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A B S T R A C T   

Osteonecrosis is a devastating orthopedic disease in clinic that generally occurs in the femoral head associating 
with corticosteroid use up to 49 % in patients. In particular, glucocorticoids induced osteonecrosis of the femoral 
head is closely related to the local immune response that characterized by abnormal macrophage activation and 
inflammatory cell infiltration at the necrotic site, forming a pro-inflammatory microenvironment dominated by 
M1 macrophages, and thus leads to failure of bone repair and regeneration. Here, we report a bone regeneration 
strategy that constructs an immune regulatory biomaterial platform using an injectable thiolated hyaluronic acid 
hydrogel with lithium-doped nano-hydroxyapatite (Li-nHA@Gel) delivery for osteonecrosis treatment. Li- 
nHA@Gel achieved a sustain and longterm release of Li ions, which might enhance M2 macrophage polariza
tion through the activation of the JAK1/STAT6/STAT3 signaling pathway, and the following induced pro-repair 
immune microenvironment mediated the enhancement of the osteogenic and angiogenic differentiation. More
over, both in vitro and in vivo studies indicated that Li-nHA@Gel enhanced M2 macrophage polarization, 
osteogenesis, and angiogenesis, and thus promoted the bone and blood vessel formation. Taken together, this 
novel bone immunomodulatory biomaterial platform that promotes bone regeneration by enhancing M2 
macrophage polarization, osteogenesis, and angiogenesis could be a promising strategy for osteonecrosis 
treatment.   

1. Introduction 

Osteonecrosis is a devastating orthopedic disease in clinic that 
generally occurs in the femoral head and is associated with corticoste
roid use up to 49 % of patients [1]. The basic pathological changes 
involve bone cell necrosis, bone trabecular destruction, and inflamma
tory cell infiltration, which are essentially a sterile inflammatory 
response induced locally by cell necrosis [2]. In particular, glucocorti
coids (GCs) induced osteonecrosis of the femoral head (GI-ONFH) is 
closely related to the abnormal local immune response mediated by 
macrophages, wherein the osteonecrosis area was found to be domi
nated by M1 macrophages and reduced M2/M1 ratio, resulting in a 
decrease in the secretion of pro-tissue repair factors such as VEGF, BMP2 

and TGF-β by M2, which finally inhibited new bone formation and led to 
difficulties in osteonecrosis repair [3–5], and thus regulation of 
macrophage phenotypic transformation appears to be a promising 
approach to treat osteonecrosis such as GI-ONFH. Indeed, immune 
regulation that creates an osteogenic-friendly microenvironment to 
effectively promote bone repair and regeneration has attracted consid
erable interest in recent years for constructing bone related biomaterial 
platforms [6–12], such as barrier membranes, scaffold, and hydrogels. 

Guided bone regeneration membranes (GBRMs) have dominated the 
market due to their no need for secondary surgical resection, and the 
adaptation of their outer layer with a Janus structure conferred good 
bone immunomodulatory effects for bone regeneration [13,14]. Scaffold 
materials that usually composed of bioceramics or metallic materials 
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have good mechanical properties similar to natural bone and have been 
widely used in orthopedic implants [15,16]. The scaffold materials can 
modulate the immune response by changing their microscopic 
morphology, surface wettability, or carrying bioactive substances, thus 
build a good immune microenvironment to promote osteogenesis 
[17–19], However, both barrier membranes and scaffold materials are 
poorly plastically, hard to filling irregular defects as well as lack of the 
advantages of minimally invasive implantation modalities. Alterna
tively, injectable hydrogels that mimic the natural extracellular matrix 
(ECM) are capable of being minimally invasive and easy to fill complex 
defects [20–23]. Moreover, the hydrogels can provide bone immunity 
through the release of encapsulated cytokines or growth factors such as 
IL-4 and TGF-β [24,25]. Therefore, injectable hydrogels with plasticity 
and minimally invasive properties represent a promising platform for 
osteoimmunomodulatory [26,27]. 

In terms of immune regulation approaches, both modulation of the 
materials structure and delivery of biological factors have been 

previously mentioned, while metal ions have been recently attracted 
more and more research interesting as well. Traditionally, metal ions are 
important trace elements for balancing the body’s metabolism and tissue 
regeneration, which have higher efficacy even at low concentrations due 
to their chemical stability and low cost [28,29]. Interesting, some metal 
ions have recently been found to be bioactive in bone regeneration and 
immune regulation [26–28,30–32]. For example, Huang [30] et al. re
ported that Cu ions release from micro/nano-topographical coating on a 
titanium substrate were capable of regulating macrophage polarization 
as well as macrophage-mediated osteogenic and bactericidal effect, 
where Cu ions could polarize macrophages to pro-inflammatory M1 
phenotype by activating Cu-transport signaling in macrophages. On the 
contrary, Yang et al. [31] found that Li ions can significantly 
down-regulate C–C chemokine receptor type 7 (CCR7) and up-regulate 
the expression of Arg-1, thereby reducing the ratio of M1/M2 and 
reducing the expression of inflammatory cytokines in macrophages. 
Likewise, Bartnikowski et al. [32] constructed a lithium 

Scheme 1. The summary of fabrication of Li-nHA@Gel and the study on immunomodulation, osteogenesis, and angiogenesis.  
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carbonate/polycaprolactone (PCL) scaffold that could induce macro
phage conversion to an anti-inflammatory M2 phenotype by down
regulating the expression of inflammatory genes TNF-α, IL-6, and IL-1β 
and promoting the expression of IL-10 gene. In general, metal ions are 
toxic in a dose-dependent manner, and thus it is challenge to achieve a 
sustainable and controlled release of them to mediate immune cells so as 
to fulfill their safe and bioactive delivery. However, most of metal 
ions-containing biomaterials are simply mixing with metal salts using a 
passive method, which has their innate drawbacks such as sudden 
release [33]. The burst release causes high concentrations of metal ions 
around the implant and creates a “high metal ions microenvironment”, 
which can cause damage to normal cells and reduce cellular activity 
[34]. To address this issue, the use of carriers for metal ions delivery is 
necessary to achieve their release in a sustainable and longterm man
ners. For this regard, thiolated polymers have shown promising due to 
their metal ions binding ability through sulfydryl groups along the 
chains [35]. 

In clinic, core decompression combined with bone grafting is mainly 
used to treat the osteonecrosis, where the bone grafting is expected to 
provide an osteogenic potential for bone formation. Among various 
bone grafting, bioceramic materials are a class of artificial candidates 
with good biocompatibility, osteoconductivity, and strong resistance to 
compression, which can provide not only a favorable local environment 
for cell proliferation and differentiation, but also can act as an extra
cellular matrix to guide the reconstruction of defective tissues, making 
them promising for bone repair and regeneration in clinic [36]. For 
example, nano-hydroxyapatite (nHA) is the most commonly used 
bioactive ceramic material as bone grafting [37] due to its chemical and 
spatial structure similar to that of natural bone tissue [37,38]. 
Furthermore, nHA is biocompatible and bioactive with osteo
conductivity, which can induce bone precursor cells to differentiate and 
form new bone, and is considered as an excellent bone grafting [39,40]. 
In addition, osteonecrosis also involves circulatory disruption and 
endothelial progenitor cell angiogenic dysfunction [41], resulting from 
that glucocorticoids decrease nitric oxide (NO) activity and induce 
oxidative stress, which in turn causes apoptosis of vascular endothelial 
cells and ultimately leads to impaired vascular regeneration [39]. 
Therefore, angiogenesis is essential in the treatment of osteonecrosis as 
well [39]. 

