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Transformation of arginine into zero-dimensional
nanomaterial endows the material with antibacterial
and osteoinductive activity
Jiaying Li1†, Jinjin Ma1†, Heng Sun1†, Meizhe Yu2, Huan Wang1, Qingchen Meng1, Zexi Li1,
Dachuan Liu1, Jianzhong Bai1, Guoping Liu1, Xiaodong Xing2*, Fengxuan Han1*, Bin Li1,3*

Implant-associated infection is a major threat affecting the success of orthopedic surgeries. Although various
materials scavenge bacteria by generating reactive oxygen species (ROS), the intrinsic inability of ROS to distin-
guish bacteria from cells notably limits the therapeutic effects. Here, we found that the arginine carbon dots
(Arg-CDs) that were transformed from arginine exhibited supreme antibacterial and osteoinductive activity. We
further designed the Schiff base bond between Arg-CDs and aldehyde hyaluronic acid/gelatin methacryloyl
(HG) hydrogel to release Arg-CDs in response to the acidic bone injury microenvironment. The free Arg-CDs
could selectively kill bacteria by generating excessive ROS. Furthermore, the Arg-CD–loaded HG composite hy-
drogel showed excellent osteoinductive activity through inducing the M2 polarization of macrophages by up-
regulating interleukin-10 (Il10) expression. Together, our findings revealed that transformation of the arginine
into zero-dimensional Arg-CDs could endow the material with exceptional antibacterial and osteoinductive ac-
tivity, favoring the regeneration of infectious bone.
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INTRODUCTION
Orthopedic implant–associated infections remain a big clinical
challenge that requires extensive surgical interventions (1) and
long-term antibiotic therapies. Staphylococcus aureus, one of the
main causes of bone infections, can delay the bone healing
process and lead to bone loss (2). In addition, the acidic environ-
ment of infection is favorable for bacteria to release a variety of
factors and form biofilm (3). Moreover, because of the overuse of
antibiotics, resistant bacteria rapidly emerge (4–6). To overcome
the drug resistance of bacteria, the introduction of antibacterial ma-
terials is one of the most promising strategies (7–11). However, the
cytotoxicity of antibacterial agents is a major concern for their clin-
ical application (12). Although various efforts have been made to
balance antibacterium and biosafety (13), reducing the adverse
effects and promoting tissue repair during antimicrobial adminis-
tration remains challenging (14).
The main reason why various studies have failed to achieve both

antibacterium and tissue regeneration simultaneously is that these
materials eliminate bacteria by directly up-regulating reactive
oxygen species (ROS) levels (15–17). However, they are generally
toxic to both bacteria and mammalian cells because of the intrinsic
inability of ROS to distinguish bacteria from mammalian cells.
Moreover, the injured bone microenvironment typically produces
excessive ROS that can exacerbate inflammation and delay bone

repair (18). To date, various attempts to accelerate bone repair by
regulating ROS have been made (19–21). Our previous study has
shown that simultaneous elimination of ROS and up-regulation
of antioxidant genes, such as Sirtuin1 (Sirt1), superoxide dismutase
2 (Sod2), and catalase (Cat), through manganese dioxide–based
composite hydrogels can significantly promote bone regeneration
(22). Thus, the development of biomaterials that have antibacterial
and osteogenic activity simultaneously by ROS regulation may be a
promising strategy for infectious bone repair.
Zero-dimensional carbon dots (CDs) exhibit excellent antibacte-

rial activity because of their potential to generate ROS (23, 24). De-
pending on the surface charge, CDs exhibit completely different
effects on bacteria and cells (24). Positively charged CDs tend to
induce higher endogenous ROS more readily than negatively
charged dots, disrupting bacterial membranes. In our previous
study, we successfully synthesized positively charged CDs from ar-
ginine (Arg), an amino acid residue rich in natural antimicrobial
peptides, through a facile pyrolysis process. Because of the moderate
positive charge, Arg-CDs efficiently disrupted bacterial membranes
while promoting typical mammalian cell growth by modulating
ROS levels. Arg-CDs could up-regulate the expression of the intra-
cellular antioxidant enzymes including superoxide dismutase
(SOD) and catalase (CAT) in cells, protecting the latter from
ROS-induced oxidative damage. On the other hand, the antioxidant
enzymes remain almost unchanged in bacteria upon Arg-CD treat-
ment (25). Therefore, Arg-CDs may be an ideal candidate for pro-
moting infectious bone repair because of their differential
regulating capacity of antioxidant enzymes between cells and
bacteria.
In this study, we synthesized Arg-CDs by a simple pyrolysis

method. To release Arg-CDs in a well-controlled way in the acidic
environment of infectious bone injury, the Arg-CDs were mixed
with aldehyde hyaluronic acid (HA-CHO) and gelatin methacryloyl
(GelMA, G), which then formed a CD/HA/GelMA composite
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hydrogel (CHG) as a result of the photocrosslinking of GelMA and
Schiff base interaction between Arg-CDs and hydrogel. In addition
to the characterizations of the morphology and release behavior of
Arg-CDs, the antimicrobial and osteoinductive activity of the com-
posite hydrogel were evaluated in vitro. After implanting composite
hydrogel into infectious rat femoral defects, its ability to promote
bone formation and eliminate bacteria was assessed in vivo. Last,
the underlying mechanism of osteogenesis induced by the compos-
ite hydrogel was explored (Fig. 1).

RESULTS
Characterizations of Arg-CDs and the composite hydrogels
Arg-CDs were obtained by a simple pyrolysis method. As shown in
Fig. 2A, Arg-CDs were spherical and uniformly dispersed with a
diameter of ~7 nm (fig. S1). The ultraviolet-visible (UV-vis) absorp-
tion spectra showed notable absorption peaks at the wavelength of
220 and 305 nm, indicating that Arg-CDs were successfully ob-
tained after calcination (Fig. 2B). The osteoinductive activity of
Arg and Arg-CDs was measured. The result of alizarin red staining

shows that Arg-CDs produced a large amount of calcium deposi-
tion, showing higher osteogenic activity. Moreover, with the in-
crease of the concentration, the osteogenic activity of Arg-CDs
gradually increased (fig. S2). The antibacterial activity of Arg and
Arg-CDs was also performed. The result shows that the number
of S. aureus colonies in the Arg-CDs group was significantly less
than that in Arg. The antibacterial activity of Arg-CDs showed con-
centration dependency, and Arg-CDs (1mg/ml) could inhibit about
92% S. aureus within 24 hours (fig. S3).
Fourier transform infrared spectroscopy (FTIR) measured

whether HA-CHO was successfully obtained. Compared with
HA, a new peak was observed at 1731 cm−1, which was ascribed
to the C═O stretch of HA-CHO (Fig. 2C). Arg-CDs and HA-
CHO were added to the G hydrogel solution to obtain G, HA/
GelMA (HG), and CHG composite hydrogels after photocrosslink-
ing. Figure 2D showed the morphology of the composite hydrogels
with ordered and uniformly arranged interconnected macropores.
However, the interconnected macropores of HG and CHG compos-
ite hydrogels collapsed in an acidic solution (pH 5.5), indicating that
the structure of our fabricated HG and CHG composite hydrogels

