).

2.6. rBMSC isolation, culture and identification

3 four-week-old male Sprague-Dawley (SD) rats were over-
anesthetized with 3% pentobarbital sodium and euthanized. The rats
were immersed in 75% ethanol for 15 min. The femurs and tibias of the
rats were removed with sterilized instruments, and the bone marrow
was removed. The obtained rBMSCs were suspended in a-Minimal
Essential Medium (a-MEM) with 10% (v/v) FBS (Gibco, NY, USA) and
1% (v/v) PS (Gibco, NY, USA) in a 5% CO, incubator at 37 °C. The
culture medium was changed every 2-3 days. The rBMSCs were
passaged when in the cell culture dish reached 70-80%. Cells at passages
3 to 5 were used in the following experiments. Before use, these cells
were analyzed by flow cytometry (CytoFLEX, Beckman Coulter, CA,
USA) based on CD29, CD90, CD34, and CD45. In brief, a 200 pL sus-
pension containing 1 million cells was added to 5 pL of FITC-labeled
anti-rat CD29 (Abcam, Britain), PacificBlue BDHorizon®V450 (V450)-
labeled anti-rat CD45 (Abcam, Britain) and phycoerythrin (PE)-labeled
anti-rat CD90 and CD34 (Abcam, Britain) to incubate for 15 min. The
labeled cells were sorted by flow cytometry (CytoFLEX, Beckman
Coulter, CA, USA) and analyzed by Cell Quest analysis software (BD,
USA). The ability of rBMSCs to undergo osteogenic differentiation was
evaluated by Alizarin red staining, and the adipogenic differentiation
potential was confirmed by oil red O staining; these analyses were
performed after 21 days.

2.7. CCK-8 cell proliferation assay

The CCK-8 cell proliferation assay was performed according to the
manufacturer’s instructions. Briefly, rBMSCs were inoculated at a cell
density of 5 x 10* cells/mL into 12-well plates covered with different
kinds of hydrogels. A group without hydrogel was defined as a negative
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control group. After 1, 3, and 5 days of incubation, Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Inc., Japan) equivalent to 10%
of the total volume of the culture medium was added to each well of the
12-well plates and incubated for 4 h in a cell culture chamber placed
away from light. Then, 100 pL of culture medium was transferred to 96-
well plates, and the absorbance at a wavelength of 450 nm was
measured to evaluate the proliferation of rBMSCs cultured on different
groups. The absorbance was measured at a wavelength of 450 nm using
a microplate reader (Multiskan MK3, Thermo Fisher Scientific, USA) and
was then used to evaluate the proliferation of rBMSCs cultured in the
different groups. The final result is that the wavelength of the experi-
mental group minus the wavelength of the blank group is expressed as
the optical density (OD).

2.8. Annexin V/PI staining by flow cytometry

The cells were cultured on a hydrogel scaffold for 48 h, and the
apoptotic cells were quantified by Annexin V/PI double staining reagent
(Invitrogen, USA). The rBMSCs from the different scaffolds and negative
control groups (cell and culture medium group) were harvested and
washed twice with cold PBS. Then, the cells were resuspended in 400 pL
of 1X Binding Buffer, and 5 pL of FITC Annexin V and 5 pL of PI were
added. The cells were gently vortexed and incubated for 15 min at room
temperature (25 °C) in the dark. The preparations were analyzed by flow
cytometry (BD FACSAria III, USA).

2.9. Immunofluorescence

Then rat BMSCs were inoculated with the control, Gel-nHAP scaf-
fold, and Gel-nHAP-PTH scaffold at 2 x 10* cells/cm? and cultured with
a-MEM supplemented with 10% FBS for 7 days. The specimens from
each group were washed with phosphate-buffered saline (PBS) solution
three times, fixed with 4% paraformaldehyde for 20 min, and then
washed three times with PBS. Subsequently, after incubation with 0.5%
Triton X-100 in PBS for 20 min, the samples were blocked in PBS solu-
tion containing 1% bovine serum albumin (BSA) for 30 min.

