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ABSTRACT: Alginate hydrogels have been widely used as
excellent scaffold materials for implantation in biological systems
because of their good biocompatibility. However, it is difficult to
repair bone defects with these materials because of their poor
mechanical properties. The aim of the present study was to
fabricate a novel degradable alginate/palygorskite (PAL) compo-
site hydrogel with good mechanical properties and investigate its
potential for application in bone defect repair. The modified
alginate-based hydrogel with increasing PAL content exhibited
better mechanical properties than the original alginate hydrogel. In
addition, the resulting composite hydrogel was thoroughly
characterized by scanning electron microscopy (SEM). With increasing PAL content, the swelling ratio of the hydrogel increased
in PBS (pH = 7.4). In vitro cytocompatibility was evaluated using bone marrow-derived mesenchymal stem cells (BMSCs) to
confirm that the developed composite hydrogel was cytocompatible after 1, 3, and 7 days. All these results suggest that the developed
composite hydrogel has great potential for bone tissue engineering applications. JWH133 is a selective agonist of cannabinoid
receptor type 2 (CB2), which exerts dual anti-inflammatory and anti-osteoclastogenic effects. We co-cultured BMSCs with
composite hydrogels loaded with JWH133, and analysis of proliferation and osteogenic differentiation indicated that the composite
hydrogel loaded with JWH133 may enhance the osteogenic differentiation of rat BMSCs. Furthermore, we found that the composite
hydrogel loaded with JWH133 inhibited osteoclast formation and the mRNA expression of osteoclast-specific markers. In summary,
the developed composite hydrogel has a high drug-loading capacity, good biocompatibility, and strong potential as a drug carrier for
treating osteoporosis by promoting osteoblast and inhibiting osteoclast formation and function.

Article Recommendations

Improve O: Pp: ion of C Inhibit Osteoclasts

JWH133

Sodium alginate [i Palygorskite
o
Na
Na
e

Na
Y °
s oe b
5
Pre $e®
Cacl,solmionl
5@
” 5
| £ Y
s & %
3 Ll )

Modified alginate-based hydrogel

o K ay

Wik STe
FEamaae

<
| S

B INTRODUCTION

Bone defects are common orthopedic conditions that are often
caused by high-energy impact or trauma, tumor resection,
infection, or revision surgery.' > Bone defects are especially
common among elderly patients, who often suffer from
osteoporosis because of a reduction in bone mass.”> The
characteristics of osteoporosis include low bone mass and micro-
architectural deterioration of the bone caused by more rapid

injectable polymeric hydrogels,"'~"® have achieved some
success in addressing the shortcomings of traditional therapies
and yielding better results in the field of bone regeneration. Ideal
bone substitute materials should have a three-dimensional
porous structure, appropriate mechanical strength, biodegrad-
ability, biocompatibility, and osteoinductive ability.'*™'® Any
single material has difficulty meeting the repair requirements,
and composite materials have become a research focus in the

bone resorption than new bone formation, which usually leads
to fragile bone and an increased risk of fracture.’” The
treatment of osteoporotic fractures, especially osteoporotic
fractures with bone defects, remains a critical challenge. Mild
bone defects can self-heal, but if the area of the defect is large,
healing will be difficult and require adjuvant therapy. Bone
grafting is a traditional clinical method used to repair bone
defects, but there are a number of potential risks and
complications.”'® With the development of tissue engineering
technology, treatment methods for bone defects have greatly
improved. At present, bone substitute materials, such as porous
collagen matrices, synthetic polymeric porous blocks, and
© 2021 The Authors. Published by
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treatment of osteoporotic bone defects.