Fig. 1. Schematic illustration of bacterial elimination and osteogenic enhancement by the CHG composite hydrogel. The hydrogel releases Arg-CDs in response to
the acidic bone injury microenvironment, which selectively kills bacteria by producing excessive ROS. Meanwhile, it reduces the intracellular ROS level by up-regulating
antioxidase expression and promotes cell proliferation. Moreover, it exhibits superior osteoinductive properties owing to the promotion of M2 polarization of macro-
phages by up-regulating Il10 expression. UV, ultraviolet; IL-10, interleukin-10; BMSC, bone marrow mesenchymal stem cell.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Li et al., Sci. Adv. 9, eadf8645 (2023) 26 May 2023 2 of 17



Fig. 2. Characterizations of Arg-CDs and composite hydrogels. (A) Transmission electron microscopy images of Arg-CDs. (B) UV-visible (UV-vis) absorption spectra of
Arg-CDs. (C) Fourier transform infrared spectroscopy spectra of HA and HA-CHO. (D) Scanning electronmicroscopy (SEM) images of the composite hydrogels treated by a
neutral and acidic solution, respectively. (E) Compressive strength of the composite hydrogels. (F) Release curve of Arg-CDs from the composite hydrogels under neutral
and acidic solution, respectively. (*P < 0.05).
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was disrupted in response to acidic condition. Furthermore, the
compressive strength of hydrogels increased from 18.8 ± 0.7 kPa
for the G hydrogel alone to 25.6 ± 1.3 and 26.3 ± 0.5 kPa for the
HG and CHG composite hydrogels, respectively. While C═N
bonds ruptured in response to the acidic microenvironment, the
structure of the HG and CHG composite hydrogels was fragmen-
tized, accompanied by a decrease in compressive strength of HG
from 25.6 ± 1.3 to 20.0 ± 0.7 kPa, as well as CHG from 26.3 ± 0.5
to 13.6 ± 0.3 kPa (Fig. 2E).
The Arg-CD release characteristics of the CHG composite hy-

drogel were investigated. To simulate the acidic microenvironment
of injured bone, Arg-CDs release tests were performed by measur-
ing the UV-vis absorption spectra at a wavelength of 305 nm in pH
5.5 and pH 7.2 buffer solutions, respectively. As shown in Fig. 2F, in
acidic media, the CHG composite hydrogel released 84.7 ± 2.4% of
Arg-CDs within 21 days, which was significantly more than that in
neutral media (63.5 ± 2.7%). This behavior was attributed to the
acid-responsive cleavage of C═N groups formed between Arg-
CDs and hydrogel.

Cell morphology and viability on the composite hydrogels
To evaluate the biocompatibility of composite hydrogels, rat bone
marrow mesenchymal stem cells (BMSCs) were seeded on tissue
culture plates (Ctrl group) and composite hydrogels. The cytoskel-
eton staining shows that BMSCs adhered and spread efficiently on
G, HG, and CHG composite hydrogels, exhibiting good biocompat-
ibility (Fig. 3A). The morphological images of cells show that
BMSCs spread on composite hydrogels (Fig. 3B), demonstrating
that the addition of Arg-CDs did not affect the biocompatibility
of composite hydrogels. The cell counting kit-8 (CCK-8) assay of
composite hydrogels shows that the number of cells in all groups

increased within 5 days. Encouragingly, the CHG composite hydro-
gel significantly promoted cell proliferation compared to the other
groups (Fig. 3C), which was consistent with our previously reported
results (25).

In vitro antibacterial effects of the composite hydrogels
S. aureus, the main cause of orthopedic implant–associated infec-
tion, was used to measure the antibacterial activity of composite hy-
drogels. Results of acridine orange/ethidium bromide (AO/EB)
staining show that the number of dead bacteria on the CHG com-
posite hydrogel was notably increased (Fig. 4A). Furthermore, the
inhibition zone experiment shows that the distance without bacte-
rial colonies of CHG composite hydrogel reached about 2 mm,
which was considerably longer than that of G and HG composite
hydrogels (Fig. 4B). The results of the standard plate counting
assay show that the number of S. aureus colonies on the CHG com-
posite hydrogel was about 14%, while those on G andHG composite
hydrogels was about 100 and 93%, respectively (Fig. 4C and fig.
S4A). As shown in Fig. 4D, the bacterial membranes on G and
HG composite hydrogels were intact and smooth, and the
number of bacterial colonies was much larger on G and HG com-
posite hydrogels. In turn, the structural integrity of bacteria on the
CHG composite hydrogel was obviously impaired, inducing leakage
of bacterial cytoplasm and reduction in bacterial numbers. More-
over, the antibacterial kinetics of composite hydrogels was studied
by S. aureus. As shown in Fig. 4E, the CHG composite hydrogel
rapidly eradicated living bacteria, and the bacterial killing activity
was time dependent. The CHG composite hydrogel inactivated
88% of S. aureus within 24 hours (fig. S4B).