Next, the samples were incubated with the primary antibodies anti-
Notchl (1:200, Abcam, USA) and anti-osteocalcin (OCN) (1:200,
Abcam, USA) overnight at 4 °C. Then, the secondary antibodies conju-
gated to FITC or TRITC were incubated at 37 °C for 1 h. Finally, the
nucleus was stained with DAPI, and the cytoskeleton was stained with F-
actin. The images were observed and collected with a fluorescence mi-
croscope (Leica DMi8, Germany). Five visual fields were randomly
selected using the image analysis software Image-Pro Plus to measure
the intensity of OCN and Notchl.

2.10. Western blot analysis

Next, rBMSC cells were cultured on different scaffolds for 14 days.
The proteins were extracted using RIPA buffer (Sigma-Aldrich), and a
Pierce BCA Protein Assay Kit (Thermo Scientific) was used to determine
the total protein concentration. The same amount of lysates was sepa-
rated by SDS-PAGE (Beyotime, China) and transferred onto a PVDF
membrane (Millipore, USA). The membrane was blocked in TBST so-
lution containing 5% skim milk (BD, USA) and incubated at 4 °C over-
night with the specific primary antibodies anti-BMP2 (1:1000, Abcam,
USA), anti-Runx2 (1:1000, Abcam, USA), anti-OCN (1:1000, Abcam,
USA), anti-Notchl (1:500, Abcam, USA), anti-Jaggedl (1:500, Abcam,
USA), anti-NICD1 (1:1000, Abcam, USA), and anti-GAPDH (1:2500,
Abcam, USA), and then incubated with the appropriate secondary an-
tibodies. The band signals were detected using Pierce ECL Plus Western
blotting Substrate (Thermo Scientific, USA). The band gray level was
quantified using ImageJ software.
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2.11. RNA isolation and quantitative real-time PCR

Next, the rBMSCs were cultured in plates covered with different
types of hydrogel scaffolds and the control, and the expression of oste-
ogenic genes was analyzed at 14 days. Total RNA was isolated from the
samples using TRIzol reagent (TaKaRa, Japan) according to the manu-
facturer’s protocol. Reverse transcription was performed with Prime-
Script RT Master Mix (TaKaRa, Japan). The expression of ALP, OCN,
Runx2, OPN, Notchl, Jaggedl, Hesl, Hes5, and GAPDH was analyzed
by real-time PCR using TB Green Premix Ex Taqll (TaKaRa, Japan). The
results were normalized to the expression of GAPDH. The primer
sequence of each gene is shown in Table 1. Analysis of each gene in the
samples was performed in triplicate.

2.12. In vivo study

All animal feeding and surgical procedures complied with the rele-
vant laws and were authorized by the Ethics Committee at The First
Affiliated Hospital of Sun Yat-sen University. Thirty 12-week-old male
SD rats with a weight ranging from 300 to 350 g were used in this study.
All rats were purchased from the Southern Medical University Experi-
ment Animal Center (Guangzhou, China). All animals were given food
and water ad libitum and housed at room temperature with a consistent
light/dark cycle. All rats were anesthetized intraperitoneally with 3%
pentobarbital sodium (30 mg/kg). After cutting the cranium hair with a
hair knife, a longitudinal incision was made in the middle of the skull to
cut the skin and subcutaneous tissue in turn. Next, an electric trephine
drill was used to create a full-thickness circular defect of 5 mm in
diameter in the parietal area of the rat cranium. Then, Gel-nHAP, Gel-
nHAP-10 PTH, Gel-nHAP-20 PTH, and Gel-nHAP-50 PTH scaffolds were
randomly used to fill the cranial defect in the rats. The group without
any hydrogel scaffold was the negative control group. Then, the soft
tissue and skin were sutured layer by layer. The animals were injected
with streptomycin (0.125 mg) and penicillin (0.1 mg) once a day for 3
days after the operation. Ketorolac was used to relieve pain at 1 mg/kg
and then once a day for 3 days.

At 12 weeks after surgery, six rats from each group were sacrificed by
an intraperitoneal injection of overdose pentobarbital. The extracted rat
skull samples were fixed in 10% neutral-buffered formalin (Leagene,
China) for 24 h and then scanned by microcomputed tomography
(micro-CT) and subjected to histological analysis and
immunohistochemistry.

2.13. Micro-CT
After the rats were sacrificed, each cranium sample was scanned

Table 1
Primer sequences for related genes.

