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ABSTRACT

The intricate dynamic feedback mechanisms involved in bone homeostasis provide valuable inspiration for the
design of smart biomaterial scaffolds to enhance in situ bone regeneration. In this work, we assembled a bio-
mimetic hyaluronic acid nanocomposite hydrogel (HA-BP hydrogel) by coordination bonds with bisphospho-
nates (BPs), which are antiosteoclastic drugs. The HA-BP hydrogel exhibited expedited release of the loaded BP
in response to an acidic environment. Our in vitro studies showed that the HA-BP hydrogel inhibits mature
osteoclastic differentiation of macrophage-like RAW264.7 cells via the released BP. Furthermore, the HA-BP
hydrogel can support the initial differentiation of primary macrophages to preosteoclasts, which are consid-
ered essential during bone regeneration, whereas further differentiation to mature osteoclasts is effectively
inhibited by the HA-BP hydrogel via the released BP. The in vivo evaluation showed that the HA-BP hydrogel can
enhance the in situ regeneration of bone. Our work demonstrates a promising strategy to design biomimetic

biomaterial scaffolds capable of regulating bone homeostasis to promote bone regeneration.

1. Introduction

Bone homeostasis is regulated by coupling bone resorption with bone
formation, which is of great significance for the renewal of bone com-
ponents, the repair of injury, and the maintenance of bone structure and
mechanical properties [1-4]. In this balanced process, osteoblasts syn-
thesize nonmineralized bone matrix [5-9]. Moreover, preosteoclasts
secrete anabolic factors, including PDGF-BB, TGF-p, and IGF-1, to pro-
mote bone formation [10-14], whereas mature osteoclasts produce
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catabolic factors, including cathepsin K and tartrate resistant acid
phosphatase (TRAP), and create acidic subosteoclastic compartments to
mediate bone resorption [15-20]. During homeostasis, bone resorption
due to increased activity of mature osteoclasts under increased RANKL
exposure leads to the release of matrix-bound factors, including IGF-1
and TGF-B, triggering the recruitment of osteoblasts and their produc-
tion of OPG, which can inhibit RANKL and the associated activity of
mature osteoclasts (Scheme. 1A) [21-26]. This negative feedback
mechanism is the key to maintain bone homeostasis.
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Scheme 1. HA-BP hydrogel mediates negative feedback regulation of osteoclastic activity for enhanced bone regeneration. (A) Native negative feedback
regulation of osteoclasts in bone. Under homeostatic conditions, bone resorption due to the elevated activity of mature osteoclasts under increased RANKL exposure
leads to the release of matrix-bound factors, including IGF-1 and TGF-f, triggering the recruitment of osteoblasts and their production of OPG, which could inhibit
RANKL-induced osteoclast maturation [47,48]. Biomimetic emulation of the negative feedback regulation of osteoclasts by HA-BP hydrogel. Osteoclastic activities
degrade the HA-BP hydrogel, thereby triggering the release of BP, which in turn inhibits RANKL-induced osteoclastic maturation. (B) The structure of the HA-BP
hydrogel. The coordination bond between magnesium ions and acryloyl bisphosphonate leads to nanoparticle self-assembly followed by further photo-
crosslinking with MeHA. (C) The different cell fates of the control BP-free HA and HA-BP hydrogels. In the HA hydrogel without BP, primary macrophages can
differentiate into preosteoclasts and further develop into mature osteoclasts. However, in the HA-BP hydrogel group, primary macrophages can differentiate into
preosteoclasts, which contribute to bone formation, but cannot form bone-absorbing mature osteoclasts.

The remarkable dynamic regulation of bone homeostasis can provide
valuable inspiration for the design of biomaterial scaffolds, which have
demonstrated valuable functions in addressing various bone injuries and
diseases. Bisphosphonates have emerged as a promising building block
for fabricating bioactive biomaterial scaffolds for bone regeneration
[27-32]. BPs are a class of drugs with inhibitory effects on osteoclastic
activity and bone resorption [33-39]. BPs not only promote apoptosis
and inhibit the activity of osteoclasts but also interfere with the recep-
tion of bone resorption signals from the bone matrix by osteoclasts
[40-42]. However, few prior studies have examined the potential of
BP-based biomaterials to emulate the negative feedback properties of
the native bone matrix to regulate bone homeostasis and promote bone
regeneration. In this study, we developed a bisphosphonate-based
nanocomposite hyaluronic acid hydrogel (HA-BP) containing
self-assembled nanostructures based on BP-magnesium coordination
(Scheme. 1B). The HA-BP hydrogel can mediate the expedited release of
BP in response to an acidic environment, which can be generated by
mature osteoclastic activity. We demonstrated that the HA-BP hydrogel
supports preosteoclastic differentiation, which is important for bone
regeneration, but inhibits the further osteoclastic maturation of primary
macrophages via the triggered release of BP (Scheme. 1C). Prior studies
have reported that direct supplementation of BP inhibited both pre-
osteoclast and mature osteoclast without selectivity [43-46]. However,
our hydrogel only releases basal level of BP in the presence of pre-
osteoclasts but releases substantial amount of BP in the presence of
mature osteoclasts which are known to form the acidic subosteoclastic
compartment. This acidity-dependent BP release kinetics from our
hydrogel may contribute to the selective inhibition of mature osteo-
clasts. We further showed that the implantation of HA-BP hydrogel in
animal bone defects promoted the in situ regeneration of bone. We
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believe that this study provides a promising design strategy for smart
biomaterials to selectively suppress mature osteoclastic activity for
enhanced bone regeneration.