Fig. 3. Cell morphology and proliferation on the surface of composite hydrogels. (A) Cytoskeleton staining of BMSCs seeded on the surface of composite hydrogels.
(B) SEM images of cell morphology on the surface of composite hydrogels. (C) CCK-8 cell proliferation assay. (*P < 0.05). OD, optical density.
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Fig. 4. Antibacterial properties of the composite hydrogels. (A) AO/EB staining images of S. aureus cultured on the composite hydrogels. (B) Inhibition zones of the
composite hydrogels’ contact with S. aureus. (C) Colonies of S. aureus counted on the composite hydrogels. (D) Morphology of S. aureus cultured on the surface of
composite hydrogels. (E) Colonies of S. aureus counted on composite hydrogels at different time points. (F) Illustration of the states of bacteria on the composite hy-
drogels: CHG composite hydrogel eliminates S. aureus on and around its surface.
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Competitive colonization of bacteria and cells on the
composite hydrogels
Successful colonization of cells on the implant surface favors oste-
ogenesis, while bacterial colonization may induce infection. To
examine the competitive colonization of cells and bacteria,
BMSCs and S. aureus were simultaneously seeded on the surface
of composite hydrogels (Fig. 5C). Scanning electron microscopy
(SEM) images indicate that the CHG composite hydrogel promoted
cell adhesion and spread, and there is a very small number of
bacteria on its surface (Fig. 5A). Moreover, bacteria can internalize
and survive well within cells, which may be the reason behind
chronic infection and recurrence of infection. Therefore, in the
present study, we labeled BMSCs and S. aureus with DiO
perchlorate (green) and DiD perchlorate (red), respectively.
Subsequently, DiO-labeled BMSCs and DiD-labeled S. aureus

were simultaneously seeded on the hydrogel surface. After 24
hours, the extracellular bacteria were eliminated by gentamicin
(60 μg ml−1). As shown in Fig. 5B, the amount of S. aureus inside
cells was significantly higher on G and HG composite hydrogels
compared with CHG composite hydrogels, showing that bacteria
grew well on the surface of G and HG composite hydrogels and
even internalized and survived within BMSCs. In contrast, the
CHG composite hydrogel significantly maintained the viability of
BMSCs, while most bacteria on it were moribund and underwent
apoptosis, indicating that CHG composite hydrogels may be a
good antibacterial and cell survival–promoting candidate scaffold.

Fig. 5. Competitive colonization assay of cells and bacteria on the surface of composite hydrogels. (A) Morphology of BMSCs and S. aureus cultured on the surface
of composite hydrogels. (B) Images of intracellular bacteria inside the cells, which adhere to the scaffold surface. Green indicates the DiO labeling of BMSCs, red indicates
DiD labeling of S. aureus, and blue depicts the 4′,6-diamidino-2-phenylindole (DAPI) staining of the nucleus. (C) Illustration of the cell and bacteria coculture system on the
composite hydrogels: CHG composite hydrogel selectively eliminates S. aureus and promotes cell adhesion and growth.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Li et al., Sci. Adv. 9, eadf8645 (2023) 26 May 2023 6 of 17



ROS regulation by the composite hydrogels in bacteria
and cells
To explore the mechanism of killing bacteria and maintaining cell
survival of the CHG composite hydrogel, S. aureus and BMSCs were
treated with composite hydrogels, and the ROS levels in S. aureus
and BMSCs were quantified. Compared with G and HG composite
hydrogels, the intracellular ROS levels in S. aureus and BMSCs sig-
nificantly increased upon exposure to the CHG composite hydrogel
(Fig. 6A). However, antioxidant properties of the CHG composite
hydrogel in bacteria and cells were completely distinct. Total

antioxidant enzyme, including CAT (the enzyme that can catalyze
the decomposition of hydrogen peroxide into oxygen and water)
and SOD (an important member of the antioxidant enzyme
system in biological system), activities of S. aureus cultured on the
CHG composite hydrogel were effectively inhibited. Thus, S. aureus
was unable to eliminate excessive intracellular ROS and was more
vulnerable to oxidant-induced damage. However, unlike S. aureus,
the CHG composite hydrogel showed no evident inhibiting effect
on the antioxidant enzymes in BMSCs, while enhancing cellular
CAT and SOD activities (Fig. 6, B and C). Therefore, the

Fig. 6. ROS generation and antioxidant effects of cells and bacteria on the composite hydrogels. (A) Quantity of ROS generated in cells and bacteria cultured on
composite hydrogels. (B) CAT activity of BMSCs and S. aureus cultured on the composite hydrogels. (C) SOD inhibition rate of BMSCs and S. aureus cultured on the
composite hydrogels. (D) Expression of antioxidant genes of BMSCs cultured on the composite hydrogels. (E) Expression and quantification of antioxidant protein of
BMSCs cultured on the composite hydrogels. (*P < 0.05). ns, not significant; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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suppression of total CAT and SOD activities was obviously different
in bacteria and cells, resulting in notably superior ROS levels in bac-
teria than that in cells. The results of 2,7-Dichlorodi-hydrofluores-
cein diacetate (DCFH-DA) staining consistently show that the CHG
composite hydrogel significantly scavenged cellular ROS (fig. S5).
The antioxidant property of Arg-CDs alone was detected; the
results were demonstrated that Arg-CDs could significantly up-reg-
ulate the expression of antioxidant genes, such as Sirt1 and Sod2
(fig. S6). After developing composite hydrogel, we also found that
the CHG composite hydrogel promoted the gene expression of Sirt1
and Sod2 and protein of SIRT1 and SOD in BMSCs (Fig. 6, D and
E), indicating that it could resist oxidative damage by up-regulating
antioxidant genes and proteins. In conclusion, the CHG composite
hydrogel is an excellent candidate for eliminating bacteria and pro-
moting cell proliferation.

In vitro osteogenic effect of cells cultured on the composite
hydrogels
The osteogenic properties of Arg-CDs alone were performed by al-
kaline phosphatase (ALP) and alizarin red staining, as well as the
detection of osteogenic gene expression. The results indicate the ex-
cellent osteoinductive activity of Arg-CDs (fig. S7). To detect the
osteoinductive activity of composite hydrogels in vitro, BMSCs
were treated with composite hydrogels and cultured for 7 and 21
days, respectively. ALP staining indicates that the CHG composite
hydrogel significantly up-regulated the expression of ALP (Fig. 7A).
After 21 days, a large number of calcium nodules were observed in
the CHG group. In contrast, a fewer calcium deposition was pro-
duced in HG and G groups (Fig. 7B). Polymerase chain reaction
(PCR) results show that the CHG composite hydrogel significantly
promoted the expression of osteogenesis-related genes, such as se-
creted phosphoprotein 1 (Spp1), alkaline phosphatase (Alpl), runt-
related transcription factor 2 (Runx2), type I collagen (Col1a1), and
bone gamma-carboxyglutamate protein (Bglap) (Fig. 7C). Likewise,
Western blot results indicate that the CHG composite hydrogel
markedly promoted osteogenic protein expression, including
RUNX2, OPN, COL1, andOCN, demonstrating that the CHG com-
posite hydrogel effectively induced osteogenic differentiation of
BMSCs (Fig. 7, D and E).

