
Wei et al., Sci. Adv. 10, eadq6700 (2024)     1 November 2024

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

1 of 15

H E A LT H  A N D  M E D I C I N E

Stem cell–homing biomimetic hydrogel promotes the 
repair of osteoporotic bone defects through osteogenic 
and angiogenic coupling
Fei-Long Wei1,2†, Yuan Zhai3†, Tian-Fu Wang1†, Jing-Wei Zhao1†, Chao-Li Wang4, Zhen Tang1,  
Kuo Shen5, Hao Wu1, Rui Zheng6, Ming-Rui Du1, Wei Heng1, Xiao-Xiang Li1, Xiao-Dong Yan1, 
Quan-You Gao1*, Zheng Guo1*, Ji-Xian Qian1*, Cheng-Pei Zhou1*

Osteoporotic bone defects refer to the disruption of bone structural integrity in patients with osteoporosis and 
pose a substantial challenge to orthopedic surgeons. In this study, we developed a biomimetic hydrogel to im-
prove the osteogenic microenvironment and promote stem cell homing. This hydrogel served as a container for S-
nitrosoglutathione and Ca2+, promoting the release of bioactive nitric oxide (NO) from bone marrow mesenchymal 
stem cells (BMSCs) and human vascular endothelial cells and activating the NO/cyclic guanosine monophosphate 
signaling pathway. These changes promote osteogenic and angiogenic couplings. The hydrogel simultaneously 
recruited BMSCs by conjugating the stem cell homing peptide SKPPGTSS. Using a rat distal femoral defect model, 
it was demonstrated that this hydrogel can effectively increase the formation of bone tissue and new blood vessels 
and has immune-regulating functions. We envision that this hydrogel may be a minimally invasive yet highly effec-
tive strategy for expediting the healing of osteoporotic bone defects.

INTRODUCTION
More than 200 million people worldwide suffer from osteoporosis, a 
systemic disorder of bone metabolism characterized by bone loss, 
changes in bone microstructure, and fragility fractures (1, 2). Osteopo-
rotic bone defects refer to the disruption of bone structural integrity in 
patients with osteoporosis, often resulting from trauma, surgery to re-
move tumors, or infections (3). In clinical practice, autologous bone 
remains the gold-standard treatment for bone defects (4). However, the 
efficacy of this therapeutic modality is constrained by potential compli-
cations that may manifest at the donor site and the limited availability 
of resources (5). Considering these clinical requirements, alternative 
strategies for bone tissue regeneration have been devised (3, 5).

A healthy vascular condition and generation of new blood ves-
sels can provide sufficient nutrition for bone development and frac-
ture healing (6). A distinct type of blood vessel in the skeletal system, 
named CD31hiEmcnhi, or type H blood vessels, mediates the differ-
entiation of perivascular osteoblasts and integrates angiogenesis 
with osteogenesis (7). However, osteoporosis results in a reduction 
in the number of H-type endothelial cells (8). Nitric oxide (NO) 
is an endogenous gas-signaling molecule that regulates numerous 
physiological processes (9–11). It promotes regeneration and pre-
vents the calcification of biohybrid vascular grafts by modulating 
vascular stem/progenitor cells (12).

Furthermore, NO promotes osteogenesis in bone marrow mesen-
chymal stem cells (BMSCs) by activating the NO/cyclic guanosine 
monophosphate (cGMP) signaling pathway (6). However, NO is not 
targeted, making it challenging for NO donors to enter specific cells 
and play a role. The biomedical applications of mesoporous silica 
nanoparticles (MSNs) are growing owing to their desirable properties, 
including their large surface area, high loading capacity, and biocom-
patibility (13). To enhance the therapeutic efficacy, monodisperse silica 
has been proposed to deliver different biomolecules to treat diseases 
(14, 15). Mora-Raimundo et al. (15, 16) used MSNs for intracellular 
delivery of nucleic acids to treat osteoporosis with positive outcomes. 
Previously, we successfully developed biomimetic nanomaterials for 
treating spinal cord injuries using MSNs (17). Here, we designed MSNs 
to carry S-nitrosoglutathione (GSNO) to supply NO to cells. In addi-
tion, BMSCs and human vascular endothelial cells (HUVECs) cell 
membranes (CMs) are wrapped on the surface of MSNs to target them.

Recent studies have demonstrated that the extracellular matrix 
consists of a three-dimensional (3D) network that facilitates cell ad-
hesion, migration, and proliferation, as well as oxygen and nutrient 
exchange, and plays an indispensable role in bone repair. Further-
more, bone-substitute biomaterials must have good intraoperative 
handling properties (18). Consequently, substantial attention has 
been devoted to injectable composite biomaterials for bone regen-
eration (5, 18). The 3D hydrophilic networks and high water content 
distinguish the hydrogels as distinct scaffold materials. This compo-
sition closely resembled that of normal interstitial cells (19). Sodium 
alginate (SA) hydrogels have been approved by the US Food and 
Drug Administration because of their excellent biocompatibility 
(20). However, because SA lacks cell adhesion sites, covalent modi-
fications are usually applied to it (21). In this study, we covalently 
modified SA to enhance cell/matrix interactions for better adhesion.

Moreover, recruiting BMSCs to differentiate into new osteoblasts 
is crucial for repairing bone defects. On the basis of its structural 
similarity to the bone marrow–homing peptide (BMHP), the short 
peptide sequence SKPPGTSS promoted the homing of mesenchymal 
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stem cells. The hydrogel served as a platform for BMSCs homing 
through SKPPGTSS engraftment (22, 23).

BMSCs also contribute to tissue repair through their paracrine ef-
fect (24). BMSCs secrete various cytokines and growth factors that 
regulate various physiological functions, including angiogenesis (25), 
immune regulation (26), and cell differentiation (27). BMSCs are high-
ly sensitive to environmental changes. Lin et al. (25) revealed that ma-
trix stiffness can affect the paracrine function of BMSCs. The stiffness 
of the SA hydrogel exhibits a linear relationship with the number of 
divalent cations. Its internal structure is typical of an egg box and re-
mains unaffected by changes in the concentration of chelated divalent 
cations (28). In this study, we changed the SA stiffness using calcium 
ions to improve the paracrine properties of BMSCs. In summary, we 
have developed a biomimetic nanomaterial that promotes the coupling 

of osteogenesis and angiogenesis and has immunomodulatory func-
tions (Fig. 1).

