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ABSTRACT: Hydrogels have broad application prospects in bone
repair. Pure poly(vinyl alcohol) (PVA) hydrogels have limited
applications because of their low hardness and poor mechanical
properties. This study found that resveratrol (Res) and PVA self-
assembled and cross-linked through the formation of strong
hydrogen bonds after freeze−thawing, forming an easily available
PVA−Res supramolecular hydrogel through a green process.
PVA−Res hydrogels with different Res wt %:10 wt % PVA ratios
were prepared through freeze−thawing and designated as 0.4, 1.2,
and 2.0 wt % PVA−Res hydrogels. Rheological studies
demonstrated that the viscoelastic modulus of the PVA−Res
hydrogels was significantly improved compared to pure PVA
hydrogels. The viscoelastic modulus G′ of 1.2% PVA−Res hydrogel was 2299 Pa, which was 8.5-fold that of the pure PVA hydrogel.
We conducted a study on cell proliferation and osteogenic differentiation using MC3T3-E1 (preosteoblasts from newborn mouse
calvaria). The results showed that the 0.4% PVA-Res hydrogel promotes alkaline phosphatase activity and mineral deposition. Real-
time quantitative PCR (RT-qPCR) analysis demonstrated that the 0.4% PVA−Res hydrogel upregulated the expression of
osteogenic differentiation-related genes (BMP-9, OCN, and ALP). Furthermore, RT-qPCR and flow cytometry demonstrated that
the 0.4% PVA−Res hydrogel could effectively promote the M2 transformation and polarization of mouse mononuclear macrophage
leukemia cells (Raw 264.7). The expression of related genes, such as Arg-1 and CD206, significantly increased, whereas that of M1
polarization-related genes, such as iNOS and TNF-α, significantly decreased. In summary, PVA−Res supramolecular hydrogels are
potential materials for use in bone repair.

1. INTRODUCTION
Hydrogels polymerize into three-dimensional (3D) network
structures and are widely used as biomaterials in drug carriers
and biological scaffolds.1 Given that hydrogels have nanoscale
pore structures as well as favorable biocompatibility and
controllability, they have become excellent candidate materials
for bone tissue engineering.2−4 Poly(vinyl alcohol) (PVA) is a
polymer derived from the hydrolysis of polyvinyl acetate,
known for its good biocompatibility, nontoxicity, hydro-
philicity, and chemical stability. Additionally, it has the
characteristic of being biodegradable when used as scaffold
material.5,6 The surface of PVA exhibits friction and tension
resistance, and a state of high adhesion exists between its
molecules. PVA-based hydrogels have been widely used in
biomedical applications, such as drug-delivery systems, tissue
engineering, and medical devices.7−12 However, pure PVA
solutions cannot spontaneously form hydrogels at 25 °C.
Although PVA hydrogels formed by freeze−thaw crystalliza-
tion can form semisolid hydrogels at 25 °C, their mechanical
properties do not meet the requirements of normal gels, with
an elastic modulus of 3717.0 MPa and an elongation at break
of 11.9%.13−15 The performance of most PVA-based hydrogels
can be improved by adding other molecules, such as boric acid,

borax, glutaraldehyde, and epichlorohydrin, to form strong
covalent bonds or noncovalent cross-links between PVA
chains. However, the toxicity of these agents limits the
application of the resulting hydrogels.16−19

Natural compound molecules can self-assemble with PVA to
form supramolecular hydrogels and effectively improve their
mechanical properties.20 Song et al. reported that luteolin can
form strong hydrogen bonds with PVA to generate hydrogels.
They provided a typical example of the cross-linking of
representative hydrophobic flavonoids with PVA, and the
results showed that only luteolin formed strong hydrogen
bonds with PVA and that only 0.04 wt % luteolin was needed
for cross-linking with PVA to form a hydrogel. The elongation
rate and tensile strength of the resulting hydrogel reached
600% and 0.812 MPa, respectively, and were better than those
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of ordinary PVA water gel. Although the hydrogel had
promising properties, its biologically relevant applications
have not been proven.21,22