2. Materials and methods
2.1. Materials

Sodium hyaluronate was purchased from Bloomage BioTechnology
Corporation Limited (JiNan, China). Methacrylic anhydride was ob-
tained from J&K Chemicals (Beijing, China). Sodium hydroxide, abso-
lute ethanol, hydrochloric acid, formaldehyde, chloroform, isopropanol,
polyformaldehyde, and Tween 20 were purchased from Sigma-Aldrich
(USA). Sodium chloride was purchased from Aladdin (Shanghai,
China). Pamidronate disodium was purchased from Meilun Biotech-
nology Corporation Limited (Dalian, China). N-Acryloxysuccinimide
was obtained from J&K Chemicals (Beijing, China). Magnesium chloride
was purchased from Macklin (Shanghai, China). 2-Hydroxy-4’-(2-
hydroxyethoxy)-2-methylpropiophenone (12959) was purchased from
J&K Chemicals (Beijing, China). Twenty-four-well cell culture plates
and cell scrapers were obtained from SPL Life Science Corporation
Limited (Korea). PBS, DMEM, FBS, penicillin-streptomycin, 4',6-dia-
midino-2-phenylindole (DAPI), Alamar blue, and TRIzol reagent were
purchased from Thermo Fisher (USA). Rhodamine phalloidin was pur-
chased from Cytoskeleton (USA). M-CSF and Annexin V-FITC/7-AAD
cell apoptosis kits were purchased from Sinobiological (Beijing, China).
Recombinant mouse TRANCE/RANK L/TNFSF11 (E. coli-expressed) was
purchased from R&D (USA). The Acid Phosphatase, Leukocyte (TRAP)
Kit was purchased from Sigma-Aldrich (USA). TB Green Premix Ex Taq
(Tli RNase H Plus) and PrimeScript RT Master Mix were purchased from
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TaKaRa (JAPAN). The F4/80 (sc-52664), PDGF-BB (sc-365805), ALP
(sc- 271431), NFATcl (sc-7294), cathepsin K (sc-48353), Col I (sc-
59772), and OCN (sc-390887) primary antibodies were purchased from
Santa Cruz (USA). The TRAP (11594-1-AP) primary antibody was pur-
chased from Proteintech (Wuhan, China). The goat anti-mouse second-
ary antibody was purchased from Thermo Fisher (USA). All primers
were synthesized by Shanghai Generay Biotechnology Corporation
Limited (Shanghai, China). A Tartrate Resistant Acid Phosphatase Assay
Kit was purchased from Beyotime Biotechnology Corporation Limited
(Shanghai, China). Farnesyl diphosphate synthase and geranylgeranyl
diphosphate synthase activity kits were purchased from MyBioSource
(USA). PDGF-BB activity kit was purchased from Solarbio Science &
Technology Co., Ltd (Beijing, China). ALP enzymatic activity kit was
purchased from Solarbio Science & Technology Co., Ltd (Beijing, China).
An H&E staining kit was purchased from Biosharp (Hefei, China). The
DAB Peroxidase (HRP) Substrate kit and Vectastain ABC reagent kit
were purchased from Vector Laboratories (USA).

2.2. Synthesis of acrylated bisphosphonate (AcBP)

Pamidronate disodium and N-acryloxysuccinimide were dissolved
together in deionized water at a final concentration of 5 mM. This re-
action solution was adjusted to pH 8.0 with sodium hydroxide and
stirred for 24 h at room temperature. After the reaction, the final product
solution was added dropwise to absolute ethanol. The final product was
precipitated and washed with ethanol three times. Finally, the precipi-
tate was dried in a vacuum drying oven for 2 days. The final product was
characterized by NMR.

2.3. Synthesis of methacrylated sodium hyaluronate (MeHA)

Sodium hyaluronate (HA) was dissolved in deionized water at a mass
fraction of 1% and stirred for 3 h. Methacrylic anhydride was added
dropwise to the HA solution with a volume fraction of 1.2%. The reac-
tion solution was continually adjusted to pH 8.0-8.5 with sodium hy-
droxide for 8 h. Then, the reaction solution was dialyzed with sodium
chloride for 3 days and deionized water for another 3 days. Finally, the
reaction solution was lyophilized and characterized by NMR.

2.4. Fabrication and rheological characterization of the HA-BP hydrogel

MeHA was dissolved in PBS (pH 7.4) at a mass fraction of 2%. BP was
dissolved in PBS (pH 7.4) at a final concentration of 100 mM. Next,
magnesium chloride was added to the mixture at a final concentration of
100 mM. Then, the photoinitiator 12959 was added to the mixture with a
mass fraction of 0.05%. This gel precursor solution was added to the
glass plate of the rheometer. Under UV light stimulation for 10 min, the
HA-BP hydrogel formed in situ on the glass plate. The grafting rate of BP
is estimated to be around 97%. The Young’s modulus of HA-BP hydro-
gels was characterized by vertical compression. Then, MeHA was dis-
solved in PBS (pH 7.4) at a mass fraction of 2%. The photoinitiator 2959
was added to the solution with a mass fraction of 0.05%. This gel pre-
cursor solution was stimulated under UV light for 30 min to form the HA
hydrogel. The Young’s modulus characterization was also performed on
the HA hydrogel.