RESULTS
BMSCs from osteoporotic rat exhibits properties associated 
with aging
The senescence, stemness, and osteogenic potential of the BMSCs 
were investigated to understand their properties better. Micro–
computed tomography (micro-CT) results revealed that the volume, 
thickness, and number of trabecular bones were significantly reduced 
in ovariectomized middle-aged rats (Fig. 2A). Hematoxylin and eosin 
(H&E) and Masson staining demonstrated notable osteoporosis in 
ovariectomized middle-aged rats (Fig. 2, B and C). As illustrated in 
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Fig. 1. Schematic of SA-MSNs@CM-Stiff for osteoporotic bone defects. A biomimetic nanomaterial that promotes the coupling of osteogenesis and angiogenesis and 
has immunomodulatory functions. CTAB, Hexadecyltrimethylammonium bromide.
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Fig. 2. BMSCs from osteoporotic rats show properties associated with aging. (A) Micro-CT scan and 3D reconstruction results (scale bar, 1 mm); quantitative analysis 
of bone density, volume, and other parameters. BV/TV, bone tissue volume/total tissue; Tb.Th, trabecular thickness; Tb.N, trabecular number. (B) H&E staining images of 
different groups (scale bar, 1 mm and 125 μm). (C) Masson staining images of different groups (scale bar, 1 mm and 125 μm). (D) Flow cytometry showed BMSCs from 
osteoporotic rats were positive for CD44 (99.8%), CD29 (99.8%), CD73 (98.9%), and CD90 (77.3%) and negative for CD34 (2.57%) and CD45 (2.5%). (E) Alizarin Red S, Tolu-
idine blue, and Oil Red O staining were used to detect osteogenic, chondrogenic, and adipogenic differentiation, respectively (scale bar, 100 μm). (F) SA-β-gal staining 
detected senescent cells (scale bar, 100 μm). (G) Western blotting analysis of Nanog, Sox2, and Oct4 protein expression in BMSCs from different groups. (H) Western blot-
ting analysis of P53, P21, and P16 protein expression in BMSCs from different groups. (I) Representative immunofluorescence staining of γ-H2AX foci formation in BMSCs 
from different groups (scale bar, 25 μm). DAPI, 4′,6-diamidino-2-phenylindole. (J) Representative immunofluorescence staining of CD90 and Runx2 in BMSCs from the 
different groups (scale bar, 25 μm). (K) Representative immunofluorescence staining of CD90 and Opn in BMSCs from different groups (scale bar, 25 μm). (L) Western blot-
ting analysis of Runx2 and Opn protein expression in BMSCs from different groups. (M) ALP staining of BMSCs from the different groups. (N) Alizarin Red S staining of 
BMSCs from different groups. n = 3 for each group. Error bars denote means ± SEM; ns, no significance; *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 2D, the BMSCs exhibited positive expression of the mesenchymal 
stem cell surface markers CD44, CD29, CD73, and CD90. In contrast, 
the expression levels of CD34 and CD45 were negligible (Fig. 2D and 
fig. S1, A and B). BMSCs were isolated from the femurs of young, 
middle-aged, and middle-aged ovariectomized rats and were identi-
fied through three-way differentiation. The osteogenic and chondro-
genic abilities of osteoporotic rats were notably reduced, and their 
adipogenic abilities were notably increased (Fig. 2E). As anticipated, 
BMSCs from osteoporotic rats exhibited more SA-β-gal–positive cells 
than young or middle-aged rats (Fig. 2F). A significant difference was 
also observed in the expression levels of Nanog, Sox2, and Oct4 in the 
osteoporosis group compared to the young and middle-aged groups 
(Fig. 2G). Subsequently, we identified senescence-related factors, such 
as P53, P21, and P16 (29). A significant increase in these senescence-
related factors was observed in BMSCs from osteoporotic rats (Fig. 
2H). Senescence is also characterized by a persistent DNA damage 
response commonly detecting γ-H2AX foci (29). The osteoporosis 
group exhibited more γ-H2AX–positive foci (Fig. 2I). Moreover, the 
osteogenic potential of the BMSCs was evaluated. The expression of 
osteogenic marker proteins (Runx2 and Opn) was decreased in the 
osteoporosis group compared to that in the young and middle-aged 
groups (Fig. 2, J to L). Alkaline phosphatase (ALP) staining indicated 
that the osteoporosis group was lighter than the young and middle-
aged groups (Fig. 2M). Furthermore, the osteoporosis group calcium 
nodules were smaller (Fig. 2N). In conclusion, the osteogenic ability of 
BMSCs is significantly reduced in osteoporotic rats.

Characteristics of synthesized MSNs, MSNs@CM, SA, 
SA-MSNs@CM, and SA-MSNs@CM-Stiff
To address the issue of the poor repair ability of osteoporotic bone de-
fects, we designed a biomimetic hydrogel with a stem cell–homing ef-
fect. Four steps were involved in preparing membrane-biomimetic 
MSNs@CM: Synthesis of MSNs was the first step; then GSNO was ad-
sorbable to mesoporous channels in MSNs; the third step consisted of 
ultracentrifuging BMSCs and HUVECs to extract CM; and last, extru-
sion coated the pre-extracted CM onto the nanoparticle surfaces, re-
sulting in MSNs@CM (Fig. 1). Figure 3A presents the transmission 
electron microscopy (TEM) images of the MSNs and MSNs@CM. The 
MSNs had their dimensions of 197.6 nm, whereas MSNs@CM were 
229.8 nm (Fig. 3B). Furthermore, the zeta potential of MSNs was 
−27.2 mV, and MSNs@CM was −25.85 mV (Fig. 3C). Flow cytometry 
results showed that CM coverage facilitated the entry of MSNs into cells 
(fig. S2, A and B). However, long-term maintenance of MSNs at defec-
tive sites is challenging. Our solution was to design an SA hydrogel–
based delivery system that could prolong the retention of GSNO at the 
defect site (Fig. 1). However, because SA lacks cell adhesion sites, it is 
usually covalently modified with ligands to provide cell adhesion sites. 
In this study, the SA backbone molecule was covalently bound to dopa-
mine (Fig. 3D). In the cell adhesion experiments, 1/50 dopamine bind-
ing enabled more cells to adhere (Fig. 3, E and F). The N1s signal, absent 
in SA, was detected using x-ray photoelectron spectroscopy (XPS), thus 
proving the effective grafting of dopamine (Fig. 3G). SA hydrogels with 
distinct mechanical properties can be prepared by adjusting the molar 
concentration of divalent cations (Fig. 3H). The groups were named 
20, 30, 40, 50, and 60 mM according to the concentration of calcium 
ions in each group (Fig. 3I). Compression experiments were conducted 
to determine the initial elastic moduli of the hydrogels. The elastic 
modulus of the gel increased as the Ca2+ molar concentration in the gel 
increased and reached a maximum value of 25.56 ± 1.41 kPa at 50 mM 