Gene Primer Sequences (5'-3')

Alkaline phosphatase (ALP) Forward primer: TGCAGGATCGGAACGTCAAT
Reverse primer: GAGTTGGTAAGGCAGGGTCC
Forward primer: TCCCTCTCTCTGCCTCGAAA

Reverse primer: GGGCTGTCTGGGATTGAACA
Forward primer: GGGATCGCTGAAGGCATCAA

Reverse primer: CAGCCGTCAAAGGCTTCAAA

Osteocalcin (OCN)

Osteopontin (OPN)

RUNX2 Forward primer: CACAAGTGCGGTGCAAACTT
Reverse primer: AATGACTCGGTTGGTCTCGG
Notchl Forward primer: TTGGTCCGAGGGCATCTCTA
Reverse primer: ACAGAGCTTGGGAACGGAAG
Jaggedl Forward primer: CTGCTTGAATGGGGGTCACT
Reverse primer: CACGATTGTAGCATTGGGCG
Hesl Forward primer: CAACACGACACCGGACAAAC
Reverse primer: CGGAGGTGCTTCACTGTCAT
Hes5 Forward primer: GTGGAGATGCTCAGTCCCAA
Reverse primer: TCAATGCTGCTGTTGATGCG
GAPDH Forward primer: AGTGCCAGCCTCGTCTCATA

Reverse primer: GGGTTTCCCGTTGATGACCA
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using a micro-CT system (SkyScan1276 Micro-CT, Bruker, Germany)
with 85 kV, 200 pA, and 1 mm aluminum filtration. The results were
reconstructed with NRecon software (Bruker, Germany). Three-
dimensional analyses were carried out using CTvox software. The
bone volume/tissue volume (BV/TV) and Bone mineral density (BMD)
were calculated by CTAn analysis software.

2.14. Histological analysis

After micro-CT scanning, rat calvarial samples were decalcified in
10% ethylenediaminetetraacetic acid (EDTA, Leagene, China) solution
for 2 weeks. The samples were dehydrated by relevant processing pro-
cedures of graded alcohol series, embedded in paraffin, and used to
generate 4-pm-thick sections. Bone regeneration was analyzed by

A 6k
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hematoxylin and eosin (H&E) and Masson’s trichrome staining. The
stained sections of samples were observed by microscopy (Leica DMi8,
Germany).

2.15. Immunohistochemistry (IHC)

Histological sections of the samples were deparaffinized in xylene
and then hydrated in descending alcohol followed by water. The sec-
tions were placed in citrate buffer and heated in an autoclave for 10 min
for antigen retrieval. After the sections were blocked with hydrogen
peroxide, they were incubated with anti-OCN (1:200, Abcam, USA)
primary antibodies at room temperature for 1 h. After the samples were
washed with wash buffer, the appropriate secondary antibodies were
added. Diaminobenzidine was used for visualization, followed by

m G Gel B 6K (W G GelHAP-10 PTH A G Gel-nHAP-20 PTH
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Fig. 1. (A and B) Storage (G') and loss (G”) moduli of the hydrogels estimated by rheological studies, in which hydrogels CS/SA Gel and Gel-nHAP were shown in
(A), whereas hydrogels Gel-nHAP-10 PTH, Gel-nHAP-20 PTH, and Gel-nHAP-50 PTH were shown in (B). (C-E) Fourier transform infrared spectra of CS, SA, Gel (C),
PEG-nHAP, Gel-nHAP, PTH (D), Gel-nHAP-10 PTH, Gel-nHAP-20 PTH, and Gel-nHAP-50 PTH (E). (F) Scanning electron microscopic images of hydrogels Gel, Gel-
nHAP, Gel-nHAP-10 PTH, Gel-nHAP-20 PTH, and Gel-nHAP-50 PTH. Scale bars: 10 pm. (G) Mass spectrum of FTIC-labeled PTH(1-34). (H) Cumulative percentage

release of PTH(1-34) from different hydrogel scaffolds during a period of 10 days.
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counterstaining with hematoxylin. Following dehydration, the slides
were coverslipped.

2.16. Statistical analysis

All data analyses were performed using SPSS 23.0 software (IBM,
USA). Data are presented as the mean + standard deviations (SD) of at
least three independent experiments. Statistical analysis was performed
using one-way ANOVA with Tukey’s post hoc test. P < 0.05 was
considered significant: *P < 0.05; **P < 0.01.

