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Abstract 

In infectious bone injury microenvironments, an ideal material should possess antibacterial, 

osteogenesis and angiogenesis functions simultaneously. However, relying on a single material 

to achieve the above goals is challenging. In this study, we develop a quercetin carbon dot 

(QCD) with multiple functions. The structure of QCDs were analysed, and the results of 

molecular docking and cellular thermal-shift assay confirmed RTKs as potential targets. Then 

the QCDs were incorporated into methacryloylated polyglutamic acid grafted with 

aminophenylboronic acid hydrogel with reactive oxygen species-responsive properties. The 

QCDs can activate the Rap1 pathway in bone marrow mesenchymal stem cells, which could 

promote angiogenesis and translocation of β-catenin to promote osteogenesis. Moreover, the 

Rap1 also can activate PI3K-AKT pathway related to cell proliferation. For killing bacteria, the 

QCDs inhibit the gene expression of dapE, phoP and secA2, which can disrupt bacterial wall, 

inhibit drug resistance and interfere with energy metabolism. This study reveals the chemical 

structure of QCDs, and find they could interact with RTKs and thus activate the Rap1 signaling 

pathway to promote bone regeneration, and kill bacteria by destroying their walls and 

interfering with energy metabolism, thus providing insights for developing a simplified 

component with multiple functions for repairing infectious bone defects. 

 

Keywords: Infectious bone injury, quercetin carbon dots, antibacterial mechanism, 

osteogenesis, Rap1 signaling pathway 

 

 

1. Introduction 

Infection after bone fracture surgery with an incidence of about 5 %, and it not only leads to 

long-term non-healing of fractures but also causes serious diseases such as osteomyelitis [1]. In 

general, the implants are needed to fix or fill the injury site to assist in bone repair, but these 

implants may become accomplices to bacteria, providing the possibility for bacterial lurk, 

colonization, and outbreak of infections [2]. In clinical practice, a large amount of antibiotics is 

often used to prevent bacteria from lurking in bones or implants[3]. In complex infectious 

microenvironments, a single sterilization method is not sufficient to address bacterial resistance, 

and perfect bone repair also involves multiple factors including cell number, osteogenic 

differentiation and vascularization[4]. Currently, the treatment of infectious bone defects faces 

several limitations, such as antibiotic resistance, poor vascularization of graft materials, and 
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prolonged recovery periods. There is still no simple solution that can simultaneously employ 

multiple strategies to kill bacteria and activate multiple mechanisms to promote bone repair. 

The main characteristics of the microenvironment in infectious bone defects are 

inflammatory reactions caused by bacterial invasion, imbalanced bone metabolism, and a high 

level of reactive oxygen species (ROS)[5].The infectious bone injury microenvironment 

involves not only bacterial infection itself but also a complex pathological process intertwined 

with multiple factors, such as inflammatory response, immune suppression, biofilm formation, 

and impaired bone regeneration. Bacteria (e.g., S. aureus) can adhere to the bone surface and 

form biofilms, which are extracellular polysaccharide matrices that protect bacteria from the 

host's immune system and antibiotic treatment, leading to chronic infection and inflammatory 

responses. Additionally, infection-induced aberrant inflammation hinders bone regeneration. 

Chen et al. developed a honeycomb-like ZIF-sealed interface, which demonstrates tripartite 

therapeutic effects through disrupting biofilms, alleviating infection-induced inflammation, and 

promoting bone regeneration[6]. Cai et al. designed an injectable and photocurable hydrogel-

based system that synergistically integrated immunomodulation with enhancement of 

osteogenesis activity[7]. 

To cope with infectious microenvironments, killing the bacteria is the top priority. 

Currently, traditional antibiotic treatments are no longer sufficient for complex bacterial 

infections, and researchers have developed a number of novel antimicrobial materials [8]. 

Electroactive antimicrobial materials are novel and green antimicrobial materials that can 

effectively reduce the growth of bacteria through current stimulation [9]. Metal-organic 

frameworks are novel materials consisting of metal clusters or metal ions with organic linkers 

that effectively kill bacteria by releasing metal ions [10]. These novel antimicrobial materials 

have strong antimicrobial effects, but they also have drawbacks such as the development of a 

certain degree of drug resistance, structural instability, and toxic side effects on cells and tissues. 

Therefore, the development of a simple and efficient new antimicrobial material that can inhibit 

bacterial resistance remains a challenge. 

Carbon dots (CDs) have emerged as a promising class of carbon-based nanomaterials with 

unique properties that render them suitable for various biomedical applications [11]. CDs not 

only have good biocompatibility, extremely small size and rich functional groups, but more 

importantly, they have extremely strong antibacterial ability. CDs can directly cause physical 

damage to bacteria by virtue of their extremely small size and charge effects [12]. Carbon dots 

cause oxidative stress in bacteria by generating reactive oxygen species (ROS), which destroy 
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the integrity of the bacterial wall and lead to bacterial death [13]. In addition, CDs can bind to 

DNA, proteins and other components within the bacteria, interfering with the normal life 

activities of the bacteria and ultimately leading to bacterial death [14]. Therefore, CDs are 

expected to be a good candidate for simultaneously employing multiple strategies to kill 

bacteria. 

In addition the bacteria, the excessive ROS, insufficient blood supply and reduced 

osteogenesis are still multiple obstacles that need to be overcome to complete bone repair [15]. 

For example, excessive ROS production promotes osteoclast differentiation while inducing 

osteoblast apoptosis, eventually leading to bone loss [15a]. Osteoblasts internalise bacteria and 

secrete pro-inflammatory and osteoclast-associated factors that exacerbate the inflammatory 

response, thereby promoting osteolysis [16]. To overcome multiple obstacles, regulation of Rap1 

signaling pathway may be feasible. The Rap1 signaling pathway plays a key role in various 

physiological processes, such as cell proliferation, apoptosis, adhesion and motility [17]. Recent 

studies have shown that osteoclastogenesis and osteoblastogenesis are coordinated by targeting 

ADCY2 in the Rap1 signaling pathway. Activation of Rap1 accelerates osteoblast 

differentiation by regulating ERK/p38 signaling [18]. In addition to regulating osteogenesis, 

Rap1 can also promote vascular regeneration by regulating the proliferation, migration and 

angiogenesis activity of vascular endothelial cells [19]. Therefore, regulation of Rap1 signaling 

pathway may activate multiple mechanisms to promote bone repair in complex infectious 

microenvironments. 

The advantages of CDs is their ability to retain or enhance the properties of their precursor 

materials [20]. In this context, quercetin is a flavonol compound with antibacterial, antioxidant 

and osteogenic properties [21], presents a good candidate. Moreover, it has been shown that 

quercetin could promote Rap1 activation and modulate the Rap1 signaling pathway [22]. 