(Fig. 3I). Consequently, we used the 50 mM group as the stiffening SA 
hydrogel group. To observe the internal microstructures of the differ-
ent groups, we photographed freeze-dried samples using a scanning 
electron microscope. The internal structures of the groups did not dif-
fer notably (Fig. 3J). The pore diameters of SA, SA-MSNs@CM, and 
SA-MSNs@CM-Stiff groups were 181.49 ± 59.47, 164.69 ± 48.99, and 
170.01 ± 55.04 μm, respectively (Fig. 3K). There was no notable differ-
ence in pore size among different groups. Low-frequency nuclear mag-
netic resonance testing yielded similar results (fig. S3). The mechanical 
properties and adhesion capabilities of SA-MSNs@CM-Stiff exhibited 
flexibility and softness under different external mechanical forces, such 
as bending and stretching (Fig. 3L). Using hydrogels to prepare com-
plex 3D tissue scaffolds has recently attracted widespread attention and 
is expected to be useful in the precise and personalized treatment of 
bone defects. The SA-MSNs@CM-Stiff hydrogel exhibited good pro-
cessing properties and was easily obtained in various shapes (Fig. 3M).

SA-MSNs@CM-Stiff promotes osteogenesis by activating the 
NO/cGMP pathway in vitro
BMSCs were cocultured with different hydrogel groups via indirect 
contact. First, the biocompatibility of the hydrogels was determined. 
The findings indicated that the SA-MSNs@CM and SA-MSNs@CM-
Stiff groups maintained the cells in a better-spreading state (Fig. 4A). 
Calcein-AM/propidium iodide (PI) staining demonstrated that various 
hydrogel groups exhibited good biocompatibility (Fig. 4B). We then 
tested whether a sustained and sufficient supply of GSNO and Ca2+ 
could synergistically promote NO production and stimulate down-
stream signaling. A significant increase in phospho-endothelial nitric 
oxide synthase (P-eNOS) expression was observed in BMSCs of the SA-
MSNs@CM and SA-MSNs@CM-Stiff groups after 7 days of coculture 
(Fig. 4C). Similarly, NO levels also increased significantly in the SA-
MSNs@CM and SA-MSNs@CM-Stiff groups (Fig. 4D). Moreover, a 
significant increase in downstream signaling molecules, such as cGMP, 
soluble guanylate cyclase (sGC), and protein kinase G (PKG), was ob-
served in the SA-MSNs@CM and SA-MSNs@CM-Stiff groups (Fig. 4, 
E and F). Xu et al. (6) demonstrated that NO promotes osteogenesis. We 
examined the effect of elevated NO levels on osteogenesis. Western 
blotting analysis revealed that Runx2 and Opn were significantly up-
regulated in the SA-MSNs@CM and SA-MSNs@CM-Stiff groups (Fig. 
4G). Immunofluorescence experiments yielded similar results (Fig. 4, 
H and I). ALP staining demonstrated that SA-MSNs@CM and SA-
MSNs@CM-Stiff were darker than SA and the control (Fig. 4J). Fur-
thermore, larger calcium nodules were observed in the SA-MSNs@CM 
and SA-MSNs@CM-Stiff groups (Fig. 4K). These findings indicate that 
SA-MSNs@CM and SA-MSNs@CM-Stiff could activate the NO/cGMP 
pathway to stimulate osteogenesis in BMSCs (Fig. 4L).