3. Results and discussion
3.1. Characterization of the hydrogel scaffolds

We carried out rheological experiments to confirm the formation of
the hydrogels and characterize their mechanical properties (Fig. 1A and
B). Under the frequency-dependent oscillatory shear model, all the
prepared hydrogels had storage moduli (G') that were higher than the
corresponding loss moduli (G” viscous response) by almost one order of
magnitude over the entire frequency range, indicating the formation of
hydrogels [50]. Upon reaching the plateau, all the hydrogels exhibited a
storage modulus over 4 kPa, suggesting the moderate mechanical
property of the hydrogels and their utilization as scaffolds for bone
regeneration. The addition of nHAP to CS/SA Gels resulted in a slight
change in the mechanical properties, primarily due to the low level of
nHAP in the hybrid hydrogel Gel-nHAP. Interestingly, we found that
increasing the content of PTH(1-34) in the hydrogels reduced the stor-
age moduli of the hydrogels, leading to the following order of the
stiffness of the hydrogels: Gel-nHAP-10 PTH > Gel-nHAP-20 PTH >
Gel-nHAP-50 PTH. The decrease in the stiffness of the hydrogels con-
taining a high amount of PTH(1-34) is potentially attributed to the
disruption of the electrostatic interactions between two polymers arising
from the peptides.

The structural components of the hydrogels were confirmed by FTIR
spectroscopy (Fig. 1C, D, and E). While CS exhibited conventional
absorbance bands at 1617 and 1516 cm ™! associated with the N-H vi-
bration, SA showed bands at 1602 and 1102 cm™! arising from the vi-
bration of carboxylic groups. The FTIR spectrum of the CS/SA Gel
displayed absorbance bands corresponding to the vibration of the N-H
and carboxylic groups, indicating the coexistence of CS and SA within
the hydrogel. In addition, the characteristic absorbance bands of nHAP
and PTH(1-34) were not observed in the FTIR spectra of the corre-
sponding hydrogels, predominately due to the low content of these two
components in the hydrogels compared to the natural polymers. The
morphology of the hydrogels was characterized by SEM (Fig. 1F). While
the SEM image of the CS/SA Gel showed relatively untangled networks
and stiff structures, the addition of nHAP and PTH(1-34) to the
hydrogels led to the formation of entangled soft fibers with porous
structures. The crystal structure of nHAP was observed in the image of
Gel-nHAP, demonstrating the retained structures of nHAP in the
hydrogels.

SEM images also revealed that increasing the content of PTH(1-34)
in the hydrogels thinned the present entangled fibers. Nevertheless, the
porous structure of the hydrogels potentially facilitates drug release
from the scaffolds and their association with cells.

3.2. Invitro drug release

We estimated the drug PTH(1-34) release from the hydrogels Gel-
nHAP-10 PTH, Gel-nHAP-20 PTH, and Gel-nHAP-50 PTH with FITC-
PTH by monitoring the fluorescence intensity of FITC (Fig. 1H). The
chemical structure of FITC-PTH was confirmed by mass spectrometry. As
shown in Fig. 1G, the calculated molecular weight of the covalently
linked FITC and PTH(1-34) was observed in the MALDI-TOF MS spec-
trum, confirming the attachment of a single FITC moiety to PTH(1-34)
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and the formation of FITC-PTH. We further monitored the release of PTH
(1-34) from the hydrogels through a dialysis setup. The release profiles
of PTH(1-34) from the hydrogels Gel-nHAP-10 PTH, Gel-nHAP-20 PTH,
and Gel-nHAP-50 PTH showed a constant release of PTH(1-34) over 10
days, suggesting the robust stability of the hydrogels under physiolog-
ical conditions for a long period and their usage as drug release scaffolds.
The release kinetics of PTH(1-34) from the three hydrogels did not
display a significant difference, potentially due to the low occupied
density of the pores of the hydrogels.

3.3. Identification of rBMSCs

We extracted rBMSCs from SD rats, and the third passage cells were
analyzed by flow cytometry to confirm the characteristic markers on the
surface of the rBMSCs (Fig. 2A): CD29 (+), CD90 (+), CD34 (), and
CD45 (—). Multilineage differentiation of rBMSCs was induced by
osteogenic (Fig. 2B) and adipogenic media (Fig. 2C). These results
indicate that the cells we extracted from the rat bone marrow were
mainly rBMSCs.