Therefore, it provides a clue that the preparation of quercetin into CDs may simultaneously 

activate Rap1 signaling pathway, eliminate ROS and kill bacteria. This strategy may offer a 

powerful tool for the repair of infected bone injuries. 

In this study, we propose a new repair mechanism to simultaneously employ multiple 

strategies to kill bacteria, and activate multiple mechanisms to promote bone repair in infectious 

microenvironments (Scheme 1). To achieve this goal, we synthesized the quercetin carbon dots 

(QCDs) by hydrothermal reaction. The structure of QCDs were analysed and predicted. Then 

the QCDs were incorporated into methacryloylated polyglutamic acid grafted with 

aminophenylboronic acid (PBA-m-PGA) hydrogel to create a composite hydrogel exhibiting 



“Small dots, multiple functions”: unveiling the veil of a bioactive quercetin carbon dot and its 
multifaceted antibacterial and osteogenesis mechanisms for infectious bone defect repair 
 
 

5 

 

ROS-responsive properties [23]. Characterization of the composite hydrogels, including their 

physicochemical properties, release behavior, and ROS scavenging capability, was conducted. 

Furthermore, the antibacterial and osteogenic properties of the composite hydrogels were 

evaluated through both in vitro and in vivo studies. Importantly, we explored the potential 

mechanisms underlying the antimicrobial and osteogenic effects through transcriptome 

sequencing. To explore their target with cells, molecular docking and cellular thermal-shift 

assay were carried out. 

 

Scheme 1. Schematic illustration of the composite hydrogels containing QCDs to promote the 

repair of infected bone injury. QCDs is consists of five layers of graphene-like structures. CPG 

scavenges ROS through borate bond breaking and the release of QCDs. The released QCDs 

could kill bacteria by disrupting the bacterial wall, reducing drug resistance and interfering with 

energy metabolism. Moreover, the QCDs could bind to the target protein RTKs confirmed by 

molecular docking and cellular thermal-shift assay, and thus activate the Rap1 signaling 

pathway to promote cell proliferation, angiogenesis and osteogenesis. 
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2. Results  

2.1 Regulation of infectious bone injury microenvironment by the composite hydrogels 

Both injury and bacterial infection can induce an increase in ROS levels in the 

microenvironment. To investigate the changes of ROS in the microenvironment during 

infectious bone injury, we used in vivo ROS imaging to visualize ROS. And it is found that 

ROS levels is higher at the injury site than the normal tissue, and the ROS level will be further 

increase with the presence of S. aureus (Fig. 1A). To cope with the abnormally elevated ROS 

at infected bone injuries, a composite hydrogel that can intelligently respond and improve the 

microenvironment was constructed. First, quercetin was prepared into QCDs via a simple 

hydrothermal reaction. The QCDs are spherical with a diameter of about 5 nm (Fig. 1B, Fig. 

S1A, B). The results of 1H-NMR show two absorption peaks at 9.40 and 9.69 ppm for quercetin 

and QCDs, which are corresponded to chemical shifts of the protons of the phenolic hydroxyl 

group in catechols, suggesting that QCDs still partially retain the chemical structure of quercetin 

(Fig. S1C).The results of X-ray diffraction patterns (XRD) show that QCDs have a 

characteristic diffraction peak at 2θ = 44.5°, while quercetin has no diffraction peak at 2θ = 

44.5° (Fig. S1D). Fourier transform infrared spectroscopy (FTIR) shows three absorption peaks 

at 3400 cm-1, 1596 cm-1 and 1258 cm-1 for QCDs corresponding to -OH, C=C, and C-O-C, 

respectively (Fig. 1D). Simulations were performed by VASP in order to make predictions 

about the molecular structure of QCDs. The predicted results show that the QCDs are spherical-

like consisting of five layers of graphene-like structures (Fig. 1B). The XRD and FTIR of the 

predicted structures of the QCDs are in excellent match with the experimentally obtained results 

(Fig. S1E, F). X-ray photoelectron spectroscopy (XPS) was used to further investigate the 

elemental composition and chemical states of QCDs. The high-resolution spectra of C1s 

showed the presence of C=C (284.8 eV), C-O (286.3 eV), and C=O (288.8 eV) on the surface 

of QCDs, and the high-resolution spectra of O1s could be fitted to 532.2 eV and 533.1 eV of 

the two peaks, which correspond to C=O and C-O, respectively (Fig. S1G), and this result is 

consistent with the FTIR results. To construct a hydrogel as the carrier of QCDs, PBA-m-PGA 

was prepared (Fig. 1C). Compared to polyglutamic acid (m-PGA), PBA-m-PGA hydrogels had 

a distinct characteristic absorption peak at 1544 cm-1 and 1378 cm-1 in addition to the 

characteristic peak at 1712 cm-1. The two distinct peaks corresponded to the vibration of the 

benzene ring and B-O bond, respectively, indicating the successful synthesis of PBA-m-PGA 

(Fig. 1D).  



“Small dots, multiple functions”: unveiling the veil of a bioactive quercetin carbon dot and its 
multifaceted antibacterial and osteogenesis mechanisms for infectious bone defect repair 
 
 

7 

 

QCDs were mixed with PBA-m-PGA to form a composite hydrogel, named CPG (Fig. 

1C). CPG25, CPG50, CPG100 and CPG200 were synthesized with a QCDs concentration of 25 

μg/mL, 50 μg/mL, 100 μg/mL and 200 μg/mL, respectively. The results show that CPG100 

demonstrates the best promotion of cell proliferation, while CPG200 already shows significant 

cytotoxicity (Fig. S1H, I). Therefore, CPG100 was selected for subsequent experiments. Then, 

GelMA (G), PBA-m-PGA (PG) and CPG100 were immersed in phosphate buffer with and 

without hydrogen peroxide, respectively. The results show that the mechanical strength of G is 

not significantly changed in different buffers. However, the compressive strength of PG and 

CPG100 decreases significantly (Fig. S1J). The zeta potential results indicate that both QCDs 

and quercetin are negatively charged (Fig. S1J). Furthermore, the macroporous structures of 

PG and CPG100 are disrupted, resulting in broken and incomplete structures (Fig. 1E). The 

release of QCDs from CPG100 was also investigated. As shown in Fig. 1F, approximately 85 % 

of the QCDs released from CPG100 within six days in the presence of hydrogen peroxide. Finally, 

to verify ROS scavenging ability of CPG100, in vitro DCFH-DA staining and in vivo ROS 

imaging were performed. The results show that CPG100 could significantly scavenge excessive 

ROS in the infectious bone injury microenvironment (Fig. 1G, H). 
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Fig. 1. Regulation of infectious bone injury microenvironment by the composite hydrogels. 