SA-MSNs@CM-Stiff promotes migration and angiogenesis by 
activating the NO/cGMP pathway in vitro
HUVECs were cocultured with different hydrogel groups through in-
direct contact. First, the biocompatibility of the hydrogels was deter-
mined. The results revealed that the SA-MSNs@CM and SA-MSNs@
CM-Stiff groups maintained the cells in a better-spreading state (Fig. 
5A). Calcein-AM/PI staining revealed good biocompatibility of the 
different groups of hydrogels (Fig. 5B). We then tested whether a sus-
tained and sufficient supply of GSNO and Ca2+ could synergistically 
promote NO production and stimulate downstream signaling in HU-
VECs. P-eNOS expression was significantly increased in HUVECs of 
the SA-MSNs@CM and SA-MSNs@CM-Stiff groups after 3 days of 
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Fig. 3. Characteristics of Synthesized MSNs, SA, SA-MSNs@CM, and SA-MSNs@CM-Stiff. (A) TEM images of MSNs and MSNs@CM (scale bar, 100 nm). (B) Size distribu-
tion of MSNs and MSNs@CM. (C) Zeta potential distribution of MSNs and MSNs@CM. (D) Schematic diagram of dopamine grafting in SA. (E) Nuclei distribution of BMSCs 
on the hydrogel surface (scale bar, 40 μm). (F) Nuclei distribution of HUVECs on the hydrogel surface (scale bar, 40 μm). (G) XPS measurement spectra of SA and dopamine-
SA. (H) Schematic diagram of changing hydrogel stiffness by changing the Ca2+ molar concentration. (I) Images and initial elastic modulus of hydrogels in different Ca2+ 
molar concentration groups (scale bar, 1 cm). (J) Scanning electron microscope images of different SA hydrogels (scale bar, 100 μm). (K) Pore diameter from scanning 
electron microscope image. (L) Images of SA-MSNs@CM-Stiff under different external mechanical forces such as bending and stretching (scale bar, 1 cm). (M) Images of 
shapes prepared using SA-MSNs@CM-Stiff (scale bar, 1 cm). n = 3 for each group. Error bars denote means ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 4. SA-MSNs@CM-Stiff promotes osteogenesis by activating the NO/cGMP pathway in vitro. (A) Immunofluorescence staining of F-actin in BMSCs cultured with 
hydrogels for 7 days (scale bar, 25 μm). (B) Live/dead assay of BMSCs cultured with hydrogels for 3 days (scale bar, 100 μm). Live cells appear green, and dead cells appear 
red. (C) Western blots analysis of P-eNOS and eNOS levels in BMSCs cultured with hydrogels for 7 days. (D) NO generation in BMSCs cultured with hydrogels for 7 days 
indicated by nitrite levels. (E) cGMP expression in BMSCs cultured with hydrogels for 7 days. (F) Western blots analysis of sGC and PKG levels in BMSCs cultured with hy-
drogels for 7 days. (G) Western blots analysis of Runx2 and Opn levels in BMSCs cultured with hydrogels for 7 days. (H) Representative of immunofluorescence staining of 
CD90 and Runx2 in BMSCs cultured with hydrogels for 7 days (scale bar, 25 μm). (I) Representative of immunofluorescence staining of CD90 and Opn in BMSCs cultured 
with hydrogels for 7 days (scale bar, 25 μm). (J) The ALP staining of BMSCs cultured with hydrogels for 7 days. (K) Alizarin Red S staining of BMSCs cultured with hydrogels 
for 7 days. (L) Schematic diagram of SA-MSNs@CM-Stiff activating NO/cGMP pathway to promote BMSC osteogenesis. n = 3 for each group. Error bars denote means ± SEM; 
*P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 5. SA-MSNs@CM-Stiff promotes migration and angiogenesis by activating the NO/cGMP pathway in vitro. (A) Immunofluorescence staining of F-actin in HUVECs 
cultured with hydrogels for 3 days (scale bar, 25 μm). (B) Live/dead assay of HUVECs cultured with hydrogels for 3 days (scale bar, 100 μm). Live cells appear green, and 
dead cells appear red. (C) Western blotting analysis of P-eNOS and eNOS levels in HUVECs cultured with hydrogels for 3 days. (D) NO generation in HUVECs cultured with 
hydrogels for 3 days, as indicated by nitrite levels. (E) cGMP expression in HUVECs cultured with hydrogels for 3 days. (F) Western blotting analysis of sGC and PKG levels 
in HUVECs cultured with hydrogels for 3 days. (G) Transwell was used to evaluate the effect of hydrogels on the migration capacity of HUVECs. (H) Scratch experiments 
were used to evaluate the effect of the hydrogels on the migration ability of HUVECs. (I) Western blotting analysis of CD31 and Emcn levels in HUVECs cultured with 
hydrogels for 3 days. (J) Representative immunofluorescence staining of CD31 and Emcn in HUVECs cultured with hydrogels for 3 days (scale bar, 25 μm). (K) Tubule 
formation experiments were used to evaluate the effect of hydrogels on the angiogenesis of HUVECs (scale bar, 100 μm). (L) Chick CAM was used to evaluate the effect of 
hydrogels on the angiogenesis. (M) Schematic diagram of SA-MSNs@CM-Stiff activating NO/cGMP pathway to promote HUVECs angiogenesis. n = 3 for each group. Error 
bars denote means ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.
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coculture (Fig. 5C). Similarly, NO levels increased significantly in the 
SA-MSNs@CM and SA-MSNs@CM-Stiff groups (Fig. 5D). Moreover, 
a significant increase in downstream signaling molecules, such as 
cGMP, sGC, and PKG, was observed in the SA-MSNs@CM and SA-
MSNs@CM-Stiff groups (Fig. 5, E and F). We then examined the effect 
of hydrogels on migration. Under the same conditions, there was a 
significant increase in the number of cells passing through the Tran-
swell chamber in the SA-MSNs@CM and SA-MSNs@CM-Stiff groups 
(Fig. 5G). After 24 hours, HUVECs in the SA-MSNs@CM and SA-
MSNs@CM-Stiff groups demonstrated significant healing through 
migration (Fig. 5H). Last, we evaluated the effects of the different hy-
drogels on angiogenesis. Western blotting analysis revealed that CD31 
and Emcn were significantly up-regulated in the SA-MSNs@CM and 
SA-MSNs@CM-Stiff groups (Fig. 5I). The results of the immunofluo-
rescence experiments were comparable (Fig. 5J). Tubular structures 
were observed in HUVECs from the SA-MSNs@CM and SA-MSNs@
CM-Stiff groups after 6  hours in the tubule formation experiment 
(Fig. 5K). A chicken chorioallantoic membrane (CAM) test was per-
formed to evaluate the angiogenic properties of the hydrogels in vivo 
(30). The results indicated that more blood vessels were formed in the 
SA-MSNs@CM and SA-MSNs@CM-Stiff groups (Fig. 5L). These 
findings revealed that SA-MSNs@CM and SA-MSNs@CM-Stiff pro-
moted the migration and angiogenesis of HUVECs (Fig. 5M).

SA-MSNs@CM-Stiff promotes migration and paracrine 
function of BMSCs in 3D condition
To better simulate the in vivo situation, BMSCs were cultured under 
3D conditions. Calcein-AM/PI staining demonstrated that BMSCs 
exhibited a high survival rate in all the groups (Fig. 6A). A notable 

increase in the number of cells that passed through the Transwell 
chamber was observed in the SA-MSNs@CM-Stiff group (Fig. 6B). 
Staining the cytoskeleton with phalloidin indicated that the hydrogel 
affected the cell extension state, and the cell morphology was not dif-
ferent among the matrix stiffness groups (Fig. 6C). A previous study 
confirmed that the paracrine effects of BMSCs can be affected by hy-
drogel stiffness (25). Next, we determined whether different hydrogels 
affect the expression of paracrine factors in BMSCs. The SA-MSNs@
CM-Stiff group expressed higher human growth factor (HGF), pros-
taglandin E2 (PEG2), stromal cell derived factor 1 (SDF-1), and vas-
cular endothelial growth factor–A (VEGF-A) levels than the other 
groups (Fig. 6D). On the basis of the above results, SA-MSNs@CM-
Stiff promotes the paracrine effect of BMSCs (Fig. 6E).