3.4. Proliferation and viability of the rBMSCs cultured on hybrid hydrogel
scaffolds

We used CCK-8 assays to evaluate the effect of the hybrid hydrogel
scaffolds and the control on cell proliferation. As shown in Fig. 3A, on
the first day, there was no significant difference in the cell proliferation
performance between the various hydrogels because cell proliferation
requires time. However, with the extension of time, the proliferation of
cells became obvious. In a certain range, the increase in the concen-
tration of PTH(1-34) significantly promoted cell proliferation. The re-
sults showed that the hybrid hydrogels containing PTH(1-34) had good
biocompatibility, were nontoxic and strongly promoted cell prolifera-
tion. On day 5, there were significant differences among the groups (P <
0.01).

In addition, we used flow cytometry to detect the effects of different
kinds of materials on apoptosis to provide a reference basis for its
practical application. After the cells were cultured on hydrogel scaffolds
for 48 h, the results showed that the apoptosis rates of the control group,
Gel-nHAP group, Gel-nHAP-10 PTH group, Gel-nHAP-20 PTH group,
and Gel-nHAP-50 PTH group were (Q3) 1.51%, 1.91%, 1.82%, 1.74%,
and 1.68%, respectively, and the necrosis rate (Q2) was 1.24%, 0.81%,
2.87%, 1.54%, and 1.22%, respectively (Fig. 3B-F). These results indi-
cated that all hydrogel scaffolds had a little effect on cell apoptosis and
necrosis, and the hybrid hydrogels had good biocompatibility, cyto-
compatibility and good biological function.

3.5. Osteogenic differentiation of BMSCs in the hybrid hydrogel scaffolds
in vitro

Ideal bone repair materials should enhance the osteogenic differen-
tiation of cells. To reveal the effect of hydrogel scaffolds on the osteo-
genic differentiation of rBMSCs in vitro, we seeded cells on the control
and the Gel-nHAP, Gel-nHAP-10 PTH, Gel-nHAP-20 PTH and Gel-nHAP-
50 PTH scaffolds. After the cells were cultured on the hydrogels for 14
days, the expression of osteogenic markers was analyzed by Western
blots. The results showed that both the Gel-nHAP group and the Gel-
nHAP-PTH group performed better than control group (P < 0.01,
Fig. 4A and B), the hydrogels containing PTH(1-34) could better pro-
mote the expression of osteogenic proteins (Runx2, BMP2, OCN) than
the Gel-nHAP hydrogel and the control, and the osteogenic effect was
more obvious with the increase in the content of PTH(1-34). Addi-
tionally, these results suggested that PTH(1-34) in the scaffolds can
promote the osteogenic differentiation of rBMSCs.

It was reported that the administration of PTH(1-34) during the
recovery of transcortical lesions (experimentally drilled in the rat femur)
accelerates the succession of stages in the repair of skeletal lesions, i.e.
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Fig. 3. (A) Viability of rBMSC cells of cultured on hydrogels Gel-nHAP, Gel-nHAP-10 PTH, Gel-nHAP-20 PTH, and Gel-nHAP-50 PTH evaluated by CCK-8 assay at 1,
3, and 5 days. (B-F) Cell apoptosis quantified by flow cytometry of rBMSC cells of cultured on culture medium (B) or hydrogels Gel-nHAP (C), Gel-nHAP-10 PTH (D),
Gel-nHAP-20 PTH (E), and Gel-nHAP-50 PTH (F) for 48 h. Data are expressed as the mean + SD. **P < 0.01.

anticipates the occurrence of dynamic osteogenesis involved in the
production of good quality bone, with respect to the phase of static
osteogenesis, occurring at the onset of the reparative sequence [51].
Real-time PCR showed that the expression of osteogenesis-related
genes in the Gel-nHAP groups and the Gel-nHAP-PTH groups were
higher than that in the control group (Fig. 5A-D). The mRNA levels of
osteogenic markers, including ALP, OCN, OPN, and Runx2, on the
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rBMSCs inoculated in the hybrid Gel-nHAP-PTH hydrogels was higher
than that in the Gel-nHAP groups, suggesting that the Gel-nHAP-PTH
scaffolds could effectively promote osteogenic differentiation of
rBMSCs. With the increase in PTH(1-34) concentration, the mRNA
expression levels of osteogenic markers increased.
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3.6. The Notch signaling pathway promotes osteogenic differentiation