In this work, we report a bone regeneration strategy that constructs 
an immune regulatory biomaterial platform using an injectable thio
lated hyaluronic acid hydrogel with lithium-doped nano-hydroxyapatite 
(Li-nHA@Gel) delivery for osteonecrosis treatment. We hypothesize that 
the thiolated hyaluronic acid hydrogel is to delivery the Li-nHA into the 
osteonecrosis lesion in an injectable operation, but also as a carrier for Li 
ions release in a sustainable and longterm manners due to doping and 
binding with sulfydryl groups that is to enhance M2 macrophage po
larization, and thus could modulate the early stage osteoimmune re
sponses, and subsequently mediate the osteogenic and angiogenic 
differentiation, and finally promote bone regeneration. To address this 
hypothesis, as shown in Scheme 1, Li-nHA@Gel was first fabricated by 
loading Li-nHA into an injectable thiolated hyaluronic acid hydrogel, 
and then in vitro and in vivo studies were carried out to investigate the 
effects of the Li-nHA@Gel on M2 macrophage polarization, osteo
genesis, and angiogenesis. In addition, the possible signaling pathway 
and mechanism were explored and discussed. 

2. Materials and method 

2.1. Materials 

HA sodium salt from Streptococcus Equi was supplied by Aladdin 
Co., Ltd. (Shanghai, China). 1-(3-Dimethylaminopropyl)-3-ethyl
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 
cysteine, and dithiothreitol (DTT) were obtained from Sigma-Aldrich 
(St. Louis, MO, USA). Polyethylene glycol diacrylate (PEGDA, MW 

3400 Da) was purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). Alkaline phosphatase (ALP) kit, ARS kit and Triton X-100 were 
obtained from Beyotime Biotechnology Co. (Jiangsu, China). The Cell 
Counting Kit-8 (CCK-8) kit was purchased from Thermo Fisher Scientific 
(Carlsbad, USA), and the live/dead cell staining kit was purchased from 
Bioss Biotech (Bioss, china). The Other reagents or antibodies, unless 
specifically mentioned elsewhere, were purchased from Affinity Bio
sciences, Abcam, Sigma, or GeneTex. 

2.2. Li-nHA fabrication and characterization 

Lithium doped nano-hydroxyapatite (Li-nHA) was prepared by a 
hydrothermal method. Briefly, the (Ca + Li)/P molar ratio of HA was 
kept at 1.67, 100 mL of 0.985 mol/L Ca(NO3)2⋅4H2O and 0.015 mol/L 
(use 1.5 % Li-nHA as the optimal concentration, Fig. S1) LiNO3 solution 
was added dropwise to 100 mL of 0.6 mol/L (NH4)2HPO4 solution 
containing CTAB (molar ratio of PO4

3− /CTAB was 1:1). And then a 
colloidal suspension with white precipitate was obtained and trans
ferred to a Teflon tube. The tube is placed in a sealed stainless steel 
autoclave and kept at 150 ◦C for 15 h for annealing. After the sterilizer 
was cooled to room temperature, the precipitate was separated by 
filtration and washed sequentially with water and ethanol. Finally, the 
precipitate was dried in an oven at 80 ◦C overnight. The dried pre
cipitates were then ground with a mortar and pestle and calcined at 
600 ◦C for 6 h, thereby obtaining Li-nHA nanoparticles. Meanwhile, 
pure nHA nanoparticles were prepared as a control [42]. The particle 
diameter of the material was observed by transmission electron micro
scope (TEM, Hitachi Corporation, Japan). The phase and element 
composition of the material was analyzed by X-ray diffractometer (XRD, 
Shimadzu Corporation, Japan). The Fourier Translation Infrared spec
troscopy (FTIR) spectrophotometer (Bomem MB-120) was used to 
analyze the functional groups of the material, and the test wave number 
range was 400-4000 cm− 1, and the resolution was 4 cm− 1. Qualitative 
analysis of elements was performed by X-ray photoelectron spectroscopy 
(XPS, Philips, the Netherlands). 

2.3. Synthesis and characterization of thiolated hyaluronic acid (HA-SH) 

In order to activate the carboxyl group of hyaluronic acid, sodium 
hyaluronate (HA) was dissolved in distilled water, and EDC was added in 
a certain mole ratio for 15min. Cysteine was added to react for 24 h, and 
then dialysis was started. Dialysate was changed every day (double 
steaming water). After dialysis, DTT was added and reacted for 2 h (pH 
= 8.5), and then dialysis was continued. The dialysis process required 
nitrogen protection, and the dialysate was replaced every 24 h. HA-SH 
was obtained by freeze-drying after completion. The chemical struc
ture of the HA-SH was characterized by hydrogen nuclear magnetic 
resonance spectrometer (1H NMR, AVANCE III 500 MHz, Bruker). The 
thiol of the HA-SH was determined by the Ellman method showing a 
content of 0.48 mmol/g, which corresponded to 24 % of the substitution 
degree. 

The 1HNMR spectra revealed that the HA-SH showing two new 
characteristic peaks compared to that of hyaluronic acid, that is, 2.8 and 
2.6 ppm peaks corresponding to methylene H and another methylene H 
near the sulfhydryl group, respectively (Fig. S2). 

2.4. Fabrication and characterization of hydrogel composite 

PEGDA was dissolved in PBS to obtain a 15 % (w/v) solution. HA-SH 
was dissolved in PBS. For the preparation of the injectable hydrogel, the 
PEGDA solution was added to the HA-SH solution with a molar ratio of 
acrylate/thiol 1:2 to prepare hydrogel precursor solution and initiate 
crosslinking, where the final concentration of HA-SH was 3 % (w/v). 
Gelation time was determined by a test tube inverting method. Hydrogel 
composite was formed by mixing Li-nHA or nHA nanoparticles with 
hydrogel precursor solution at a volume ratios of 1:2 to ensuring its 
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injectability. 
The internal microstructure of the freeze-dried hydrogel and 

hydrogel composites was observed using a JEOL-7800F scanning elec
tron microscope (SEM, Japan).The rheological properties of the hydro
gel composites were examined using a rotational rheometer (Anton Paar 
MCR302, Austria). The storage modulus (G′) and loss modulus (G″) of 
the samples were measured in the frequency range of 0.1–10 Hz with an 
8 mm diameter probe in sweep mode. The elastic modulus of hydrogel 
composites was determined as the average storage modulus at 1 Hz for 
each sample (n = 3). To determine the compression modulus of each 
sample (Φ10 mm × 6 mm), a universal testing machine (AG-Instron) 
was used to apply a uniaxial compression force (displacement rate of 2 
mm/min and load of 0.05 N). The compression modulus was obtained 
from a linear fit of the stress-strain curve. 

The hydrogel or hydrogel composite was respectively placed in PBS 
and incubated at 37 ◦C for 48 h to analyze their swelling ratio. The 
formula was calculated as follows: (W1–W0)/W0 × 100 %, where W1 
was the weight of hydrogel or hydrogel composite at 48 h, and W0 was 
the initial weight of hydrogel or hydrogel composite (n = 3). In vitro 
degradation was detected by weight loss of hydrogel composites in PBS 
solution (0.01 M, pH 7.4) at 37 ◦C. The hydrogel composites were 
removed and weighed as Wt at the set time point. The in vitro degra
dation rate was calculated as: weight remaining (%) = Wt/W0 × 100 %, 
where W0 is the initial weight of the hydrogel composites and Wt is the 
weight of hydrogel composites at the set time point. The cumulative 
release of Li+ was analyzed by inductively coupled plasma mass spec
trometry (ICP-OES, Agilent, USA). The hydrogel composite was 
immersed in lithium-free simulated body fluid (SBF, pH = 7.4) and 
maintained at 37 ◦C for 28 days (set day 1, 3, 7, 14, 21, and 28 as each 
determination time point). 

2.5. In vitro cell compatibility assay 

Rabbit BMSCs were isolated and cultured for identification (Figs. S3 
and S4). To assess the effect of hydrogel composites on the cell viability 
of BMSCs, BMSCs cells (4 × 104/well, 24-well plates) were co-cultured 
with hydrogel composites for 4 days with the aid of Transwell cell cul
ture chambers (Corning Life Sciences, Corning, NY, USA) before using a 
live/dead cell staining kit consisting of Calcein-AM (green fluorescence) 
and Propidium Iodide (PI, red fluorescence) (Bioss, china) to assess cell 
viability and fluorescence was observed with a laser scanning confocal 
microscope (Olympus, Japan). 

