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A B S T R A C T

The incidence of steroid-induced osteonecrosis of the femoral head (SONFH) is increasing annually; however, the 
underlying pathological mechanism remains unclear, which is an obstacle to its effective treatment. The negative 
effect of immune infiltration on the physiological activity of focal stem cells is one potential mechanism that has 
attracted attention. It is difficult to simulate the complex regulation of the interaction system between immune 
cells and stem cells using a single regulation method. In this study, we demonstrated that the immune infiltration 
of T helper 17 (Th17) cells plays an important role in the progression of SONFH. Based on this finding, we 
developed an injectable hydrogel system with both physical and chemical synergistic regulatory properties to 
enhance the activity of stem cells using electrical stimulation. This treatment was designed to prevent the 
infiltration of Th17 cells by regulating the physiological function of stem cells and blocking the negative effect of 
Th17 cells on stem cells pharmacologically. Thus, the dual synergistic regulation of immune infiltration at the 
lesion site of SONFH enhanced the physiological activity and function of the stem cells, thereby improving the 
therapeutic effect of SONFH. This hydrogel system provides insight for the future development of multifactorial 
regulatory systems and provides a strategy for the treatment of SONFH.

1. Introduction

With the development of medicine, hormones are becoming 
increasingly used in clinical practice, and steroid-induced osteonecrosis 
of the femoral head (SONFH) is occurring more frequently. The inci
dence of SONFH has now exceeded that of traumatic osteonecrosis of the 
femoral head. The underlying mechanism of SONFH is unclear, which is 
a significant treatment challenge [1–3]. Surgery is the standard treat
ment for SONFH; however, the treatment is considerably expensive and 
is quite painful to the patient [4–6]. In recent years, the development of 
injectable biomaterials has enabled the nonsurgical treatment of this 
disease, thereby substantially reducing the economic pressure and 
physical pain for patients undergoing surgery [7–9]. Therefore, the 
development of injectable biomaterials for the treatment of SONFH is 
expected to benefit patients and society.

The development of a hydrogel system that can regulate the physi
ological activity and function of stem cells represents a strategy for the 
treatment of SONFH. For example, Liu et al. [10] developed a selenium 
nanoparticle/carboxymethyl chitosan/alginate antioxidant hydrogel 
that can remove lesions caused by reactive oxygen species. It can 
regulate the osteogenesis capacity of stem cells, vascular differentiation, 
and ameliorate SONFH. Various biomaterials have been developed to 
enhance the physiological activity and function of stem cells [11–13]; 
however, the pathological microenvironment in which the stem cells 
reside is complex and filled with various immune cells. The negative 
effects of immune cells on stem cells must be considered [14–16]. Thus, 
examining the relationship between SONFH and immune infiltration is 
an important part of SONFH treatment. It can also provide a theoretical 
basis for the development of biomaterials that regulate immune 
infiltration.
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There have been many studies on the progression of SONFH induced 
by immune cells. For example, in SONFH animal models, neutrophils 
and macrophages are increased in the osteonecrosis tissue. Necrotic 
bone can regulate the inflammatory response by activating Toll-like 
receptor 4 (TLR4) and upregulating downstream transcription factors, 
including nuclear factor-κB (NF-κB) and monocyte chemoattractant 
protein 1 (MCP-1) to stimulate macrophages [17]. The number of 
monocytes in bone marrow samples from patients with SONFH was 
found to be three-fold higher compared with that of other causes [18]. 
Glucocorticoids can directly act on monocytes in vivo and in vitro, induce 
their expansion, and promote their differentiation into osteoclasts by 
increasing cytokine signaling. They exert an inflammatory response and 
bone fragmentation capacity, which eventually leads to bone loss and 
reduced blood supply [19]. Therefore, regulating immune infiltration 
using the hydrogel system will markedly improve its efficacy for the 
treatment of SONFH.

Significant progress has been made in the field of medical bio
materials for regulating immune infiltration through chemical and 
physical methods. For example, Wu et al. [20] used piezoelectric ma
terial to prepare a biomaterial exhibiting electrical stimulation for 
anti-inflammatory polarization of macrophages and to promote bone 
repair. Xiao et al. [21] constructed immune cell-mobilized hydrogel 
microspheres loaded with chemokines, macrophage antibodies, and 
engineered cell membrane vesicles. Using these chemical entities, the 
recruitment and activation of macrophages at the lesion site could be 
precisely regulated. Therefore, if these physical and chemical methods 
can be regulated synergistically, the immune infiltration of SONFH may 
be alleviated, which will greatly improve the treatment of SONFH.