Hydrogels, such as those composed of sodium alginate
(SA),"”"* collagen (COL), and agarose (AG),"” have potential
as scaffolds for tissue engineering because of their excellent
biocompatibility, degradability, and similarities to the natural
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Figure 1. Schematic diagram of crosslinking technology to generate the composite hydrogel (A), which promotes osteogenesis and suppresses
osteoclastogenesis (B). Photograph courtesy of Wei Zhou. Copyright 2020.

extracellular matrix, and these materials could provide a three-
dimensional support for cellular growth and tissue formation.
Alginates belong to a family of linear block polyanionic
copolymers composed of (1—4)-linked-p-mannuronic acid (M
units) and (1—4)-linked-L-guluronic acid (G units) residues.”’
Alginate can form stable hydrogels in the presence of divalent
cations, such as Ca>* and Mg2+, via the ionic interaction between
the cation and the carboxyl functional group of G units located
on the polymer chain.”' Alginate has a number of advantageous
features, including biocompatibility, nonimmunogenicity, and
degradability, and has long been used as an excellent scaffold
material for implantation in biological systems.”” Alginate has
been widely used as a gelling agent for food products and has
become an attractive material for tissue engineering.’’” >
However, alginate hydrogels are difficult to use in bone defect
repair because of their poor mechanical properties. In addition,
it is difficult for the hydrogel to maintain its original shape and
degrade easily, which limits its application alone as a bone repair
material. Therefore, improving its mechanical and osteoinduc-
tive properties by combination with another material has
become an important research topic.

Palygorskite (PAL) is a magnesium alummum silicate mineral
with a hydrated chain-layer structure.”® PAL can be formed in
fibrous single crystals. It has a unique dispersion, high-
temperature resistance, alkali resistance, a good adsorption
ability, good drug-loading capacity, as well as good biological
activity and compatibility.””*® Moreover, PAL is composed of
$i0, (55.03%), ALO, (10.24%), MgO (10.49%), Fe,O,
(3.53%), H,0" (10.13%), and H,O~ (9.73%), which are in
the form of compounds, and will not exist or release as the single
ion.”” PAL has been widely used in many areas but has rarely
been used in research on bone tissue engineering. PAL is rich in
many elements related to bone formation, including silicon,
magnesium, and iron, and some studies have shown that
nanofiber loading PAL could improve the ability of osteo-
blastic.’>*" Therefore, PAL is suitable for new explorations in
bone tissue engineering research.
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The process of repairing bone defects is complicated and
involves the differentiation and function of osteoblasts and
* The metabolism of the bone is a dynamic balance
between bone resorption and bone formation, which is regulated

3
osteoclasts.

by many signaling pathways, including the Wnt/fB-catenin,
BMP/Smad, MAPK, NF-kB, and PI3K/Akt signaling path-
ways.”** Under the pathological conditions of osteoporosis,
disruption of the bone formation and bone resorption balance
results in the poor repair of bone defects.*® Osteoclasts play an
important role in bone resorption by secreting acid and
proteases to dissolve mineral components of the bone.*®
Cannabinoid receptor 2 (CB2) has been widely studied for
the treatment of inflammatory and osteolytic bone disorders.*”
CB2, which is an important regulator of bone remodeling, affects
the differentiation and maturation of bone cells.***’ Further-
more, the selective CB2 agonist JWH133 exerts dual anti-
inflammatory and anti-osteoclastogenic effects by inhibiting the
NF-kB signaling pathway."’

In this study, we combined the alginate hydrogel with PAL
powder, which was expected to repair bone defects (Figure 14),
provide a certain amount of mechanical support at the damaged
site, and promote new bone formation. The research schematic
diagram is shown in Figure 1B. We evaluated the mechanical
properties of the composite hydrogels with different concen-
trations of PAL to find the best ratio. Then, the proliferation and
differentiation of cells cultured on the co-cross-linked hydrogel
was studied. The composite hydrogel showed good mechanical
strength, drug-loading capacity, and biocompatibility. Impor-
tantly, JWH133 loaded in the composite stimulated BMSC
differentiation into osteoblasts but suppressed osteoclast
differentiation in vitro. This research provides a foundation for
new ideas and methods for bone defect reconstruction and
expands the practical clinical applications of degradable
hydrogel materials in the bone defect repair.

https://dx.doi.org/10.1021/acsomega.0c06057
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Figure 2. Physical characterization of the composite hydrogel. (A) Homogeneous solution was poured into culture dishes and shaken until evenly
dispersed. (B) Samples were cut into dumbbells for the tensile test. (C) Photo showing the setup of the tensile test. (A—C) Photograph courtesy of Wei
Zhou. Copyright 2020. (D) Tensile modulus and (E) compressive strength of the composite hydrogel samples, including 1,2, and 4 w/v % PAL and no
PAL as the control group. Data are the mean = standard deviation (n = S). (F) Swelling ratio of the composite hydrogel samples in PBS (pH = 7.4) at

37 °C.