The hydrogel composites were incubated with BMSCs (5 × 103/well) 
for 3 and 7 days, and the cytotoxicity and proliferation capacity of the 
hydrogel composites were evaluated using Cell Counting Kit-8 (CCK-8, 
Thermo Fisher Scientific, Carlsbad, USA). 

2.6. The effect of hydrogel composites on macrophage polarization and 
inflammatory response 

To mimic the GCs induced osteonecrosis environment in vitro, 
dexamethasone treatment was used in this study [43]. Utilizing 0.4 μm 
membrane pore size 12-Transwell cell culture chambers (Corning Life 
Sciences, Corning, NY, USA), 10− 6 mol/L dexamethasone precondi
tioned macrophages (RAW264.7, 1 × 105/well) were inoculated in the 
lower chamber of the 12-well plate co-culture systemfor 24h, followed 
by 100 μl of hydrogel composites or hydrogel was placed in the upper 
chamber Incubation. The culture medium was changed every 24 h. 

After 4 days of culture, the M1 and M2 macrophages were identified 
by flow cytometry and immunofluorescence staining, and related genes 
expression (IL4, IL6, IL10, TNF-α, BMP-2, and VEGF) was determined by 
qPCR. To investigate the activation of JAK1/STAT6/STAT3 signaling 
pathway, Western blot analysis and qPCR were used to analyze the 
related proteins and genes of phosphorylated JAK1 (p-JAK1), phos
phorylated STAT3 (p-STAT3), and phosphorylated STAT6 (p-STAT6). 
The primary antibodies: RUNX2 (1:500, abcam), ALP (1:500, abcam), P- 

JAK1and P-JAK1, P-STAT3 and P-STAT3, P-STAT6 and P-STAT6 
(1:1000, abcam), and β-Actin (1:2000, abcam). 

For immunofluorescence staining, the samples were fixed with 4 % 
paraformaldehyde for 15 min, and then permeated with 0.5 % Triton X- 
100 at room temperature for 10 min. Then 5 % donkey serum was used 
for 30min. After that, the 1:100 diluted CCR7 (abcam) and Arg-1 
(abcam) primary antibodies were added to the sample and incubated 
overnight at 4 ◦C. Then the coverslips were incubated with the respec
tive fluorescein isothiocyanate-conjugated or tetramethylrhodamine 
isothiocyanate-conjugated secondary antibody for 45 min, followed by 
10 min of nuclear staining with DAPI. The samples were observed with a 
fully automatic inverted fluorescence microscope (Olympus X83, 
Japan). 

Total RNA was isolated using Cell Total RNA Isolation Kit (Foregene, 
chengdu, China) adapted from the manufacturer’s protocol and reverse- 
transcribed with RT Easy TM I Master Premix (Foregene, chengdu, 
China) to synthesize the cDNA. The expression level of the target genes 
was evaluated with the primers listed in Table S1, with reference to the 
GAPDH as the housekeeping gene. Finally, quantitative gene analysis 
was performed by RT-PCR (Bio-rad, UK). 

2.7. Behavior of BMSCs or HUVECs with in conditioned medium (CM) of 
macrophages pretreated with hydrogel composites 

RAW 264.7 (1 × 105/well) were co-cultured with 100 μl of hydrogel 
composite or hydrogel for 4 days using the Transwell co-culture system. 
The culture supernatant was collected and diluted at a ratio of 1:2 with 
DMEM containing 10 % fetal bovine serum before use. The prepared 
conditioned medium was denoted as Gel-CM, nHA@Gel-CM, and Li- 
nHA@Gel-CM based on the corresponding hydrogel composites with 
which the macrophages were cultured. The osteogenic differentiation of 
BMSC was measured using alkaline phosphatase (ALP) staining and a 
calcium deposition assay. BMSCs were cultured in Gel-CM, nHA@Gel- 
CM, and Li-nHA@Gel-CM medium for 21 days, changing the medium 
every 72 h. The cells were then washed and stained with an alkaline 
phosphatase (ALP) staining reagent (Beyotime, China) and Alizarin Red 
S (ARS) staining (Cyagen, USA). The expression levels of osteogenic 
associated proteins ALP and Runx2 were detected by Western-blot. 

The migration and angiogenesis of HUVECs cells were measured by 
cell scratch and tube formation assay. In the cell scratch experiment, 
HUVECs were briefly inoculated on 24-well plates with 5 × 104 cells per 
well. After 24h of culture, 1 mL pipetting spear head was used to make a 
scratch along the central axis, and then cleaned with PBS. Meanwhile, 
the scratch site was photographed using an inverted fluorescence mi
croscope (Zeiss, Germany). Gel-CM, nHA@Gel-CM, and Li-nHA@Gel- 
CM medium were added, and photos were taken at the same location 
after 12 and 24h of culture. In the tube formation assay, the Matrigel 
matrix was briefly thawed overnight in a refrigerator at 4 ◦C. On the next 
day, 100ul Matrigel matrix gel/well was laid on the 24-well plate on ice, 
and then gelled in the incubator at 37 ◦C for 30min. After adjusting the 
cell concentration, HUVECs were inoculated on the matrix gel at 1 ×
105 cells/well. 300 μL of the conditioned media (Gel-CM, nHA@Gel-CM, 
and Li-nHA@Gel-CM) and the positive control group (50μg/mL VEGF 
recombinant protein) were added to each well, and cultured at 37 ◦C in 
5 %CO2 for 6–24h. The microvascular formation was observed under an 
inverted fluorescence microscope. Image j V1.8.0 Image processing 
software (NIH, USA) was used to calculate the number of vascular 
branches and the total length of vascular branches, and the rate of 
wound healing was measured to determine the migration ability of cells. 
The expression levels of angiogenic factors CD31 and MMP9 were 
detected by RT-PCR (Table S1). 

2.8. In vivo study 

All animal experiments processed under the protocol approved by 
the Animal Ethical Committee of West China Hospital of Sichuan 
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University (2019111A). A total of 44 New Zealand White rabbits were 
selected to establish a GI-ONFH model, 4 were used to verify the effect of 
drilling and material implantation, and the remaining 40 were used for 
hydrogel composites implantation in each group. The 40 rabbits were 
randomly assigned to four groups: Blank control (10 rabbits, 20 femoral 
head); Gel scaffold (10 rabbits, 20 femoral head); nHA@Gel scaffold (10 
rabbits, 20 femoral head); Li-nHA@Gel scaffold (10 rabbits, 20 femoral 
head). As previously mentioned, a defect channel 3 mm in diameter and 
5 mm in length was drilled from the femoral neck to the femoral head. 
These materials were then implanted into the femoral head defect. 
Rabbits in each group were euthanized at 1, 4 and 12 weeks after surgery 
(n = 8 for 1 week, n = 32 for 4 and 12 week). The changes of M1 (CCR7) 
and M2 (Arg-1) macrophages were detected in rabbits sacrificed at 1 
weeks. Histological analysis and imaging analysis were performed on 
rabbits sacrificed at 4 and 12 weeks to examine the osteogenic effect of 
the scaffolds. A micro-CT system (Inveon MultiModality Gantry-STD CT) 
was used for evaluating the bone regeneration in the bone defect 
following ONFH as pre-described [44]. The bone volume fraction (bone 
volume/total volume and bone mineral density) was analyzed as pre
viously described [44]. 

2.9. Histological and histometric analysis 

The femoral head samples were fixed in 10 % formaldehyde for a 
week, and then decalcified in 20 % EDTA solution for about 3 months 
and dehydrated through a gradient ethanol series, cleared in xylene and 
embedded in paraffin. Sections of 4 mm thickness were made and stored 
at a temperature of 37 ◦C. The sections were stained with haematoxylin 
and eosin (HE), and Masson’s trichrome. Finally, each piece of the 
sections was observed using a light microscope (BX41, Olympus, Japan). 
HE staining images were used to calculate the percentage of the new 
bone area in the defect regions via histomorphometry, and the data were 
analyzed using the Image Pro-Plus 7.0 software. The following equation 

was used: New bone formation area (%) = New bone formation area/ 
bone defect area × 100 %. The vascular-like structures formed in the HE 
or Masson images were assayed under a light microscope (BX41, 
Olympus, Japan). The number of vascular-like rings was then calculated. 