2.5. Biocompatibility of the HA-BP hydrogel

Fourth generation RAW264.7 macrophages were cultured in DMEM
with 10% FBS and 1% penicillin-streptomycin for 3 days to become the
fifth generation of cells. HA and HA-BP 2D hydrogels were fabricated
according to section 2.4. The fifth generation of cells was seeded on
hydrogels at a density of 20000/well. Cells were cultured in DMEM with
10% FBS and 1% penicillin-streptomycin. Microscopic images were ac-
quired every day. On days 1, 3, and 5, Alamar blue activity was detected
according to the manufacturer’s protocol. After 6 days, the cells were
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fixed with 4% (w/v) polyformaldehyde (PFA) for 1 h. Then, the cells
were treated with 0.25% (v/v) Triton X-100 for 30 min. Next, the cells
were washed with PBS (pH 7.4) 3 times. Finally, the cells were treated
with phalloidin (1:400, Thermo Fisher) for 1 h and DAPI (1:1000,
Thermo Fisher) for 20 min. Immunofluorescence images were obtained
by confocal microscopy (Nikon).

2.6. Controlled release of AcBP from the HA-BP hydrogel

A stock BP standard solution (1 mM) was prepared in PBS (pH 7.4).
Through dilution with PBS (pH 7.4), a series of BP solutions with
different concentrations (0.001, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2 mM)
were obtained. The detection wavelength is 207 nm. The standard curve
of BP was constructed. The HA-BP 2D hydrogels were fabricated on
cover slips, which were placed into a 24-well plate. Then, 500 pL of PBS
(pH 7.4) was added into wells. The PBS solution (pH 7.4) was changed
every day. After 7 days, all samples were collected and measured by
UV-Vis spectroscopy. Additionally, the HA-BP 2D hydrogels were
soaked in PBS at different pH values. The following equation indicated
the release amount per day. The data was presented by cumulative
amount.

Y —0.0321

Rel t
elease amoun 6.2186

*0.0005 (mmol)

Y—Absorbance of sample

2.7. RAW264.7 macrophages osteoclastogenesis

Fourth-generation RAW264.7 macrophages were cultured in DMEM
with 10% FBS and 1% penicillin-streptomycin for 3 days to become fifth-
generation cells. The cells were seeded on HA and HA-BP hydrogels at a
density of 20000 cells/well and adhered to the hydrogels for 24 h. Then,
the medium was changed every day to medium with RANKL at a final
concentration of 30 ng/mL. After 5 days, the hydrogels were collected
for further experiments.

2.8. pH variations in the HA and HA-BP medium seeded with RAW264.7
macrophages

RAW264.7 macrophage osteoclastogenesis was performed according
to section 2.7. On day 0, day 3, and day 5, medium color variation im-
ages were obtained. Additionally, the pH values of the medium were
measured with pH meters.

2.9. Primary macrophages osteoclastogenesis

C57BL/c male mice (6-8 weeks) were euthanized by cervical dislo-
cation. The femurs and tibias were separated under sterile conditions
and washed in a-MEM with 10% FBS and 1% penicillin-streptomycin for
two times. Then, the two ends of femurs and tibias were cut, and the
bone marrow was extracted. The obtained bone marrow flowed through
a cell strainer to remove some small mouse tissues. Cells were cultured
in a-MEM with 10% FBS and 1% penicillin-streptomycin for 12 h. Next,
floating cells were collected and further induced by M-CSF at a final
concentration of 30 ng/mL to obtain primary macrophages. Primary
macrophages were induced to differentiate into preosteoclasts under
stimulation with 30 ng/mL M-CSF and 60 ng/mL RANKL for 3 days. The
preosteoclasts were further induced to mature osteoclasts by 30 ng/mL
M-CSF and 200 ng/mL RANKL for another 5 days.

2.10. TRAP staining and activity

For the TRAP staining experiment, the 2D hydrogel samples were
fixed with fixative solution (25% citrate solution, 65% acetone, 10%
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formaldehyde) for 1 min and rinsed with PBS (pH 7.4) 3 times. Then, the
samples were immersed in staining solution (as prepared according to
the manufacturer’s protocol) for 1 h at 37 °C. Next, the samples were
washed with PBS (pH 7.4) 3 times. Microscopic images were taken of
each sample.

For TRAP activity, para-nitrophenyl phosphate (pNPP), a common
substrate of phosphatase, was used. para-Nitrophenol (p-nitrophenol) is
produced by the action of acid phosphatase under acidic conditions.
para-Nitrophenol (p-nitrophenol) is a yellow product under alkaline
conditions, and its absorbance can be measured at 400-415 nm. The
deeper the yellow color of the product, the higher the acid phosphatase
activity. TRAP activity was detected according to the manufacturer’s
protocol.

2.11. Real-time quantitative PCR

Total RNA was extracted by TRIzol reagent. The concentrations of
RNA were detected with a Nanodrop instrument (Thermo Fisher). Five
hundred nanograms of mRNA was reverse transcribed to cDNA using
PrimeScript RT Master Mix. The primers sequences are shown in
Table S1. RT-qPCR was performed by using TB Green Premix Ex Taq (Tli
RNase H Plus) on the Applied Biosystem. The running procedures were
set according to the manufacturer’s protocol. GAPDH was the house-
keeping gene. The relative marker gene expression was calculated using
the 2 4T method.

2.12. Immunofluorescent staining

After osteoclastogenesis, the cells were fixed with 4% (w/v) poly-
formaldehyde (PFA) for 1 h and treated with 0.25% (v/v) Triton X-100
for 30 min. Next, the cells were blocked with 1% FBS for 2 h. Primary
antibodies against NFATC1, cathepsin K, PDGF-B and ALP (1:200) were
incubated with cells at 4 °C for 16 h. Then, the cells were treated with
goat anti-mouse secondary antibody (1:400) at room temperature for 2
h. Finally, the cells were incubated with phalloidin (1:400) for 1 h and
DAPI (1:1000) for 30 min. Immunofluorescence images were obtained
by confocal microscopy (Nikon). The fluorescence intensity was
analyzed by using Image J software.