Promotion of in vivo bone formation by the composite
hydrogels
The composite hydrogels were implanted subcutaneously to
observe ectopic bone formation (fig. S8A). After 4 weeks, HG and
CHG composite hydrogels were characterized. The results of aliza-
rin red staining show that CHG composite hydrogels produced
more calcium deposits than that of HG composite hydrogels (fig.
S8C), but there were no calcium deposits in HG and CHG compos-
ite hydrogel before subcutaneous implantation (fig. S8B). The
results of hematoxylin and eosin (H&E) staining exhibit that
more new bone was generated in the CHG composite hydrogels
than HG hydrogels, demonstrating that CHG composite hydrogels
have osteoinductivity (fig. S8D).
Composite hydrogels were implanted into the rat femoral defects

to observe bone formation. In the S. aureus group, almost no bone
formation was observed at 4 weeks after surgery. Partial bone tissue
was found in the femoral defects of the HG + S. aureus group, and
there was observable new bone formation in the CHG + S. aureus
group (Fig. 8A). The percent bone volume (BV/TV) in the CHG+ S.

aureus group reached about 28% in the fourth week postsurgery.
Moreover, the values of the thickness and number of trabecular
thickness (Tb.Th and Tb.N) in the CHG + S. aureus group were sig-
nificantly higher than that in the HG + S. aureus and S. aureus
groups, while trabecular separation (Tb.Sp) was the lowest. After
8 weeks, the results of bone formation also show that the CHG +
S. aureus group significantly promoted bone regeneration with a
BV/TV value larger than 39% (Fig. 8B). H&E staining and
Masson staining likewise suggest that the CHG composite hydrogel
could promote bone formation and bone maturation (Fig. 8, C
and D).

In vivo antibacterial effects of the composite hydrogels
Giemsa staining was executed to evaluate the bacteria killing effect
of composite hydrogels in vivo. Four weeks after implantation, a
large number of S. aureus were observed at the sites of the
femoral defect in the groups of S. aureus and HG + S. aureus com-
posite hydrogel. However, CHG composite hydrogels eliminated
almost all S. aureus, and femoral defects were filled with new
bone without any infection. Furthermore, the number of S.
aureus in femoral defects treated by S. aureus and the HG + S.
aureus composite hydrogel was significantly more than that in the
CHG + S. aureus group at 8 weeks after implantation (fig. S9A). The
viable bacteria at the sites of bone defect were also counted. The
results suggest that there were about 245.5 CFU/mm2 of S. aureus
on the surface of the new bone in the HG composite hydrogel
group, while only 8.6 CFU/mm2 of S. aureus in the CHG composite
hydrogel group at 4 weeks after surgery. After 8 weeks, the viable S.
aureus on the surface of the new bone in the HG composite hydro-
gel group was not increased (about 252.2 CFU/mm2) compared to
that at 4 weeks after surgery, indicating that the bacteria were not
proliferating. However, there were only 10.7 CFU/mm2 of S.
aureus in the CHG composite hydrogel group at 8 weeks after
surgery, which was much lower than that in the HG composite hy-
drogel, demonstrating that the CHG composite hydrogel signifi-
cantly eliminated bacteria and promoted bone regeneration
(fig. S9B).

Osteogenic mechanism of the composite hydrogels
To further explore the regulatory effect and potential mechanism of
the CHG composite hydrogel on BMSCs, RNA sequencing was per-
formed. Principal components analysis indicates that the control
group (Ctrl) exhibited a distinct transcriptome profile compared
to the HG and CHG groups, with a significant distance on the prin-
cipal component 1 (PC1) (Fig. 9A). This implies that composite hy-
drogels markedly influenced the cells on them. Moreover, HG and
CHG composite hydrogels were separated on PC2, demonstrating
that Arg-CDs further regulated the seeded BMSCs. The gene ex-
pression heatmap also showed differential gene expressions
between HG and CHG groups (Fig. 9B). To reveal the functions
of highly expressed genes in the CHG group, gene ontology (GO)
analysis was performed. The results displayed several GO terms
related to immunomodulation, including “positive regulation of cy-
tokine production,” “lymphocyte activation,” “inflammatory re-
sponse,” etc. (Fig. 9C). This implies that Arg-CDs may improve
tissue regeneration through immunomodulation. Consistently,
gene set enrichment analysis (GSEA) indicated obvious enrichment
of genes in the “innate immune response activating signal transduc-
tion” and “lipopolysaccharide-mediated signaling pathway,” further

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Li et al., Sci. Adv. 9, eadf8645 (2023) 26 May 2023 8 of 17



Fig. 7. In vitro osteogenesis of BMSCs cultured on the composite hydrogels. (A) ALP staining of BMSCs seeded on the composite hydrogels. (B) Alizarin red staining of
BMSCs seeded on the composite hydrogels. Expression of osteogenesis-related (C) genes and (D) proteins of BMSCs cultured on the composite hydrogels. (E) Quantifi-
cation of osteogenesis-related proteins of BMSCs cultured on the composite hydrogels. (*P < 0.05).
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Fig. 8. Promotion of bone formation by the composite hydrogels. (A) Micro–computed tomography of harvested femurs. (B) Quantitative analysis of newly regen-
erated bone tissues. (C) H&E staining of femoral critical-sized defects in rats. (D) Masson staining of femoral critical-sized defects in rats. (n = 3; *P < 0.05).
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confirming the role of Arg-CDs in the immune response (Fig. 9D).
Note that the CHG composite hydrogel also up-regulated genes as-
sociated with oxidative stress, implying that it may regulate the cel-
lular response to ROS more directly.
We further identified interleukin-10 (Il10) as one of the top up-

regulated genes in the CHG group (Fig. 9E). The results show that
the CHG composite hydrogel significantly promoted the secretion
of Il10 from BMSCs, and the concentration of Il10 secreted by
BMSCs cultured on CHG samples was two to three times higher
than that on the HG composite hydrogel (Fig. 9F). Moreover,
bone marrow mononuclear cells (BMMs) were seeded on the

surface of composite hydrogels and cultured with media that had
been used for BMSC culture on composite hydrogels. We found
that the conditioned media from the BMSC cultured on the CHG
composite hydrogel significantly up-regulated the expression of
CD206 in BMMs, while the expression of CD206 was lower in
BMMs cultured with conditioned media from BMSCs cultured on
the HG composite hydrogel, indicating that the CHG composite hy-
drogel significantly inducedM2macrophage polarization (Fig. 9G).
The results of immunofluorescence also show that the CHG com-
posite hydrogel could promote the expression of CD206 at the in-
fection sites, indicating that CHG composite hydrogels induced M2