Resveratrol (Res) is a naturally occurring nonflavonoid
polyphenolic compound. Res has attracted widespread
attention in medicine and nutrition23 and is believed to have
multiple benefits and biological activities, including antiox-
idant, anti-inflammatory, antiaging, anticancer, cardiovascular
protection, and immunomodulation effects.24−26 Min et al.
reported that osteogenic induction medium containing 25
μmol/L Res could increase the proliferation and alkaline
phosphatase (ALP) activity of osteoblast-like cells (MC3T3-
E1) derived from the calvaria of C57BL/6 mice, as well as
enhance the expression of ALP, BMP-2, BMP-4, and cyanate-
related genes. However, when the concentration of Res
exceeded 25 μmol/L, the proliferation and ALP activity of
MC3T3-E1 cells decreased.27 Duan et al. reported that Res
promoted macrophage autophagy by upregulating SIRT3
expression and AMP-activated protein kinase phosphoryla-
tion.28 Yuan et al. showed that resveratrol exerted anti-
inflammatory activity by activating the ERK1/2 pathway,
decreasing the secretion of interleukin (IL)-6 and IL-8 induced
by TNF-α, and enhancing human periodontal ligament stem
cells osteogenesis.29 However, like most other flavonoids, Res
has poor water solubility due to its physical and chemical
properties, which limits its further application in bone
regeneration treatment.30,31 The molecular structure of Res
contains benzene rings and hydroxyl groups similar to those in
curcumin and has a similar arrangement; therefore, if Res could
be cross-linked with a PVA hydrogel in a similar manner to
curcumin, this could become another potential natural cross-
linking agent.
Herein, we found that Res is a potential cross-linking agent.

The PVA−Res complex exhibited favorable stability and
biological activity. Hydrogels were obtained through uniform
mixing at 90 °C, followed by cooling to 25 °C. Given the
crystallization of PVA and the presence of hydrogen bonds
between PVA and Res, the PVA−Res hydrogels have greater
stability and mechanical strength than ordinary PVA hydrogels.
In addition, after freeze−thawing, the hydrogels exhibited
specific biological effects and could induce bone repair and
anti-inflammatory effects. We believe that our PVA−Res
hydrogels represent a new type of green hydrogel biomaterial
with a simple preparation process and are potential bone repair
hydrogel materials.

2. MATERIALS AND METHODS
PVA (alcoholysis degree of 99%, Mw of 89,000−98,000) was
purchased from Ron Reagent Co., Ltd. (Shanghai, China). Res
(C14H12O3, purity 99%) was purchased from Shanghai Aladdin
Reagent Co., Ltd. (Shanghai, China). The mouse preosteo-
blastic cell line (MC3T3-E1) and mouse monocyte/macro-
phage leukemia cell line (Raw 264.7) were purchased from
Creative Bioarray (Shanghai, China). MEM Alpha basic (1×),
DMEM basic medium, and fetal bovine serum were purchased
from Thermo Fisher Scientific (Shanghai, China). Bovine
Serum Albumin (BSA) were purchased from Mao Kang
Biotechnology (Shanghai, China). β-glycerophosphate, dexa-
methasone, and L-ascorbic acid were purchased from Sigma-
Aldrich (Shanghai, China). Osteogenic-related primers
(GAPDH, BMP-9, OCN, ALP) and immune-related primers
(iNOS, TNF-α, Arg-1, CD206) were purchased from Sangon
Biotech (Shanghai, China). Antimouse CD80 antibody and

Antimouse CD206 antibody, were purchased from BioLegend
(Beijing, China). RNA purification kits were purchased from
Yisheng Biotechnology (Shanghai, China). Reverse tran-
scription reaction kits were purchased from Novogene
(Nanjing, China). Penicillin-streptomycin solution, alkaline
phosphatase (ALP) staining kit, and Alizarin Red staining kit
were purchased from Solarbio (Beijing, China). Lipopolysac-
charide (LPS) and Cell Counting Kit-8 (CCK-8) were
purchased from Beyotime Biotechnology (Shanghai, China).
All other chemicals were purchased from Aladdin Reagent Co.,
Ltd. (Shanghai, China). All chemicals were used without
further purification, and all experiments were performed using
deionized water.
2.1. Cell Lines and Culture. MC3T3-E1 cells were

cultured in α-MEM containing 10% fetal calf serum, 0.1 mg/
mL streptomycin, and 100 U/mL penicillin. Cells were
cultured at 37 °C and 5% CO2. Mouse mononuclear
macrophage leukemia cells (Raw 264.7) were cultured in
high-glucose DMEM containing 10% fetal calf serum, 0.1 mg/
mL streptomycin, and 100 U/mL penicillin. The osteogenesis
induction medium was composed of 10% fetal bovine serum,
1% streptomycin, 1% penicillin, 10 mM β-glycerophosphate,
10 nM dexamethasone, and 50 μg/mL L-ascorbic acid.
2.2. Hydrogel Preparation. PVA and different propor-

tions of Res were weighed and mixed, then combined with 25
mL of deionized water to adjust the PVA concentration to 10
wt % and the Res content to 0.4, 1.2, or 2.0%. The mixture was
stirred further at 90 °C for 1 h to produce a uniformly
dispersed solution. After removing bubbles with ultrasound,
the mixture was poured into molds and allowed to cool to 25
°C, naturally forming a hydrogel. The resulting hydrogel was
rapidly frozen at −80 °C for 12 h, then taken out and returned
to 25 °C, resulting in PVA-Res hydrogels, labeled as 0.4, 1.2,
and 2.0% respectively.
2.3. Extraction Solution Preparation. Each group of