In this study, we developed an injectable hydrogel system with both 
physical and chemical synergistic regulatory properties to enhance the 
physiological activity of stem cells using a physical method (electrical 
stimulation), prevent the infiltration of Th17 cells by regulating stem 
cell physiological function, and block the negative effect of Th17 cells on 
stem cells through a chemical method, thus achieving the synergistic 

regulation of immune infiltration into the lesion. Briefly, PLGA [poly 
(lactic-co-glycolic acid)]-PEG (polyethylene glycol)-PLGA was used to 
construct a thermosensitive hydrogel carrier. The hydrogel was liquid at 
room temperature with excellent injectability. When injected into the 
lesion site of the femoral head, the hydrogel was stimulated by body 
temperature to form a solid, thereby achieving long-term indwelling for 
sustained treatment. Subsequently, we used electrospinning to construct 
polylactic acid (PLLA) nanofibrils with piezoelectric properties and thin- 
film hydration to construct chemically loaded nanoliposomes. The 
combination of the three functional components forms an injectable 
hydrogel system that exhibits synergistic physical and chemical regu
lation. Under the stimulation of ultrasound in vitro, the piezoelectric 
nanofibers in the hydrogel system generated a microcurrent that stim
ulates the lesion stem cells. Electrical stimulation of stem cells can 
significantly enhance their physiological activity by improving respira
tory chain function and osteogenic differentiation ability, which con
tributes to the repair and regeneration of lesions. Electrically stimulated 
stem cells can reduce the secretion of Th17 cell-related chemokines, 
thereby inhibiting the immune infiltration of Th17 cells. The hydrogel 
system can then release chemical inhibitors through nanoliposomes to 
inhibit the synthesis of interleukin-17 (IL-17) by Th17 cells, thereby 
inhibiting stem cell apoptosis induced by Th17. Finally, we observed 
that physical and chemical methods can synergistically regulate the 
negative effect of immune infiltration on SONFH, which is conducive to 
the repair and regeneration of SONFH lesions (Scheme 1). This hydrogel 
system provides insight into the development of multiple regulatory 
systems and presents a promising strategy for the treatment of SONFH.

2. Materials and methods

2.1. Bioinformatics analysis

The GSE123568 dataset was mined from public databases. The R 
package ‘ggstatsplot’ was used to analyze the differentially expressed 

Scheme 1. Injectable hydrogel regulates immune infiltration through physical and chemical synergy in the treatment of SONFH. A) Construction of the injectable 
hydrogel system with physical and chemical dual regulation methods. B) The immune infiltration of Th17 cells and the physiological dysfunction of stem cells lead to 
the progression of SONFH. C) Physical (electrical stimulation) and chemical (IL-17 inhibitor) methods synergistically regulate Th17 cells and stem cells, effectively 
inhibit the apoptosis of stem cells, and promote the efficacy of SONFH treatment.
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genes in the dataset. The obtained differential genes were subjected to 
biological enrichment pathway analysis (GO/KEGG pathway analysis, 
https://www.xiantaozi.com/), which sets the threshold at the screening, 
P < 0.05. The relative abundance of immune cell infiltration in steroid- 
induced osteonecrosis of the femoral head and the control group was 
analyzed by ssGSEA method. The R language ‘clusterprofiler’ package 
was used to analyze the parameters, and the default values were used.

2.2. Materials

Polyethylene glycol (PEG)-1500 was obtained from Aladdin 
Biochemical Technology Co., Ltd. (Shanghai, China). Glycolide (GA) 
and D, L-lactide (LA) were obtained from Ming Zhong Biotechnology 
Co., Ltd. (Hangzhou, China). Stannous octoate [Sn(Oct)2]. Poly-L-lactic 
acid (PLLA) were obtained from Yuanye Bio-Technology Co., Ltd. 
(Shanghai, China). IL-17 inhibitor (IL-17-IN-1) was obtained from MCE 
Co., Ltd. Cholesterol and lecithin (from egg yolk) were obtained from 
Sangon Biotech (Shanghai) Co., Ltd. All other reagents are described in 
detail in the text.

2.3. Preparation of injectable hydrogels

Firstly, electro spun films were prepared using the electrospinning 
instrument (SS-X1, Yongkang Leye Technology Development Co., LTD., 
China). Briefly, the piezoelectric effect of PLLA is achieved by means of 
the molecular structure of the material and the ordered arrangement of 
the crystals [22]. 1 g of PLLA was dissolved in 5 mL of dichloromethane, 
and the product of chemical reaction was transferred to a medical sy
ringe. Electrospinning parameters: positive voltage 1 5 kV; fluid feeding 
speed 1.5 mL/h; type of needle 23G; spinning distance 15 cm. After 
obtaining the electro spun film, the nanofibrils were obtained by pul
verizing and dispersing in the grinder.

Nanoliposomes loaded with drugs were obtained by thin film hy
dration [23]. Briefly, 60 mg lecithin, 20 mg cholesterol, and 1.0 mg 
IL-17 inhibitor were dissolved in 30 mL chloroform. Then, the organic 
solvent was evaporated completely at 35 ◦C (for about 1 h) to obtain the 
lipid film attached to the bottom of the round-bottom flask. And 3 mL of 
redistilled water was added to the flask and decomposed using ultra
sound at 25 ◦C for 20 min completely dissolve the film in water. The 
product was the micron-sized bilayer of liposomes. To prepare the li
posomes with smaller particle size, the 5-min strong probe ultrasonic 
solution (60 single pulse per min, 130 W) was used.