Fig. 9. Exploration of the osteogenic mechanism of the composite hydrogels. (A) Principle components analysis. (B) Gene expression heatmap. (C) Gene ontology
analysis. (D) Gene set enrichment analysis. (E) Volcano plot showing differentially expressed genes between CHG and HG groups. (F) Detection of Il10 released from
BMSCs. (G) CD206 and F4/80 immunofluorescence of BMMs. (*P < 0.05).
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macrophage polarization and provided excellent immune microen-
vironment for infectious bone defect repair (fig. S10). Furthermore,
the CHG composite hydrogel also promoted the secretion of IL-10
from BMMs, which was much higher than that from BMSCs (fig.
S11). To explore the correlation between BMSCs and immune
cells in the process of osteogenic differentiation of BMSCs, we cul-
tured BMSCs with two different culture media. The one is the
extract liquid of CHG composite hydrogel, the other one is the
BMM conditioned culture media. To confirm that BMMs were an
M2 phenotype, BMMs were seeded on the surface of composite hy-
drogels; the expression of CD206 in BMMs cultured with CHG
composite hydrogels was higher than that of HG, indicating that
CHG composite hydrogels induced M2 macrophage polarization
(fig. S12). Both above media are from osteogenic induction
media. After 14 days, alizarin red staining was performed. The
result suggests that the conditioned media that have cultured
BMMs notably promoted osteogenic differentiation of BMSCs
compared to the extract liquid of CHG composite hydrogel, produc-
ing a large amount of deposit (fig. S13). Together, the M2 macro-
phagemay accelerate osteogenesis in an Il10-dependent manner. To
further demonstrate that CHG promoted the osteogenic differenti-
ation of BMSCs by up-regulating Il10, we measured the osteogenic
activity of BMSCs after silencing the expression of Il10. The results
indicate that CHG significantly promoted the expression of the os-
teogenesis-related proteins such as RUNX2 and OCN. However,
after silencing the gene expression of Il10, the osteogenic activity
of BMSCs decreased sharply, and the CHG composite hydrogel
also showed negligible capacity for the promotion of osteogenic dif-
ferentiation of BMSCs (fig. S14). Therefore, we can conclude that
CHG promoted the osteogenic differentiation of BMSCs by up-reg-
ulating Il10.

DISCUSSION
Currently, orthopedic implant–associated infections are typical
complications affecting the process of bone healing (26). ROS is a
double-edged sword. Excessive ROS produced by antibacterial
agent can effectively inhibit bacterial growth, but acting by produc-
ing ROS in situ immensely limits the osteogenic effects of antibac-
terial agent and increases oxidative stress damage for the
surrounding healthy tissue (20). Therefore, balancing antibacterial
activity and osteogenesis is the key to achieving infectious
bone repair.
After transforming Arg into zero-dimensional carbon-based

material, i.e., Arg-CDs, abundant ROS could be produced because
of the high level of surface charge. In this study, we successfully pre-
pared the Arg-CD–based CHG composite hydrogel that sustained
released Arg-CDs in response to the acidic microenvironment of
bone injury, demonstrating that the C═N groups in the CHG com-
posite hydrogel were cleaved in an acidic environment. The acidic
environment at the infection site can promote bacteria to release a
variety of factors and form biofilm (3). In this study, the released
Arg-CDs up-regulate ROS levels in bacteria and exhibit excellent
antibacterial activity, which is consistent with the findings in previ-
ous studies that excessive ROS can disrupt bacterial proteins, lipids,
metabolites, and the bacterial membrane (27, 28). Unexpectedly,
Arg-CDs significantly scavenge intracellular ROS by up-regulating
the expression of antioxidase (SOD and CAT) and antioxidant
genes (Sirt1 and Sod2), as well as proteins (SIRT1 and SOD2).

Several studies suggest that guanidinium-functionalized materials
can penetrate bacteria cell membrane and effectively kill bacteria
(29–31). Arg is an amino acid that only carries a guanidine
group, exhibiting excellent antibacterial activity (32). Unexpectedly,
we found that the antibacterial activity of Arg-CDs was higher than
Arg, which may be contributed to the higher positive charge. The
surface charges of resultant Arg-CDs are moderately positive with
values at neutral pH. As the bacterial membrane surface is more
negatively charged than mammalian cells, Arg-CDs exhibit differ-
ent affinity to bacterial and mammalian cells via electrostatic inter-
action. Therefore, Arg-CDs preferentially interact with bacteria over
cells, allowing Arg-CDs to disrupt bacterial membrane and kill mi-
croorganisms. Moreover, in bacteria, the expression of antioxidase
(SOD and CAT) was inhibited, the bacteria cannot eliminate the
generated ROS, and the bacterial membranes were disrupted. A
study reported that CDs obtained from spermidine (CDSpds)
showed obvious antibacterial activity. Compared to spermidine
alone, CDSpds shows smaller size and higher positive charge; thus,
the minimal inhibitory concentration of CDSpds is lower and can
efficiently kill bacteria (33). Therefore, the transformation of the
Arg molecules into zero-dimensional nanomaterial could endow
the material with exceptional antibacterial activity.
For orthopedic implant–associated infection, the damaged bone