B EXPERIMENTAL SECTION

Materials. PAL powder was obtained from Shengyi Nano
Technology Co., Ltd., Xuyi City, Jiangsu Province. Sodium
alginate (SA) was purchased from Aladdin Chemical Reagent
Co., Ltd. (Shanghai, China). The water used in all experiments
was double-distilled water. Other chemical agents were
analytically pure.

Preparation of Modified Alginate-Based Hydrogel.
One gram, two, or four g of PAL powder was dispersed under
rapid agitation in 100 mL of deionized water, and no PAL was
used as a control group. Different concentrations of clay
suspensions (1 w/v %, 2 w/v %, and 4 w/v % PAL) were
obtained. Then, JWH133 (Tocris Bioscience, Bristol, UK) was
added into the clay suspensions. Finally, 0.3 g of SA was added
and dissolved under stirring until a homogeneous solution was
obtained. The homogeneous solution was poured into a cell dish
(Figure 2A) and shaken until evenly dispersed. Finally, the
homogeneous solution was cross-linked with 2 mL of the CaCl,
(100 mM) solution (purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) at room temperature. The
composite hydrogel will cross-link immediately in the presence
of calcium ions, and the gelation will be complete after 10 min,
the composite hydrogel paste was obtained.

Mechanical Properties. Samples used for the tensile test
were cut into dumbbells (Figure 2B). The tensile mechanical
properties of the composite hydrogel were measured using a
universal mechanical testing machine (HengYi Instrument
Technology Co., Ltd., Shanghai, China). The prepared sample
was clamped at both ends, and the stress—strain curve was
determined at a speed of 10 mm/min. The maximum pullout
force before failure was defined as the maximum axial pullout
strength. The average of at least five tests was reported.
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The composite hydrogel was uniaxially compressed with a 1
kN load cell at a cross-head speed of 0.5 mm/min, and stress—
strain curves were collected. Maximum stress was taken as
compressive strength. Each type of cement was tested at least
five times.

Swelling Test. The composite hydrogel was cut into disks
with a diameter of 6 mm and a thickness of 2 mm and dried for
24 h at 37 °C in a vacuum oven. Then, the samples were
completely immersed in PBS (pH = 7.4) at room temperature,
and the solution was replaced at a predefined time. The samples
were weighed every 2 h until the mass of the hydrogel did not
change obviously.4 The swelling capacity, M,, of the composite
hydrogel was calculated by the following equation

M,(%) = (W, = W;)/Wy X 100

where W, is the weight (g) of the swollen hydrogel at the
adsorption time t and W, is the initial weight (g) of the
composite hydrogel after drying completely.

Morphological Characterization. The composite hydro-
gel was lyophilized for 24 h. The fracture surface of different
composite hydrogel samples was examined for microstructural
features by scanning electron microscopy (SEM; Quanta 250;
Thermo Fisher Scientific, Waltham, MA, USA).

BSA Loading and Release. The cumulative release curves
of bovine serum albumin (BSA) were performed instead of
JWHI133 because of excellent biocompatibility of BSA, which
was used as a drug carrier.”” BSA (Sigma-Aldrich) was loaded in
the control group and in the 4% PAL paste by adding 100 uL of
BSA stock solution (¢ = 10 mg/mL) to 1 g of the paste. To
examine the influence of PAL, the release of BSA from these
samples was compared with that from a PAL-free paste, which
was loaded equivalently. Immediately after loading, the pastes

https://dx.doi.org/10.1021/acsomega.0c06057
ACS Omega 2021, 6, 6861-6870
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were cross-linked with a 100 mM CaCl, solution for 10 min.
Samples (n = S) were incubated in 1 mL of PBS at room
temperature. The release solution was replaced at certain time
points (1, 3, 5, and 7 days), and the amount of BSA in the
solution was quantified.