(A) In vivo detection of ROS levels. (B) Transmission electron microscopy images of QCDs 

and the predicted structure (C) diagram of material preparation. (D) FTIR of QCDS, quercetin 

and different hydrogels. (E) SEM images of CPG hydrogels in PBS and H2O2 solution, 

respectively. (F) Release curves of QCDs from CPG hydrogels in PBS, with or without H2O2. 

(G) Fluorescence images of ROS-positive BMSCs treated with H2O2. (H) In vivo detection of 

ROS. 
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2.2 In vivo antibacterial properties 

In clinical practice, S. aureus is a bacterium that makes it difficult for bone healing. CPG100 was 

implanted into infected femoral condylar defects to assess its in vivo antibacterial efficacy (Fig. 

2A). One week and two weeks after modeling, the infected group showed visible abscesses at 

the bone defects, while the CPG100 group did not show any visible abscess cavity (Fig. 2B). The 

rat femur samples were then removed and rinsed with PBS for plate coating experiments. The 

results show that the infected group still has a large number of bacteria in the defect at two 

weeks; while the number of bacteria in the CPG100 group is significantly reduced, and almost 

no surviving bacteria are seen at two weeks (Fig. 2C). Quantitative statistics reflected this result 

more visually (Fig. 2D). To further compare the in vivo antibacterial effect of CPG100, 

immunofluorescence staining was performed on the tissue sections. The results show that the 

infected group has a large number of bacteria in the bone defects, while there is no surviving 

bacteria in CPG100 group, which is consistent with the above results (Fig. 2E). These 

experimental results strongly demonstrate the excellent in vivo antibacterial ability of the 

composite hydrogel containing QCDs. 
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Fig. 2. In vivo antimicrobial properties of the composite hydrogels. (A) Schematic 

representation of in vivo implantation. (B) Pictures of treatment results at 1 and 2 weeks post-

operative. (C) Culture of S. aureus colonies taken out from femoral condylar defects in rats. (D) 

Colonies of S. aureus counted taken out from femoral condylar defects in rats. (E) 

Immunofluorescence staining of femoral tissue sections at 1 and 2 weeks. (*, p < 0.05). 
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We have conducted an in-depth study on the potential antibacterial mechanism of composite 

hydrogels (Fig. 3A). Standard plate coating experiments revealed that the CPG25 group exhibits 

an initial antibacterial effect, and the antibacterial ability of CPG is increase with the 

concentration of QCDs (Fig. 3B, Fig. S2B). This is further confirmed by acridine 

orange/ethidium bromide (AO/EB) staining (Fig. S2A). According to the results of antibacterial 

kinetics, CPG shows a rapid bacterial killing compared to the control and PG groups, with the 

extent of bacterial eradication being dependent on both time and QCD concentration (Fig. S2C). 

Quantitative analysis indicates that the CPG100 group can eliminate approximately 97 % of 

bacteria within 24 h (Fig. 3C). SEM images display that the bacterial membrane in the PG group 

is intact and smooth, resembling the normal bacterial in the control group. Conversely, the 

bacterial membrane in the CPG100 group exhibits significant damage, with most bacteria being 

broken (Fig. 3D).  

RNA sequencing (RNA-seq) was performed on bacteria cultured with the PG or CPG100. 

A total of 96 differential genes (DEGs) were identified (Fig. 3F). Gene Ontology (GO) 

enrichment analysis shows that these DEGs are mainly enriched in terms of amino acid and 

protein metabolism, ATP binding, and the metabolism of other substances (Fig. S2F). This 

suggests that CPG100 has a significant effect on the metabolic activity of the bacteria. Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway analysis further shows that these DEGs 

are significantly enriched in a variety of amino acid biosynthesis as well as phosphotransferase 

system (PTS), which further confirms the conclusion (Fig. 3E). Genes significantly down-

regulated in relation to bacterial amino acid and protein metabolism are labeled on the volcano 

map (Fig. 3F). ATP assay was performed on CPG100-treated bacteria, and the expression levels 

of important DEGs were further verified by real-time quantitative PCR (qRT-PCR) to validate 

the sequencing results. The ATP assay shows that the ATP content of the CPG100 group 

decreases to 18 % of that of the PG group on the second day (Fig. S2G). Key genes involved in 

bacterial amino acid and energy metabolism, such as phoP, secA2 and dapE, were significantly 

downregulated (Fig. 3G). 
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Fig. 3. In vitro antimicrobial performance and mechanism of the composite hydrogels. (A) 

Potential antibacterial mechanism of QCDs. (B) Colonies of S. aureus cultured on different 

hydrogels and (C) quantification of S. aureus viability. (D) Morphology of S. aureus cultured 
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on hydrogels. (E) KEGG analysis of CPG100 and PG groups. (F) Volcano plot showing 

differentially expressed genes between CPG100 and PG groups. (G) Gene expression related to 

amino acid, protein, and energy metabolism in bacteria. (*, p < 0.05).  

 

2.4 In vitro osteogenesis properties 

The in vitro osteogenesis capacity of the composite hydrogel was assessed by ALP and alizarin 

red staining. Both CPG100 and CPG50 group have higher number of ALP-positive cells and 

extracellular matrix (ECM) mineralization than other groups. Moreover, both ALP and alizarin 

red staining is more obvious in CPG100 group than CPG50 group (Fig. 4A, Fig. S3A). Western 

blotting shows that CPG composite hydrogels significantly promote the expression of 

osteogenesis-related proteins, including ALP, OPN, COL1, and OCN (Fig. 4B, Fig. S3B). 

Similarly, qPCR results show the significant up-regulation of osteogenesis-related genes 

including secreted phosphoprotein 1 (Spp1), runt-related transcription factor 2 (Runx2), 

collagen type I (Col1a1) and bone carboxyglutamate protein (Bglap) (Fig. 4C). In summary, 

the CPG composite hydrogel could promote osteogenic differentiation of BMSCs, and the 

CPG100 group has the strongest effect. 
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Fig. 4. In vitro osteogenesis properties of the composite hydrogels. (A) Alizarin red staining 

and quantitative analysis of BMSCs seeded on different hydrogels. (B) Expression of 

osteogenesis-related proteins of BMSCs cultured on different hydrogels. (C) Expression of 

osteogenesis-related genes. (*, p < 0.05). 
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2.5 In vivo bone repair effects 

CPG100 composite hydrogel was implanted into the rats femoral condylar defect to promote 

repair of the infectious bone injury. The 3D reconstruction images of micro-CT reveal that the 

bacterial group (S. aureus) and the PG group (PG + S. aureus) still show significant bone defects 

at 4 and 8 weeks (Fig. 5A). In contrast, the CPG100 group shows substantial new bone formation 

at both time points. Compared with other groups, bone volume to tissue volume (BV/TV), 

trabecular thickness (Tb.Th) and trabecular number (Tb.N) are markedly increased in the 