From our previous study [24], we found that PLGA–PEG–PLGA tri
block copolymers can be synthesized by ring opening copolymerization 
of LA and GA with PEG under the catalytic activity of Sn(Oct)2. The 
specific steps in the synthesis were as follows: First, PEG (0.01 mol) was 
dissolved in water, and LA and GA were added without oxygen. Subse
quently, the remaining water was removed at 80 ◦C. After melting all of 
the monomers, Sn(Oct)2 (0.2 wt %) was added and the mixture was 
stirred at 150 ◦C for 12 h under argon protection. At the end of the re
action, the product was added to water at 80 ◦C, and washed three times. 
And then the PLGA–PEG–PLGA powder was obtained by lyophilization. 
Finally, 4 % PLGA–PEG–PLGA and 2.5 % nanoparticles were dissolved 
in water and stirred for 4 h at 25 ◦C to obtain the nanocomposite 
hydrogels.

2.4. Characterization of injectable hydrogels

I) The morphology of electro spun films and nanofibrils was observed 
by scanning electron microscopy (SEM) (Sirion 200, FEI). II) The 
piezoelectric properties of the PLLA were examined by an oscillograph 
(TBS1000C, Tektronix). III) The size of liposomes and the zeta potential 
difference were accurately measured by dynamic light scattering (DLS) 
(Zetasizer Nano S, Malvern, UK). IV). The shape of liposomes and 
Nanoparticles composed of triblock polymers were observed using a 
transmission electron microscope (TEM) (F200X G2, FEI). V) The 

storage modulus and loss modulus of the hydrogel system were 
measured by the rheometer (Mars40, Haake).

2.5. Sequencing of mRNA

After extracting total RNA from the samples, rRNA was removed 
using Prokaryote-rRNA Removal Kit, and the mRNA was enriched. The 
enriched mRNA was reverse-transcribed into double-stranded cDNA. 
After repairing the double ends of the cDNA, a library was constructed 
via PCR amplification with splicing. Sequencing of the cDNA library was 
performed on an Illumina HiseqTM 2500/4000 by Gene Denovo 
Biotechnology Co., Ltd (Guangzhou, China). Bioinformatic analysis was 
performed using Omicsmart, which is a real-time interactive online 
platform for data analysis (http://www.omicsmart.com).

2.6. Western blot

Protein samples to be tested were prepared and protease inhibitors 
were added. The samples were then added to the polyacrylamide gel 
(SDS-PAGE) and subjected to electrophoresis. After electrophoresis, 
proteins from SDS-PAGE were transferred to PVDF membranes, and then 
incubated with skim milk. Membranes were incubated with primary 
antibodies against the target proteins (IL-17A: GB11110-1, Servicebio, 
1:1000; Osterix: GB111900-100, Servicebio, 1:1000; RUNX-2: 
GB13264-50, Servicebio, 1:1000; CXCL16: GB111441-100, Servicebio, 
1:1000; CCL7: ab228979, Abcam, 1:1000). The membranes were incu
bated overnight at 4 ◦C, washed, and then incubated for 4 h with sec
ondary antibody (GB23303, Servicebio, 1:3000). After chemical color 
development, the data were read by chemiluminescence instrument 
(CLINX-6100).

2.7. Elisa test

The IL-17 Elisa kit (No. SP12224) was purchased commercially from 
Wuhan Saipei Biotechnology Co., LTD. The femoral head tissue of rats 
was mashed with normal saline, centrifuged at 1000×g for 10 min, and 
the supernatant was removed. 50 μl of the each sample to be tested was 
added to the reaction well. 50 μl of biotin-labeled antibody was added 
and incubated at 37 ◦C for 1 h. After washing, 50 μl of avidin-HRP was 
added to each well and incubated at 37 ◦C for 30 min. And then 50 μl of 
color developing agent were added to each well, mixed with gentle 
shaking, and incubated at 37 ◦C for 10 min, and avoid light. Finally, 50 
μl of termination solution was added and the results were determined 
immediately. The OD values of each well were determined at a wave
length of 450 nm.

2.8. Mitochondrial respiratory chain experiments

Oxygen Consumption Rate (OCR) test kit (No. 103015-100, Agilent 
Technologies) was purchased from Junli Biotechnology Co., LTD. OCR 
was determined by measuring changes in dissolved oxygen content in 
the medium surrounding the cells using the Seahorse energy metabolism 
analyzer (No. XFe24, Agilent Technologies). During measurements, cells 
were placed in the presence of specific oxygen consuming reagents such 
as thiazoles. These agents will interact with the mitochondrial respira
tory chain in the cell, leading to changes in the rate of oxygen con
sumption. The Seahorse energy metabolism analyzer calculated the OCR 
of cells by measuring the changes in oxygen consumption reagents and 
dissolved oxygen content in the medium surrounding the cells.

2.9. Flow cytometry

The flow apoptosis kit (No. CA1020) was purchased commercially 
from Beijing Solarbio Science & Technology Co., LTD. The treated cells 
were resuspended in binding buffer to a concentration of approximately 
1 × 10^6 cells/mL. Appropriate amount of Annexin V-FITC (the 
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concentration recommended in the instructions) was added and after 
mixing, the mixture was incubated at 25 ◦C in the dark for 15–20 min. PI 
dye was added to a final concentration of 5 μg/mL and the incubation 
was continued for 5–10 min. Immediately after completion of incuba
tion, analysis was performed using a flow cytometer.