Cell Culture. Bone marrow stem cells (BMSCs) and bone
marrow monocytes (BMMs) were acutely isolated from the
femoral and tibial bone marrow and cultured in a-MEM
containing 10% FBS and 1% penicillin/streptomycin in 5% CO,
at 37 °C. Nonadherent cells were removed by washing with PBS
after 3 days. BMMs were cultured in complete medium with 30
ng/mL of M-CSF. The medium was replaced two to three times
a week, and the cells were subcultured using 0.25% trypsin.
BMSC:s from the third to fifth passages were induced to undergo
osteogenic differentiation in vitro by culture with osteogenic
medium (50 pg/mL ascorbic acid, 0.1 uM dexamethasone and
10 mM f-glycerol-phosphate). The BMMs were cultured with
30 ng/mL of M-CSF and 50 ng/mL of RANKL for osteoclast
differentiation.

In Vitro Cytocompatibility Test. Cell viability was
measured by the CCK-8 assay according to the manufacturer’s
instructions. Briefly, cells were seeded in 96-well plates, with five
parallel control wells in each group. Then, 10 uL of CCK-8
buffer was added to each well and incubated at 37 °C for 4 h. The
OD values at 450 nm were measured by an absorbance
microplate reader.

ALP and Alizarin Red S Staining. BMSCs were stained
with a BCIP/NBT Alkaline Phosphatase Color Development
Kit after 7 days, at the early stages of osteogenic differentiation.
Briefly, BMSCs were fixed with 4% paraformaldehyde for 30 min
and then stained for 30 min in the dark. The late stage of
osteogenic differentiation was investigated after 2 weeks by
Alizarin Red S staining. Briefly, the cells were fixed with ethanol
for 30 min and then stained for 30 min with Alizarin Red S dye
and 5% perchloric acid; the absorbance at 490 nm was
determined.

TRAP Staining. BMMs were cultured in 48-well plates at a
density of 10° cells/well in medium with 30 ng/mL M-CSF and
50 ng/mL RANKL. TRAP staining was performed after 5 days.
According to the manufacturer’s instructions, the cells were fixed
in 37% formaldehyde for 30 min and stained using a Tartaric
Phosphate Kit (Sigma-Aldrich, 387A-1KT) for 1 h. TRAP-
positive cells were visualized and counted in each well by
microscopy.

gRT-PCR. qRT-PCR was performed to evaluate the
expression levels of markers during osteoblast and osteoclast
formation. BMSCs and BMMs were seeded in 6-well plates at
densities of 1 X 10*and 1 X 10° cells/well in induction medium.
Then, RNA was extracted using a TRIzol reagent. Next, cDNA
was synthesized using Prime Script Reverse Transcriptase
Master Mix. qRT-PCR was performed using a real-time PCR
system and SYBR Green SuperMix according to the
manufacturer’s instructions.

Pit Formation Assay. Effect of the composite hydrogel
loaded with JWH133 on osteoclast differentiation was
determined with 24-well Osteo Assay plates. BMMs were
induced with M-CSF and RANKL for § days. After the cells were
removed, resorption pits were observed by bright-field
microscopy, and the percentage of resorbed area was quantified.

Statistical Analysis. All results are expressed as the mean +
standard deviation and were assessed statistically using one-way
ANOVA. A P-value < 0.05 was considered significant.
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B RESULTS AND DISCUSSION

Mechanical Properties of the Modified Alginate-
Based Composite Hydrogel. The tensile test was performed
using a system designed to assess the mechanical strength of the
composite hydrogel (Figure 2C). Figure 2D shows the influence
of the PAL content on the tensile strength of the composite
hydrogel. The addition of PAL dramatically increased the tensile
modulus of the composite hydrogel compared to the hydrogel
with no PAL. The highest tensile modulus (51.98 + 4.76 kPa)
was observed at a PAL content of 4% (w/v %). The hydrogels
with 2% (***p < 0.001) and 4% (***p < 0.001) PAL both had a
significantly higher tensile modulus than the hydrogel with no
PAL (11.77 + 3.64 kPa). Similarly, compression tests were
carried out to evaluate the compressive strength of the
composite hydrogel. Quantification results are shown in Figure
2E, and 4% PAL (3.65 + 0.30 MPa) showed the highest
compressive strength, higher than 2% (2.12 + 0.43 MPa, **p <
0.01), 1% (**p < 0.01) PAL and much higher than the hydrogel
with no PAL (0.91 + 0.04 MPa). The result further indicated
that PAL could dramatically increase the mechanical properties
of the composite hydrogel.