2.10. Immunofluorescence histochemical analysis 

To assess in vivo macrophage phenotypic changes, osteogenesis and 
angiogenesis, the expression of Arg-1, CCR7, Runx2 and CD31 in the 
implants was measured by immunofluorescence histochemistry. The 
specimens were fixed in 4 % paraformaldehyde for 20 min and then 
dehydrated successively with gradient concentrations of ethanol. The 
dehydrated specimens were embedded in paraffin and frozen sectioned. 
Section samples were rehydrated in continuous dilution of ethanol and 
incubated in a PBS buffer consisting of 10 % goat serum, 5 % BSA and 
0.5 % Triton X-100. Runx2 (Affinity Biosciences), CD31 (GeneTex), Arg- 
1 (abcam) and CCR7 (abcam) in 1:100 dilution were used for immu
nofluorescence staining. Alexa-fluor labeled goat anti-mouse IgG or 
Alexa-Fluor labeled goat anti-rabbit IgG (Invitrogen) were then incu
bated as secondary antibodies, and finally stained with DAPI. The in
tegral optical density (IOD) was calculated with Image Pro Plus 7.0 
software. 

2.11. Statistical analysis 

All analyses were performed using GraphPad Prism 6 (GraphPad 
Software, USA). Quantitative data were expressed as mean ± SD, and 
differences between groups were evaluated using one-way ANOVA and 
Tukey ‘s multiple comparison test, with p < 0.05, P < 0.01, and P <
0.001 indicating the statistical significance. 

Fig. 1. The physical property characterization of Li-nHA. (A) General view of Li-nHA powder and TEM image of Li-nHA. The scale is 100 nm. (B) General view of 
nHA powder and TEM image of nHA. The scale is 100 nm. (C) The phase composition of Li-nHA and nHA was analyzed by X-ray diffraction (XRD). (D) The three- 
dimensional crystal structure and the schematic planar structure of Li-nHA nanoparticles. (E–F) Fourier transform infrared spectroscopy (FTIR) (E) and X-ray 
photoelectron spectroscopy (XPS) (F) of the Li-nHA and nHA. 
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3. Results and discussion 

3.1. Fabrication and characterization of Li-nHA 

Both Li-nHA and nHA nanoparticles were prepared by a hydrother
mal method using cetyltrimethylammonium bromide (CTAB) as a tem
plate (Fig. S5). The appearance of the obtained products is shown in 
Fig. 1A and B, both of which are similar giving white powders. TEM was 
used to observe the morphology of the nanoparticles. As shown in 
Fig. 1A and B insets, both Li-nHA and nHA nanoparticles are rod-shaped 
with diameter 20–45 nm and length 50–150 nm. The chemical structure 
of the Li-nHA and nHA were characterized by XRD, FTIR, and XPS. The 
XRD pattern shows that Li-nHA has essentially the same diffraction 
peaks as nHA without new peaks, both of which accompanied by weak 
diffraction peaks of β-tricalcium phosphate (Fig. 1C). Moreover, due to 
the small ionic radius of lithium and low dose doping, the XRD spectrum 
of Li-nHA has the same hexagonal diffraction plane as that of standard 
nHA (JCPDS # 09–0432), indicating that the low dose of Li doping into 
nHA did not change the crystal structure of nHA [42,45]. In general, 
whether the Li doping into nHA is by way of Li ions replacing Ca ion 
positions or as an additional atom inserted into the nHA structure 
(interstitial atoms) depends mainly on the peak intensity, peak width, 
and the presence of lithium phosphate peaks in the XRD pattern [46]. 
And these are the only two ways of lithium doping into nHA reported in 
the literature so far. Therefore, if the peak intensity decreases, the peak 
width increases, or the presence of lithium phosphate peaks in the XRD 
pattern, it indicates that lithium doping in nHA is achieved by replacing 
the Ca ion position with lithium ions [47]. However, the XRD spectra of 
Li-nHA in this study did not show the above mentioned situations, so it 
was concluded that the lithium doping in nHA in this study was achieved 
by inserting an additional lithium atom into the nHA structure (Fig. 1D), 
and it was also confirmed that lithium was successfully doped into nHA. 

The FTIR spectra show similar characteristic peaks for Li-nHA and nHA, 
which indicates that low levels of doped lithium have no effect on the 
FTIR spectra of nHA (Fig. 1E). XPS results show that a typical small Li 
diffraction peak is appeared in the spectrum of the Li-nHA, which 
indicate that lithium is successfully doped into nHA (Fig. 1F). 

3.2. Fabrication and characterization of Li-nHA@Gel 

The injectable hyaluronic acid hydrogel was prepared by Michael 
addition reaction between the thiols in the HA-SH and acrylates in the 
PEGDA to form a three-dimensional network under physiological con
ditions. The molar ratio of thiols to acrylates was set at 2/1 to ensure 
that the remaining sulfydryl groups for Li ions binding in the hydrogel. 
The gelation time of the hydrogel was 8.6 ± 1.6 min, which was in the 
range of the clinical operation time (5–15 min). The hydrogel composite 
was fabricated by mixing Li-nHA powder (Fig. 2A–C) with hydrogel 
precursor solution (Fig. 2D–F), and the injectable operation is shown in 
Fig. 2G within the gelation time. The surface morphology of the Li-nHA 
powder was shown in Fig. 2B and C using TEM. The internal micro
structure of the freeze-dried hydrogel and hydrogel composite was 
observed using SEM (Fig. 2E–F and 2H–I, Fig. S6), and each composite 
had a three-dimensionally interconnected porous structure with a pore 
size range of 100–300 μm, which would be beneficial for cell infiltration 
and the exchange of nutrients and metabolites [48]. 

The storage (G′) and loss modulus (G”) were measured with a plateto- 
plate rheometer. The maximum G’ for the Li-nHA@Gel and nHA@Gel 
was significantly higher than that of hydrogel alone, indicating that the 
presence of the nanoparticles in the hydrogel increased the mechanical 
strength (Fig. 2J). Consistently, the elastic modulus of the Li-nHA@Gel 
and nHA@Gel were 99 ± 7.1 and 91.1 ± 5.5 kPa, respectively, which 
were significantly higher than that of the hydrogel alone (23.0 ± 4.9 
kPa) (P < 0.05, Fig. 2K). Also, with the incorporation of Li-nHA or nHA 

Fig. 2. The physical property characterization of hydrogel composite scaffold materials. (A–C) General view of Li-nHA powder (A) and TEM image of Li-nHA (B and 
C). The scale is 100 nm. (D–F) Macroscopic processes of hydrogel (Gel) injectability (D) and SEM images of hydrogels (E and F). (G–I) Macroscopic processes of Li- 
nHA@Gel injectability (G) and SEM images of Li-nHA@Gel (H and I). (J) Rheological measurements of hydrogels. (K) The average modulus of elasticity of the 
scaffold material at 1Hz. (L) The average compressive modulus of the scaffold material. (M) Equilibrium swelling studies of scaffold materials under PBS incubation 
at 37 ◦C. (N) Degradation tests of the scaffold materials. *P < 0.05 refers to a statistically significant difference between Li-nHA@Gel and Gel, and #P < 0.05 refers to 
a statistically significant difference between nHA@Gel and Gel. (O) Cumulative release curves of Li ions from Li-nHA@Gel and nHA@Gel in SBF. (*P < 0.05, **P <
0.01, and ***P < 0.001 represent statistically significant differences between groups). 
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into the hydrogel, a significant increase of the compressive modulus was 
observed (Fig. 2L). The above results suggest that the incorporation of 
the nanoparticles improved the mechanical properties of the hydrogel 
composites [49], which will provide better mechanical support for 
osteonecrosis treatment compared to hydrogel alone. Moreover, in the 
osteogenic microenvironment, the increase of the mechanical strength 
of the grafting materials is expected to beneficial to promote the oste
ogenic differentiation of the stem cells [50]. 