The Notch signaling pathway is an evolutionarily conserved inter-
cellular signaling pathway [52], which plays an important role in the
regulation of cell differentiation and cell fate and participates in the
regulation of adult stem cell differentiation [52,53]. This pathway has
been shown to play a key role in the proliferation and osteogenic dif-
ferentiation of stem cells [54,55]. A previous study showed that calcium
phosphate scaffolds could induce osteogenic differentiation through the
typical Notch signaling pathway [56]. Therefore, we hypothesized that
the Gel-nHAP-PTH scaffolds could promote osteogenic differentiation of
rBMSCs by upregulating the Notch signaling pathway. We verified this
hypothesis by Western blot and real-time PCR analyses. rBMSCs were
inoculated in the control, Gel-nHAP scaffolds, and Gel-nHAP-PTH scaf-
folds and cultured in a-MEM supplemented with 10% FBS. After 14 days,
the protein expression in the Notch signaling pathway was detected by
Western blotting. The results showed that compared with the control
group, the Notchl, Jaggedl, NICD, Hesl, and Hes5 levels in the
Gel-nHAP-PTH and Gel-nHAP groups were significantly increased (P <
0.05). The expression of proteins related to the Notch signaling pathway
was higher in the Gel-nHAP-PTH group than the Gel-nHAP group
(Fig. 4C and D).

In addition, we further detected the expression of related genes in the
Notch signaling pathway by real-time PCR. We compared the tran-
scription levels of related genes in the Notch signaling pathway, Notch1,
Jagged1, Hes1, and Hes5, and the results showed (Fig. 5SE-H) that the
Jagged1 and Hes5 expression levels in the Gel-nHAP-PTH (20,50) group
were higher than those in the control group (P < 0.05) and the Gel-nHAP
groups (P < 0.05). The Hesl expression level was higher in the Gel-
nHAP-PTH group than the control group and Gel-nHAP groups (P <
0.05). In addition, the mRNA levels of Notchl were higher in the Gel-
nHAP-PTH (50) group than the control group and Gel-nHAP groups
(P < 0.05). The Notch1 expression levels in the Gel-nHAP-20 PTH group
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were significantly increased compared with the control group.

We further analyzed the expression of osteogenic proteins in the
Notch signaling pathway such as Notchl and OCN by immunofluores-
cence after 7 days of BMSC culturing in a-MEM containing 10% FBS on
the scaffolds and control groups.

Notchl staining was localized in the cytoplasm (Fig. 6A), while the
Notchl signal was observed in the Gel-nHAP-PTH cells (Fig. 6A and C).
In addition, the protein level of OCN was significantly higher in the Gel-
nHAP-PTH group than the Gel-HAP and control groups (Fig. 6B and D).

In summary, our results indicated that the Gel-nHAP-PTH scaffold
induced activation of the Notch signaling pathway and promoted an
increase in osteogenic proteins and genes to improve osteogenic
differentiation.

3.7. Hybrid hydrogel scaffolds regenerate bone in vivo

To further evaluate the effect of hybrid hydrogel on bone regenera-
tion in vivo, we implanted Gel-nHAP, Gel-nHAP-10 PTH, Gel-nHAP-20
PTH, and Gel-nHAP-50 PTH scaffolds into rat cranial defects, with
blank groups without hydrogels serving as the control group, to observe
bone reactivation effects (Fig. 7A and B). When the hydrogel was
implanted, we cut the hydrogel into a circular 5 mm with a thickness of
1.5 mm, just filling the size of the rat cranial defect.