2.13. Annexin V-FITC/7-AAD staining of osteoclasts apoptosis

Annexin V-FITC and 7-AAD are fluorescent dyes for effective cell
apoptosis observation. After macrophage adhesion (RANKL™), the cells
were stained with double-fluorescence staining according to the man-
ufacturer’s protocol. Immunofluorescence images were obtained by
confocal microscopy (Nikon). Additionally, the cells treated with 30 ng/
mL RANKL for 3 days were also stained (RANKL™). The percentages of
Annexin V and 7-AAD positive cells were estimated by using Image J
software.

2.14. Farnesyl diphosphate synthase (FPPS) and geranylgeranyl
diphosphate synthase (GGPPS) activity

Fourth-generation RAW264.7 macrophages were cultured in DMEM
with 10% FBS and 1% penicillin-streptomycin for 3 days to become fifth-
generation cells. The cells were seeded on HA and HA-BP hydrogels at a
density of 20000 cells/well and adhered to the hydrogels for 24 h. Then,
the medium was changed every day to medium with RANKL at a final
concentration of 30 ng/mL. After 5 days, the culture media (n = 5 for
each group) were collected. FPPS and GGPPS activity were detected by
ELISA. ELISA was performed according to the manufacturer’s protocol.

2.15. Preosteoclast condition medium analysis

Primary macrophages were induced to differentiate into pre-
osteoclasts under stimulation with 30 ng/mL M-CSF and 60 ng/mL
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RANKL for 3 days. After 3 days, medium was collected. PDGF-BB activity
was detected by ELISA. ELISA was performed according to the manu-
facturer’s protocol.

2.16. ALP activity

Third-generation rat mesenchymal stem cells (rMSCs) were seeded
on 12-well plate at a density of 200000 cells/well in a-MEM with 20%
FBS, 1% glutamine, and 1% penicillin-streptomycin for 2 days. 1 mL
preosteoclast condition medium was added in the 12-well plate to
induce osteogenesis of rMSCs for another 3 days. The ALP activity was
performed according to the manufacturer’s protocol.

2.17. Fabrication of the 3D HA and HA-BP porous hydrogels

Polymethyl methacrylate (PMMA) microspheres were added to a
chamber of 1 mL syringe at a volume of 40 pL. HA and HA-BP porous
hydrogels were fabricated by dithiothreitol (DTT) crosslinking. For the
3D HA porous hydrogel, MeHA was dissolved in PBS (pH 7.4) at a mass
fraction of 2.5%. DTT was dissolved in the MeHA solution at a final
concentration of 32 mM to form the gel precursor solution. This pre-
cursor solution was infiltrated through the PMMA microspheres to form
HA scaffolds. For the 3D HA-BP porous hydrogel, MeHA was dissolved in
PBS (pH 7.4) at a mass fraction of 2.5%. BP was dissolved in PBS (pH
7.4) at a final concentration of 100 mM. Next, magnesium chloride was
added to the mixture at a final concentration of 100 mM. DTT was
dissolved in the mixture at a final concentration of 32 mM to form the
gel precursor solution. This precursor solution was infiltrated through
the PMMA microspheres to form HA-BP scaffolds. These scaffolds were
soaked in acetone overnight to remove the PMMA microspheres. The
collected scaffolds were sterilized with 75% ethanol and rinsed with PBS
(pH 7.4). The Young’s modulus of HA and HA-BP hydrogels was char-
acterized by vertical compression. The 3D HA and HA-BP porous
hydrogels were implanted into the subsequent bone defect repair model.

2.18. Rat bone defect repair model

Ethics approval was obtained from the Animal Experimentation
Ethics Committee of Chinese University of Hong Kong (AEEC No. 21/
026/MIS-5-C). Nine male Sprague-Dawley rats (6-8 weeks) were
divided into three groups and raised in an animal house for one week
before the operation. Each rat was performed anesthesia by xylazine (4
mg/kg) and ketamine (40 mg/kg). Two 5 mm diameter calvarial defects
were created in each rat. The HA and HA-BP 3D porous hydrogels were
implanted into the defect sites (n = 6 for each group). Defects receiving
no hydrogel implantation were used as the blank control group. After 8
weeks, the rats were sacrificed. Cranial bone samples were collected,
and microCT analysis was performed. Then, these samples were decal-
cified in 10% EDTA (pH 7.4) for 1 month, and further immunohisto-
chemical analysis was performed.

2.19. Immunohistochemical staining

The decalcified samples were fixed, dehydrated, made xylene-
transparent, wax-dipped and embedded in paraffin. For H&E staining,
the histological sections (5 pm) were dewaxed and immersed in hema-
toxylin staining solution for 3 min and eosin staining solution for 45 s.
Finally, the histological sections were mounted in mounting media. For
PDGF-B, TRAP, Col I, and OCN immunohistochemical staining, the
sections were treated with primary antibodies and peroxidase-
conjugated secondary antibodies. The signals were detected with a
DAB kit. Inmunohistochemical staining was analyzed by using Image J
software.
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Fig. 3. The HA-BP hydrogel inhibits RAW264.7 macrophages osteoclastogenesis. (A) Microscopic images of RAW264.7 macrophages cultured on the HA and
HA-BP hydrogels for 5 days of osteoclastic induction with RANKL supplementation. Scale bar = 200 pm. (B) TRAP staining of macrophages cultured on the HA and
HA-BP hydrogels on day 5. The red arrows indicate mature multinuclear osteoclasts. Scale bar (left panel and right panel) = 200 pm. (C) Quantification of the TRAP
activity of the cells from the HA and HA-BP groups. (D) The expression of osteoclastic marker genes by macrophages cultured on HA and HA-BP hydrogels sup-
plemented with RANKL. qPCR data are presented as the means + SD (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001. (E) Representative images of NFATC1 (green),
actin (red), and nucleus (blue) immunostaining. Scare bar = 50 pm. (F) Fluorescence intensity of NFATC1 of HA and HA-BP hydrogels (n = 20). *p < 0.05, **p <

0.01, ***p < 0.001. (G) Representative images of cathepsin K (green), actin (red), and nucleus (blue) immunostaining. Scare bar = 50 pm. (H) Fluorescence intensity
of Cathepsin K of HA and HA-BP hydrogels (n = 20). *p < 0.05, **p < 0.01, ***p < 0.001.