The swelling property of the hydrogels is indispensable for substance 
exchange, and their equilibrium swelling ratio directly reflects the 

efficiency of substance metabolism [51]. After incubation in physio
logical conditions (PBS at 37 ◦C) for 48 h, the swelling ratio of 
Li-nHA@Gel and nHA@Gel were 893.5 ± 126 % and 957.2 ± 292.1 %, 
respectively, which were significantly lower than that of Gel (1949 ±
251.4 %, Fig. 2M). The reasons for the results may be that the dense 
microstructure possessed by Li-nHA@Gel and nHA@Gel reduces the 
water retention space compared to hydrogels alone [52]. In addition, the 
swelling ratios of Li-nHA@Gel and nHA@Gel were similar, indicating 
that Li-nHA@Gel and nHA@Gel reduced the water absorption capacity 
of the hydrogels to a similar extent. 

Fig. 3. The cytocompatibility assay of the hydrogel composites. (A) Live/Dead assay of BMSCs on hydrogel composites after cultured for 4 days, green indicates live 
cells and red indicates dead cells, the scale bar indicates 100 μm. (B) Percentage of viable BMSCs on hydrogel composites after 4 days of culture. (C) The CCK-8 
method was used to evaluate the cell proliferation ability of scaffold materials after co-culture with BMSCs for 3 and 7 days. (*P < 0.05, **P < 0.01, and ***P 
< 0.001 represent statistically significant differences between groups). (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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The in vitro degradation behaviors of the hydrogel composites are 
shown in Fig. 2N. The weight of all samples decreased with the time 
prolonged, especially the degradation of the hydrogel alone was 
particularly pronounced, while the degradation of the Li-nHA@Gel and 
nHA@Gel were significantly lower after 14 days. The above results 
confirm that the hydrogel composites have good physicochemical sta
bility and are expected to support the long-term growth and prolifera
tion of osteogenic stem cells in vivo [53]. For the release assay, the 
release rate of Li+ from Li-nHA@Gel was linear on the 1st day, gradually 
slowed down from the 3rd to the 7th day, and reached a plateau on the 
14th day, with about 33.6 ± 1.5 % of Li+ released in SBF on the 28th day 
(Fig. 2O), which demonstrated the hydrogel composite was capable of 
sustained and longterm release of Li+. In addition, Li+ was not signifi
cantly detected in nHA@Gel. 

3.3. Cell compatibility 

The live/dead staining results showed a high viability (>90 %) for all 
groups after 4 days of co-culture (Fig. 3A and B), which verified the good 
cell compatibility of all samples. The results of CCK-8 assay revealed that 
all groups were able to sustain the growth and proliferation of BMSCs. 
Moreover, both Li-nHA@Gel and nHA@Gel groups promoted the pro
liferation of BMSCs compared to the Gel group (P < 0.05). This may be 
due to the similar chemical structure of nHA and bioapatite that can 
provide a suitable environment for cell adhesion and proliferation [54]. 
Interestingly, the cell proliferation in the Li-nHA@Gel group was higher 
than that in the nHA@Gel group on day 7 (P < 0.05), which may be 
related to the release of lithium ions from the hydrogel composite 
(Fig. 3C). All these results indicate that the hydrogel with or without 
Li-nHA/nHA is cytocompatible in vitro. 

Fig. 4. Li-nHA@Gel regulates macrophage polarization. (A) Flow cytometry patterns of macrophages F4/80 (M), CD163 (M2) and CCR7 (M1) antibodies in 
RAW264.7 cells treated with glucocorticoid by Li-nHA@Gel and nHA@Gel after 4 days. (B–C) The percentage of F4/80 and CCR7 (M1) and F4/80 and CD163 (M2) 
double positive cells. (D) An immunofluorescent image of a glucocorticoid-pretreated Raw264.7 macrophage treated by Li-nHA@Gel and nHA@Gel shows Arg1 
(green) and CCR7 (red) antibody staining and the nucleus (blue).The scale is 50 μm. (E–F) Quantitative analysis by immunofluorescence staining. (*P < 0.05, **P <
0.01, and ***P < 0.001 represent statistically significant differences between groups). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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3.4. Li-nHA@Gel enhanced M2 macrophage polarization in vitro 

To investigate the immunomodulatory properties of the hydrogel 
composites, macrophage polarization was assessed using flow cyto
metric analysis combined with immunofluorescence staining. 
RAW264.7 macrophages in the dormant state (M0) were first stimulated 
with dexamethasone to mimic the GCs induced osteonecrosis environ
ment, and then their phenotype was assessed after incubation with 
hydrogel composites. M0 macrophages were round in shape, while 
dexamethasone-stimulated cells were shuttle-shaped (Fig. S7). The flow 
cytometric analysis results were shown in Fig. 4A–C and Fig. S8. The 
blank control has both low CCR7 and CD163 positive cells, whereas M1 
induced group (LPS+) have significantly high CCR7 positive cells and 
M2 induced group (LPS+) have significantly high CD163 positive cells. 
For GCs group, the M1 phenotype was induced that evidented by 
significantly high CCR7 positive cells, which demonstrated the 
mimicking of the osteonecrosis environment. When the cells were 
treated with the hydrogel composites, it was shown that the Li- 
nHA@Gel group had the highest percentage of M2 positive cells (F4/ 
80 and CD163 double positive cells) as 36.1 ± 5.5 %, followed by the 
nHA@Gel group (21.8 ± 5.6 %) and the Gel group (9.56 ± 2.6 %), while 
the proportion of the M1-positive cells (F4/80 and CCR7 double positive 
cells) in the Li-nHA@Gel group (30.3 ± 4.4 %) was lower than that of 
the nHA@Gel group (44.7 ± 4.9 %) and the Gel group (56 ± 4 %), 
indicating that the Li-nHA@Gel group enhanced the M2 macrophage 
polarization. 

The immunofluorescence staining results were shown in Fig. 4D–F 
and Fig. S9. Similarly, the Li-nHA@Gel group shown a number of Arg-1 
positive cells and a few of CCR7 negative cells, while the number of Arg- 
1 positive cells was decreased but the CCR7 negative cells was increased 
in nHA@Gel and Gel groups. When semi-quantitatively analyzed the 
integral optical density of fluorescence, Li-nHA@Gel significantly 

improves the Arg-1 fluorescence than the other two groups (p < 0.05), 
while the CCR7 fluorescence intensity was lower than them (p < 0.05). 
Combined with the flow cytometric results, it indicates that the M2 is 
more activated in Li-nHA@Gel, while the other two groups have more 
M1 activation. Moreover, when compared to the nHA@Gel group, it was 
suggested that the Li+ release may be contribute to the enhanced M2 
polarization. 