2.10. Animal experiment

The animal experiment for this study were approved by the Ethics 
Committee of the Second Affiliated Hospital of Zhejiang University 
School of Medicine (No. 2024-227). The rat model of steroid-induced 
osteonecrosis of the femoral head was prepared by injecting glucocor
ticoid at a dose of 0.8 mg twice a week into the buttocks of each rat. In 
the control group, normal saline could be injected into the buttocks. The 
model was successfully established after 6 weeks of continuous 
injection.

2.11. Tissue sections and H&E staining

Rat femoral head tissue blocks were decalcified, embedded in 
paraffin, and then cut into thin sections (usually 4–6 μm in thickness) 
using a microtome. Paraffin was removed by treatment with xylene over 
a series of concentration gradients. The hydration process was carried 

out through a series of concentration gradient alcoholic solutions. The 
sections were placed in hematoxylin solution for 5 min to stain the 
nuclei. A rapid treatment was passed through a 1 % hydrochloric acid 
alcohol solution for a few seconds to remove excess hematoxylin. After 
washing, the sections were immersed in a weakly alkaline solution to 
allow the color of the nuclei to change from dark blue to bright blue. 
Subsequently, the sections were stained in eosin staining solution for 2 
min. After completion of staining, the sections were again dehydrated 
through a series of concentration gradient alcohol solutions, followed by 
treatment with xylene to remove water and increase transparency. 
Finally, a small amount of neutral gum or specialized sealant was 
dropped onto the sections and covered with a coverslip.

2.12. Immunohistochemical staining

After routine processing of tissue sections, antigen repair was per
formed using proteinase K. Sections were treated with blocking solution 
containing serum. Subsequently, sections were treated with the specific 
primary antibodies (OCN: GB115684-100, Servicebio, 1:1000; OPN: 
GB11500-100, Servicebio, 1:1000) were incubated overnight at 4 ◦C. 
After washing, the plates were incubated for 4 h at room temperature 
using the secondary antibody. Finally, chromogen was added for color 
development and observed under a microscope.

Fig. 1. Immune infiltration in steroid-induced osteonecrosis of the femoral head. A) Sequencing data were obtained from public databases. B) PCA plots of the 
sequenced samples. C) Differentially expressed genes between healthy and SONFH samples. D) The immune infiltration in SONFH samples was analyzed by ssGSEA 
(the red box shows the location of Th17 cells). E) Immune infiltration related scores for each immune cell (the red box shows the location of Th17 cells). F) Expression 
of IL-17A in healthy and SONFH rat femoral head samples. G) Quantitative analysis of Western blot results. H) The content of IL17 in the femoral head was detected 
by Elisa test. (**P < 0.01).
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2.13. Statistical analysis

Two-tailed analysis of variance (ANOVA) and t-test were used to 
analyze significant differences between the two groups of samples. 
Comparisons involving more than two groups were performed using 
one-way ANOVA with a post-hoc test. All experiments included at least 
three groups of parallel, repeated samples. Statistical significance was 
set at P < 0.05 and indicated as *P < 0.05, **P < 0.01, ***P < 0.001.

3. Results and discussion

3.1. Immune infiltration of Th17 cells during SONFH

To examine the pathological mechanism of SONFH, we mined data 
from several public databases. Finally, we selected the GSE123568 
dataset, which included sequencing data from 40 human femoral head 
samples, 30 patients with SONFH, and 10 controls (Fig. 1A). We per
formed bioinformatic analysis of the data. The sample distribution of the 
PCA plots revealed a clear distinction between the patient data of the 
SONFH group and that of the Control group (Healthy group) (Fig. 1B). A 
volcano plot showed that there were 6476 differentially expressed genes 
in the two groups (fold change >2, P < 0.05), of which 4284 were 
significantly upregulated and 2192 were significantly downregulated 
(Fig. 1C). Finally, we performed immune infiltration analysis using the 
single-sample gene set enrichment analysis (ssGSEA) method, and the 
infiltration of 20 common immune cells was displayed using a heat map 
(Fig. 1D). The infiltration index of each immune cell is shown using a bar 
chart, and the difference was statistically analyzed. The results indicated 
that the immune infiltration of Th17 cells was significantly increased in 
the lesions of SONFH (P < 0.01) (Fig. 1E).

To validate the results of the bioinformatics analysis, a rat model of 
SONFH was established. The expression of interleukin-17A (IL-17A) in 
Th17 cells was also assessed. In brief, we constructed the SONFH model 
by injecting glucocorticoids into the buttock of rats. After the model was 
successfully constructed, the femoral heads of rats were taken to extract 
protein for subsequent experiments. The IL-17A content of rat femoral 
head samples was measured using western blotting (Fig. 1F) and semi
quantitative analysis was performed (Fig. 1G). The results indicated that 
the IL-17A levels were significantly higher at the lesion site of SONFH 
compared with that in the Control group. An ELISA kit was used to 
measure the IL-17 content of the samples. The results indicated that IL- 
17 levels in the lesions of rats with SONFH was 143.77 pg/mL, which 
was significantly higher compared with that of the Control group (P <
0.001) (Fig. 1H).

Taken together, a large number of Th17 cells infiltrated the lesion 
site during SONFH, and a large amount of IL-17 was secreted, which had 
a significantly negative effect on the physiological activity of the stem 
cells in the lesion, thus affecting the repair of the lesion by stem cells. 
This may be one of the most important pathological mechanisms of 
SONFH.