Twelve weeks later, after the rats were killed by overdose injection,
the cranial defects were collected and reconstructed with micro-CT for
three-dimensional reconstruction (Fig. 7C and D). As shown in Fig. 7C,
in the blank group (without any scaffolds), a large cavity defect still
existed, indicating that there was little bone regeneration and only a
small amount of fibrous tissue. The effect of a hybrid hydrogel con-
taining PTH(1-34) on repairing cranial defects in rats was better than in
the Gel-nHAP group. In addition, with the increase in content of PTH
(1-34) in the hybrid hydrogels, the effect on the repair of bone defects
became more obvious. Quantitative evaluation of newborn bone growth
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Fig. 5. Expression of osteogenic genes ALP (A), OCN (B), OPN (C), and RUNX2 (D), and the corresponding genes Notch1 (E), Jagged1 (F), Hes1 (G), and Hes5 (H) in
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Fig. 6. Immunofluorescence images of
rBMSC cells cultured on different groups and
stained by OCN, Notch1, F-Actin, DAPI. A (a,
e, i, m, q) expression of Notch1 (green), A (b,
f, j, n, r) Cell skeleton staining with F-Actin
(red). A (c, g, k, 0, s) Nuclear staining with
DAPI (blue). A(d, h, 1,p, t) Merged images. B
(a, e, i, m, q) Expression of OCN (green) of
rBMSCs on scaffolds and control group. B (b,
f, j, n, r) Cell skeleton staining with F-Actin
(red). B (c, g, k, o, s) Nuclear staining with
DAPI (blue). B (d, h, 1,p, t) Merged images.
(C) Relative intensity of Notchlof rat BMSCs
on different groups. (D) Relative intensity of
OCN of rBMSCs on different groups. Scale
bars, 20 pm. Data are expressed as the mean
+ SD. **p < 0.01 and *p < 0.05, comparison
between control group and hydrogel groups;
#p < 0.05, comparison between different
hydrogels.

Fig. 7. (A) 12-week-old male SD Rat cranial
defects model and larger image; (B)The
scaffolds were implanted in the cranial
defect of rat and larger image; (C) Micro-
computed tomography images of cranial
defects implanted by different scaffolds or
left empty 12 weeks postoperative; (D)
Micro-CT scanning showed the coronal
image of the five groups; (E) The bone vol-
ume/tissue volume (BV/TV) and Bone min-
eral density (BMD) were calculated by CTAn
analysis software. The group without any
scaffolds implanted was set as the control,
also is the blank group. Data are expressed
as the mean + SD. **p < 0.01 and *p < 0.05,
comparison between control group and
hydrogel groups; p < 0.05, comparison
between different hydrogels.
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using CTAn analysis software, BV/TV, and bone mineral density (BMD)
were performed. Growth was best in the Gel-nHAP-50 PTH group, fol-
lowed by the Gel-nHAP-20 PTH and Gel-nHAP-10 PTH groups, which
showed better results than the group without filling and the group filled
with Gel-nHAP scaffold (P < 0.01). The growth of new bone was supe-
rior in the Gel-nHAP group compared with the blank group (P < 0.01)
(Fig. 7E). As shown by BMD (Fig. 7F), BMD was significantly increased
in the Gel-nHAP-50 PTH group, followed by the Gel-nHAP-20 PTH, Gel-
nHAP-10 PTH, Gel-nHAP group, and the control group with the lowest
bone mineral density. Our results showed that the bone mineral density
of hydrogel containing PTH was higher compared with the hydrogel
group without PTH, and it increased correspondingly with the increase
in PTH content.

H&E and Masson'’s trichrome staining further histologically verified
the formation and maturity of new bone. As shown by H&E staining
images (Fig. 8A), no inflammatory reaction or necrosis was observed in
any of the groups. The control group was not filled with hydrogel, and
fibrous connective tissue was mainly observed. There was no obvious
new bone formation. A small amount of new bone tissue appeared in the
Gel-nHAP group, and new bone appeared in the hybrid hydrogel groups
containing PTH, especially the Gel-nHAP-50 PTH group. The color of the
new bone tissue was slightly whiter than the host bone. The color of
mature bone was similar to the host bone, and it easily combined with
the host bone. Masson’s trichrome staining showed that collagen fibers,
ossified tissue, mucus, and cartilage were blue; muscle fibers, cellulose,
and red cells were red; and nuclei were blue-black. As shown in Fig. 8B,
in the blank group, very few collagen fibers and ossified tissues formed
at the defect site. In the Gel-nHAP-PTH group, there were more collagen
fibers and ossification tissues than in the Gel-nHAP group. With the
increase in PTH(1-34) content in the hybrid hydrogel scaffolds, blue

A

Blank

Gel-nHAP-10 PTH

C

Blank

Gel-nHAP

Gel-nHAP-10 PTH

Fig. 8. Bone regeneration in a cranial defect after 12 weeks. (a) Representative images of H&E staining (scale bar: left=500pm, right=100pm); (B) Masson’s tri-
chrome staining images. (Scale bar: left=500pm, right= 100pum); (C) Immunohistochemical staining of OCN. (scale bar, 100pm). (NB: New bone, OB: original bone,
FT: fibrous tissue).
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staining of collagen fibers and ossification tissues increased
correspondingly.