microenvironment typically produces excessive ROS that can exac-
erbate inflammation and delay bone repair (14). Various attempts
have been made to accelerate bone repair by modulating ROS (15–
17). Our previous study showed that simultaneous elimination of
ROS and up-regulation of antioxidant genes through manganese
dioxide–based composite hydrogels significantly promotes bone re-
generation (18). In this study, Arg-CD showed excellent antibacte-
rial activity compared to Arg, and it could significantly kill bacteria
via the up-regulation of ROS in bacteria. In addition, the Arg-CD
produced large amounts of calcium deposits and exhibited higher
osteoinductive activity than Arg. Moreover, Arg-CDs released from
engineered CHG composite hydrogel in response to the acidic bone
injury microenvironment also showed excellent osteogenesis both
in vitro and in vivo. Various studies have demonstrated that up-reg-
ulation of antioxidase and antioxidant genes and proteins can
reduce oxidative damage and promote osteogenesis (22, 34, 35).
Here, the obtained CHG composite hydrogel exhibited excellent an-
tioxidant property and osteogenic activity. To further elucidate the
underlying mechanism by Arg-CD–triggered osteogenic induction,
we investigated the gene expression profile of CHG composite hy-
drogel–treated BMSCs by RNA sequencing. The sequencing data
reveal that the expression of Il10 in BMSCs was markedly up-regu-
lated in the CHG composite hydrogel–treated group compared with
Ctrl andHG. Various studies have demonstrated that a material that
can enhance the activities of SOD and CATmay also up-regulate the
level of Il10, synergistically inhibiting the inflammatory responses
(36–39). Therefore, the activation of Il10 gene expression by Arg-
CDs may be resulted from its excellent antioxidant performance.
We also attempted to reveal the underlying mechanism of Il10
up-regulation by the material. Kyoto Encyclopedia of Genes and
Genomes signaling pathway enrichment analysis showed that
Toll-like receptor (TLR) and Janus kinase–signal transducer and ac-
tivator of transcription (JAK-STAT) signaling pathways were acti-
vated in the CHG group (fig. S15A). As TLR and JAK-STAT are
the pathways regulating c-Maf (40, 41), which, in return, up-regu-
lates Il10 (42), we speculate that CHG improves osteogenesis, at least
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partially, by TLR, JAK-STAT pathways, and c-Maf. In line with this,
Xu et al. (42) found that c-Maf directs IL-10 regulation during Th17
polarization, and our sequencing data also demonstrated that CHG
composite hydrogel significantly promoted the expression of Mafb
and Maf compared to HG (fig. S15B). Spp1 and Ccr1, the target
genes of c-Maf, were also up-regulated by CHG composite hydrogel
(fig. S15B) (43–45). It has been reported thatMafb and c-Maf, a part
of the large Maf transcription factor family, can bind to DNA
through the basic leucine zipper motif (46). Mafb and c-Maf func-
tion alone or together to control cell fate and differentiation in bone,
epithelial cells, lens, macrophages, and pancreas (47–49). Therefore,
it is possible that CHG composite hydrogel up-regulates IL-10 ex-
pression via the TLR/JAK-STAT–c-Maf axis.
During various infections, Il10 family cytokines elicit diverse

host defense mechanisms, particularly those derived from epithelial
cells (50). Il10 is a crucial anti-inflammatory mediator (51, 52) that
targets a variety of leukocytes and mainly inhibits excessive inflam-
matory responses. In addition, Il10 can also promote the transfor-
mation of macrophages from M1 state to M2, exhibiting a
promising effect on tissue repair (53–55). A study reported that
Il10 could promote chondrogenic differentiation and chondrocyte
proliferation (56). Il10-deficient mice show a reduction in the pro-
liferation zone of embryonic growth plates. Furthermore, Il10 drives
OPN expression in MSCs, while blocking Il10 reduces subsequent
calcification and mineralization (53). In this study, we found that
CHG composite hydrogel–treated BMMs significantly increased
the expression of CD206, a representative surface marker of M2
macrophages, and exhibited excellent osteoinductive activity both
in vitro and in vivo. Thus, the CHG composite hydrogel may in-
crease the relative expression levels of Il10, which, in turn,
promote M2 macrophage polarization and accelerate osteogenesis.
In conclusion, we successfully fabricate zero-dimensional Arg-

CDs and engineered CHG composite hydrogel that can collapse
as well as intelligent controlled release of Arg-CDs in the acidic in-
fectious bone injury microenvironment. The released Arg-CDs sig-
nificantly eliminate bacteria by producing excessive ROS and
promote cell proliferation by up-regulating the expression of anti-
oxidases. Moreover, the obtained Arg-CD–based composite hydro-
gel up-regulates the expression of Il10, which fuels the osteogenesis
by promoting M2 macrophage polarization. Owing to the perfect
combination of excellent antibacterial activity and bone formation,
our CHG composite hydrogel exhibits a highly attractive applica-
tion prospect in the treatment of infectious bone repair, which
notably improves the success rate of bone implants. Therefore,
transformation of Arg into zero-dimensional nanomaterial
endows the material with antibacterial and osteoinductive activity,
which can provide inspirations for biomaterial-based tissue
regeneration.

MATERIALS AND METHODS
Material preparation
Arg-CDs were synthesized following the reported method. Briefly,
500 mg of Arg was heated at 240°C for 3 hours. After cooling to
room temperature, the residue was dissolved in 20 ml of ultrapure
water. The Arg-CD solution was sonicated and centrifuged at
15,000 rpm for 30 min. Then, the supernatant was dialyzed
against ultrapure water for 24 hours using a dialysis membrane

(molecular weight cutoff = 1000 Da). Last, Arg-CDs were obtained
by lyophilization.
To synthesize HA-CHO, 1.5 g of HAwas dissolved in 150 ml of

deionized water and then 802 mg of sodium periodate was added
and stirred for 2 hours. The reaction was stopped by adding ethylene
glycol (200 μl) and dialyzed against deionized water. The obtained
HA-CHO was freeze-dried and stored at 4°C.
A total of 1 g of G sponge, 50 mg of photoinitiator lithium

phenyl-2,4,6-trimethyl-benzoyl phosphinate, and 100 mg of HA-
CHO were dissolved in 20 ml of deionized water at 37°C, after
which 80 mg of Arg-CDs were added and stirred until well
mixed. The CHG composite hydrogel was obtained by photocros-
slinking (wavelength of 405 nm).

Material characterizations
The morphology of Arg-CDs was characterized using a transmis-
sion electron microscope (TECNAI G2 F20, FEI, USA). The diam-
eter distribution of Arg-CDs was measured using a nanoparticle
size and zeta potential analyzer (Zetasizer Nano ZS90). The molec-
ular structure of HA-CHO and CHG composite hydrogel was de-
tected by FTIR (Nicolet 6700, Thermo Fisher Scientific, USA). The
destruction of the CHG composite hydrogel in the acidic microen-
vironment was performed by a mechanical test. The samples
(height: 5 mm; diameter: 4.5 mm) were immersed in pH 7.2 and
pH 5.5 buffer solutions at 37°C for 24 hours. Then, their compres-
sive strength was tested (5 mm/min) using a universal force tester
(Shanghai Hengyi Precision Instrument Co. Ltd., China). After
freeze-drying, the structure of the CHG composite hydrogel was
characterized by SEM (Quanta 250, FEI, Hillsboro, OR, USA).
The properties of Arg-CDs released from the composite hydrogel
were investigated by UV-vis absorption spectroscopy at different
time intervals. Briefly, the composite hydrogels were immersed in
pH 7.2 and pH 5.5 buffer solutions at 37°C. The release of Arg-
CDs from composite hydrogels was measured at different time
points. The UV-vis absorption peaks of Arg-CDs with different
concentrations (125, 250, and 500 μg/ml) at a wavelength of 305
nm were measured to obtain the standard curve. According to the
standard curve, the released Arg-CDs from the composite hydrogel
were calculated from the results of UV-vis absorption spectroscopy.