CPG100 group, while trabecular spacing (Tb.Sp) significantly decreased. These quantitative 

indicators in CPG100 group are similar to those of the normal group (Fig. 5B). Hematoxylin and 

eosin (H&E) staining results indicate that the CPG100 group regenerates more new bone than 

the Defect, S. aureus, and PG + S. aureus groups, suggesting that CPG100 could significantly 

enhance neoplastic bone formation and bone maturation (Fig. 5C, Fig. S4B). The results of 

masson trichrome staining demonstrate that the CPG100 group has more mature bone formation 

compared to the other groups (Fig. S4A). The H&E staining results of vital organs further 

demonstrated the excellent biosafety of the CPG composite hydrogel in vivo (Fig. S4C).The 

degradation behavior of the hydrogels was monitored over time by implanting them into the rat 

subcutaneous model. The results demonstrated that the CPG composite hydrogel exhibits 

excellent degradability in vivo (Fig. S4D).  
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Fig. 5. In vivo bone-repair effects of the composite hydrogels. (A) Micro-CT images of 

harvested femurs. (B) Quantitative analysis of newly regenerated bone tissues. (C) H&E 

staining (the yellow arrow represents new bone). (*, p < 0.05).  
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2.6 Enhancement bone repair by activating Rap1 signaling pathway to promote cell 

proliferation, vascularization and osteogenesis 

We conducted an in-depth study of the potential mechanisms by which composite hydrogels 

promote bone repair. To investigate the potential mechanism of the composite hydrogels 

containing QCDs promote bone repair, transcriptomic analysis of BMSCs was performed. Four 

groups were subjected to RNA sequencing, which were labeled as the osteogenic induction 

group (Induced), the hydrogel group (PG), the quercetin group (Q), and the composite hydrogel 

group (CPG100). The correlation coefficients of the samples in each group were within 

acceptable limits and showed good reproducibility. Principal component analysis shows that 

the groups are significantly different on PCA1 and on PCA2, indicating that the cells in each 

group changes differently from each other (Fig. S5A). The heatmap shows the expression of 

genes related to osteogenesis, angiogenesis, metabolism and antioxidants, with the CPG100 

group showing the highest gene expression among the four groups (Fig. 6A).  

The biological effects of PG on BMSCs were analyzed by comparing the PG group with 

the Induced group, and the heatmap shows 56 differential genes (Fig. S5B). GO analysis 

indicates that DEGs are mainly concentrated in the metabolic process, and not related to our 

biological functions of interest related to osteogenesis and angiogenesis (Fig. S5E). There are 

3321 different genes between Q group and PG group in heatmap (Fig. S5C). GO enrichment 

analysis shows that these genes mainly appear in terms of positive regulation of gene expression 

related to cell adhesion, cell proliferation, ossification, osteoblast differentiation, and bone 

mineralization (Fig. S5F). KEGG analysis shows that Q group promotes cell adhesion and 

migration possibly through upregulation of cytokine-cytokine receptor interactions, focal 

adhesion and Rap1 signaling pathway. Quercetin may also promote cell proliferation and cell 

matrix formation through ECM receptor interactions and the Hippo signaling pathway, while it 

may promote osteoblast differentiation and bone mineralization through the PI3K-Akt and 

TGF-β signaling pathways (Fig. S5G). 

Subsequently, a comparison was made between the CPG100 and PG groups to analyze 

differences in gene expression following the introduction of QCDs. The volcano map reveals a 

total of 1789 DEGs (Fig. 6D). GO enrichment analysis demonstrates a significant enrichment 

of DEGs in the regulation of angiogenesis after the introduction of QCDs in comparison to 

quercetin introduction (Fig. 6B). Furthermore, the CPG100 group exhibits further enrichment in 

the regulation of signaling pathways associated with osteogenic differentiation, including the 

PI3K-Akt, TGF-β, Rap1 and NF-κB signaling pathways (Fig. 6C). Among these, the Rap1 
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signaling pathway shows the most notable upregulation, indicating significant activation by 

CPG100. The significant gene changes in the Rap1 signaling pathway (Fig. 6D). Key proteins in 

this pathway, such as RTK and Rap1, play crucial roles in cell differentiation and proliferation. 

The results of western blotting confirm that the expression of these proteins is significantly 

increased in the CPG100 group (Fig. 6E, Fig. S6B). Immunofluorescence staining also showed 

that CPG100 promotes β-catenin translocation into the nucleus (Fig. S6A).Subsequently, 

inhibition of the Rap1 signaling pathway with an inhibitor (GGTI298) led to a notable reduction 

in protein expression, as shown in Figure 7F and Figure S6C. These findings underscore the 

regulatory effect of CPG100 on the Rap1 signaling pathway. Western blot results show that 

CPG100 promote the expression of angiogenesis-associated protein (PDGF-BB), whereas, with 

the addition of GGTI298, the expression of PDGF-BB decreased significantly (Fig. 6G, Fig. 

S7C). Additionally, the results of tube formation and scratch assays also indicated that CPG100 

could promote vascularization (Fig. 6H, Fig. S7A,B). We further demonstrated through EdU 

staining that the CPG composite hydrogel promoted the proliferation of BMSCs. This finding 

is consistent with the conclusion that QCDs activate Rap1, thereby further activating the PI3K-

AKT signaling pathway (Fig. S7D). 

Finally, the CPG100 group was compared with the Q group to explore the differences 

between QCDs and quercetin in biological changes of BMSCs. The heat map shows a total of 

2747 DEGs (Fig. S5D). GO enrichment analysis displays that these DEGs were most enriched 

in biological processes (BP) (Fig. S5H). KEGG signaling pathway enrichment analysis also 

shows that these DEGs are more enriched in the Wnt and NF-κB signaling pathways, suggesting 

that the QCDs are more effective than the quercetin in promoting osteogenesis (Fig. S5I). 
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Fig. 6. Exploration of the osteogenesis mechanism of the composite hydrogels. (A) Heat 

map of key gene expression. (B) Gene ontology analysis. (C) KEGG pathway analysis. (D) 

Volcano plot showing differentially expressed genes between CPG100 and PG groups. (E) 

Expression of key proteins in Rap1 signaling pathway. (F) Expression of key proteins in the 

Rap1 signaling pathway after addition of a Rap1 inhibitor. (G) Effect of CPG100 on the 

expression of angiogenesis-related proteins in BMSCs. (H) Tube formation assay using 

HUVEC. (*, p < 0.05). 
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2.7 Targeting studies of the QCDs 

The transcriptome results suggest that receptor tyrosine kinases (RTKs) might be potential 

targets for QCDs. To further validate the potential targets of QCDs, the molecular docking was 

performed. The fibroblast growth factor receptor (FGFR) is a member of the family of RTKs. 