3.2. Characterization and function of injectable hydrogels

To construct an injectable hydrogel system with an electrical stim
ulation function, we used electrospinning technology to prepare PLLA 
into electrospun films with piezoelectric effects and then fabricated the 
PLLA into nanofibrils using a crusher (Fig. 2A). Images of the success
fully fabricated electrospun films and nanofibrils are shown in Fig. 2B 
and C. We evaluated the piezoelectric properties of PLLA, and the results 
indicated that under the stimulation of ultrasound, the PLLA material 
generated a micro voltage of 200 mV (Fig. 2D). Finally, the morphology 
of the electrospun films and nanofibrils was observed through scanning 
electron microscopy (Fig. 2E and F). To endow injectable hydrogels with 
a capacity for chemical regulation, we constructed drug-loaded lipo
somes using thin-film hydration. Transmission electron microscopy 
revealed that the liposome had a relatively uniform particle size and a 

perfect shell-core structure, which is important for efficient drug de
livery (Fig. 2G and H). In addition, the nanoliposomes loaded with drug 
showed a good sustained drug release performance within about 2 
weeks (Extended Data Fig. 1).

Next, we used the unique properties of the PLGA-PEG-PLGA triblock 
polymer to construct injectable hydrogel carriers (Extended Data 
Fig. 2). Briefly, the PLGA-PEG-PLGA nanoparticles moved freely in the 
liquid at room temperature, and the hydrogel adopted a liquid shape, 
which could accommodate the piezoelectric nanofibers and the drug- 
loaded liposomes. When the hydrogel system was injected into the 
body, the nanoparticles consisting of PLGA-PEG-PLGA were arranged 
into a cord-like structure via temperature stimulation, thus transforming 
the hydrogel system from a liquid to a solid state (Fig. 2I). The liquid-to- 
solid-state performance of the hydrogel was subsequently verified. 
Based on these results, at room temperature, the liquid level of both the 
simple PLGA-PEG-PLGA hydrogel and the hydrogel system changed 
from tilted to horizontal after the sample bottle was tilted, indicating 
that both were liquid. However, at 37 ◦C, the liquid level remained tilted 
after the sample bottle was tilted, whether it was the simple PLGA-PEG- 
PLGA hydrogel or the hydrogel system. Over time, the temperature 
decreased and the liquid level gradually changed from tilted to hori
zontal. This indicated that both groups were successfully converted to a 
solid state at 37 ◦C (Fig. 2J). Finally, we characterized the injectable 
hydrogel system. The nanoparticles formed using PLGA-PEG-PLGA were 
subjected to transmission microscopy (Fig. 2K) and the particle size 
statistics (Fig. 2L) and zeta potential (Extended Data Fig. 3) were ob
tained using DLS. Based on the results, the nanoparticles formed using 
PLGA-PEG-PLGA were uniformly distributed at room temperature and 
the particle size was relatively uniform. Subsequently, we used a 
rheometer to scan the hydrogel at different temperatures under a fixed 
strain and oscillation frequency (Fig. 2M). At approximately 37 ◦C, the 
hydrogel system exhibited a higher storage modulus compared with the 
dissipation modulus. The ability of the injectable hydrogel system to 
become solid in vivo was also verified.

3.3. Sequencing results of stem cells with electrical stimulation

To verify the regulatory effect of the physical method (electrical 
stimulation) of the injectable hydrogel on stem cells, we performed 
mRNA sequencing on the stem cells that received electrical stimulation. 
After treatment with glucocorticoids, untreated cells were designated 
the “Control group,” whereas treated cells were designated the “Treat
ment group.” From the sample distribution shown in the PCA plot, there 
was a clear distinction between the Control and Treatment groups 
(Fig. 3A). A volcano plot revealed 3690 differentially expressed genes in 
the two groups of data (fold change >2, P < 0.05), of which 1302 genes 
were significantly upregulated and 2388 genes were significantly 
downregulated (Fig. 3B). We performed a cluster analysis on some of the 
differentially expressed genes and displayed them on a heat map 
(Fig. 3C). Through GO analysis, we enriched the differentially expressed 
genes, and the top 10 GO terms with the highest scores are shown using a 
circle diagram. They included: Molecular function (GO: 0005488; GO: 
0005515), Cellular components (GO: 0005634; GO: 0005622), and 
Biological processes (GO: 002402; GO: 0007049) (Fig. 3D). We also 
performed KEGG enrichment analysis on the differentially expressed 
genes, and the top 10 KEGG terms with the highest enrichment scores 
were shown using a circle diagram. They included: Cellular processes 
(KO: 04110; KO: 04218), Genetic information process (KO: 03030; KO: 
03430), Metabolism (KO: 00100), Human disease (KO: 05206; KO: 
05200), and Environmental information process (KO: 04350; KO: 
04668) (Fig. 3E).