SA-MSNs@CM-Stiff regulates macrophage polarization by 
promoting BMSCs paracrine in 3D condition
The following experiments were conducted to investigate the para-
crine effects of BMSCs on macrophage polarization. To determine the 
effects of BMSCs paracrine on macrophage polarization, we treated 
various groups of macrophages with a BMSCs-conditioned medium 
(Fig. 7A). According to flow cytometry analysis, SA-MSNs@CM-Stiff 
exhibited significantly fewer CD86+ macrophages (Fig. 7B). Moreover, 
SA-MSNs@CM-Stiff exhibited a significantly higher proportion of 
CD206+ macrophages (Fig. 7C). A significant decrease in CD86 ex-
pression was observed in the SA-MSNs@CM-Stiff group compared to 
the other groups (Fig. 7D). Contrary to this, SA-MSNs@CM-Stiff ex-
pressed notably more CD206 (Fig. 7E). Similar results were obtained 
in the Western blotting experiments (Fig. 7F). Correspondingly, polar-
ized macrophages significantly up-regulated the secretion of the 

A C

B E

D

Fig. 6. SA-MSNs@CM-Stiff promotes migration and paracrine function of BMSCs under 3D conditions. (A) Live/dead assay of BMSCs cultured with hydrogels under 3D condi-
tions for 3 days (scale bar, 200 μm). Live cells appear green, and dead cells appear red. (B) The Transwell assay was used to evaluate the effect of hydrogels on the migration capacity 
of BMSCs cultured with hydrogels under 3D conditions for 3 days (scale bar, 100 μm). (C) Immunofluorescence staining of F-actin in BMSCs cultured with hydrogels under 3D condi-
tions for 3 days (scale bar, 40 μm). (D) HGF, PEG2, SDF-1, and VEGF-A expression in BMSCs cultured with hydrogels under 3D conditions for 3 days. (E) Schematic diagram of SA-MSNs@
CM-Stiff promotes migration and paracrine function of BMSCs under 3D conditions. n = 3 for each group. Error bars denote means ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.
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angiogenic factor VEGF-A and osteogenesis-related molecule bone 
morphogenetic protein–2 (BMP-2) (Fig. 7G). On the basis of these re-
sults, BMSCs paracrine might regulate macrophage polarization.

SA-MSNs@CM-Stiff induces BMSCs recruitment and 
promotes osseointegration in vivo
Because of the complex local microenvironment, patients with os-
teoporosis experience a slower postfracture healing rate due to the 

fact that osteoblast-mediated bone formation is significantly lower 
than osteoclast-mediated bone resorption (31). SA-MSNs@CM-
Stiff can promote osteogenesis in vitro, but its potential in vivo 
effects remain unknown. Consequently, we used a rat model of osteo-
porotic bone defects to evaluate the ability of each hydrogel to pro-
mote bone reconstruction (Fig. 8A). No biological toxicity was 
observed in vitro for either hydrogel (fig. S4, A and B). Although 
new bone formation occurred in all groups of rats implanted, it was 

A B
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E

F G

Fig. 7. SA-MSNs@CM-Stiff regulates macrophage polarization by promoting BMSCs paracrine under 3D conditions. (A) Protocol of in vitro experiments for detect-
ing macrophage polarization regulated by BMSCs paracrine (by Figdraw). BMSCs were cultured with hydrogels for 3 days. After removal of the supernatant, cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F12 for 3 days, and the supernatant was collected as THP-1 conditioned medium for 2 days. BCM, BMSCs-
conditioned medium. (B) Flow cytometric analysis of the expression levels of M1 macrophages (F4/80/ CD86+). (C) Flow cytometric analysis of the expression levels of M2 
macrophages (F4/80/ CD206+). (D) Representative immunofluorescence staining for CD68 and CD86 in THP-1 cells (scale bar, 25 μm). (E) Representative immunofluores-
cence staining for CD68 and CD206 in THP-1 cells (scale bar, 25 μm). (F) Western blot analysis of CD86 and CD206 levels in macrophages. (G) VEGF-A and BMP-2 expression 
in macrophages. n = 3 for each group. Error bars denote means ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.
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most pronounced in the group of rats injected with SA-MSNs@CM-
Stiff (Fig. 8, B and D). After 8 weeks of treatment, the SA-MSNs@
CM-Stiff group exhibited a 1.78-fold increase in bone mineral den-
sity and a 2.54-fold increase in bone tissue volume/total tissue vol-
ume compared to the control group (Fig. 8C). In addition, trabecular 
thickness and trabecular number in the SA-MSNs@CM-Stiff group 
significantly increased (Fig. 8C). H&E and Masson staining also 
demonstrated the excellent bone-promoting ability of SA-MSNs@
CM-Stiff (Fig. 8, E and F).

We performed further investigation of the role of hydrogels in 
osteogenesis-angiogenesis coupling using immunofluorescence stain-
ing. These results indicated that SA-MSNs@CM-Stiff exhibited a nota-
bly greater number of highly positive CD31 and Emcn cells than the 
other groups (Fig. 8G and fig. S5A). The blood vessels in bones are 
functionally specialized. Endothelial cells in H-type blood vessels ex-
press high levels of CD31 and Emcn, which provide angiokinesis to act 
on BMSCs and couple angiogenesis and osteogenesis (7). Furthermore, 
double immunostaining of Runx2 and Opn with cell markers (CD90) 
confirmed the increased expression of Runx2 and Opn in BMSCs of 
the SA-MSNs@CM-Stiff group (Fig. 8, H and I, and fig. S5, B and C). In 
addition, the SA-MSNs@CM-Stiff group exhibited a significantly lower 
expression of inducible nitric oxide synthase (iNOS) in macrophages 
than the other groups in vivo (fig. S6). Conversely, a notable increase in 
CD206 expression was observed (fig. S6). The above results confirm 
that SA-MSNs@CM-Stiff can promote the healing of osteoporotic bone 
defects by promoting osteogenesis and vascular coupling.

DISCUSSION
Approximately 9 million osteoporotic fractures per year occur glob-
ally (32), with osteoporotic fractures every 4 s, resulting in various 
bone defects. Consequently, there is an urgent need for materials with 
good biocompatibility and the ability to promote osteogenesis. Previ-
ous studies have primarily focused on normal bone defects (6, 33) 
rather than osteoporotic bone defects (5). However, osteoporotic 
bone defects are more difficult to heal than normal ones. This study 
demonstrated that BMSCs derived from osteoporotic rats had a sig-
nificantly reduced osteogenic capacity. Therefore, it is critical to regu-
late the osteogenic ability of BMSCs to promote osteoporotic bone 
healing. We developed a biomimetic nanomaterial in this study to 
promote osteogenesis and angiogenesis and modulate immunology.