The interaction of biomaterials with immune cells is crucial to ach
ieve the desired bone repair outcome [55]. Among the many immune 
cells, macrophages play an important role in immune defense, and a 
specific macrophage phenotype is essential for tissue regeneration. 
Pro-inflammatory M1 macrophages produce inflammatory mediators 
such as CCR7, IL-1β and TNF-α to mediate the inflammatory response, 
while anti-inflammatory M2 macrophages release pro-tissue repair fac
tors such as Arg-1, IL-10, and TGF-β to maintain tissue homeostasis and 
promote tissue repair [56]. The typical immunomodulatory mechanism 
of biomaterials for tissue repair is the change of macrophage phenotype 
from pro-inflammatory M1 to anti-inflammatory M2 [57,58]. In the 
GI-ONFH lesion sites, there are a large number of M1 macrophages in 
the area of osteonecrosis and excess M1 macrophages cause bone 
resorption, which is an essential agent in the failure of osteonecrosis 
repair [3–5]. Therefore, for repair of osteonecrosis, it is necessary to 
induce a smooth and timely transition from high levels of M1 macro
phages to pro-repair M2 macrophages in the osteonecrosis region. 
Accordingly, some studies have taken measures, e.g., intraperitoneal 
injection of IL-4, to facilitate the conversion of M1 cells to the M2 
phenotype in areas of osteonecrosis and thus repair GI-ONFH [59,60]. In 
terms of bioactive ions, lithium plays an important role in balancing 
bone metabolism and bone formation and is capable of immunomodu
lation [29,31,32]. In the present study, we successfully doped a low dose 
of lithium into nHA and achieved a sustain and longterm release of Li+, 
and demonstrated that Li-nHA@Gel enhanced M2 macrophage 

Fig. 5. Li-nHA@Gel regulates the inflammatory response of macrophages. (A–F) The phenotypic factors (TNF-α, IL-6, IL-10, IL-4), BMP2 and VEGF of M1 and M2 
were quantitatively analyzed by RT-PCR. (G–I) The genes and proteins of JAK/STAT signaling pathway related factors (JAK1, STAT6, STAT3) were quantified by RT- 
PCR (I) and Western-blot (G–H). (J) Schematic summary of the molecular mechanism of Li + mediating the polarization of M2 macrophages through JAK1/STAT6/ 
STAT3 pathway and secreting osteogenic and angiogenic factors (BMP2 and VEGF). (*P < 0.05, **P < 0.01, and ***P < 0.001 represent statistically significant 
differences between groups). 
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polarization. 

3.5. Li-nHA@Gel activated JAK1/STAT6/STAT3 signaling pathway 

As noted, the M1 and M2 phenotypes have identifiable markers on 
the cytokine secretion profile [61]. Therefore, we used real-time poly
merase chain reaction (RT-PCR) to detect the relative expression levels 
of M1 and M2, osteogenesis and angiogenesis related gene markers. As 
shown in Fig. 5A–D, both the M2 gene markers IL-10 and IL-4 in 
Li-nHA@Gel group were significantly higher than that of nHA@Gel Gel 
group (p < 0.05), while the expression trends of M1 gene markers TNF-α 
and IL-6 were opposite in the three groups, namely, Li-nHA@Gel <
nHA@Gel < Gel group. In addition, the gene expression levels of oste
oblastic and angiogenic cytokines (BMP-2 and VEGF) secreted by M2 
macrophages were significantly upregulated in the Li-nHA@Gel group 
compared to nHA@Gel and Gel groups (p < 0.05) (Fig. 5E–F). These 
results suggested that Li-nHA@Gel not only enhanced the gene expres
sion of M2 phenotypic polarization, but also upregulated the gene 
expression of osteoblastic and angiogenic cytokines. 

Next, to further explore the potential mechanism of the enhancement 
of the M2 polarization, JAK1/STAT6/STAT3 pathway was chosen for 
investigating by Western Blot and RT-PCR analysis, since Li+ upregu
lates the expression level of IL-4. As shown in Fig. 5G–H, Li-nHA@Gel 
significantly increased the protein expression of phosphorylated JAK1, 
phosphorylated STAT6 and phosphorylated STAT3 compared with that 
in nHA@Gel and Gel groups, which may important for promoting the 
M2 cascade polarization in macrophages. Consistently, the results of 
quantitative RT-PCR analysis of the JAK1/STAT6/STAT3 signaling 
pathway shown similar trend (Fig. 5I). To summarize, we speculate that 
Li-nHA@Gel enhanced M2 macrophages polarization through the acti
vation of the JAK1/STAT6/STAT3 signaling pathway (Fig. 5J). 

3.6. Immunomodulation enhanced osteogenic and angiogenic 
differentiation in vitro 

After implantation to the lesion sites, a large number of cells, 
including immune cells, bone marrow MSCs and endothelial cell, are 
recruited to the surrounding of the bone implant. Osteogenic differen
tiation of BMSCs in vivo is influenced not only by the properties of the 
implant surface but also by the surrounding immune microenvironment 
[62]. Therefore, the effect of immunomodulatory of the hydrogel com
posites on osteogenic and angiogenic differentiation in vitro using 
macrophage conditioned culture medium (CM) was investigated 
(Fig. 6A). The indirect effect of macrophages on osteogenic differenti
ation of BMSCs was assessed using Alizarin Red S (ARS) and ALP 
staining, and WB (ALP and Runx2). As shown in Fig. 6B–D, there are 
more ALP positive staining of BMSCs in the Li-nHA@Gel group than 
those in the other groups. And also, the calcium mineral deposition by 
ARS staining of BMSCs in the Li-nHA@Gel group was stronger than 
those in the other groups. Likewise, both Runx2 and ALP protein 
expression in Li-nHA@Gel was significantly higher than those in the 
other groups (p < 0.05). These results indicated that osteogenic differ
entiation of BMSCs were enhanced with the increasing levels of M2 
polarization, and the synergistic effect of pro-M2 polarization and 
osteogenic differentiation was evident in the Li-nHA@Gel group. 

The effect of macrophages conditioned culture medium on the 
angiogenesis of HUVECs was assessed using scratch assay, tube-forming 
assay, and RT-PCR. The scratch assay showed that with the extension of 

the culture time, the scratch or wound area of each group decreased 
gradually. After culture for 12 and 24 h, the wound healing rate of the 
Gel group and the nHA@Gel group was lower than that of the Li- 
nHA@Gel group (Fig. 6E and F). Tube-forming assay showed that 
HUVECs cultured in Li-nHA@Gel and nHA@Gel conditioned medium 
enhanced angiogenesis after 8 h compared with that in Gel group 
(Fig. 6G). Moreover, Li-nHA@Gel group had significantly more vascular 
branches than those in the nHA@Gel and Gel group (p < 0.05) (Fig. 6H). 
RT-PCR results showed that the gene expression of CD31 and MMP9 in 
HUVECs cells was significantly higher in the Li-nHA@Gel group 
compared to nHA@Gel and Gel group (p < 0.001) (Fig. 6I and J). These 
results confirmed the ability of Li-nHA@Gel-derived CM to promote 
angiogenic differentiation of HUVECs in vitro. 

Overall, it was found that the immune microenvironment induced by 
Li-nHA@Gel can promote the osteogenic differentiation of BMSCs as 
well as the angiogenic differentiation of HUVECs. Li-nHA@Gel can not 
only promote the expression of early osteogenic genes, but also promote 
calcium deposition, which may be related to the polarization of mac
rophages towards M2 under the action of Li+ and then the expression 
and secretion of BMP2, where BMP2 is a well-known growth factor that 
promotes osteogenic differentiation through the Smad1/5/9 signaling 
pathway [63], and thus Li-nHA@Gel stimulates the formation of an 
immune microenvironment that is conducive to enhance osteogenesis. 
Angiogenesis plays an important role in bone regeneration [64]. In the 
clinical progress of bone substitutes for osteonecrosis, a major challenge 
is to maintain the cell viability of the transplant center, which mainly 
depends on the rate of host vascular invasion [64,65]. Previous studys 
have tried to combine osteogenic and vascular growth factors for bone 
regeneration, however, the high cost limits its further clinical applica
tion [66]. In overview, the incorporation of immunoreactive Li+ facili
tates the regulation of macrophage conversion from M1 to M2 
phenotype, and the secreted cytokines provide an optimal microenvi
ronment for bone immunomodulation, prompting immune enhance
ment of osteogenesis and angiogenesis, which will have potential to 
osteonecrosis treatment. 

3.7. Li-nHA@Gel enhanced M2 macrophage polarization in vivo 

The in vitro studies shown that the Li-nHA@Gel enhanced the M2 
macrophage polarization, and promoted the osteogenesis and angio
genesis, which prompted us to further investigate its in vivo bone repair 
ability. A rabbit GI-ONFH model was constructed by using lipopoly
saccharide and methylprednisolone induction before hydrogel com
posites were injected into the femoral head defect site, and the samples 
were taken out at the corresponding time points for relevant testing 
(Fig. 7A). The main procedure of the surgical procedure is shown in 
Fig. 7B. 