To determine the effect of electrical stimulation on stem cell repair in 
focal tissue, we organized the GO terms related to osteogenesis, in which 
the enrichment of “Osteoblasts differentiation” and “Regulation of 
osteoblast differentiation” was significantly different (Fig. 3F). This in
dicates that electrical stimulation can effectively promote the osteogenic 
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Fig. 2. Preparation and characterization of injectable hydrogel systems. A) Schematic representation of the preparation of nano staple fibers with piezoelectric 
property. B) The photograph of the electrospun film. C) The photograph of a nano staple fiber. D) Piezoelectric effect of nano staple fiber. E) The scanning electron 
microscopy of electrospun film. F) The scanning electron microscopy of nano staple fiber. G) The transmission electron microscopy of nanoliposomes. H) High-fold 
transmission electron micrographs of nanoliposomes. I) Schematic representation of the PLGA-PEG-PLGA triblock polymer constituting an injectable hydrogel. J) The 
injectable hydrogel showed a transition from solid to liquid with the change of temperature. K) The transmission electron micrographs of a nanoparticle constructed 
of a triblock polymer. L) Particle size distribution of nanoparticles constructed from triblock polymers. M) Rheological data for injectable hydrogel systems (G’: 
storage modulus, G’’: loss modulus).
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differentiation of stem cells, thereby repairing the focal tissue. More
over, ssGSEA revealed a negative normalized enrichment score (NES) for 
“Osteoclasts differentiation” and “Regulation of osteoclast differentia
tion” (Fig. 3G and H). This indicates that the core genes associated with 
these two terms are significantly under expressed. This is further evi
dence that electrical stimulation can promote osteoblast differentiation 
and inhibit osteoclast differentiation. Additionally, a large number of 
differentially expressed genes were enriched in mitochondria-related 
GO items (Extended Data Fig. 4). And the NES value of “Respiratory 
chain complex” was positive (Fig. 3I). This indicates that the core genes 
involved in mitochondrial respiratory function were significantly highly 

expressed. Electrical stimulation may improve the function of the 
mitochondrial respiratory chain in stem cells.

3.4. Electrical stimulation promotes osteogenic differentiation and 
mitochondrial respiratory chain function in stem cells

The mRNA sequencing results suggested that the electrical stimula
tion of the injectable hydrogel promotes osteogenic differentiation of 
stem cells and increases cell viability by enhancing mitochondrial res
piratory chain function; however, these results still need to be verified 
through further experiments. First, a rat model of SONFH was 

Fig. 3. mRNA sequencing data after electrical stimulation of stem cells. A) PCA plots of electrically stimulated and control samples. B) Differentially expressed genes 
in stem cells after electrical stimulation. C) Heat map shows representative differentially expressed genes. D) Enrichment of differentially expressed genes in different 
GO items. E) Enrichment of differentially expressed genes in different KEGG items. F) GO items related to osteogenic or osteoclast differentiation of stem cells (the red 
box indicates the GO items to focus on). G) GSEA Enrichment of differentially expressed genes in “Osteoclasts differentiation” item. H) GSEA Enrichment of 
differentially expressed genes in “Regulation of osteoclast differentiation” item. I) GSEA Enrichment of differentially expressed genes in “Respiratory chain com
plex” item.
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established based on the above methods. The Control group was un
treated, whereas the experimental group was injected with hydrogel and 
stimulated using ultrasound to obtain electrical stimulation. Subse
quently, the femoral head lesions of the two groups were extracted, and 
the osteogenic differentiation potential of the stem cells in the lesions 
under electrical stimulation was evaluated using western blot analysis 
(Fig. 4A), following which the results were semi quantitatively analyzed 
(Fig. 4B and C). The results demonstrated that the markers of osteogenic 
differentiation in stem cells, Osterix and Runx-2, were significantly 
upregulated following electrical stimulation compared with the Control 
group. This indicates that electrical stimulation of the injectable 
hydrogel can promote the osteogenic differentiation of stem cells at the 
lesion site, thereby promoting the repair of femoral head necrosis. To 
verify the effect of the injectable hydrogel on the mitochondrial respi
ratory chain function in the stem cells, the respiratory chain function 
was examined before and after electrical stimulation (Fig. 4D). The 
MSCs were cocultured with the hydrogel, designated as the “Hydrogel 
group,” and the hydrogel was stimulated using ultrasound to induce a 
microcurrent, which was designated the “Electrical stimulation group.” 
Finally, the mitochondrial respiratory chain function of each group was 
detected, and a respiratory function curve was generated (Fig. 4E). The 
results indicated that the basal respiratory function of the MSCs was 
significantly enhanced by treatment with hydrogel and electrical stim
ulation (Fig. 4F). Additionally, electrical stimulation significantly 

increased mitochondrial ATP production (Fig. 4G). The abundant pro
duction of ATP provides energy for the proliferation and differentiation 
of stem cells. The maximal respiration (Fig. 4H) and spare respiration 
capacity (Fig. 4I) were significantly increased via electrical stimulation, 
indicating that the mitochondrial potential of the MSCs was significantly 
improved. This suggests a potential increase in respiratory efficiency in a 
lesion microenvironment. Overall, electrical stimulation of the inject
able hydrogel can effectively promote the osteogenic differentiation of 
MSCs and the function of the mitochondrial respiratory chain to provide 
sufficient energy for the activities of MSCs.