Hydrogels are ideal vehicles for cell transplantation, but few
hydrogels possess the necessary mechanical support strength
and osteoconductive characteristics required to integrate with
the host bone to accelerate bone formation. PAL is a magnesium
aluminum silicate mineral with a hydrated chain-layer structure
and has good adsorption ability, as well as good biological
activity and compatibility. Bone-associated therapies often
require stiff materials, and hydrogels possessing higher elastic
moduli are effective for inducing BMSCs toward the osteoblastic
lineage. Therefore, the addition of PAL enhanced the
mechanical strength of the composite hydrogel, and this
improved mechanical support is expected to promote new
bone formation.

Swelling Experiments. The swelling ability of the
composite hydrogel is important to evaluate. It has been
indicated that rapid swelling behavior in scaffolds contributes to
cell adsorption and growth. Figure 2F shows the influence of the
PAL content on the swelling behavior of the composite hydrogel
in PBS (pH = 7.4) at 37 °C. The swelling ratio of the composite
hydrogel increased over time. When the PAL content was 4%,
the composite hydrogel showed the highest swelling ratio
because PAL is also absorbent. In addition, the control sample
could not keep its shape in the buffer solution and broke down
into small pieces in less than 6 h; thus, the swelling experiment
could not be continued for this sample, and this material is not
suitable for bone defect repair.

The swelling ratio, which is an indicator of the capacity of
hydrogels to imbibe water, was affected by the addition of PAL
to the alginate hydrogels. The results indicated that PAL
effectively increased the strength of the SA hydrogels and could
provide mechanical support. In the SA/PAL system, as the PAL
content increased, the swollen composite hydrogels could
maintain their shape for a longer time and showed better
mechanical support; these changes corresponded to the elastic
modulus values of the SA hydrogels upon the addition of
hyaluronate. This result can be attributed to the good water
absorption characteristics of PAL, as well as its ability to
maintain the original shape without substantial deformation
while expanding because of water absorption. The swelling
properties observed here are suitable for clinical applications,

https://dx.doi.org/10.1021/acsomega.0c06057
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Figure 3. Biocompatibility of the composite hydrogel. (A) Cell proliferation after 1, 3, and 7 days incubation with composite hydrogels with different
PAL contents (no PAL, 1, 2, and 4 w/v % PAL group). (B) Fluorescence micrographs of live/dead staining of cells in contact with the composite
hydrogels (no PAL, 1, 2, and 4 w/v % PAL group) after 1, 3, and 7 days of incubation. (Green: live cells; Red: dead cells).

not only to fill the defect site but also to provide better
mechanical support.

Biocompatibility of the Modified Alginate-Based
Composite Hydrogel. First, CCK-8 assays were used to
assess the effect of the modified alginate-based hydrogel on the
viability of BMSCs. The results of the CCK-8 test showed that
after 1, 3, and 7 days of culture, BMSCs proliferated well in the
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composite hydrogels compared with hydrogels without PAL
(Figure 3A) and that the proliferation of BMSCs was not
affected by the modified alginate-based hydrogel, with no
significant difference among the sample groups. The results also
confirmed that the addition of PAL had no effect on the
biocompatibility of the SA hydrogels, which confirmed that PAL
is nontoxic and has good biocompatibility.

https://dx.doi.org/10.1021/acsomega.0c06057
ACS Omega 2021, 6, 6861-6870


https://pubs.acs.org/doi/10.1021/acsomega.0c06057?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06057?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06057?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06057?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c06057?ref=pdf

ACS Omega http://pubs.acs.org/journal/acsodf

100+
== Control

=== 4% PAL

@®
o
A

=23
o
A

S
o
L

Release percentage (%)

20+
o Ll Ll Ll Ll
1 3 5 7
Control 4% PAL Time (day)

Figure 4. Morphological characterization and cumulative release curves of the composite hydrogels. (A) SEM images showing the morphology of the
fracture surface in the control group and (B) 4% PAL group. (C) Cumulative release curves of BSA. The control group showed a high initial burst,
while the 4% PAL group demonstrated slower release. The data suggest that a significant amount of BSA remained inside the 4% PAL group samples
after 7 days.