2.20. Statistics

All data are presented as the mean + standard deviation. Statistical
analysis was performed by unpaired Student’s t-test with GraphPad
Prism 8.0 software. A P value lower than 0.05 was considered
significant.

3. Results and discussion
3.1. Fabrication of the HA-BP nanocomposite hydrogel

We first synthesized acryloyl bisphosphonate (Ac-BP) based on
pamidronate and N-acryloxysuccinimide, as confirmed by the charac-
teristic peak of the carbonyl group of Ac-BP in the 'H NMR spectrum
(Fig. S1A). Methacrylated hyaluronic acid (MeHA) was synthesized with
a methacrylation degree of 21.5% based on a previously developed
protocol (Fig. S1B). HA-BP nanocomposite hydrogels were fabricated by
photopolymerizing a mixed precursor solution of Ac-BP, MeHA, and Mg
cations (Mg?"). The self-assembly of Ac-BP and Mg?* was driven by the
coordination bond between BP and Mg?* and led to the formation of Ac-
BP-Mg?* nanostructures bearing acryloyl groups, which function as the
crosslinkers of the polymer network in the nanocomposite hydrogel
(Scheme. 1B). We hypothesized that the HA-BP hydrogel can emulate
the negative feedback mechanism of osteoclastic regulation (Scheme.
1A). Specifically, the reduced local pH due to the activity of mature
osteoclasts on the nanocomposite hydrogel can lead to partial degra-
dation of the hydrogel and therefore the expedited release of BP, which
in turn inhibits osteoclastic activity. To test this hypothesis, we con-
ducted the following experiments.

3.2. Characterization and biocompatibility of the HA-BP hydrogel

Shi et al. reported that covalent incorporation of bisphosphonates
(BPs) into HA hydrogel increased the stiffness of the hydrogel in com-
parison with the unmodified HA hydrogel of the same cross-linking
density. In order to rule out this interfering factor, we kept the
Young’s modulus of HA and HA-BP hydrogels at the around the same
level by adjusting the photocrosslinking time. Rheological analysis
showed that there was no significant difference in the Young’s modulus
between the HA-BP hydrogel and HA hydrogel (Fig. 1A). We next
evaluated the cytocompatibility of the HA-BP hydrogels in RAW264.7
macrophages by using the BP-free HA hydrogel as the control. The
microscopic images showed that the seeded macrophages proliferated
extensively on both the HA and HA-BP hydrogels during 6 days of cul-
ture, and there was no significant difference in the cell proliferation rate
between the two different hydrogel substrates (Fig. 1B). DAPI/actin
staining of the seeded macrophages also showed a similar trend of cell
proliferation on both hydrogel substrates (Fig. 1C). The results of the
Alamar Blue assay also indicated that there was no significant difference
between the metabolic activities of the macrophages cultured on HA and
HA-BP hydrogels (Fig. 1D). These results demonstrated that the HA-BP
hydrogel had no significant inhibitory effect on the proliferation of
macrophages.

3.3. The HA-BP hydrogel mediates the pH-dependent release of BP

In bone, mature osteoclasts secrete protons and catabolic enzymes
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into the subosteoclastic compartment to lower the local pH and trigger
the degradation of bone matrix (Fig. 2A) [49,50]. To evaluate the
degradation of the HA-BP hydrogel due to osteoclastic activity, we
analyzed the release kinetics of BP from the HA-BP hydrogels based on a
standard curve constructed from the UV-Vis data of acryloyl BP
(Figs. S2A and B). The HA-BP hydrogels showed an initial release of
encapsulated BP (approximately 23.2% of the total encapsulated BP) in
PBS (pH 7.4) after 2 days but minimal release afterwards (Fig. S2C).
Decreasing the pH of the incubation buffer significantly expedited the
release of BP. Specifically, the cumulative release of BP from the HA-BP
hydrogel at pH 2 was 32.8% higher than that at pH 7.4 after 7 days
(Fig. 2B). This could be attributed to the increased partial disassembly of
the coordination-stabilized BP-Mg?* nanostructures in the hydrogels in
response to the acidic environment. As reported in our previous publi-
cation, the HA-BP hydrogel contained BP-Mg?" nanoparticles assem-
bled by Mg ions and AcBP based on BP—Mg2+ coordination [51].
Although some BP on the surface of these nanoparticles can be cross-
linked with the hydrogel network during the photopolymerization, there
are still non-crosslinked BP in the nanoparticles. Therefore, the low pH
can induce partial disassembly the BP-Mg?" nanoparticles to release the
non-crosslinked BP. Moreover, we observed different medium color
variations from the indicator phenol red in macrophage cultures on
hydrogel substrates under sustained RANKL stimulation. In the HA
hydrogel group, the medium color changed from red to yellow, and the
medium acidity increased with increasing culture time due to
RANKL-induced osteoclastic maturation and metabolic activity. In
contrast, in the HA-BP hydrogel group, despite the sustained stimulation
from RANKL, the lack of media color change indicated the minimal
medium acidification, which may be associated with mature osteoclastic
activity (Fig. 2C and D).