NO is a key gas transmitter that maintains homeostasis and vas-
cular patency (34). NO can inhibit platelet aggregation (35), pro-
mote vascular endothelium regeneration (12), and prevent vascular 
calcification (36). In the present study, we developed biomimetic 
nanoparticles that deliver GSNO and used SA to release calcium 
ions to promote NO production and synergize downstream signal-
ing pathways. These findings indicate that SA-MSNs@CM-Stiff pro-
motes vascular endothelial migration and angiogenesis. Yang et al. 
(33) developed materials that deliver l-arginine that can promote 
angiogenesis. Unfortunately, the effects of the material on vascular 
endothelial migration were not investigated. Vascular endothelial 
cells at the defect site migrated from the surrounding area. Previous 
studies have established a correlation among the NO/cGMP path-
way, osteogenesis, and angiogenesis (6, 37). Similar findings were 
observed in BMSCs from osteoporotic rats in this study. We demon-
strated that NO/cGMP activation is useful in osteoporotic rat–derived 
BMSCs. However, direct administration of GSNO is hindered by 
low cellular internalization and rapid phagocytosis by macrophages. 

In addition, NO production can regulate macrophages from the M2 
phenotype, which promotes tissue repair, to the M1 phenotype, 
which promotes tissue inflammation (38). Ideally, a drug delivery 
system should effectively regulate the loading process and release 
rate to precisely target the desired tissues or cells (13, 39).

In this study, we developed a biomimetic hydrogel for the tar-
geted delivery of GSNO to BMSCs and HUVECs. To circumvent 
macrophage phagocytosis, we modified the CD47 molecule on 
MSNs, an antiphagocytic signal (40). BMSCs also play an important 
role in bone repair (6). A short peptide sequence, SKPPGTSS, has 
been reported to promote mesenchymal stem cell homing by mim-
icking the structure of BMHP (22). Our findings indicate that SA-
MSNs@CM-Stiff facilitates BMSC homing. However, it is difficult 
for these nanoparticles to remain in the defect sites for a long time.

Recently, injectable hydrogels have gained notable attention owing 
to their potential applications in bone regeneration (5). The hydrogels 
retained the biomimetic nanoparticles at the defect site. These hydro-
gels consist of only colloidal particles. Various particles can be used as 
colloidal building blocks, suitable for functionalization with drugs or 
biomolecules (3, 33). Because of the reversibility of the interparticle 
bonds, these composite colloidal gels are capable of self-healing (41). 
Furthermore, the dynamics and adaptability of the hydrogel network 
can provide a favorable microenvironment for tissue growth and cell 
viability (42, 43), which may lead to improved bone regeneration. SA 
can chelate divalent cations to produce hydrogels (44). In this study, 
we chelated SA with calcium ions to form hydrogels that provide a 
scaffold for cells. However, SA lacks cell adhesion sites (21). In this 
study, the SA backbone molecules were covalently bound to dopa-
mine. These findings demonstrated that the modified hydrogel exhib-
ited better biocompatibility. Previous studies have indicated that 
matrix stiffness may enhance the paracrine function of BMSCs 
(44, 45). A linear correlation was observed between the stiffness of SA 
hydrogels and the dose of divalent cation (25). We used Ca2+ in 
this study to increase matrix stiffness. The results revealed that SA-
MSNs@CM-Stiff promoted the paracrine effects of BMSCs, which 
subsequently regulated macrophage polarization.

Together, we demonstrated that osteoporotic bone defects can be 
successfully regenerated using bioactive composite colloidal gels com-
posed of dopamine-functionalized SA and MSNs with GSNO. We 
modified SA with dopamine to enhance biocompatibility and chelated 
with calcium ions to improve stiffness. A sustained supply of GSNO 
and Ca2+ from SA-MSNs@CM-Stiff activates the NO/cGMP signaling 
pathway, followed by well-coordinated osteogenic-angiogenesis cou-
pling effects during bone repair. Nanomaterials have been functional-
ized with CMs to improve targeting and biocompatibility. In this study, 
the biomimetic nanomaterial was designed to incorporate the molecu-
lar mechanisms of osteogenesis and angiogenesis to further improve 
the microenvironment for bone defect healing by modulating the ma-
trix stiffness to have immunomodulatory functions. It is anticipated 
that our SA-MSNs@CM-Stiff will be a valuable tool for mitigating the 
problem of delayed or even nonhealing of osteoporotic bone defects.

MATERIALS AND METHODS
Establishment of osteoporosis model
Nine-month-old rats were ovariectomized to establish an osteoporosis 
model. Intraperitoneal injections of 1% pentobarbital (0.1 ml/100 g) 
were administered to anesthetize the rats. Under complete anes-
thesia, the surgery was performed in the prone position. Previously 
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Fig. 8. SA-MSNs@CM-Stiff induces BMSCs recruitment and promotes osseointegration in vivo. (A) Schematic illustration of hydrogel implantation. (B) Typical micro-
CT images of the distal femur of rats with osteoporotic bone defects at 8 weeks. (C) Quantitative analysis of bone density, volume, and other parameters. BMD, bone 
mineral density. (D) 3D reconstruction results. (E) H&E staining images of different groups (scale bar, 1 mm and 200 μm). (F) Masson staining images of different groups 
(scale bar, 1 mm and 200 μm). (G) Representative immunofluorescence staining of CD31 and Emcn in the femoral condyle of an osteoporotic rat 8 weeks after hydrogel 
implantation (scale bar, 20 μm). (H) Representative immunofluorescence staining of CD90 and Opn in the femoral condyle of an osteoporotic rat 8 weeks after 
hydrogel implantation (scale bar, 20 μm). (I) Representative immunofluorescence staining of CD90 and Runx2 in the femoral condyle of an osteoporotic rat 8 weeks 
after hydrogel implantation (scale bar, 20 μm). n = 6 for each group. Error bars denote means ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.



Wei et al., Sci. Adv. 10, eadq6700 (2024)     1 November 2024

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

12 of 15

described ovariectomies were performed in these rats (3). After 
3 months, the distal femurs of the rats were collected for micro-CT 
scans to assess the efficacy of the osteoporosis rat model. All experi-
mental procedures were approved by the Ethics Committee and Insti-
tutional Review Board of the Fourth Military Medical University (Air 
Force Military Medical University, IACUC-20230095).