3.5. Physical and chemical synergy for regulating Th17 cell immune 
infiltration

To further examine the effect of electrical stimulation on Th17 im
mune infiltration, we further analyzed the mRNA sequencing data. The 
results indicated that a large number of differentially expressed genes 
were enriched in GO terms related to chemotaxis, such as chemotaxis, 
lymphocyte chemotaxis, and cell chemotaxis (Fig. 5A). We selected GO 
terms related to lymphocyte and T-cell chemotaxis and screened out a 
total of 11 related differentially expressed genes. Of these, WNK-1, Ccl- 
7, Cxcl-16, and Adam-17 were highly expressed in the Control group, 
and their expression was significantly downregulated following elec
trical stimulation (Fig. 5B). The chemokines, Cxcl-16 and Ccl-7, play an 

Fig. 4. Electrical stimulation promoted osteogenic differentiation and mitochondrial respiratory chain function of stem cells. A) Expression of osteogenic 
differentiation-related proteins in stem cells. B-C) Quantitative analysis of Osterix protein and RUNX2 protein expression. D) Schematic representation of the 
mitochondrial respiratory chain function test. E) Mitochondrial respiratory chain function curves. F) Quantitative analysis of the basal respiration function of 
mitochondria. G) Quantitative analysis of the ATP production function of mitochondria. H) Quantitative analysis of the maximal respiration function of mito
chondria. I) Quantitative analysis of the spare respiration capacity of mitochondria. (ns: no significant; *P < 0.05; **P < 0.01; ***P < 0.001).
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important role in the immune infiltration of Th17 cells. In subsequent 
experiments, we established a rat model of SONFH based on the above 
methods. The Control group was untreated, whereas the experimental 
group was injected with hydrogel and stimulated using ultrasound to 
obtain electrical stimulation. To validate the test results, the expression 
of Cxc-16 and Ccl-7 proteins was measured at the lesion site (Fig. 5C) 
and analyzed semi quantitatively (Fig. 5D and E). The results indicated 
that the expression of Cxcl-16 and Ccl-7 in the lesion area of the rats 
treated with electrical stimulation was significantly decreased, which 
was consistent with the sequencing results. Subsequently, to verify that 
Cxcl-16 and Ccl-7 promote the migration of Th17 cells, we designed the 
Transwell migration assay (Extended Data Fig. 5A). The migration 

ability of Th17 cells was reflected by counting the cells in the lower 
chamber of the Transwell plate. The results showed that the number of 
Th17 cells in the Chemokines group was significantly increased 
compared with the Control group without chemokine stimulation 
(Extended Data Fig. 5B). This indicates that Cxcl-16 and Ccl-7 can 
promote the migration ability of Th17 cells. Taken together, the 
injectable hydrogel effectively reduces the synthesis and secretion of 
Cxcl-17 and Ccl-7 from MSCs through electrical stimulation, thereby 
inhibiting the immune infiltration of Th17 cells and improving the 
pathological microenvironment of SONFH.

Subsequently, the effect of the hydrogel chemical method on Th17 
regulation was verified. Th17 cells were used as a Control group, a Blank 

Fig. 5. Physical and chemical methods synergistically regulate the negative effects of Th17 cells. A) GO items related to T lymphocyte immune infiltration. B) 
Differentially expressed genes related to Th17 cell chemotaxis. C) The expression of Ccl-7 and Cxcl-16 chemokines were determined by Western blot test. D) 
Quantitative analysis of the expression of Ccl-7. E) Quantitative analysis of the expression of Cxcl-16. F) Effects of chemical method on IL-17A synthesis by Th17 cells. 
G) Quantitative analysis of the expression of IL-17A. H) Flow cytometry was used to detect the apoptosis of stem cells. I) Quantitative analysis of stem cell apoptosis. 
(*P < 0.05; **P < 0.01; ***P < 0.001).

Z. Fu et al.                                                                                                                                                                                                                                       Materials Today Bio 31 (2025) 101511 

9 



group cocultured with the hydrogel system without drug loading, and 
the Treatment group cocultured with the hydrogel system with drug 
loading. IL-17 protein was measured in each group (Fig. 5F). The syn
thesis of IL-17 protein in the Treatment group was significantly lower 
than that in the Control and Blank groups (Fig. 5G). These results 
indicate that the chemical regulation of the injectable hydrogel system 
can effectively inhibit the synthesis of IL-17 by Th17 cells, thereby 
blocking the side effects of Th17 cells on MSCs.

To further verify the effect of Th17 cells on MSC cells, we established 
a coculture system of Th17 cells and MSCs. Similar to the above ex
periments, the cells without the hydrogel system were used as the 
Control group, and the cells cocultured with the drug-loaded hydrogel 
system were used as the Hydrogel without ultrasound stimulation group, 
and ultrasonic treatment was applied to generate electrical stimulation, 
which was set as Hydrogel with ultrasound stimulation group. Apoptosis 
of the MSCs in each group after treatment was assessed using flow 
cytometry (Fig. 5H). The results indicated that after coculture with 
Th17 cells, MSCs in the Control group exhibited a large number of 

apoptotic because of the influence of IL-17. However, apoptosis of MSCs 
in the Hydrogel without ultrasound stimulation group was significantly 
lower compared with that in the Control group because of the chemical 
regulation of the hydrogel system. At the same time, the apoptosis rate of 
MSCs in Hydrogel with ultrasound stimulation group was significantly 
lower than that in Hydrogel without ultrasound stimulation group 
(Fig. 5I). These results indicate that the physical and chemical co- 
regulation of the injectable hydrogel system can effectively inhibit the 
apoptosis of MSCs induced by Th17 cells, and the effect is better than 
that of any single regulation method.