prepared hydrogel scaffolds was cut into samples measuring 1
mm thick, 1 × 1 cm, and weighing 0.1 g, and placed in culture
dishes. The scaffolds were sterilized by UV irradiation for 2 h.
After sterilization, the scaffolds were washed twice with
phosphate-buffered saline (PBS) and soaked in serum-free α-
MEM or DMEM at a ratio of 0.1 g/10 mL for 24 h. The
resulting hydrogel extracts were stored at −20 °C for future
use, and 10% serum and antibiotics were added to the hydrogel
extracts for cell proliferation experiments. Serum and
osteogenic induction factors were added to the extracts used
in the ALP and alizarin red staining, as well as in the RT-qPCR
experiments.
2.4. Characterization. The PVA and PVA−Res samples

were vacuum-dried. The Fourier-transform infrared (FTIR)
spectra of Res and freeze−thawed PVA and PVA−Res
hydrogels were acquired at 500−4000 cm−1 by using an
AVATAR 360 system (Nicolon Instruments, the USA) at 25
°C. Spectral analysis was performed on vacuum-dried PVA and
PVA−Res samples at different concentrations. X-ray diffraction
(XRD) studies were conducted by using an X-ray diffrac-
tometer (D8 Advance, Shanghai Zhujin Analytical Instrument
Co., Ltd.) and Cu Kα radiation over the 2θ range of 5−60°.
The crystallinity of the gel samples was evaluated as the ratio
between the area of the crystalline reflection in the 2θ range
5−60° and the area subtending the whole diffraction profile of
the gel sample. The morphological characteristics of the
hydrogel surface were observed using scanning electron
microscopy (SEM, SU-70, Hitachi, Japan).
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2.5. Rheology. The rheological behavior of hydrogels (20
mm diameter, 1 mm height) was analyzed by using a rotational
rheometer (Kinexus Pro, Malvern Instruments). Temperature
scan tests were performed at 25−80 °C and ω = 0.1 rad/s.
Frequency (ω) sweep tests were performed at ω = 0.1−100
rad/s and 37 °C. Stress−strain tests were conducted at 37 °C
and ω = 0.1−100 rad/s to observe the viscoelastic properties
of hydrogels. Tests were performed at a strain (γ) of 0.5%.
2.6. Compression Mechanical Testing. The compressive

moduli of hydrogels (15 mm diameter, 15 mm height) were
analyzed by using a biomaterial mechanical−testing machine
(Bose ELF3200) with a compression rate of 0.05 mm/s. The
formula for engineering stress (σ) is σ = F/S, where S is the
cross-sectional area of the specimen and F is the load. The
engineering strain (ε) is the change in specimen height (h)
relative to the initial height (h0) and was calculated as ε = (h0−
h)/h0 × 100%.
2.7. Determination of Res Release from Hydrogel

Scaffolds In Vitro. Different formulations of 0.1 g PVA-Res
hydrogel were added to a 50 mL centrifuge tube containing 10
mL of PBS (0.01 M, pH 7.4) to study the release rate of PVA-
Res. The mixture was then shaken at 37 °C and 70 rpm. At
each time point (1, 6, 12, 24, 48, 72, 96, 120, 144, 168, 192,
216, and 240 h), 2 mL of supernatant was collected. The drug
concentration in the release solution was measured at 306 nm
using a UV spectrophotometer, and the cumulative drug
release was calculated. The experiment was repeated three
times, and the results were expressed as the average.
2.8. Cell Proliferation. MC3T3-E1 cells were seeded in a

96-well plate at a density of 5 × 103 cells/well and incubated
with fresh medium at 37 °C in 5% CO2 for 24 h. After allowing
the cells to adhere to the plate walls, the original medium was
removed. In the experimental group, 200 μL of extracts with
different hydrogel ratios were added to each well, while the
control group received 200 μL of fresh medium per well. After
incubating for 24 and 48 h at 37 °C in 5% CO2, 100 μL of 10%
CCK-8 solution was added to each well. After an additional 2 h
incubation, the supernatant was transferred to a new culture
dish. The optical density was measured at 450 nm using a
microplate reader. The results were expressed as the average of
three experiments.
2.9. ALP and Alizarin Red Staining. ALP and Alizarin