Histological evaluation
The fixed tissue was gently shaken and decalcified with a 10% EDTA 
solution for 4 weeks. Conventional paraffin embedding after decal-
cification was performed, and all specimens were kept in the same 
position as possible. Sections of 4-μm thickness were cut from them. 
H&E and Masson staining were performed with the H&E dye solu-
tion set and Masson dye solution set (Servicebio, China) for histo-
logical evaluation.

Cell culture
According to a previous study (29), BMSCs were isolated from the 
femurs of young (6-month-old), middle-aged (12-month-old), and 
ovariectomized (12-month-old) rats. Dulbecco’s modified Eagle’s 
medium (DMEM)/F12–based culture medium with penicillin/
streptomycin and fetal bovine serum (FBS) (InCellGene, USA) was 
used to culture rat primary BMSCs. HUVECs and THP-1 cells were 
cultured in endothelial cell medium (Sciencell, USA) and RPMI 1640 
medium with FBS and penicillin/streptomycin, respectively. Stan-
dard protocols were used to differentiate THP-1 cells into M0 (46).

Differentiation potential of BMSCs
Osteogenic induction of BMSCs was completed using a mesenchymal 
stem cell osteogenic differentiation induction kit (iCell-MSCYD-002, 
iCell Bioscience). Chondrogenic induction was performed using a 
mesenchymal stem cell chondrogenic differentiation induction kit 
(iCell-MSCYD-003, iCell Bioscience). Furthermore, a mesenchymal 
stem cell osteogenic differentiation induction kit (iCell-MSCYD-004, 
iCell Bioscience) was used to induce the adipogenic differentiation of 
BMSCs. We followed the manufacturer’s instructions for these proce-
dures (iCell Bioscience).

β-Galactosidase staining
Cellular senescence–associated-galactosidase activity (SA-β-gal) was 
assessed according to the manufacturer’s instructions (Solarbio, China). 
Cells were suspended in six-well plates at a density of 2 × l05 cells in 
a DMEM/F12 medium. After washing the cells with phosphate-
buffered saline (PBS), they were incubated for 12 hours at 37°C in 
staining solution. Last, the cells were incubated for 1 min at 37°C in 
hematoxylin dye solution.

Flow cytometry
Flow cytometry was used to characterize the extracted BMSCs 
(P3) to detect the expression profile of surface molecules, such as 
CD29, CD34, CD44, CD45, CD73, and CD90. Different groups of 
macrophages were detected using phycoerythrin (PE) anti-CD86 
(eBioscience, USA), PE anti-CD206 (eBioscience, USA), and allo-
phycocyanin (APC) anti-F4/80 (Biolegend Co., USA). The bind-
ing buffer was prepared to resuspend the cells after washing 
with PBS. A 15-min staining procedure was conducted at 4°C 
using antibodies. FlowJo software (version 10.6.2) was used to 
analyze the samples after they were detected using a flow cytometer 
(BD Biosciences).

Western blotting
Radioimmunoprecipitation assay lysis buffer containing protease 
and phosphatase inhibitors was used to extract proteins from human 
BMSCs, HUVECs, and THP-1 cells. We separated 20 μg of protein 
per lane using 10 to 12% SDS–polyacrylamide gel electrophoresis 
and transferred the samples to polyvinylidene difluoride membranes 
(Millipore). After blocking with 5% nonfat milk, primary antibodies 
were incubated overnight at 4°C. Antibody information is in the table 
S1. Next, anti-mouse or anti-rabbit secondary antibodies (1:5000; 
AS003, AS014, ABclonal) were added to the membranes. Enhanced 
chemiluminesence reagents (ABclonal, China) were used to incu-
bate the membranes.

Immunofluorescence
As described previously (47), immunohistochemistry was used to 
stain the tissue. The bone tissues were first decalcified. Paraffin-
embedded bone tissues were cut into 4-mm-thick sections. The sec-
tions were deparaffinized, rehydrated, and blocked with 5% bovine 
serum albumin (BSA; Gibco) at room temperature for 1 hour. Pri-
mary BMSCs, HUVECs, and THP-1 cells were washed thrice with 
PBS, followed by blocking with 5% BSA. Antibody information is in 
the table S2. Sections were incubated overnight with specific anti-
bodies at 4°C. Subsequently, the corresponding secondary antibod-
ies were incubated for 50 min at room temperature in the dark. The 
nuclei were labeled with 4′,6-diamidino-2-phenylindole (DAPI) 
(1:1000; Invitrogen).

Staining of ALP
BMSCs were treated and induced for 10 days. After washing with 
PBS, cells were fixed with 4% paraformaldehyde at room tempera-
ture for 30 min. Following two washes in PBS, BMSCs were incu-
bated for 6 hours in ALP staining buffer (Beyotime Institute of 
Biotechnology, China).

Synthesis of MSNs-GSNO@CM
The MSNs were prepared according to a previous study (48). The 
exact details have been described in our previous study (17). To 
encapsulate GSNO, MSNs (10 mg) were added to 3  ml of the 
GSNO solution (1 mg/ml) and stirred for 6  hours in an ice bath. 
MSNs-GSNO were separated from the unincorporated GSNO 
using centrifugation.

As illustrated in Fig. 1, the MSNs-GSNO were cloaked in the 
CMs (MSNs-GSNO@CM): BMSC and HUVEC CMs and MSNs-
GSNO were mixed and extruded through a 220-nm polycarbonate 
membrane to form MSNs-GSNO@CM.

Characterization of the MSNs and MSNs@CM
The MSNs and MSNs@CM were analyzed by TEM (JEM-1230, Japan). 
Zetasizer Nano-ZS dynamic light scattering (DLS) was used to 
determine the hydrodynamic size of nanoparticle aggregates. DLS 
was used to evaluate the zeta potential of the MSNs and MSNs@CM 
(Beckman Coulter Instruments, USA).

Synthesis of SA-dopamine
After removing 2.132 g of MES from the reagent bottle and dissolv-
ing it in 100 ml of deionized water, 1.75 g of NaCl was added, fol-
lowed by 0.1 M NaOH to adjust the pH of the solution to 6.5. SA 
(1.08 g) was added to 60 ml of MES buffer and fully dissolved by 
ultrasonication and agitation. The carboxyl group was activated by 
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adding 19 mg of EDC⚫HCl, and 11.5 mg of N-hydroxysuccinimide 
was added to the solution and stirred for 2 hours at 500 rpm. Then, 
15.3 mg of dopamine was added. After 24 hours of reaction at room 
temperature, dialysis bags with a molecular weight of 600 MW were 
used to perform dialysis in deionized water for 3 days. After 3 days, 
the dialysis products were filtered, sterilized, freeze dried, and stored 
for later use.