>

Alginate 33

A
*

~03 §15 - é * §1o *
£ ¢ | AP 8 | opN T £,
3 g ¢ a
Q 02 10 X &
: s s s
% 01 €5 £ £
a 2 22 2
O oo N g 0 é 0 . g 0
O ‘0&0 '{5'5 %0‘5 ‘.\éo 0’5& Q:{b") 0’5 .('\éo .0’8@ Qs\;‘.) ‘zsgb .(’\60 '5@ Q:\'b \zs;b
S ¢ & RN IR < ¢ &
xb "3 X xs & xs X x)
& & & & & & W
& »° g g ¥ S
Q & $ & @ x $ &
& & & &
& RN RN N
‘ § & &
W W S S

Figure 5. Modified alginate-based hydrogel loaded with JWH133 promotes osteogenic differentiation in BMSCs. (A) Representative images of ALP
staining after 7 days. (B) Representative images of ALP staining after 14 days. (C) Quantification of Alizarin Red S staining. (D) Relative mRNA
expression of the osteoblast-specific genes ALP, OPN, and OCN. *P < 0.05 and **P < 0.01 vs the alginate group.

In addition, the results of live/dead staining assays after 1, 3, cells than the original hydrogel in vivo. Moreover, Mg2+ and Si**
and 7 days of culture were used to detect the effect on cell released from PAL endow the composite hydrogels with a good
viability (Figure 3B). There was no significant difference osteoinductive ability.
between the modified alginate-based hydrogel and control The SA hydrogel with added PAL showed a slightly better
groups at the same time point. With prolonged culture time, the function in promoting cell adhesion growth and promoting
number of cells increased obviously, and the cells showed better proliferation. This difference may be attributed to the
activity. These results show that the modified alginate-based adsorption properties of PAL, which is conducive to cells
hydrogel is a biocompatible material suitable for bone adhering to the surface of the material. In addition, PAL has a
regeneration and could show slightly better compatibility with nanostructure and a large specific surface area that make it easy
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Figure 6. Modified alginate-based hydrogel loaded with JWH133 suppresses RANKL-induced osteoclastogenesis in vitro. (A) Representative images
of TRAP-positive multinuclear cells after S days. (B) Representative images of the resorbed area after 7 days. (C,D) Quantification of TRAP-positive
multinuclear cells and the area of osteoclasts. (E) Quantification of the resorbed area after 7 days. (F) Relative mRNA expression of osteoclast-specific
genes, including ACPS, TRAP, DC-STAMP MMP9, ATP6V0D2, and CTSK. *P < 0.05 and **P < 0.01 vs the alginate group.

for the cells to exchange nutrients and metabolites in the microstructure of the composite hydrogel strands. The pure SA
material, accelerating the growth and proliferation of the cells. hydrogel revealed a smooth surface according to the primary
Morphological Characterization. SEM of the novel SA/ membrane that is immediately formed by contact with the
PAL composite hydrogel (4% PAL) in comparison with the pure calcium chloride solution (Figure 4A). In contrast, the SA/PAL
SA hydrogel was performed to study the influence of PAL on the composite hydrogel showed an increased surface roughness and
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covered with PAL nanoparticles (referring to the red arrow of
Figure 4B). Moreover, it was clearly observed that the surface
features of the composite hydrogel were interconnected after
cross-linking with Ca®'; the original rod-like structure of PAL
was covered with sodium alginate after cross-linking, indicating
that the modified alginate-based hydrogel was successfully
obtained.

BSA Release Kinetics. The BSA-loaded SA/PAL composite
hydrogel (4% PAL) and PAL-free paste were incubated in PBS
to evaluate the release behavior of BSA. In general, the
cumulative release of BSA from the 4% PAL composite hydrogel
was lower than that from the PAL-free hydrogel (Figure 4C).
The rate of BSA release from the hydrophilic pure SA hydrogel
was faster than that from the composite hydrogel, and the
cumulative release of BSA reached approximately 90% within 7
days. The rate of BSA release from the 4% PAL composite
hydrogel reached approximately 60% because PAL shows good
adsorption and delays drug release.