Red staining were used to study the effects of hydrogel
scaffolds on MC3T3-E1 cell differentiation and mineralization.
MC3T3-E1 cells were seeded in a 6-well plate at a density of 5
× 104 cells/well and incubated until the cell confluence

reached approximately 80%, at which point the original
medium was aspirated. The negative control (NC) group
was cultured with normal α-MEM, the positive control (PC)
group was cultured with α-MEM containing osteogenic
induction medium, and the experimental group was added
with 2 mL of PVA hydrogel extract or 0.4% PVA-Res hydrogel
extract. The corresponding culture medium was replaced every
3 days. After 7 days of culture, cells were fixed with 4%
paraformaldehyde (20 min), washed three times with PBS, and
stained with an NBT/BCIP ALP kit. Cell staining was
observed under a light microscope. Following the same culture
method described above, after 14 days of culture, cells were
fixed with 4% paraformaldehyde (20 min), washed with PBS
three times, stained with 2% Alizarin Red solution (30 min),
and washed with deionized water three times. Cells were
observed and photographed with an optical microscope.
ImageJ software was used for image processing and semi-
quantitative analysis.
2.10. RT-qPCR of Osteogenesis-Related Genes.

MC3T3-E1 cells were seeded in a 6-well plate at a density of
3 × 104 cells/well and incubated until the cell confluence
reached approximately 80%. The original culture medium was
aspirated away. The positive control (PC) group was cultured
with α-MEM containing osteogenic induction medium, and
the experimental group was added with 2 mL of PVA and 0.4%
PVA−Res hydrogel extract. The culture medium was changed
every 3 days. After 7 days of culture, total mRNA was extracted
by using a Quick-RNA purification kit. Reverse transcription
was performed with a HiScript II Q RT SuperMix kit following
the manufacturer’s instructions. Finally, an SYBR Green
Master Mix kit and real-time PCR system were used to detect
the mRNA expression levels of the osteogenesis-related genes
BMP-9, osteocalcin (OCN), and ALP. The 2−ΔΔCt method was
used to analyze the expression of target genes. GAPDH served
as the endogenous control. The average of three experiments
was taken as the result. Primer sequences are shown in Table 1.
2.11. RT-qPCR Detection of Macrophage Polarity-

Related Genes. Lipopolysaccharide (LPS) was used to
induce Raw 264.7 macrophages toward M1 polarization,
simulating early inflammatory responses. Raw 264.7 cells
were seeded in a 6-well plate at a density of 5 × 104 cells/well,
with three parallel controls established for each group. Cells
were incubated for 24 h until they adhered to the walls of the
plates. The original culture medium was aspirated, and Raw
264.7 cells were stimulated with DMEM containing 1 μg/mL
LPS for 24 h. After stimulation, cells were rinsed with PBS

Table 1. Sequences of Osteogenic Primers

gene upstream sequence (5′−3′) downstream sequence (5′−3′)
GAPDH CACCACCAACTGCTTAGC TTCACCACCTTCTTGATGTC
BMP-9 AGCTCCGACTCTATGTCTCCTG CTGTCTTCACAAGCATGGTCTC
OCN ACCATCTTTCTGCTCACTCTGCT CCTTATTGCCCTCCTGCTTG
ALP TTCAAACCGAGATACAAGCACT GGGCCAGACCAAAGATAGAG

Table 2. Immune-associated Primer Sequences

gene upstream sequence (5′−3′) downstream sequence (5′−3′)
GAPDH CACCACCAACTGCTTAGC TTCACCACCTTCTTGATGTC
iNOS ACTCAGCCAAGCCCTCACCTAC TCCAATCTCTGCCTATCCGTCTCG
TNF-α GCGACGTGGAACTGGCAGAAG GCCACAAGCAGGAATGAGAAGAGG
Arg-1 AACCTTGGCTTGCTTCGGAACTC GTTCTGTCTGCTTTGCTGTGATGC
CD206 AGGACGAAAGGCGGGATG TTGGGTTCAGGAGTTGTTGTG
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three times. The experimental and PC groups were cultured
with 2 mL/well of DMEM extract or DMEM only,
respectively. After 48 h of culture, total mRNA was extracted
as described previously. The mRNA expression levels of genes
related to M1 (TNF-α and iNOS) and M2 (Arg-1 and
CD206) were detected. The 2−ΔΔCt method was used to
analyze the expression of target genes. The expression of
GAPDH served as an endogenous control. The average of
three experiments was taken as the result. Primer sequences are
presented in Table 2.
2.12. Flow Cytometric Determination of Macrophage