Cell morphology and viability
BMSCs were cultured in α–minimum essential medium (Hyclone,
Thermo Fisher Scientific, USA) containing 10% fetal bovine serum
(Gibco) and 1% penicillin-streptomycin. BMSCs were seeded on
composite hydrogels and cultured for 48 hours. Then, they were
fixed with 4% paraformaldehyde for 40 min at room temperature.
Afterward, the cells were washed with phosphate-buffered saline
(PBS) and sealed and permeabilized with 3% bovine serum
albumin solution containing 0.3% Triton X-100 for 12 hours.
Then, the sample was stained with rhodamine phalloidin and
4′,6-diamidino-2-phenylindole (DAPI). Images were acquired
with an inverted fluorescence microscope. For SEM scanning,
BMSCs were seeded on composite hydrogels (5 × 104 cells per
well) and incubated for 48 hours. Then, they were fixed with 4%
paraformaldehyde for 40 min, dehydrated with gradient ethanol
(10, 30, 50, 70, 85, 90, and 100%), and observed by SEM after critical
point drying. Cell proliferation was evaluated by the CCK-8 assay.
Briefly, BMSCs were seeded on composite hydrogels (1 × 103 cells
per well). At the time points of 1, 3, and 5 days of incubation, cells

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Li et al., Sci. Adv. 9, eadf8645 (2023) 26 May 2023 13 of 17



were incubated with a diluted CCK-8 agent (Dojindo, Japan) for 2
hours (CCK-8 agent:culture medium = 1:10). Then, the absorbance
was measured at 450 nm of wavelength.

In vitro antibacterial properties
S. aureus was inoculated on composite hydrogels (1 × 104). The de-
struction performance of the composite hydrogels on biofilm was
detected by AO/EB staining after 24 hours. The hydrogels were
washed three times with PBS and fixed with 95% ethanol for 40
min at room temperature. Then, S. aureus was incubated with
AO/EB reagent, and images were collected with an inverted fluores-
cence microscope. Next, we evaluated antibacterial properties of
composite hydrogels by inhibition zone experiments. The compos-
ite hydrogels were placed on the center of an LB agar plate coated
with 100 μl of S. aureus suspension [106 to 107 colony-forming units
(CFU)/ml]. Then, the bacteria were cultured at 37°C for 18 hours.
The area with no bacterial colonies was quantified to assess antibac-
terial activity of composite hydrogels. Antimicrobial kinetics of Arg,
Arg-CDs, and composite hydrogels were performed to verify their
antibacterial properties. Composite hydrogels were immersed in
PBS containing S. aureus. The supernatant was collected at different
time intervals and added to the LB agar plate to observe the colo-
nies, which were counted using ImageJ software. The effect on bac-
terial biofilm formation was performed by SEM. S. aureus was
seeded on composite hydrogels for 24 hours, which was then
washed with PBS and fixed with 2.5% glutaraldehyde for 15 min.
The samples were then dehydrated with gradient ethanol (10, 30,
50, 70, 85, 90, and 100%) and observed by SEM after critical
point drying.

Cocultured system of cells and bacteria
The cell proliferation and antibacterial properties of composite hy-
drogels were evaluated. BMSCs and S. aureus were seeded on com-
posite hydrogels at a ratio of 20:1 (1 × 105 cells per well, 5 × 103
CFUs per well) and incubated for 24 hours. They were washed
three times with PBS and fixed with 95% ethanol for 5 min.
Then, the morphologies of BMSCs and S. aureus were observed
by SEM after dehydrating with gradient ethanol. To observe S.
aureus that internalized and survived within BMSCs, BMSCs and
S. aureus were labeled with DiO perchlorate (green) and DiD per-
chlorate (red), respectively. Then, the DiO-labeled BMSCs and
DiD-labeled S. aureus were simultaneously seeded on hydrogels at
a ratio of 20:1 (1 × 105 cells per well, 5 × 103 CFUs per well). After 24
hours, the extracellular bacteria were eliminated by gentamicin (60
μgml−1) and then fixed with 4% paraformaldehyde for 40min. Last,
the samples were stained with DAPI, and images were collected
using an inverted fluorescence microscope.

Detecting ROS levels and antioxidase activities of cells and
bacteria
To detect cellular and bacterial ROS levels, S. aureus was added to
each sterile (1 × 108 CFU/ml). Next, the composite hydrogels were
added to the vials and then cultured at 37°C for 30 min in a shaker.
Subsequently, DCFH-DA (10 μM) was added and then incubated at
37°C for 20 min in a shaker. Last, the fluorescent intensity was mea-
sured with a fluorescence microplate reader at an excitation wave-
length of 488 nm. The detection processes of ROS in BMSCs were
the same as described above. Cellular and bacterial antioxidase ac-
tivities, including SOD and CAT, were assessed according to the

manufacturer ’s protocol. The effect on cellular ROS scavenging
was evaluated by DCFH-DA staining. BMSCs were seeded on com-
posite hydrogels (1 × 104 cells per well). After 24 hours, the medium
was replaced with one containing 100 μM H2O2. BMSCs were
stained with DCFH-DA agent after 24 hours of incubation, and
the samples were observed using an inverted fluorescence
microscope.

In vitro osteogenesis properties
BMSCs were seeded on a six-well plate (1 × 105 cells per well). After
24 hours, the medium was replaced with osteogenic differentiation
medium comprising 10 mM β-glycerophosphate, 10 nM dexame-
thasone, and L-ascorbic acid 2-phosphate (50 μg/ml; Sigma-
Aldrich, USA). The Arg, Arg-CDs, and composite hydrogels were
immersed in the above osteogenic differentiation medium. After 7
days of culture, ALP staining was performed with the ALP staining
kit (Beyotime, China). Alizarin red staining was executed after 21
days. The expression of typical osteogenic genes (7 days: Alpl,
Spp1, and Runx2; 21 days: Col1a1 and Bglap) and antioxidant
genes (Sirt1 and Sod2) was detected by real-time quantitative PCR
(qPCR), while the expression of osteogenic (7 days: RUNX2 and
OPN; 21 days: COL1 and OCN) and antioxidant proteins (SIRT1
and SOD2) was also measured by Western blot. As above, BMSCs
were seeded on the six-well plate (1 × 105 cells per well). After 24
hours, the medium was replaced with osteogenic differentiation
medium. The composite hydrogels were immersed in the above os-
teogenic differentiation medium and incubated with BMSCs for 7
and 21 days, respectively. Real-time qPCR analysis and Western
blots were performed to detect gene transcription and protein ex-
pression levels. The primer sequences are shown in table S1.