Due to the immunomodulatory is crucial to achieve the desired bone 
repair outcome for GI-ONFH [59,60], the potential effect of hydrogel 
composites on macrophage polarization in vivo was first studied, though 
the enhanced M2 polarization have been evidented in vitro studies. As 
shown in Fig. 7C–a large number of CCR7-positive cells and very rare 
Arg-1-positive cells were present in the osteonecrotic area in both 
Control and Gel groups, while nHA@Gel group had a greater number of 
Arg-1 cells and fewer CCR7 cells found in the osteonecrotic area. Like
wise, Li-nHA@Gel group had plenty of Arg-1 cells and very poorly 
represented CCR7 cells in the osteonecrotic area. The fluorescence 
quantification analysis of Arg-1 showed that the Li-nHA@Gel group had 

Fig. 6. Effect of macrophage polarization on BMSCs osteogenesis and HUVECs angiogenesis. (A) The illustration of experimental design. (B) BMSCs were treated 
with ARS staining and ALP staining under different conditioned medium. The scale is 100 μm. (C and D) Western blot was used to detect the expression of Runx2 and 
ALP in BMSCs 3 days after different conditioned medium treatments. (E and F) Scratch assay and wound healing rate of HUVECs treated by different conditioned 
medium for 12 and 24 h. The red line shows the linear scratches/wounds of each group of cells. The scale is 200 μm. (G and H) The tube formation assay and vascular 
branch number of HUVECs treated by different conditioned medium for 8 h. The scale is 100 μm. (I and J) Expression of vascular related factors CD31 (J) and MMP9 
(I) in HUVECs after 3 days of different conditioned medium treatments. (*P < 0.05, **P < 0.01, and ***P < 0.001 represent statistically significant differences 
between groups). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 7. Regulation of macrophage polarization in vivo by Li-nHA@Gel. (A). Schematic diagram of animal experimental steps. (B). Surgical procedure for hydrogel 
composites implantation into the femoral head: (a). Exposure to implantation area; (b). Drilling and core decompression; (c). A defect channel was made for bone 
grafting; (d).The hydrogel composites was implanted into the defect. (C). Macrophage phenotype in the defect area 1 week after hydrogel composites implantation: 
CCR7 (red, M1 macrophage marker); Arg-1 (green, M2 macrophage marker). The scale is 100 μm. (D–E). Quantitative analysis of the IOD of Arg-1 and CCR7. (*P <
0.05, **P < 0.01, and ***P < 0.001 represent statistically significant differences between groups). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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the largest percentage of positive cells, followed by the nHA@Gel group, 
and both were larger than those in the Gel and Control groups (Fig. 7D). 
In contrast, the fluorescence quantification analysis of CCR7 showed the 
opposite trend, which means that the percentage of positive cells in the 
Li-nHA@Gel and nHA@Gel groups was lower than that in the other two 
groups (Fig. 7E). These results suggest that the addition of either Li-nHA 
or nHA nanoparticles to the hydrogel can alleviate the infiltration of M1 
cells and promote the expression of M2 cells in the necrotic area, but the 
effect of Li-nHA nanoparticles was superior to that of nHA nanoparticles, 
suggesting that Li+ enhanced the M2 polarizing effect. Interestingly, we 
also found that the expression of Arg-1 cells in the Gel group was higher 
than that in the Control group, and the expression of CCR7 cells was 
lower than that in the Control group, which indicated that hydrogels 
have anti-inflammatory effects, which may relate with hyaluronic acid 
[67,68]. Previous studies have shown that excessive inflammatory re
sponses leads to increased bone destruction resorption and inhibits 
osteogenic differentiation and bone regeneration, which subsequently 
leads to impaired osteonecrosis repair [69,70]. Here we revealed that 
Li-nHA@Gel effectively reverses the poor pro-inflammatory microen
vironment in osteonecrotic areas and reprograms macrophages to a 
pro-regenerative M2 phenotype in vivo, which is consistent with the in 

vitro results. 

3.8. Li-nHA@Gel enhanced bone formation and regeneration in vivo 

Due to the fact that we have confirmed that Li-nHA@Gel enhanced 
M2 macrophage polarization and promoted osteogenic differentiation in 
vitro, we next evaluate new bone formation and regeneration using 
microcomputed tomography (Micro-CT) at 4th and 12th week after in
jection implantation of the hydrogel composites. Gross specimen view of 
the femoral head in each group at 12 weeks after implantation of the 
composite hydrogel material (Fig. S10). As shown in Fig. 8A–B and 
Fig. S11, the new bone tissue in the Control group was less and the defect 
was clearly visible after 4 weeks. A small amount of bone tissue was 
generated in Gel group, but the defect area was still obvious. In contrast, 
new bone was increased in the nHA@Gel group, and a large number of 
new formed bone was observed in the Li-nHA@Gel group. When it came 
to 12th week, only a small amount of mineralized tissue was observed in 
the control group, and it was mostly confined to the edges of the defect 
area, with discontinuous, slender, and sparse new bone trabeculae. In 
the Gel group, the defect area was partially repaired with a small amount 
of mineralized tissue yet the defect was still well clarified. On the 

Fig. 8. New bone was formed in the drilling channel. (A) Micro-CT 3D reconstructed images. (B) Representative Micro-CT view of the femoral head in each group 4 
and 12 weeks after implantation. Yellow circle and Yellow box shows the bone defect repair in the drilling channel. (C–F) Quantitative result of Micro-CT on BV/TV 
and bone mineral density of each group. (*P < 0.05, **P < 0.01, and ***P < 0.001 represent statistically significant differences between groups). (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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contrary, the defect area was mostly repaired in the nHA@Gel group, 
and more mineralized tissue was present with a small area of unrepaired 
defect. Moreover, in the Li-nHA@Gel group, the bone defect area was 
almost completely repaired with the highest degree of mineralized bone 
tissue and tightly connected bone trabeculae. 

Quantitative morphological analysis of bone regeneration using 
bone morphological parameters (BV/TV and bone mineral density 
(BMD)) was performed and the results showed that BMD and BV/TV 
were lower in the Gel and Control groups than those in the nHA@Gel 
and Li-nHA@Gel groups, with the highest BMD and BV/TV in the Li- 
nHA@Gel group (Fig. 8C–F), which revealed that nHA@Gel was 
capable of bone regeneration due to the contained nHA, while Li- 
nHA@Gel promoted bone regeneration more effectively compared 
with the nHA@Gel. In addition, Li-nHA@Gel increased the thickness 
and density of bone trabeculae, enhanced the coherence between new 
bone trabeculae, both of which may be more consistent with the me
chanical properties required for osteonecrosis treatment. Taken 
together, these results suggest that Li-nHA@Gel has enhanced bone 

formation and regeneration ability. 

3.9. Histological analysis 

To histologically investigate the repair ability of Li-nHA@Gel for 
osteonecrosis, H&E (Fig. 9A–E) and Masson’s trichrome staining 
(Fig. 10) were used for analysis of new bone formation. At 4th week, the 
Control group only had a small amount of osteoid formation in the bone 
defect, and the Gel group had a larger osteoid area with a small number 
of vascular-like structure formation, while in the nHA@Gel group, the 
osteoid area in the bone defect was increased, so as the number of new 
vascular-like structures. The Li-nHA@Gel group had a large number of 
new formed bone and new blood vessels in the bone defects, with an 
area significantly larger than that of the other 3 groups. At week 12, it 
was found that most of the bone defects were still remained in the 
Control group, and a small amount of osteoid was seen in the periphery. 
In Gel group, a large amount of new osteoid tissue was found in the bone 
defect, but the formation of mature bone trabecula was rare. The bone 

Fig. 9. Histological outcomes. (A) HE staining of bone defect specimens with femoral head osteonecrosis. Green arrows indicate the new formed blood vessels. 
Espbox shows the bone defect region and were magnified in on the image below. The scale is 1 mm, 200 μm, 50 μm. (B and C) Quantitative outcomes of the new bone 
formation. (D and E) Quantitative outcomes of new formed blood vessels number. (*P < 0.05, **P < 0.01, and ***P < 0.001 represent statistically significant 
differences between groups). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Y. Luo et al.                                                                                                                                                                                                                                      



Materials Today Bio 25 (2024) 100976

15

defect in nHA@Gel group was significantly reduced, and a large number 
of new osteoid tissues can be seen in the bone defect, and new blood 
vessels and bone trabecular formation were also observed. In the Li- 
nHA@Gel group, a large area of bone defect has been repaired, and 
mature bone trabecular arrangement can be seen in the bone defect, and 
a large number and area of new blood vessels are evident. 