Polarity. Flow cytometry was used to detect the expression of
M1-type markers (CD80) and M2-type markers (CD206) in
macrophages in the presence of PVA−Res hydrogel scaffolds.
A Raw 264.7 cell suspension was seeded into a six-well plate at
5 × 104 cells/mL, and three parallel controls were established
per group. Cells were incubated for 24 h until they adhered to
the wall. The original culture medium was aspirated, and the
Raw 264.7 cells were stimulated with DMEM containing 1 μg/
mL LPS for 24 h. After stimulation, cells were rinsed with PBS
three times. The experimental and PC groups were cultured
with 2 mL/well of DMEM extract or DMEM only,
respectively. After 24 h of culture, the cells were rinsed three
times with PBS and incubated with 3% BSA for 1 h. The cells
were then washed three times with PBS and centrifuged at
1500 rpm for 3 min. Finally, the cells were rinsed three times
with PBS and centrifuged at 1500 rpm for 3 min. Antibodies to
CD80 and CD206 markers were then added to cells and
stained for 40 min in the dark. The stained cells were diluted
with 500 μL of cell-staining buffer, resuspended, and assessed
via flow cytometry. Data were processed with FlowJo software.
2.13. Statistical Analysis. All quantitative data are

presented as mean ± standard deviation. Statistical analysis
was performed using one-way analysis of variance (ANOVA).
Mean differences of p < 0.05 were considered statistically
significant. Corresponding marks in figures are defined as *p <
0.05, **p < 0.01, ***p < 0.001, ****P < 0.0001.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of Hydrogels.

The preparation and formation of PVA−Res hybrid hydrogels
are shown in Figure 1. PVA solutions do not spontaneously
form hydrogels at 25 °C or at high temperatures. Chen et al.
used tannic acid as a cross-linking agent to improve the

mechanical properties of PVA hydrogels; although the
resulting hydrogel exhibited a tensile strength of 2.88 MPa
and the elongation was increased by 1100%, the biological
effect was poor.32 In the current study, we mixed PVA with
different concentrations of Res and stirred the mixtures at 90
°C for 2 h. After stirring, the 0.4% PVA−Res system appeared
as a transparent liquid but turned milky white when cooled to
50 °C (Figure S1), whereas the 1.2 and 2.0% PVA-Res systems
formed a milky-white mixed solution at 90 °C. When cooled to
25 °C, the 0.4, 1.2, and 2.0% PVA−Res systems all turned into
milky-white solid gels with supportability and plasticity. The
freeze−thaw method was then used to prepare the desired
hydrogels, i.e., a sample was frozen at −80 °C for 12 h and
thawed at 25 °C for 6 h to obtain the desired PVA−Res
hydrogel. This approach shows that Res can be used as an
efficient biological cross-linking agent for PVA hydrogels. The
gelation of the PVA solution may be caused by the formation
of strong hydrogen bonds between the hydrophobic drug Res
and hydrophilic PVA via phenolic hydroxyl groups. Attenuated
total reflection FTIR spectroscopy was performed on the Res,
PVA, and PVA−Res hydrogels (Figure 2a). The FTIR
spectrum of Res showed the characteristic stretching band of
O−H at 3365 cm−1, showing that the hydrogels were formed
through the cross-linking of PVA and Res via hydrogen bonds.
The FTIR spectrum of the PVA gel showed a characteristic
stretching band of O−H at 3275 cm−1, whereas in the FTIR
spectrum of the PVA−Res hydrogel, this band shifted to 3268
cm−1. The shift of the infrared absorption band to the low
wavenumber indicates the formation of strong hydrogen
bonds.

The prepared samples were freeze-dried, crushed, and
subjected to XRD (Figure 2b). Crystals were formed during
lyophilization. The pure Res sample was a white powder, and
the XRD pattern contained multiple typical peaks, indicating
the presence of complex polymorphic features (Figure S2).
The pure PVA gel exhibited sharp crystalline reflections, with a
prominent peak at d = 4.50 Å (2θ = 19.7°), corresponding to
the typical microcrystalline planes of irregular PVA. Addition-
ally, two weak diffraction peaks were present at d = 3.83 Å (2θ
= 23.2°) and d = 2.22 Å (2θ = 40.6°). Conversely, the 0.4, 1.2,
and 2.0% PVA−Res gels had weak absorption peaks at 2θ =
19.6°. Moreover, as inferred from their XRD patterns, the pure
PVA and 0.4, 1.2, and 2.0% PVA−Res hydrogels had
crystallinities of 41, 27, 20, and 27%, respectively. Despite
the increasing concentration of the cross-linking agent, the
crystallinity of 2.0% PVA−Res was greater than that of 1.2%
PVA−Res. This could be due to the gradual saturation of
cross-linking between Res and PVA as the Res content
increased. When the Res content exceeded 1.2 wt %, this
surpassed its solubility in water, forming insoluble particles that
hindered the cross-linking between Res and PVA and
produced an unstable system. The 1.2% PVA−Res hydrogel
had the lowest crystallinity among the gels, where hydrogen
bonds between PVA and Res prevented the formation of PVA
microcrystals.