Heterotopic ossification
The procedures were approved by the Institutional Animal Care and
Use Committee of the Soochow University of China by applying
Chinese national guidelines for the care and use of experimental
animals (SUDA20220711A09). To measure the osteoinductivity of
composite hydrogels, the cylindrical samples (diameter: 3 mm;
height: 2 mm) were implanted subcutaneously on Sprague-
Dawley rats (weighing 300 to 350 g). After 4 weeks, alizarin red
and H&E staining were performed to observe ectopic bone forma-
tion by composite hydrogels.

In vivo infection model
An infectious lateral femoral condyle defective model was induced
on Sprague-Dawley rats (weighing 300 to 350 g). After inducing an-
esthesia with pentobarbital sodium (30 mg/kg; Sigma-Aldrich), the
hindlimbs of rats were shaved and disinfected with povidone-
iodine. The femur was exposed by blunt dissection, and bone
defects (diameter: 3 mm; depth: 3 mm) were formed on the
femoral condyles using a bone drill. S. aureus (104 CFU/ml) were
injected into the femoral condyle cavity. The composite hydrogels
were implanted into the femoral condyle cavity and then irradiated
with blue light (405 nm) for 30 s. The rats were euthanized 4 and 8
weeks after implantation, and the femurs were harvested and fixed
with 4% paraformaldehyde for 24 hours at room temperature. Then,
a micro–computed tomography scan was performed for evaluating
new bone formation.
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Histological analysis
Immunofluorescence, H&E, Masson, and Giemsa staining were
performed for histological analysis. Rat femur specimens were de-
calcified in 14% EDTA for 30 days. After dehydrating with alcohol
gradient, the samples were embedded in paraffin and cut into 6-μm-
thick slices. All staining were performed according to the manufac-
turers’ protocols. The ImageJ software was used to count the viable
bacteria at the site of bone defect.

mRNA library construction and sequencing
Total RNA was extracted from cells using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s instruc-
tion. The RNA quantity was quantified using NanoDrop ND-1000
(NanoDrop,Wilmington, DE, USA). RNA integrity was assessed by
Bioanalyzer 2100 (Agilent, CA, USA) with RNA integrity number
(RIN) > 7.0 and confirmed by electrophoresis. RNA containing pol-
yadenylate was purified from total RNA using Dynabeads
oligo(dT)25-61005 (Thermo Fisher Scientific, CA, USA) by two
rounds of purification. Then, the RNA was fragmented using the
Magnesium RNA Fragmentation Module (NEB, USA) at 94°C for
5 min. cDNA was generated from cleaved RNA fragments with the
SuperScript II Reverse Transcriptase (Invitrogen, USA), and a U-
labeled second-stranded DNA was synthesized with Escherichia
coli DNA polymerase I (NEB, USA), ribonuclease H (NEB, USA),
and deoxyuridine triphosphate solution (Thermo Fisher Scientific,
USA). An A-base was then added to the blunt ends of each strand
for ligation to the indexed adapters. Each adapter contained a T-
base overhang for ligating the adapter to the A-tailed fragmented
DNA. The fragments were ligated to single- or dual-index adapters,
and AMPureXP beads were used to perform size selection. After the
heat-labile UDG enzyme (NEB, USA) treatment, ligated products
were amplified from the U-labeled second-stranded DNA by
PCR. The average insert size for the final cDNA library was 300 ±
50 base pairs (bp). Last, the 2 × 150-bp paired-end sequencing
(PE150) was performed on an Illumina Novaseq 6000 sequencing
machine (LC-Bio Technology Co. Ltd., Hangzhou, China) follow-
ing the vendor’s recommended protocol.

Sequence and primary analysis
The adaptor-contaminated reads were excluded by Cutadapt soft-
ware (https://cutadapt.readthedocs.io/en/stable/; version 1.9).
After removing the low-quality and undetermined bases, HISAT2
software (https://daehwankimlab.github.io/hisat2/; version: 2.0.4)
was used for genome mapping. The mapped reads were assembled
using StringTie (http://ccb.jhu.edu/software/stringtie/; version:
1.3.4). Then, the comprehensive transcriptome was reconstructed
using gffcompare software (http://ccb.jhu.edu/software/stringtie/
gffcompare.shtml; version 0.9.8). Subsequently, StringTie and ball-
gown (www.bioconductor.org/packages/release/bioc/html/
ballgown.html) were used to calculate fragments per kilobase
million (FPKM) (FPKM = [total_exon_fragments/mapped_reads
(millions) × exon_length (kB)]). The differentially expressed
mRNAs were selected with a log (fold change) > 1.5 and P < 0.01
by edgeR (https://bioconductor.org/packages/release/bioc/html/
edgeR.html). GO analysis was performed on Metascape (57).
GSEA was performed using GSEA software (https://www.gsea-
msigdb.org/gsea/index.jsp; version: 4.1.0) (58).

Measurement of Il10 concentration
BMMs and BMSCs were seeded on composite hydrogels (1 × 105
cells per well). After 2, 4, and 6 days, the culture medium was col-
lected separately. The concentration of Il10 was detected using
enzyme-linked immunosorbent assay kits (R&D Systems).

Characterization of macrophage polarization
BMMs were seeded on composite hydrogels (1 × 105 cells per well).
After 24 hours, the medium was replaced with the conditioned
media that had previously cultured BMSCs on composite hydrogels.
After 3 days, CD206 and F4/80 immunofluorescence were per-
formed, and the effect of induced macrophage polarization was de-
tected on composite hydrogels. The immunofluorescence of CD206
at bone defect sites was also performed.

Statistical analysis
Data were presented as means ± SD. Statistical analysis (GraphPad
Software, USA) was evaluated using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison to evaluate dif-
ferences between the groups. A probability value (P) less than 0.05
was considered statistically significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S15
Table S1
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