When quantitative analysis of the new bone formation, nHA@Gel 
achieved better new bone formation than the both Gel and control group 
(p < 0.05) at 4th week, but was inferior to the Li-nHA@Gel group (p <
0.05). When it came to the 12 week, it was found that the Li-nHA@Gel 
made best performance on new formed bone area (p < 0.05), while the 
HA@Gel group took the second place and followed by Gel group and 
Control group (p < 0.05) (Fig. 9B and C). Meanwhile, we performed 
quantitative analysis of the number of the new blood vessels. The results 
revealed that the number of new blood vessels was higher in the Li- 
nHA@Gel group compared to other three groups (p < 0.05), and fol
lowed by the nHA@Gel and Gel group, which was superior to the 
Control group at both week 4 and week 12 (p < 0.05). These histo
pathological results are consistent with micro-CT analysis and 
confirmed that nHA@Gel is able to bone formation and repair, while Li- 
nHA@Gel promoted better bone repair and more new blood vessels 
formation. 

3.10. Immunofluorescence analysis 

Since in vitro studies have shown that Li-nHA@Gel promoted the 
osteogenic differentiation of BMSCs and the angiogenic differentiation 
of HUVECs, it is necessary to assess its in vivo osteogenic and angiogenic 
differentiation effects in osteonecrosis. Runx2 is a specific osteogenic 
differentiation transcription factor that regulates the gene transcription 
and contributes to the derivatization of MSCs to osteoblasts [39]. As 
shown in Fig. 11A and B, there was a large number of positive Runx2 
cells in the Li-nHA@Gel group and has significantly higher mean IOD 
value compared to that of other groups (p < 0.05). The nHA@Gel group 
also had many positive Runx2 cells, followed by the Gel group, while 
Control group had little positive cells. Runx2 is an important marker of 
osteogenesis and is expressed at elevated levels in bone repair, especially 
in the late phase (12 weeks) [71]. Considering the role and impact of this 
protein in bone regeneration and repair, it may conclude that the 
Li-nHA@Gel has enhanced osteogenic capacity. 

Platelet endothelial cell adhesion molecule-1 (CD31) is strongly 
expressed in vascular endothelium and vascular wall smooth muscle 
cells and can be used to evaluate vascular neogenesis [72,73]. As shown 
in Fig. 11C and D, Li-nHA@Gel group had the most and strongest 
CD31-positive staining vessels than that of the other three groups, while 
the nHA@Gel and Gel groups had similar but more CD31-positive vessel 

Fig. 10. Masson staining of specimens of bone defect. Green arrows indicate the new formed blood vessels. Espbox shows the bone defect region and were magnified 
in on the image below. The scale is 1 mm, 200 μm, 50 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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Fig. 11. Immunofluorescent staining for Runx2 and CD31 after scaffold implantation. (A)Immunofluorescent staining for Runx2 (green stained) and DAPI (blue) at 
12 weeks after implantation. The scale is 100 μm. (B)Quantitative analysis of the IOD of Runx2. (C) Immunofluorescent staining for CD31 (red stained) and DAPI 
(blue) at 12 weeks after implantation. The scale is 100 μm. (D)Quantitative analysis of the IOD of CD31. (*P < 0.05, **P < 0.01, and ***P < 0.001 represent 
statistically significant differences between groups). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 12. Schematic diagram of the proposed mechanism of Li-nHA@Gel and nHA@Gel repair of osteonecrosis.  
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expression than that in Control group (Fig. 11C and D).Here, our in vivo 
outcomes were basically consistent with the in vitro results, indicating 
that Li-nHA@Gel has a strong ability to promote angiogenesis in vitro 
and in vivo, which will be beneficial to osteonecrosis. 

3.11. Mechanism discussion 

Immune regulation is recently a novel strategy for bone regeneration 
by combining osteoimmunity with immunomodulation [74]. Bone 
repairing materials with immunomodulatory properties activate the 
immune system and dynamically regulate the host bone immune 
microenvironment in situ to enhance bone regeneration and repair after 
implantation, wherein macrophages play a central role in coordinating 
the host immune response by releasing a series of cytokines and growth 
factors that affects the fate of the repairing [75]. In general, macro
phages are activated through the classical activation pathway as M1 
type, which is mainly pro-inflammatory and promotes the activation of 
the early inflammatory response, and through the alternative pathway 
as M2 type, which is mainly anti-inflammatory, promotes the resolution 
of the inflammatory response and facilitates osteogenesis and vascu
larization [76]. If there is an excess of M1 macrophages in the host bone 
immune microenvironment, this would lead to some local acute in
flammatory responses or even a series of chronic inflammations that can 
block bone regeneration and repair [77], such as hormonal femoral head 
necrosis [41]. Therefore, modulating the polarization of macrophages 
towards the predominant M2 phenotype is beneficial in reducing local 
tissue inflammation and creating a favorable bone immune 
microenvironment. 

Metal ions-mediated osteoimmunomodulation received considerable 
attention due to their high efficacy, however, the challenge lies in how 
to control their release in a relative low dose. Furthermore, the mech
anism underlying the osteoimmunomodulation remains not completely 
clear. In the present study, we achieved a sustainable and longterm 
release profile of Li ions using a metal-doped and sulfydryl groups 
binding method, and the evidence showed that Li-nHA@Gel enhanced 
the M2 macrophage polarization through the activation of the JAK1/ 
STAT6/STAT3 signaling pathway. Here, based on the immune activity 
of Li-nHA@Gel to enhance the polarization of macrophages to M2, and 
the promotion effects of osteogenic and angiogenic differentiation both 
in vitro and in vivo, we proposed that the mechanism of Li-nHA@Gel 
repair of GI-ONFH as follows (Fig. 12). First, when the Li-nHA@Gel 
injected into the lesion site of GI-ONFH, the release of Li ions 
enhanced the switch from M1 macrophages to M2 cell phenotype in the 
osteonecrotic region, which decreased the pro-inflammatory reactions. 
Second, the enhanced M2 macrophage polarization upregulated the 
expression of the pro-tissue repair factors such as BMP2 and VEGF, 
thereby building a favorable osteoimmune microenvironment condu
cive to new bone and blood vessels formation. Meanwhile, nHA was 
capable of directly promoting the osteogenesis. Therefore, the above 
two synergistically build a microenvironment that promotes M2 
macrophage polarization, osteogenesis and angiogenesis, and ultimately 
enhanced the bone regeneration and repair of osteonecrotic bone. 

4. Conclusion 

In summary, an injectable bone immunomodulatory biomaterial 
platform Li-nHA@Gel was constructed for the treatment of osteonec
rosis in this work. The Li-nHA@Gel was capable of releasing Li+ in a 
sustainable and longterm manners, which enhanced the M2 macrophage 
polarization through the activation of the JAK1/STAT6/STAT3 
signaling pathway, and then upregulated the pro-tissue repair factors 
VEGF and BMP-2 that promoted the osteogenic and angiogenic differ
entiation. In vivo study using a rabbit GI-ONFH model confirmed that Li- 
nHA@Gel enhanced M2 macrophage polarization, osteogenesis, and 
angiogenesis as well, which might contribute to the enhanced bone and 
blood vessel formation, and thus promoted bone regeneration. Overall, 

this newly developed injectable bone immunomodulatory biomaterial 
platform with enhanced M2 macrophage polarization, osteogenesis, and 
angiogenesis will have a promising application in osteonecrosis 
treatment. 
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