3.6. Injectable hydrogels for the treatment of SONFH in rats

Finally, we determined the efficacy of the injectable hydrogel for the 
treatment of SONFH using a rat model (Extended Data Fig. 6). Healthy 
rats were considered the Control group and rats with SONFH induced by 
glucocorticoid treatment represented the Hormone group. Rats injected 
with hydrogel without drug loading and ultrasonic treatment were 

Fig. 6. Injectable hydrogel system for treatment of SONFH rats. A) Hematoxylin and eosin staining of the rat femoral head. B) Quantitative analysis of the number of 
vacuoles in the femoral head. C) Immunohistochemical staining for cleaved caspase-3 in the femoral head. D) Quantification of cleaved caspase-3 expression. E) 
Immunohistochemical staining for OPN in the femoral head. F) Immunohistochemical staining for OCN in the femoral head. G) Quantification of OPN expression. H) 
Quantification of OCN expression. (*P < 0.05; **P < 0.01; ***P < 0.001).
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considered the Blank Hydrogel group. Finally, the Hydrogel group was 
established by injecting hydrogel loaded with drugs and applying a 
microcurrent. After completing the treatment, we evaluated rat femoral 
head progression by preparing sections and H&E staining. The results 
indicated that the number of vacuoles in the trabecular bone of the 
femoral head in the steroid group increased significantly. This was 
caused by the apoptosis of osteoblasts and the degradation of the 
extracellular matrix, indicating that the SONFH model was successful. 
Compared with the Blank Hydrogel group, the number of femoral head 
vacuoles in the Hydrogel group was significantly decreased, indicating 
that the injectable hydrogel system effectively ameliorated the pro
gression of SONFH (Fig. 6A and B).

To detect apoptosis in the necrotic tissue of the femoral head, we 
performed cleaved caspase-3 immunohistochemical staining on the rat 
femoral head sections (Fig. 6C). Semiquantitative analysis of the stain
ing revealed that compared with the Control group, the value of CC-3 in 
the Hormone and Blank Hydrogel groups was significantly increased, 
indicating that the microenvironment of the SONFH lesions exhibited a 
large number of apoptotic cells (including osteoblasts and MSCs). 
However, the CC-3 value of the Hydrogel group was significantly lower 
compared with that of the Blank Hydrogel group, indicating that the 
injectable hydrogel effectively inhibited stem cell apoptosis at the lesion 
site (Fig. 6D). Finally, the effect of the injectable hydrogel system on the 
repair and regeneration of SONFH lesions was evaluated. We performed 
immunohistochemical staining for osteopontin (OPN) and osteocalcin 
(OCN) (Fig. 6E–H). OPN and OCN are markers of stem cell osteogenic 
differentiation during the repair of lesions, so they can reflect recovery. 
The results showed that compared with the Hormone group and the 
Blank Hydrogel group, the OPN and OCN values in the Hydrogel group 
were significantly increased. These results indicate that MSCs signifi
cantly improve the repair ability of SONFH lesions regulated by the 
injectable hydrogel system. Taken together, the injectable hydrogel 
system can inhibit the progression of femoral head lesions in SONFH 
rats, inhibit the apoptosis of MSCs in the lesions, and promote the repair 
and regeneration of the lesions.

4. Conclusion

In this study, we examined the relationship between SONFH and 
immune infiltration, focusing on the impact of Th17 cell immune infil
tration on the progression of SONFH. We developed an injectable 
hydrogel system to enhance the physiological activity of MSCs while 
mitigating the negative effects of Th17 cell immune infiltration through 
synergistic physical and chemical regulation, effectively ameliorating 
SONFH. This system represents a promising biomaterial for treating 
SONFH. Additionally, our findings on the correlation between SONFH 
progression and immune infiltration offer valuable insights for devel
oping new treatments. The physical and chemical coordination mea
sures established in this study may also inspire future advancements in 
biomaterials.

With the development of materials science, medical biomaterials 
gradually play an important role in medical treatment [25–27]. How
ever, our injectable hydrogel system has tremendous advantages over 
traditional medical biomaterials. Although our disease model is SONFH, 
the hydrogel system can be extended to various diseases. Electrical 
stimulation is universally effective to cells. By exploring the effects of 
electrical stimulation on various lesions and various cells and the 
cellular and molecular mechanisms, and then using targeted chemical 
regulation methods to assist, we can effectively reduce the adverse 
factors of lesion cells, or improve the ability of cells to promote the 
repair of lesions. Therefore, the hydrogel system we constructed has 
great potential for expansion. At the same time, this study also has some 
limitations, such as insufficient exploration of the regulatory mechanism 
of immune infiltration. The infiltration of a variety of immune cells (e.g., 
NK cells, CD8 T cells) in SONFH lesions has been significantly increased, 
and the effect of these immune cells on SONFH progression still needs to 

be further explored in the future.
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