The results were confirmed by immunohistochemical staining of
OCN, and the positive staining of new bone and osteoblasts was signif-
icantly improved in the Gel-nHAP-PTH scaffolds compared with the Gel-
nHAP scaffolds and blank control (Fig. 8C). Therefore, the Gel-nHAP-
PTH scaffold could significantly promote bone regeneration and repair
of bone defects. In addition, immunohistochemical staining further
confirmed the positive effect of PTH(1-34) in osteogenesis and new
bone formation. The results showed that hybrid hydrogel scaffolds
loaded with PTH(1-34) could promote the regeneration of bone tissue
and had a good repair effect on bone defects.

It has been reported that PTH has dual effects on bone formation and
bone resorption by regulating RANKL/OPG ratios [57]. High-dose and
continuous infusion can lead to bone absorption [58], while intermittent
low-dose administration of PTH can increases bone formation [59,60],
as well as, local application of PTH has been indicated to promote
osteogenesis [61]. Although intermittent PTH1-34 treatment has a good
function to increase bone formation, it may increase the incidence of
osteosarcoma because of systemic treatment [24]. Therefore, local de-
livery of PTH may stimulate osteogenesis but decrease the side effect of
systemic treatment. Many studies had been reported that the osteogenic
effect of materials containing PTH used in bone defects is better than
that of materials without PTH [62,63], which is consistent with our
experimental results.

It is noteworthy that nano-hydroxyapatite itself showed good bone
conductivity and can promote bone regeneration [64-66]. When PTH
(1-34) was combined with nHAP, these characteristics were more
obvious. CS and SA are both natural polysaccharides and have strong
biocompatibility. Our experimental results showed that the

Gel-nHAP-20 PTH Gel-nHAP-50 PTH
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Gel-nHAP-PTH scaffold can promote bone regeneration. Within a
certain range, PTH(1-34) has a dose-dependent effect on bone
regeneration.

In our study, recovery of the rat cranial defect was incomplete, which
might be explained as follows. The time was relatively short, resulting in
an insufficient period to promote bone regeneration. Moreover, a small
amount of PTH(1-34) was used, so increasing the amount may promote
complete regeneration of the cranial defect. Furthermore, our results
could be due to matching of various components in our hybrid hydrogel.
In future analyses, we will optimize the design of hybrid hydrogels.

The present study has several limitations. First, we used rat bone
marrow mesenchymal stem cells, which are primary cells, without
additional cell lines for further verification. Further research should
include testing different cell lines of each cell and their differences in
bone regeneration. Second, no long-term observation of the rat cranial
defect was performed, and 12 weeks is a relatively short duration. In the
future, it will be possible to observe the osteogenic effect for 6 months or
longer. In addition, we can also attempt to study the osteogenic effect of
the limb long bone defect, which will complement and contrast with the
study of bone defects.

4. Conclusions

In summary, we designed novel Gel-nHAP-PTH hybrid hydrogel
scaffolds and used them for local bone regeneration for the first time.
The nanofibers and porous structure of the Gel-nHAP-PTH scaffolds
enhance cell adhesion and show good binding with bone tissue to pro-
mote bone regeneration. With the increase in PTH(1-34), the scaffold
nanofibers became finer, which is more conducive to bone regeneration.
The Gel-nHAP-PTH scaffold has high biocompatibility and can signifi-
cantly promote bone regeneration. Interestingly, the Gel-nHAP-PTH
scaffold significantly promoted osteogenic activity via the Notch
signaling pathway and increased the expression levels of osteogenic
proteins such as BMP-2, OCN and RUNX2. In addition, in vivo experi-
ments showed that the Gel-nHAP-PTH hybrid hydrogel scaffold signifi-
cantly promoted bone regeneration. The Gel-nHAP-PTH scaffold was
superior to the Gel-nHAP scaffold in promoting proliferation, osteo-
genesis of rat BMSCs and bone regeneration. This study demonstrated
that simultaneously incorporating nHAP and PTH(1-34) into hydrogels
represents a promising strategy for bone regeneration, thus serving as a
new strategy for tissue engineering and regeneration in the future.
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