3.4. The HA-BP hydrogel inhibits osteoclastic differentiation of
macrophage-like RAW264.7 cells

Mononuclear RAW264.7 macrophages can differentiate into multi-
nuclear mature osteoclasts under RANKL stimulation, and bisphospho-
nate is known to inhibit this differentiation [52-55]. We cultured
macrophages on the HA and HA-BP hydrogel substrates supplemented
with RANKL in the medium (Fig. 3A). After 5 days of culture, TRAP
staining showed the appearance of multinuclear cells on the HA
hydrogel, while there were no multinuclear cells on the HA-BP hydrogel
(Fig. 3B). We quantified the activity of tartrate-resistant acid phospha-
tase (TRAP), a key marker of osteoclastic activity, based on a standard
assay (Fig. S3A). We constructed a standard curve by using p-nitro-
phenol as the substrate (Fig. S3B). The TRAP activity of the cells on the
HA-BP hydrogel was significantly lower than that of cells on the HA
hydrogel (Fig. 3C).

To further verify the inhibitory effects of the HA-BP hydrogel on
osteoclastic differentiation, we evaluated the expression of 10 selected
marker genes involved in osteoclastogenesis. The qPCR data showed
that the expression of all osteoclastic marker genes was significantly
downregulated in cells cultured on the HA-BP hydrogel compared with
cells cultured on the HA hydrogel (Fig. 3D and Fig. S4). Furthermore, we
performed immunofluorescence staining against two key markers of
osteoclastogenesis, NFATC1 and cathepsin K. The fluorescence in-
tensities from NFATC1 and cathepsin K staining in the HA-BP group
were significantly lower than those in the HA group (Fig. 3E-H). Taken
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Fig. 4. The HA-BP hydrogel promotes apoptosis of mature osteoclasts. (A) The metabolic pathway of mature osteoclasts. Bisphosphonates inhibits the activities
of farnesyl pyrophosphate synthase (FPPS) and geranylgeranyl diphosphate synthase (GGPPS), thereby inhibiting protein prenylation, which is crucial to osteoclast
survival and resorption. (B) The expression of FPPS and GGPPS genes in macrophages cultured on the HA and HA-BP hydrogels supplemented with RANKL. gPCR
data are presented as the means + SD (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001. (C) The enzymatic activities of FPPS and GGPPS in macrophages cultured on the
HA and HA-BP hydrogels supplemented with RANKL. ELISA data are presented as the means + SD (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001. (D) A schematic
diagram of cell apoptosis. In healthy cells, phosphatidylserine is located in the inner layer of the cell membrane, thereby resulting in no staining by annexin V-FITC or
7-AAD. In early apoptotic cells, phosphatidylserine externalizes from the inner layer to the outer layer of the cell membrane, and cells are stained by annexin V-FITC.
Late apoptotic cells are stained by both annexin V-FITC and 7-AAD. (E) Annexin V staining of RAW264.7 macrophages cultured on the HA and HA-BP hydrogels on
Day 0 and Day 3. Blue fluorescence indicates cell nuclei, green fluorescence indicates annexin V and red fluorescence indicates 7-AAD. Scare bar = 50 pm. (F)
Annexin V positive percentage of HA and HA-BP hydrogels on Day 3 (n = 10). *p < 0.05, **p < 0.01, ***p < 0.001. (G) 7-AAD positive percentage of HA and HA-BP
hydrogels on Day 3 (n = 10). *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 5. The HA-BP hydrogel supports preosteoclast differentiation but inhibits osteoclast maturation. (A) The process of deriving preosteoclasts and mature oste-
oclasts from primary macrophages. (B) Microscopic images of cells cultured on the HA and HA-BP hydrogels during 3 days of preosteoclast induction with a low dose
of RANKL (30 ng/mL). Scale bar = 200 pm. (C) TRAP staining of preosteoclasts cultured on the HA and HA-BP hydrogels after 3 days of induction with a low dose of
RANKL (30 ng/mL). Scale bar = 200 pm. (D) The mRNA levels of preosteoclast marker genes in preosteoclasts after 3 days of culture with a low dose of RANKL (30
ng/mL) on the HA and HA-BP hydrogels. qPCR data are presented as the means + SD (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001. (E) Representative images of
preosteoclast immunostaining against PDGF-B (green), actin (red), and nuclei (blue) after 3 days of induction with a low dose of RANKL. Scale bar = 50 pm. (F)
Fluorescence intensity of PDGF-B staining (n=20). * p<0.05, ** p<0.01, *** p<0.001. (G) The PDGF-BB secretion by preosteoclasts developed on the HA and HA-BP
hydrogels. ELISA data are presented as the means + SD (n=5). * p<0.05, ** p<0.01, *** p<0.001. (H) Representative images of ALP staining of rat mesenchymal
stem cells (rMSCs) induced by preosteoclast-conditioned medium from HA and HA-BP hydrogel groups. Scale bar = 10 pm. (I) Fluorescence intensity of ALP staining
(n=20). * p<0.05, ** p<0.01, *** p<0.001. (J) ALP enzymatic activity of rMSCs induced by preosteoclast-conditioned medium from the HA and HA-BP hydrogel
groups. ALP activity data are presented as the means + SD (n=5). * p<0.05, ** p<0.01, *** p<0.001. (K) The mRNA levels of osteogenesis marker genes in rMSCs
induced by preosteoclast-conditioned medium from the HA and HA-BP hydrogel groups. qPCR data are presented as the means + SD (n=4). * p<0.05, ** p<0.01, ***
p<0.001. (L) Microscopic images of cells after 5 additional days of culture on the HA and HA-BP hydrogels with a high dose of RANKL (200 ng/mL) to induce mature
osteoclast differentiation. The white arrows indicate mature osteoclasts. Scale bar = 200 pm. (M) TRAP staining of mature osteoclasts cultured on the HA and HA-BP
l}ydrogels on day 5. The red arrows indicate mature osteoclasts. Scale bar = 200 pm.