SEM was used to observe the surfaces of the hydrogels to
study their physical structure. Hydrogels typically contain a
regular 3D framework and water, and hydrogen bonding may
affect their structures. The pore structures in the frameworks
were observed via SEM after the removal of water through
freeze-drying. The PVA samples after freeze-drying exhibited
large, porous, and irregularly arranged pore wall structures,
whereas the 0.4% PVA−Res samples exhibited a relativelyFigure 1. Preparation process of PVA−Res hydrogels.
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Figure 2. Characterization of different PVA−Res. (a) FTIR spectrum of PVA, Res, and 1.2% PVA−Res. (b) X-ray diffraction (XRD) patterns of
PVA, 0.4% PVA−Res, 1.2% PVA−Res, and 2.0% PVA−Res. (c) SEM images of PVA, 0.4% PVA-Res, 1.2% PVA−Res, and 2.0% PVA−Res. Scale
bar = 20 μm.

Figure 3. Rheological and compression properties of freeze−thawed hydrogels. (a) Frequency sweep test of PVA-Res G′ values. (b) Frequency
sweep test of PVA−Res G″ values. (c) Temperature sweep test of PVA−Res hydrogel G′ values. (d) Temperature sweep test of PVA−Res hydrogel
G″ values. (e) Stress−strain behavior curves. (f) Compression mechanical testing.
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uniform and regular arrangement of pores (Figure 2c).
However, at concentrations above 0.4%, the PVA-Res group
exhibited a loose and irregular pore wall structure, which may
be due to the insoluble phase in the mixed solution.
3.2. Rheological and Compression Properties of

Freeze−Thawed Hydrogels. The potential freeze−thaw
preparation process based on the above results is shown in
Figure 1. The PVA gel formed after treatment through the
classic freeze−thaw method also considerably improved the
stability of the PVA−Res hydrogels. The rheological properties
of the PVA and PVA−Res hydrogels were studied through the
frequency sweep method (0.1−100 Hz) to elucidate their
stability. The PVA and PVA−Res hydrogels exhibited similar
nonlinear rheological behaviors (Figure 3a,b), i.e., their storage
modulus (G′) and loss modulus (G″) changed with frequency
and gradually increased with increasing frequency. At the same
time and consistent with their solid-like state, their G′ was
higher than their G″ over the entire frequency range of 0.1−
100 Hz, indicating that the 3D networks in their systems had
good stability. The increase in the concentration of Res
significantly increased the G′ of the hydrogels, with the 1.2%
PVA−Res hydrogel showing the maximal G′ among the
hydrogels. However, further increasing the Res concentration
from 1.2 to 2.0% reduced G′ and G′′.
A rheometer was used to test the thermal stability of the

PVA and 0.4, 1.2, and 2.0% PVA−Res hydrogels with
increasing temperatures (25 to 80 °C) to determine the liquid
and solid critical points of the hydrogels. Figure 3c,d shows the
changes in the moduli of the PVA and Res−PVA hydrogels
with increasing temperature and the gel−sol transition
temperatures of the PVA and PVA−Res hydrogels as a
function of Res concentration. The gel−sol transition temper-
ature gradually increased with the increase in Res concen-
tration. However, when the Res concentration exceeded 1.2%,
the gel−sol transition temperature decreased. Thus, although
Res can be used to effectively adjust the gel−sol transition
temperature to increase the thermal stability of the hydrogels,
this destroyed the cross-linking of the hydrogels above a
certain concentration. The shear strains of the PVA and PVA−
Res hydrogels are shown in Figure 3e. The viscoelastic
modulus increased with the increase in Res concentration but
decreased when the Res concentration exceeded 1.2%. The
viscoelastic modulus of the 1.2% PVA−Res hydrogel increased
by 8.5-fold relative to that of the PVA hydrogel. The 1.2%

PVA−Res hydrogel also had good plasticity because of its
temperature-responsive characteristics (Figure S3).

Notably, the pure PVA hydrogel lacked support ability at 25
°C, and the compression test was only performed using the
hydrogels mixed with Res (Figure 3f). The results showed that
Res improved the mechanical properties of the PVA hydrogels.
The compressive modulus of the 1.2% PVA−Res hydrogel was
3.9-fold higher than that of the 0.4% PVA−Res gel. However,
similar to previous results, increasing the Res concentration
from 1.2 to 2.0% did not increase the compressive modulus of
the gels. An excessive concentration of Res cannot improve the
performance of the hydrogels and may reduce the stability of
the hydrogels. In addition, the 1.2% PVA−Res hydrogel had
good tensile properties, allowing a 3-fold length extension
(Figure S4). The rheology experiment shows that the 1.2%
PVA−Res hydrogel had excellent stability and mechanical
properties.
3.3. Drug Release Assay. We conducted a drug release