Transcriptome sequencing results showed that the genes encoding FGFR were significantly 

upregulated, such as Fgfr2 and Fgfr3. Therefore, we selected it as a representative target protein 

of RTKs for molecular docking. The molecular docking results demonstrated six different 

binding sites, numbered ①-⑥, and their binding energies were -2.56, -2.25, -3.73, -1.72, -0.44 

and -0.34 kcal/mol, respectively (Fig. 7A, Fig. S8A). Of these, site ③ has the smallest binding 

energy and therefore the most stable structure for docking. According to the interaction analysis 

of site ③ , the QCDs formed six sets of hydrogen bonding interactions with Leu53(M), 

Glu51(M), LYS16(L) amino acids of the protein. In addition, QCDs formed hydrophobic 

interactions with seven amino acids around the pocket (Fig. 7B). Cellular thermal-shift assay 

was performed. Western blot analysis of the candidate targets (RTKs) showed that the 

corresponding bands in the blank control group almost completely disappeared at around 54°C, 

while the bands persisted in the cells treated with QCDs (Fig. 7C). The above results confirm 

that QCDs play multiple biological roles by acting on RTKs and thus activating the Rap1 

signaling pathway (Fig. 7D). 
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Fig. 7. Interaction of QCDs with RTKs. (A) Molecular docking of QCDs with target 

protein. (B) Two-dimensional schematic interaction diagram between QCDs and target 

protein. (C) CETSA presented the thermal stability of RTKs under treatment with QCDs. (D) 

Potential mechanism of QCDs promoting osteogenesis, angiogenesis and cell proliferation. 

 

3. Discussion 

Infectious bone injuries present significant challenges in clinical practice owing to their 

prolonged and complex treatment [24]. The current clinical treatment strategies for infectious 

bone defects mainly include systemic antibiotic therapy and the use of autologous, allogeneic, 

or artificial bone grafts[25]. However, these approaches have significant limitations, such as the 

emergence of multidrug-resistant bacteria, immune rejection, and insufficient donor bone 

supply[26]. Bacteria and excessive ROS in the microenvironment, insufficient blood supply, and 

osteogenesis constitute obstacles to bone repair. The antibacterial properties of bone implants 

have always been a major concern [27]. However, how to construct a simple material that can 

simultaneously employ multiple strategies to kill bacteria is still an urgent problem to be 

resolved. The results of our study show that QCDs exhibit outstanding antibacterial activity at 

low concentrations (1 μg/mL), including drug-resistant bacteria, such as MRSA ((Fig. 

S2D,E).This low effective concentration is particularly noteworthy, as it suggests that QCDs 

can be incorporated into implant materials or coatings without compromising the mechanical 

or biological properties of the implant. Additionally, QCDs can promote the polarization of 

macrophages towards the M2 phenotype, suggesting that QCDs may possess potential anti-

inflammatory effects (Fig. S9A). QCDs improve the microenvironment of infected bone defects 

by killing bacteria, eliminating excess ROS, and promoting the osteogenic differentiation of 

BMSCs, thereby maintaining bone metabolic homeostasis. Our research findings indicate that 

QCDs can protect cells while killing bacteria in microenvironments (Fig. S9B). QCDs exhibit 

good biocompatibility. This ensures that they can function effectively in the complex 

environment of infectious bone defects without causing cytotoxicity. Additionally, the unique 

structure of QCDs may allow them to bind to bacterial components or activate signaling 

pathways, which could enhance the antibacterial activity and promote bone repair. Furthermore, 

the ultrasmall size (<10 nm) and surface charge of QCDs enable them penetration into bacterial 

biofilms compared to conventional antimicrobial agents, significantly inhibiting infection in 

bone defects. Overall, the QCDs exhibits enhanced antibacterial efficacy through multiple-

mechanistic bactericidal pathways. Moreover, the QCDs demonstrate dual functionality by 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/thermostability
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promoting osteogenic differentiation and scavenging ROS at low concentrations, thereby 

achieving synergistic effects between antibacterial activity and bone regeneration. 

To elucidate the underlying antibacterial mechanisms of QCDs, we conducted a 

comprehensive analysis of RNA sequencing data. It reveals that QCDs could downregulate 

genes associated with amino acid and protein metabolism, specifically secA2, dapE, and phoP. 

These genes are known to play crucial roles in bacterial protein transport, cell wall synthesis, 

and the regulation of virulence factors. The secA2 gene plays an important role in the bacterial 

secretion system, encoding a translocation-associated ATPase, and the activity of this gene 

affects bacterial energy metabolism [28]. The dapE gene is essential for the biosynthesis of lysine 

and meso-diaminopimelic acid, which is a key component of bacterial cell wall. Inhibition of 

this gene could lead to weakened cell walls and increased susceptibility to external stress [29]. 

The phoP gene is part of a two-component regulatory system that controls various virulent and 

stress response mechanisms in bacteria. Its downregulation could impair the bacteria's ability 

to adapt to host environments and evade immune responses, ultimately reducing bacterial 

resistance [30]. The results of this study suggest that QCDs exert antibacterial effects by 

interfering with bacterial metabolism and cell wall synthesis. This multi-faceted approach to 

bacterial elimination may reduce the likelihood of bacteria developing resistance to QCDs, 

which may help fight against existing antibiotic-resistant pathogens. Given the antibacterial 

properties of QCDs and their effective mechanism of action, QCDs may be used to develop 

novel antibacterial strategies for the repair of infectious bone injuries.  

The elevated levels of ROS in infectious bone injuries have been identified as detrimental 

to the healing of bone injuries [31]. Excessive ROS have been shown to disrupt the delicate 

balance between bone formation and resorption. Specifically, high levels of ROS promote 

osteoclast differentiation, leading to increased bone resorption. Simultaneously, ROS induce 

apoptosis in osteoblasts, the cells responsible for bone formation. This dual effect of promoting 

bone resorption while inhibiting bone formation creates an unfavorable environment for proper 

bone regeneration [32]. Therefore, the elimination of excess ROS is essential for establishing an 

environment conducive to osteoblast differentiation and overall bone repair. To address this 

issue, our study developed a composite hydrogel that could intelligently respond and improve 

the oxidative microenvironment. The composite hydrogel cleverly exploits the catechol 

structure on the surface of QCDs to form dynamic borate bonds with phenylboronic acid. The 

borate bonds act as sacrificial elements, reacting with ROS molecules and effectively 

neutralizing them. Through this process, harmful ROS are converted into harmless H2O, 
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mitigating their destructive effects on bone tissue. Furthermore, the controlled release of QCDs 

over time ensures a prolonged antioxidant effect, which may be particularly beneficial in 

chronic or slow-healing bone infections. The multi-pronged approach to ROS management 

creates a more favorable microenvironment for BMSCs survival and differentiation. 