together, these results indicated that the HA-BP hydrogel could inhibit to their secretion of PDGF-BB, coupling angiogenesis and osteogenesis

macrophages osteoclastogenesis. [59-64]. To further evaluate the efficacy of the HA-BP hydrogel to
selectively inhibit osteoclast maturation but not preosteoclast develop-

3.5. The HA-BP hydrogel promotes apoptosis of RAW264.7 macrophage- ment, we derived primary macrophages by culturing monocytes har-
derived mature osteoclasts vested from the hind leg bone marrow of male C57 mice with M-CSF
(Fig. 5A and Fig. S5A). Staining against F4/80, a key macrophage

Bisphosphonates (BPs) have been reported to inhibit the activities of marker, showed that most cells were positive, indicating the monocytes
mature osteoclasts [56]. BPs can be internalized by osteoclasts and have been induced to become primary macrophages successfully

inhibit farnesyl pyrophosphate synthase (FPPS) activity, thereby (Fig. S5B). The obtained primary macrophages can be further differen-
reducing the synthesis of geranylgeranyl diphosphates [57,58]. This in tiated into mononuclear TRAP-positive (TRAP') preosteoclasts under
turn inhibits protein prenylation, such as the geranylgeranylation of Rab stimulation with a low dose of RANKL [12]. There was no significant
and Rho-family GTPases, which are crucial to osteoclast activity, difference in the proliferation or TRAP staining intensity of pre-
thereby leading to osteoclast apoptosis (Fig. 4A). Our qPCR results osteoclasts cultured on the HA and HA-BP hydrogels (Fig. 5B and C). In
showed that the FPPS and geranylgeranyl diphosphate synthase addition, the qPCR results showed that the mRNA expression levels of
(GGPPS) gene expression levels in the cells on the HA-BP hydrogel were three markers of preosteoclasts, LY6C, CX3CR1, and Slc3a2, in the
significantly lower than those of the HA hydrogel, indicating that the HA-BP group were not significantly different compared with those of the
HA-BP hydrogel inhibited osteoclast survival-associated gene expression HA group (Fig. 5D). Furthermore, immunostaining against PDGF-B,
(Fig. 4B). Moreover, the ELISA results suggested that the FPPS and another marker of preosteoclasts, showed that the expression level of
GGPPS-catalyzed product concentrations of the HA-BP hydrogel group PDGF-B in the HA-BP group was similar to that in the HA group
were significantly lower than those of the HA hydrogel group, revealing (Fig. 5E). The quantification of PDGF-B fluorescence intensity revealed
that the HA-BP hydrogel inhibited osteoclast survival-associated enzy- no significant difference between HA and HA-BP hydrogels (Fig. SF).
matic activities (Fig. 4C). Finally, to assess the apoptosis of osteoclasti- Based on the standard curve of PDGF-BB established by using ELISA
cally induced RAW264.7 macrophages cultured on the HA and HA-BP (Fig. S6), there was no significant difference in PDGF-B secretion be-
hydrogels, we used annexin V-FITC/7-AAD double-fluorescence stain- tween the HA and HA-BP hydrogel group (Fig. 5G). Taken together,
ing. In healthy cells, phosphatidylserine is located in the inner layer of these data showed that the HA-BP hydrogel does not inhibit the devel-

the cell membrane, and annexin V-FITC/7-AAD cannot stain these cells. opment and PDGF-B secretion of preosteoclasts. It is noteworthy that
In early apoptotic cells, phosphatidylserine externalizes from the inner PDGF-BB secreted by preosteoclasts induces bone regeneration [12].
layer to the outer layer of the cell membrane, thereby enabling binding Therefore, we utilized preosteoclast-conditioned medium from HA and
by annexin V-FITC. In late apoptotic cells, 7-AAD can penetrate the HA-BP hydrogels to induce osteogenesis of rat mesenchymal stem cells
disrupted cell membrane, and cells are simultaneously stained with (rMSCs). Immunostaining against ALP showed no significant difference
annexin V-FITC and 7-AAD (Fig. 4D). After the addition of RANKL, the between HA and HA-BP hydrogels (Fig. 5H and I). Based on the ALP
fluorescence intensity of annexin V-FITC in macrophages increased standard curve established from the absorbance data (Fig. S7), the

drastically in both the HA and HA-BP groups. Remarkably, the fluores- quantified ALP activity of the HA-BP hydrogel group was similar to that
cence intensity of 7-AAD, which stains late apoptotic cells, in the HA-BP of the HA hydrogel group (Fig. 5J). In addition, the gene expressions of
group was significantly higher than that in the HA group, indicating a osteogenesis markers including Col 1 and ALP by of rMSCs of the HA-BP
significant increase in apoptosis among mature osteoclasts in the HA-BP hydrogel group were not significantly different from those of the HA
group (Fig. 4E). Consistent with the immunofluorescent staining, the hydrogel group (Fig. 5K). Collectively, these findings demonstrated that
percentage of Annexin V and 7-AAD positive cells on HA-BP hydrogel HA-BP hydrogel did not inhibit the development of preosteoclasts from

was significantly higher than that of HA hydrogel, indicating more the seeded primary macrophages and the associated secretion of
apoptotic cells on HA-BP hydrogel (Fig. 4F and G). Taken together, these pro-osteogenic factors such as PDGF-B.