experiment on the 0.4% PVA−Res hydrogel, 1.2% PVA−Res
hydrogel and 2.0% PVA−Res hydrogel. Res was continuously
released for 240 h (approximately 10 days), and 0.4% PVA−
Res hydrogel cumulative release amount reached 3.2% (Figure
4a). Increasing the number of days may increase the total
amount of sustained drug release. Hydrophobic drugs may be
trapped within the polymer network, slowing drug release.33 In
the first 24 h, Res only showed an initial burst release (2.7%),
indicating that the release was controlled by a diffusion
mechanism that was due to the physical interactions with PVA.
In contrast, the 1.2% PVA−Res hydrogel group and the 2.0%
PVA−Res hydrogel group exhibited rapid release within the
first 24 h, with cumulative releases of 6.9 and 5.6%,
respectively, during this period. Our experimental results
indicate that compared to the 1.2% PVA−Res hydrogel group
and the 2.0% PVA−Res hydrogel group, the 0.4% PVA−Res
hydrogel can prolong drug release time and maintain an
effective drug concentration for up to 240 h. The strong
hydrogen bonds that formed between PVA and Res in the
hydrogels may cause the release of some drug molecules,
whereas the 3D network of the hydrogel limits this.34 Drug
release behavior is mainly due to the disruption of hydrogen
bonds in the polymer, which causes the physical diffusion of
Res.
3.4. Cell Proliferation Assay. The CCK-8 method was

used to detect the proliferation of MC3T3-E1 cells cocultured
with extracts of different concentrations of PVA−Res hydrogel

Figure 4. Drug release test and cell proliferation. (a) Resveratrol drug release of 0.4% PVA−Res hydrogels, 1.2% PVA−Res hydrogels, and 2.0%
PVA−Res hydrogels within 240 h. (b) CCK-8 assay of MC3T3-E1 cell proliferation with different concentrations of extracts after 24 h. (c) CCK-8
assay of MC3T3-E1 cell proliferation with different concentrations of extracts after 48 h. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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for 24 and 48 h. No significant change in cell viability was
found between the PVA hydrogel and control groups,
suggesting that PVA hydrogel is noncytotoxic (Figure 4b,c);
however, with the addition of Res, the 0.4% PVA−Res
hydrogel supported higher cell viability at 24 and 48 h. When
the Res content was >0.4 wt %, the cell viability noticeably
decreased. This could be due to the increased release of Res
with increasing cross-linking density, where higher concen-
trations of Res inhibited the growth of MC3T3-E1 cells. This
finding is consistent with Cai,35 who showed inhibition of cell
proliferation and differentiation at Res concentrations above
100 μM. As the 0.4% PVA-Res hydrogel had the best effect of
promoting cell proliferation (Figure 4b,c) and differentiation
(Figure S5), we selected this hydrogel for subsequent
experiments.
3.5. ALP and Alizarin Red Staining Experiment. Zhu et

al. loaded Res on polycaprolactone (PCL)/chitosan (CS)/

PVA-guided bone regeneration membranes, conferring the
PCL/CS/PVA membranes with good osteogenic induction
ability.36 In the current study, we directly self-cross-linked Res
and PVA to form hydrogels and performed ALP and Alizarin
Red staining to evaluate the osteogenic potential of the PVA−
Res hydrogels (Figure 5a,b). MC3T3-E1 cells were induced
with hydrogel extract with added serum and osteogenic factors
for 7 and 14 days and stained with ALP and Alizarin Red.
Corresponding micrographs were taken and quantitatively
analyzed. The 0.4% PVA−Res group showed the highest ALP
and Alizarin Red activities among all groups, indicating that
Res released from the 0.4% PVA−Res hydrogel had a bone-
promoting effect (Figure 5c,d). Quantitative analysis revealed
that after hydrogel treatment, the ALP-positive area in the
0.4% PVA−Res group was 4.4-, 3-, and 2.4-fold that in the NC,
PC, and PVA groups. The positive area of Alizarin Red in the
0.4% PVA−Res group was 2-, 1.6-, and 1.4-fold that in the NC,