After addressing the issues of antibacterial and improving the microenvironment, the next 

key and long-term task is to promote bone repair. The promotion of osteogenic differentiation 

in stem cells is essential [33]. Moreover, enhancing vascularization is also beneficial for bone 

repair though providing essential oxygen, nutrients and growth factors for bone formation [34]. 

The molecular mechanisms underlying osteogenic differentiation, such as the Rap1, Wnt and 

PI3K-AKT signaling pathways, have been extensively studied [18a, 35]. Our research has revealed 

that the activation of the Rap1 signaling pathway by QCDs leads to a series of molecular events 

that are essential for bone regeneration. Specifically, this activation results in the conversion of 

Rap1 to its active form, Rap1-GTP. Once activated, Rap1-GTP facilitates the translocation of 

β-catenin into the nucleus, a key step in the regulation of the Wnt signaling pathway. The Wnt 

pathway is well-known for its pivotal role in bone development and homeostasis. Furthermore, 

we found that the activation of Rap1 not only influences the Wnt signaling pathway but also 

enhances cell proliferation through the activation of the PI3K pathway. This dual action of Rap1 

activation contributes significantly to the overall process of bone regeneration by promoting 

both cell differentiation and proliferation. In addition to its effects on osteogenic differentiation 

and cell proliferation, the study demonstrates that Rap1 activation also plays a crucial role in 

promoting vascularization. The enhanced vascularization by Rap1 activation further supports 

and accelerates the bone regeneration process. 

Finally, the structure of the QCDs as well as potential targets were explored. We found 

that the molecular weight of QCDs is around 1500 kDa and consists of five layers of graphene-

like structures. This graphene species structure confers better chemical and thermal stability to 

QCDs[36]. In addition, QCDs contain various types of hydroxyl groups. It has been shown that 

the hydroxyl groups can bind to positively charged proteins on the bacterial surface via 

electrostatic interaction, disrupting the integrity of the bacterial wall[37]. The retention of the 

catechol structure, on the other hand, is the key to the formation of borate bonds in composite 

hydrogels. This structure gives QCDs unique physicochemical properties, which is an important 

basis for their biological effects. Molecular docking has been widely used to predict the mode 

of interaction and binding mode between small molecules and their targets[38]. Transcriptome 

sequencing results suggest that RTKs are potential targets of QCDs. Fibroblast cytokine 
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receptors (FGFR)are a class of cytokine receptors in the RTKs family involved in cell migration, 

proliferation and differentiation[39]. Moreover, transcriptome sequencing showed that genes 

encoding FGFR, such as Fgfr2 and Fgfr3, were significantly upregulated. Therefore, we chose 

FGFR as target proteins for docking with QCDs sites. The results showed that the QCDs formed 

six sets of hydrogen bonding interactions with Leu53(M), Glu51(M), LYS16(L) amino acids 

of the protein. These interactions suggest that QCDs may modulate the signaling pathways 

associated with cell migration, proliferation, and differentiation mediated by these receptors. It 

was shown that the activation of Rap1 might be correlated with the level of phosphorylation of 

RTKs[40]. Upon binding of small-molecule drugs to the extracellular structural domains of 

RTKs, dimerization is induced. This dimerization subsequently leads to the phosphorylation of 

multiple tyrosine residues on the receptor, and these phosphorylation sites can act as docking 

sites to recruit downstream signaling proteins with specific structural domains. Consequently, 

this cascade of events results in the activation of Rap1. Our findings shed light on the specific 

targets through which QCDs exert their biological effects. This finding provides a solid 

theoretical foundation for the potential application of QCDs in biomedical fields.  

The current materials for treating infectious bone defects mainly include antibiotic-loaded 

bone cement, hydroxyapatite scaffolds, and antimicrobial peptides [41]. Compared to existing 

bone repair materials, QCDs exhibit some advantages such as enhanced antibacterial capability, 

in vivo traceability, and ease of modification. QCDs have good potential in addressing the 

complex challenges of infectious bone defects due to their good biocompatibility, degradability, 

and simple composition. Our current animal studies have shown that the hydrogel can 

effectively eliminate bacterial infections, promote bone regeneration, and improve the overall 

outcome of bone repair. These findings provide a strong foundation for its potential clinical 

application. In the future, there are still to optimize large-scale production, comprehensively 

evaluate biosafety, and assess of effectiveness in large animal models to promote clinical 

translation. 

 

4. Conclusion 

In conclusion, we successfully synthesized QCDs that display multiple functions including 

antibacterial, eliminating ROS, promoting vascularization and osteogenesis. We also elucidated 

the structure of QCDs. The QCDs could inhibit the gene expression of dapE, secA2 and phoP 

which can disrupt the bacterial wall, inhibit the development of drug resistance and interfering 

with energy metabolism, respectively. The results reveal that the QCDs could reduce 
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intracellular ROS level, thereby alleviating cellular oxidative stress. After incorporation of the 

QCDs into PBA-m-PGA hydrogel, it exhibits ROS-responsive release of QCDs properties. 

Moreover, the released QCDs could reduce intracellular ROS level, thereby alleviating cellular 

oxidative stress. Additionally, the QCDs can activate the Rap1 signaling pathway in BMSCs, 

which could promote angiogenesis and the translocation of β-catenin into the nucleus to 

promote osteogenesis. Moreover, the Rap1 also can activate PI3K-AKT pathway to promote 

cell proliferation. The results of molecular docking confirmed that RTK is the target of the 

QCDs. QCDs cause activation of the Rap1 pathway by binding to RTK and changing the 

conformation of RTK. Overall, this study provides a new strategy for simultaneously inhibiting 

bacteria and promoting bone repair using QCDs through multiple interferences with bacterial 

metabolism and activating the intracellular Rap1 signaling pathway. Future studies can build 

upon this groundwork to explore the full potential of QCDs in addressing various health 

challenges and improving medical treatments 

5. Experimental Section 

Preparation of the QCDs 

Quercetin (0.005 g) and H2O (10 mL) were thoroughly mixed, sealed in a steel high-pressure 

reactor with a PTFE lining, and reacted in a muffle furnace at 180 °C for 8 h. The reaction 

solution was filtered through a water needle filter with a pore size of 0.22 mm. After the solution 

was cooled to room temperature, it was filtered through an aqueous needle filter with a pore 

size of 0.22 mm. Then, it was dialyzed in a dialysis bag with a molecular retention capacity of 

1000 kDa for 36 h. Finally, the gray-black solid QCDs were obtained by freeze-drying. 