results suggested that the HA-BP hydrogel promotes the apoptosis of Upon switching to a high dose of RANKL, preosteoclasts can be

mature osteoclasts. further differentiated into mature osteoclasts under normal conditions

(Fig. 5A). The microscopic images showed normal differentiation of

3.6. The HA- BP hydrogel supports preosteoclastic differentiation but mature osteoclasts with sustained TRAP activity staining in the HA

inhibits further osteoclastic maturation of primary macrophages hydrogel group after 5 additional days of culture with a high dose of

RANKL in the medium (Fig. 5L and G). However, the density of cells on

Studies have shown that while mature osteoclasts mediate bone the HA-BP hydrogel decreased significantly after supplementation with

resorption, preosteoclasts are important during bone regeneration due a high dose of RANKL in the medium (Fig. 5L). Consistent with this
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Fig. 6. The HA-BP hydrogel promotes bone regeneration in vivo. (A) Implantation of HA-BP hydrogels in critical-sized skull bone defects in rats. The BP-free HA
hydrogel and nontreatment group (blank) were used as control groups. (B) Micro-CT images of bone defects in the blank, HA, and HA-BP groups obtained 8 weeks
after implantation. (C) Bone volume fraction in the blank, HA, and HA-BP groups determined 8 weeks after implantation. BV, bone volume. TV, total volume. Bone
volume fraction data are presented as the mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. (D) H&E staining of the bone defects in the blank, HA, and HA-BP
groups 8 weeks after implantation. The black dotted lines indicate the boundaries between original native bone and fibrous tissue or new bone. B, original bone. F,
fibrous tissue, NB, new bone. Scale bar = 200 pm. (E) TRAP, collagen I (Col I), and osteocalcin (OCN) immunohistochemical staining in the blank, HA, and HA-BP
groups. The black dotted lines indicate the boundaries between the original bone and fibrous tissue or new bone. B, original bone. F, fibrous tissue, NB, new bone.
Scale bar = 200 pm. (F) Inmunohistochemical staining score of PDGF-B of the blank, HA and HA-BP hydrogel groups (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.
(G) Immunohistochemical staining score of TRAP of the blank, HA and HA-BP hydrogel groups (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001. (H) Immunohisto-
chemical staining score of Col I (type I collagen) of the blank, HA and HA-BP hydrogel groups (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001. (I) Immunohistochemical
s‘taining score of OCN (osteocalcin) of the blank, HA and HA-BP hydrogel groups (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.

finding, TRAP staining indicated a substantial decline in the TRAP ac-
tivity of the cells on the HA-BP hydrogels (Fig. 5M). It should be noted
that the HA-BP hydrogel also releases magnesium ions, which have been
reported to inhibit the differentiation of osteoclasts [65]. Therefore, the
inhibitory effects of the HA-BP hydrogels on mature osteoclastic activity
may be due to the concerted action of released BP and magnesium ions.

3.7. The HA-BP hydrogel promotes in situ bone regeneration in vivo

To further evaluate the efficacy of the HA-BP hydrogel to promote
bone regeneration in vivo, we implanted the porous form of the
hydrogels without exogenous cells in critical-sized calvarial defects in
rats and evaluated bone regeneration after 8 weeks (Fig. 6A). Rheo-
logical analysis showed no significant difference in the Young’s modulus
between the HA and HA-BP porous hydrogels (Fig. S8). The micro-CT
data showed that there was more new bone formation in the HA-BP
group than in the HA hydrogel and blank (without hydrogel implanta-
tion) control groups (Fig. 6B). The bone volume fraction (BV/TV) in the
HA-BP group was significantly higher than that of the other two groups,
revealing that the HA-BP hydrogel group had the best bone regeneration
(Fig. 6C). In addition, hematoxylin and eosin (H&E) staining showed
substantially more new bone formation in the HA-BP group than in the
other two groups (Fig. 6D and Fig. S9A). Immunohistochemical staining
against PDGF-B indicated no significant difference in the secretion of
PDGF-B between HA and HA-BP hydrogel group (Fig. 6E and F,
Fig. S9B). Furthermore, TRAP immunohistochemical staining showed
that there was significantly lower TRAP expression in the HA-BP group
than in the other two groups, which can be attributed to the inhibitory
effects of bisphosphonate on mature osteoclasts (Fig. 6E and G,
Fig. S9B). Moreover, immunostaining against collagen I (Col I) and
osteocalcin (OCN) revealed that there was significantly higher expres-
sion of these two bone matrix markers in the HA-BP group than in the
other two groups (Fig. 6E and H-1, Fig. S9B). Collectively, these findings
demonstrate that the HA-BP hydrogel effectively promotes in situ bone
regeneration by inhibiting mature osteoclastic activity.

4. Conclusion

In summary, we successfully fabricated an HA-BP hydrogel that can
release BP in response to acidic pH. We showed that this HA-BP hydrogel
can inhibit the differentiation of RAW264.7 macrophages to mature
osteoclasts via biomimetic negative feedback regulation. We further
demonstrated that the HA-BP hydrogel can support preosteoclast dif-
ferentiation and its associated activity but inhibits subsequent osteoclast
maturation from primary macrophages, thereby resulting in enhanced in
situ bone regeneration in vivo. Our findings demonstrate an effective
approach to design biomimetic biomaterial scaffolds to precisely regu-
late osteoclastic activity for enhanced bone regeneration.
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