Figure 5. ALP and Alizarin Red staining experiment. (a) ALP staining of various group-stimulated cells for 7 days. (b) Alizarin red staining of
various group-stimulated cells for 14 days. (c) Corresponding semiquantitative analysis of ALP results. (d) Semiquantitative analysis of Alizarin Red
results (scale bar = 50 μm). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 6. Detection of osteogenesis-related genes. (a−c) qPCR analysis of the osteogenesis-related gene expression of BMP-9, OCN, and ALP in
MC3T3-E1 at day 7. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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PC, and PVA groups. The above results confirm that the 0.4%
PVA−Res hydrogel has good bone-promoting properties.
3.6. Expression of Osteogenesis-Related Genes. Cells

were cultured in the osteogenic induction medium with added
hydrogel extract for 7 days, and the expression of osteogenesis-

related genes was detected via qPCR to study the effect of the
0.4% PVA−Res hydrogel on the osteogenic differentiation of
MC3T3-E1 cells. The expression levels of the osteogenic
BMP-9, OCN, and ALP genes in the 0.4% PVA−Res group
were 2.1-, 3.5-, and 1.7-fold those in the PVA group,

Figure 7. Flow cytometry for the determination and detection of macrophage polarity and immune-related genes. (a, b) CD80-positive cells and
CD206-positive cells were detected by flow cytometry. (c−f) Evaluation of the immunomodulatory effects of the PVA−Res hydrogel with Raw
264.7 cells after 24 h culture: M1-related (iNOS and TNF-α) and M2-related (Arg-1 and CD206) mRNA expressions. *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001.
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respectively (Figure 6a−c). Wang et al. identified that Res can
not only enhance osteogenic induction alone but can also be
used in combination with BMP-9, producing significant
increases in the expression of early osteogenic markers (ALP,
Runx2, and SP7) as well as that of late osteogenic markers
(OPN and OCN).37 These results suggest that the 0.4% PVA-
Res hydrogel may promote the expression of osteogenic genes
in osteogenic induction culture.
3.7. Flow Cytometric Determination and Detection of

Macrophage Polarity and Immune-Related Genes. Res
can alleviate the expression of proinflammatory factors (iNOS,
COX-2, and NO).38 We investigated the immunomodulatory
effects of hydrogels on macrophages using flow cytometry. As
shown in Figure 7a, CD80-positive cells treated with 0.4%
PVA−Res hydrogel exhibited a slight downregulation
compared to the PC and PVA groups. In Figure 7b, the
expression of CD206-positive cells treated with 0.4% PVA−
Res hydrogel was significantly increased. This suggests that the
0.4% PVA−Res hydrogel may induce polarization of Raw264.7
cells toward the M2 phenotype and potentially promote the
transition of M1-type Raw264.7 cells to the M2 type.
Res suppresses inflammation by inhibiting the activation of

the NF-κB-signaling pathway.39 Raw 264.7 expresses Arg-1 and
CD206 through the activation of the STAT3 pathway.40 The
effect of Res-containing PVA hydrogels on macrophage
polarization was further examined through qPCR. The
expression of genes encoding inflammatory markers (iNOS
and TNF-α) in the 0.4% PVA−Res group was significantly
downregulated relative to that in the PC group (Figure 7c,d).
The iNOS and TNF-α mRNA expression levels in the 0.4%
PVA−Res hydrogel group were downregulated by 0.66- and
0.62-fold relative to those in the PC group. However, no
significant difference was found between the PVA hydrogel and
PC groups. Conversely, the expression of M2-related genes
(Arg-1, CD206) was significantly upregulated in cells treated
with the extract (Figure 7e,f). The mRNA expression levels of
Arg-1 and CD206 in the 0.4% PVA−Res hydrogel group were
5.9- and 1.7-fold higher than those in the PC group,
respectively. Wang et al. found that in SNI rats, Res can
inhibit microglion-mediated neuroinflammation by regulating
the TREM2−autophagy axis. They showed that Res can
downregulate TNF-α, IL-6, and IL-1β expression levels,41

which is similar to our results. Our results indicate that Res can
effectively act on macrophages, promoting the M2 differ-
entiation of Raw 264.7 cells by regulating the immune
microenvironment and inhibiting the expression of proin-
flammatory mediators.

4. CONCLUSIONS
PVA and Res hydrogels with different proportions (0.4, 1.2,
and 2.0% PVA−Res) were prepared through mixing, heating,
freezing, and dissolution. The PVA−Res hydrogels were
prepared through a simple and green preparation process
and had favorable stability and mechanical properties. The
viscoelastic modulus of the 1.2% PVA−Res hydrogel was 8.5-
fold higher than that of the pure PVA hydrogel. The 0.4%
PVA−Res hydrogel promoted osteoblast proliferation and cell
osteogenic differentiation and had good mineralization effects.
The 0.4% PVA-Res hydrogel extract enhanced the expression
of osteogenic genes BMP-9, cyanate, and ALP in MC3T3-E1
cells, significantly downregulated the mRNA expression of M1-
related genes (iNOS and TNF-α) in LPS-activated Raw 264.7
cells, and promoted the mRNA expression of M2-related genes

(Arg-1 and CD206). Therefore, PVA-Res hydrogel materials
hold promise for applications in the field of bone injury repair.
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