Synthesis of SA hydrogels
BMHP (SKPPGTSS-NH2) (purity: 96.85%) was synthesized and 
purified by ChinaPeptides Co., Ltd. (Shanghai, China). The purity 
and identity of the peptides were determined by high-performance 
liquid chromatography analysis and electrospray ionization mass 
spectrometry (fig. S7, A and B). SA hydrogels with five stiffness val-
ues were obtained by mixing functionalized SA and different concen-
trations of calcium chloride CaCl2 solution (20, 30, 40, 50, or 60 mM 
CaCl2). The appropriate hardness of hydrogels was selected. Then, 
functionalized SA, MSNs@CM, 1% w/v BMHP, and CaCl2 was 
mixed to obtain SA-MSNs@CM (20 mM CaCl2) and SA-MSNs@
CM-Stiff (50 mM CaCl2).

Characterization of the SA, SA-MSNs@CM, 
and SA-MSNs@CM-Stiff
XPS (Thermo Fisher Scientific K-Alpha, USA) was used to confirm 
the successful grafting of dopamine onto SA. The cell nuclei were 
stained with DAPI to observe the adhesion of the hydrogel to the 
cells. Compression tests were performed to determine the initial 
elastic modulus of alginate hydrogels. Briefly, the hydrogel disk was 
placed on a CMT6103 (MTS, USA) platform, and a compression 
test model was used. A previous study described this method in de-
tail (25). The cut and freeze-dried samples were observed using the 
scanning electron microscope (ZEISS Sigma 300, Germany). A ran-
dom set of scanning electron microscope images was recorded, and 
the pore size of each sample was measured using the ImageJ software.

Calcein-AM/PI staining
By staining BMSCs and HUVECs with calcein-AM and PI, we as-
sessed the viability of the cells after 3 days of culture. The cells were 
incubated in the dark for 20 min at 37°C in a 5% CO2 cell culture 
incubator after adding calcein-AM/PI reagent to each medium. Last, 
the cells were observed under a microscope after washing with PBS.

The concentration of NO
NO concentration was determined using the Griess method. First, 
the Griess Reagents I and II were removed and returned to room 
temperature. The standard was diluted with a cell medium. The stan-
dard and sample were then added to a labeled 96-well plate at 50 μl 
per well. Griess Reagent I (50 μl) and Griess Reagent II (50 μl) were 
added. Last, the absorbance of each well was measured at 540-nm 
wavelength. The NO concentration was calculated on the basis of a 
standard product curve.

Enzyme-linked immunosorbent assay
The supernatants of the cell culture were collected by centrifuging at 
2000 to 3000 rpm for 20 min after transferring them into sterile tubes. 
The supernatants were analyzed using enzyme-linked immunosor-
bent assay kits (E-EL-0083, E-EL-R0496, E-EL-0034, E-EL-R3027, 
E-EL-R2603, and E-EL-H0011; Elabscience) to measure cGMP, 
HGF, PGE2, SDF-1, VEGF-A, and BMP-2 levels. In accordance 

with the manufacturer’s instructions, all assays were performed 
(Elabscience, China).

Migration and invasion assay
An assay for wound healing was used to measure cell migration. 
HUVECs were seeded in a six-well plate at a density of 5 × 105 cells 
per well. After 12 hours, a scratch was made using a 200-μl pipette 
tip, and a serum-free medium was used. A 0-hour image was taken, 
the plates were returned to the incubator for 24 hours, and a 24-hour 
image was obtained.

Cell invasion was measured using a Transwell assay. Transwell in-
serts (2 × 104 cells per well) with micropore filters (Corning Costar, 
MA, USA) were seeded with the HUVECs. A lower chamber medi-
um containing 10% FBS was added. The effect of hydrogel stiffness 
on the migration of BMSCs was evaluated using 3D cultures. First, 
BMSCs at a density of 3 × 104/ml were mixed with different groups 
of hydrogels and inoculated into the upper layer of Transwell cells. 
Subsequently, the medium without FBS was added to the upper layer. 
A complete medium was added to the lower layer. Last, cells were 
incubated in an incubator. A final fixation and staining procedure 
was performed after the upper side cells were removed after 24 hours. 
Optical microscopy was used to observe the invading cells.

Tubule formation assays of HUVECs
A tubule formation assay was performed using Matrigel (No.354234; 
Corning) to measure the vascularization ability. HUVECs were co-
cultured with hydrogels for 48 hours, and then 2 × 105 cells were 
added to each well of a 24-well plate coated with Matrigel. An in-
verted microscope was used to capture images after 6 hours.

Vascularization in a CAM model
Embryos were developed from fertilized chicken eggs and incubated 
in a humidified incubator at 37°C for 7 days. The air chamber was 
cut at the corresponding shell position, and a small window was 
opened (1 cm2). The hydrogels were placed on the CAM surface. 
The parafilm shell was resealed. Fertilized eggs were then returned 
to the incubator for an additional 7 days. Last, the CAM complexes 
were photographed.

Evaluation of bone repair in vivo
The effects of biomimetic hydrogels on bone reconstruction were 
evaluated using bone-defect models. Osteoporosis was confirmed 
3 months later using micro-CT. A bone defect (4 × 5 mm2) was pro-
duced by inserting a 3.5-mm electric drill into the lateral epicondyle 
of the femur. The left or right femur of each animal was implanted 
with SA colloid. Then, calcium chloride was injected into the cor-
responding site for ion cross-linking. After 8 weeks, the rats were 
euthanized via an anesthetic overdose. The femoral condyle was dis-
sected, adherent tissue removed, and fixed in neutral-buffered form-
aldehyde for 48 hours for further analysis.

Statistical analysis
GraphPad Prism (version 9.0) was used for statistical analyses. 
Data from at least three independent experiments are presented as 
means ±  SEM. Two independent groups were analyzed using an 
unpaired two-tailed Student’s t test, whereas multiple groups were 
analyzed using a one-way analysis of variance followed by Tukey’s 
post hoc tests for multiple comparisons. The significance of the 
study was defined as a two-sided P value <0.05.
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