  

Preparation of the CPG composite hydrogels 

Methacryloylated polyglutamic acid (m-PGA) was first prepared. Then, 5 g of γ-polyglutamic 

acid was dissolved in 50 mL of deionized water at room temperature with stirring, 125 mg of 

4-dimethylpyridine (DMAP) was added, and 1.25 mL of glycidyl methacrylate (GMA) was 

added after 1 h of activation. The reaction was carried out for 24 h, protected from light, and 

dialysis was performed for 3 days, followed by freeze-drying to obtain m-PGA. Subsequently, 

phenylboronic acid was grafted to m-PGA to prepare PBA-m-PGA following the steps below. 

m-PGA (100 mg) was dissolved in 60 mL of water at room temperature with stirring, 150 mg 

of EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) and 200 mg of NHS 

(N-hydroxysuccinimide) were added after the dissolution of m-PGA, and 100 mg of 3-

aminophenylboronic acid was added after 3 h of activation at room temperature for a period of 
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12 h, and the reaction was protected from light. After completion of the reaction, the product 

was purified by dialysis for 3 days and freeze-dried to obtain PBA-m-PGA. 

  

In vivo ROS assay in the infectious bone microenvironment  

To observe the in vivo ROS assay in the infectious bone microenvironment, C57 mice were 

randomly divided into two groups: Defect group and S. aureus group (defects with injection of 

S. aureus). The mice were anesthetized by intraperitoneal injection of sodium pentobarbital, 

shaved, and disinfected. A 2.5-mm-diameter circular full-length bone defect was formed in the 

mouse skull using the drill hole method, and 10 μL of 104 CFU/mL S. aureus was added to the 

injury site. ROS Brite™ 700 was injected into the cranial region of mice at 3 and 7 days 

postoperatively, and fluorescence images were obtained using an in vivo imaging system 

(PerkinElmer, Boston, USA).  

To evaluate antioxidant properties of the composite hydrogel, the C57 mice were then 

randomly divided into two groups: S. aureus group (defects with injection of S. aureus) and 

CPG100 group (implanting CPG100 hydrogel in the defects with injection of S. aureus). ROS 

Brite™ 700 was injected into the cranial region of mice at 3 and 7 days postoperatively, and 

fluorescence images were obtained.  

  

Characterizations of the QCD and composite hydrogel 

The morphology of QCD was characterized by transmission electron microscopy (TEM, FEI, 

USA). The structure of QCD was characterized and analyzed. The surface charge of QCD was 

determined using a zeta potential analyzer (Zetasizer Nano ZS90). The structure and chemical 

composition of QCD were characterized by X-ray diffraction (XRD) and XPS. The chemical 

compositions and surface functional groups of QCD, m-PGA, and PBA-m-PGA were further 

characterized by FTIR (Nicolet 6700, Thermo Fisher Scientific, USA). The functional groups 

of QCD were identified by proton nuclear magnetic resonance spectroscopy (1H NMR, Varian 

FT-500 MHz, USA). 

  

Morphological characterization of the CPG composite hydrogels 

GelMA (G), PG, and CPG100 composite hydrogels were soaked in PBS and PBS containing 

H2O2 and incubated at 37 °C for 24 h. The composite hydrogels were then freeze-dried in a 

lyophilizer, and the lyophilized samples were sliced into thin slices (slices of about 2 mm 

thickness) and observed by SEM. 
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Mechanical test 

90 µL of G, PG and CPG100 composite hydrogels were pipetted into a 1 mL headless syringe 

and photocrosslinked with blue light (405 nm) for 1 min to obtain a cylindrical composite 

hydrogel sample with a diameter of 5 mm and a height of 5 mm. The samples were immersed 

in PBS and PBS containing H2O2 and incubated in an incubator at 37 °C for 24 h. Then, the 

samples were placed on the platform of a universal mechanical testing machine, and the 

compression speed was set to 5 mm/min.  

  

In vitro release of QCDs from the hydrogels 

CPG100 hydrogels were immersed in 5 mL PBS and 5 mL PBS containing 200 mM H2O2 

respectively, and they were incubated in an oven at 37 °C. At 0 h, 6 h, 12 h, 24 h, 36 h, 48 h, 

72 h, 96 h, 120 h and 144 h, the 5 mL of buffer was aspirated, and 5 mL of fresh buffer was 

replenished at the same time.  

  

Biocompatibility of the composite hydrogels 

Bone marrow mesenchymal stem cells (BMSCs) were extracted from 4-week-old SD rats and 

cultured with 10 % fetal bovine serum (Gibco) and 1 % penicillin-streptomycin in α-minimum 

essential medium (Hyclone, Thermo Fisher Scientific, USA) until P2 generation. The P2 

generation BMSCs were then inoculated on composite hydrogels (2 × 103 cells per well). Cell 

proliferation on the composite hydrogel was detected at 1, 3, and 5 days by CCK-8 assay. Rat 

BMSCs were inoculated into the composite hydrogel at a cell density of 3 × 104 cells per well 

and incubated in the above medium for 24 h. Cell growth was observed by inverted fluorescence 

microscopy (EVOS, USA) using a cell viability (live-dead cell staining) assay kit (Meron, 

China). Similarly, rat BMSCs were inoculated on the surface of the hydrogel at a density of 3 

× 104 cells per cell and cultured in the above medium for 24 h. The effect of the composite 

hydrogel on the cells was observed by cytoskeletal staining. Phalloidin storage solution 

(Uelandy, USA) was prepared according to the manufacturer’s instructions.  

  

Scratch assay 

HUVECs were seeded on the 24-well plate at a density of 5 × 104. When HUVECs were 

confluent, cells were scratched with a 1000 μL pipet tip to create a straight line. This was 
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followed by treatments using different media. After 6 and 12 h of incubation, images were 

acquired for each sample under a bright field microscope to analyze cell migration. 

  

Tube formation assay 

80 µl of growth factor reduced MatrigelTM matrix was added to each well of the 48-well plate. 

The matrigel-coated plate was left in the incubator for 30 min at 37 ℃. After the incubation, 8 

× 104 cells of HUVECs were added to each well of the matrigel-coated plate, and changed to a 

different medium after 12 h. After 12 h of incubation, tube formation was visualized by the 

bright field microscope and quantitatively analyzed. 

  

Intracellular ROS detection 

BMSCs were seeded in 12-well plates (3 × 104 cells per well). After the cells were attached to 

the wall, the α-MEM complete medium containing H2O2 (100 μM) was replaced with fresh α-

MEM complete medium after 12 h. The hydrogel was co-cultured with BMSCs for 12 h. 