Modified Alginate-Based Composite Hydrogel
Loaded with JWH133 Promoted the Osteogenic Differ-
entiation of BMSCs. BMSCs play a major role in tissue
engineering and regenerative medicine owing to their self-
renewal, multidirectional differentiation, and low immunoge-
nicity. The ability of the composite hydrogel to promote the
early osteogenic differentiation of BMSCs was investigated by
ALP staining and ALP activity determination. The results show
increased ALP expression in the modified alginate-based
hydrogel group in vitro on day 7 (Figure SA). Furthermore,
calcium deposition was detected by Alizarin Red S staining after
14 days as an indicator of osteogenic activity. The level of
calcium deposition was higher in the modified alginate-based
hydrogel group than in the alginate-based hydrogel and control
groups (Figure SB,C), showing that the modified alginate-based
hydrogel improved the bioactivity of osteogenesis in the later
stage. More importantly, the mRNA expression levels of the
osteoblast-specific markers ALP, OPN, and OCN were
significantly increased in the modified alginate-based hydrogel
group, as evaluated by qRT-PCR (Figure SD). The modified
alginate-based hydrogel upregulated osteogenesis-related genes
and decreased ALP activity and calcium deposition, possibly
because PAL is rich in many elements related to bone formation.

Modified Alginate-Based Hydrogel Loaded with
JWH133 Suppresses RANKL-induced Osteoclastogene-
sis In Vitro. Osteoclasts, which are giant multinucleated cells
that form from the macrophage lineage, are responsible for
resorbing bone and releasing mineral matrix. BMMs were
cultured with the control and untreated alginate-based hydro-
gels loaded with JWH133 and modified alginate-based hydro-
gels loaded with JWH133 and stimulated with RANKL for 5
days to induce osteoclast activity (Figure 6A). The modified
alginate-based hydrogel loaded with JWH133 inhibited the
number and area of osteoclasts, as shown by TRAP staining
(Figure 6C,D). We next examined the expression of osteoclast-
specific genes, including ACPS, TRAP, MMP9, ATP6V0D2,
DC-STAMP, and CTSK. The results show that the osteoclast-
specific gene expression was upregulated in BMMs stimulated
with RANKL. However, the expression was suppressed by
JWH133 and further suppressed by the modified alginate-based
hydrogel loaded with JWH133 (Figure 6F). This may be
because these genes are related to the number, differentiation,
and function of osteoclasts. Furthermore, Osteo Assay plates
were used to determine whether the modified alginate-based
hydrogel loaded with JWH133 could suppress osteoclastic bone
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resorption. As shown in Figure 6B,E, the extent of resorption
was significantly reduced because of the alginate-based hydrogel
loaded with JWH133, particularly, the modified alginate-based
hydrogel. Collectively, the result suggests that the modified
alginate-based hydrogel loaded with JWHI133 suppressed
osteoclast differentiation and function in vitro. The osteoclast-
related assay and bone resorption assay showed that modified
alginate-based hydrogels are a biocompatible carrier for
JWH133, which is a potentially novel therapy for the treatment
of osteoporosis and osteoporotic bone disease.

Same with the results of the attapulgite monomer, we
observed the gene expression of our composite hydrogel to
promote osteogenic correlation factors and indicated that it has
the ability of osteogenicity. Meanwhile, there are some
limitations in this study. Because attapulgite is composed of
complex inorganic salts, we did not show the potential signaling
pathways. We speculate that signaling pathways activated by
attapulgite are extensive and lack specificity. Therefore, we are
committed to further research on the molecular mechanism to
screen accurate signaling pathways.

B CONCLUSIONS

In this study, we constructed a modified alginate-based hydrogel
with a high drug-loading capacity and biocompatibility.
Compared to the original alginate hydrogel, the composite
hydrogel showed better mechanical properties and similar
biocompatibility. In addition, the composite hydrogel loaded
with JWH133 stimulated BMSC differentiation into osteoblasts
but suppressed osteoclast formation and function in vitro. This
novel system may have potential as a drug carrier for the
treatment of osteoporosis and osteoporotic bone defects in
novel future clinical applications.
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