DCFH-DA staining was performed, and the internal ROS of BMSCs were photographed under 

an inverted fluorescence microscope. 

  

Bacterial plate coating experiment 

S. aureus suspension (20 μL) at a concentration of 106 CFU/mL was added to the surface of 

each group of hydrogels, and after resuspending S. aureus in PBS solution for 24 h, 20 µL of S. 

aureus suspension was evenly coated on the surface of LB agar plates, and the incubation was 

continued for 18-24 h. The colonies on the surface of LB agar plates were counted and analyzed 

by Image J. The antibacterial experiment of QCDs against MRSA was conducted as described 

above. 

  

AO/EB staining 

S. aureus suspension (20 μL) at a concentration of 104 CFU/mL was added to the surface of 

each group of hydrogels, and then 1 mL of LB medium was added. After 24 h of incubation, 

the growth of S. aureus on the hydrogel surface was observed by AO/EB staining. 

  

Antibacterial kinetics 
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S. aureus suspension (20 μL) at a concentration of 106 CFU/mL was added to the surface of 

each hydrogel, and then S. aureus was resuspended in PBS at 0, 6, 12, and 24 h. 20 μL of the 

S. aureus suspension was evenly coated onto the surface of the LB agar plate. 

  

Morphology of the bacteria 

A sufficient amount of S. aureus was added to the surface of the hydrogel and incubated for 24 

h. Then the surface of the hydrogel was rinsed thoroughly, and the suspension was centrifuged 

to collect bacteria(mung bean size). After fixed by 2.5 % glutaraldehyde, the samples were 

observed by SEM. 

 

The co-culture of cells and bacteria. 

BMSCs and Staphylococcus aureus were co-cultured at a ratio of 20:1 (1×105 cells per well and 

5×103 colony-forming units per well) for 24 hours. The experimental group was treated with 2 

μg/mL of QCD solution. Subsequently, BMSCs and S.aureus were labeled with DiO (green) 

and DiD (red), respectively. The viability of cells and bacteria was observed using an inverted 

fluorescence microscope. 

  

Detection of in vitro osteogenesis 

Rat BMSCs were inoculated into 6-well cell culture plates at a density of 1 × 105 cells/well and 

2 mL of α-MEM complete medium containing 1 % penicillin-streptomycin and 10 % fetal 

bovine serum was added to each well. After the cells were completely attached to the well, the 

composite hydrogel was added. At the same time, the medium was changed to osteogenic 

induction medium (containing 10 mM β-glycerophosphate, 10 nM dexamethasone and 50 

μg/mL 1-ascorbic acid 2-phosphate). ALP staining and alizarin red staining were carried out 

after 7 and 21 days of osteogenic induction, respectively. In brief, the cells were fixed with 4 % 

paraformaldehyde, stained with the staining solution, and observed under an inverted light 

microscope. The expression of osteogenesis-related genes at 7 days (Alpl, Spp1, and Runx2) 

and 21 days (Col1a1 and Bglap) was detected by qPCR. The expression of osteogenesis-related 

proteins at 7 days (RUNX2 and ALP) and 21 days (COL1 and OCN) was examined by Western 

blot. 
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Establishment of an infected femoral condyle model in rats 

Four-week-old SD rats were selected for the establishment of an infected femoral condyle 

defect model. 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). In brief, anesthesia was 

induced in rats using an anesthesia machine, and the skin was adequately prepared to fully 

expose the lateral femoral condyle by blunt separation. A bone defect with a diameter of 3 mm 

and a depth of 3 mm was formed at the femoral condyle with a bone drill, 10 μL of 1×108 CFU 

mL-1 S. aureus was injected into the defect, and then the composite hydrogel was implanted 

into the femoral condyle defect.  

 

In vivo degradation 

The different hydrogels were respectively implanted into the subcutaneous tissue of rats, and 

their in vivo degradation was observed at 1 week and 2 weeks. 

  

Micro-CT scanning and analysis 

Rats were euthanized after 4 and 8 week, respectively. The femurs were removed and scanned 

using micro-computed tomography, and 3D reconstruction was performed to assess new bone 

formation. 

  

H&E, Masson trichrome and immunofluorescence staining 

Before histological staining, the femur samples were fully decalcified in 14 % EDTA (Sangon 

Biotech, China) for one month. After decalcification, the femurs were dehydrated using an 

alcohol gradient, embedded in paraffin, sectioned at a thickness of 6 µm, and stained with H&E, 

Masson trichrome and immunofluorescence staining. After extracting the vital organs, they 

were dehydrated using an alcohol gradient and embedded in paraffin. 

 

Cell proliferation assay 

BMSCs were seeded in a 24-well plate and incubate overnight. The next day, the experiment 

was performed according to the instructions of the BeyoClick™ EdU Cell Proliferation Kit. 
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Transcriptome sequencing of the BMSCs co-cultured with hydrogels 

BMSCs (2 × 105 cells/well) were co-cultured in 6-well plates with different hydrogels. The 

medium was changed to osteogenic differentiation medium after 24 h, and the medium was 

changed every two days. The experiment was divided into four groups, Induced, PG, CPG100 

and Q, which were treated with different experimental conditions. Five days later, specimens 

were collected for RNA sequencing analysis.  

  

Transcriptome sequencing of the bacteria co-cultured with hydrogels 

S. aureus suspensions (OD valve > 0.5) were collected after treating S. aureus with CPG100 

composite hydrogel for 24 hours. The experiment was divided into two groups, the PG and 

CPG100 groups. Three replicate samples prepared independently in each condition were 

subjected to prokaryotic transcriptome sequencing.  

  

Cellular thermal shift assay (CETSA) 

Cells were incubated with QCDs solution for 1 hour and washed 3 times with PBS. Cells were 

then suspended in 1 mL of PBS and divided into equal volumes, then heated at the indicated 

temperatures for 3 min and quickly frozen. Cells were lysed 3 times repeatedly for Western blot. 

Molecular docking analysis of target 

Molecular docking was implemented using the AutoDock 4.2.6 software package, with the 

coordinates of the docking box centre set to the centre of the protein to encompass the entire 

protein structure in its entirety, the number of lattice points in each of the XYZ directions set to 

100 × 100 × 100, the number of docking times set to 50, and the rest of the parameters using 

default values. 

  

Statistical analysis 

Statistical analyses were performed using GraphPad Prism software. Data are expressed as 

mean ± standard deviation, and experiments were repeated at least three times (n ≥3). One-way 

analysis of variance (ANOVA) was used for evaluation, followed by Tukey's multiple 

comparisons to assess differences between groups. The significance level for all tests was set 

at p < 0.05. 
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