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A B S T R A C T   

The contamination of bone defects is a serious therapeutic problem. The treatment of infected bone defects 
involves rigorous infection control followed by bone reconstruction. Considering these two processes, the 
development of biomaterials possessing antibacterial and osteogenic properties offers a promising approach for 
the treatment of infected bone defects. In this study, a dual-functional, thermosensitive, and injectable hydrogel 
composed of chitosan (CS), quaternized CS (QCS), and nano-hydroxyapatite (nHA) was designed, and the ratio of 
CS to QCS in the hydrogel was optimized to enhance the antibacterial efficacy of CS while reducing the cyto-
toxicity of QCS. In vitro studies demonstrated that the hydrogel with an 85 %:15 % ratio of CS to QCS exhibited 
excellent biocompatibility and antibacterial properties while also possessing suitable mechanical characteristics 
and degradability. The incorporation of nHA into the hydrogel enhanced MC3T3-E1 proliferation and osteogenic 
differentiation. Moreover, this hydrogel demonstrated superior in vivo therapeutic effectiveness in a rabbit model 
of infected bone defect. In summary, this study provides a promising material design and a comprehensive one- 
step treatment strategy for infected bone defects.   

1. Introduction 

Infected bone defects have always been an intractable problem in 
orthopedics clinics. The serious contamination at the defect site induces 
an inflammatory reaction, ultimately resulting in the formation of 
necrotic bone, which seriously hinders the process of bone regeneration 
and destroys the osteogenic microenvironment [1,2]. The current clin-
ical treatment standard comprises controlling infection and bone 
regeneration [3,4]. The local bone defect could be further repaired once 
the infection is effectively managed. The clinical treatment of infection 
consists of debridement of the infected site followed by systemic appli-
cation of antibiotics and implantation of antibiotic-impregnated bone 
cements such as polymethylmethacrylate (PMMA) beads [5]. However, 
some disadvantages such as insufficient local antibiotic concentration, 
antibiotic-resistant and extra surgery are inevitable [6]. For the bone 
reconstruction, although autogenous bone graft was considered as the 
gold standard in clinic treatment, it still faced the problems of insuffi-
cient donor source and many complications [7,8]. Allograft was also 
limited by immunologic rejection and reinfection [9]. Therefore, it is 
necessary to improve the treatment strategy of infected bone defects. 

In the infected bone defect, implants and extracellular matrix pro-
vided the colonization site for bacteria. If bacteria colonized first, the 
process of bone regeneration would be severely hindered. Conversely, if 
osteoblasts first attached to the surface of the implants and subsequently 
mature and differentiate, the bacterial colonization can be inhibited and 
thus promoted bone repair [10,11]. Therefore, it is of great significance 
to construct a bioactive surface that can inhibit bacterial colonization 
and promote the adhesion, proliferation and differentiation of osteo-
blasts. As a cationic polymer, chitosan (CS) is one of the commonly used 
biomaterials, which possesses excellent biocompatibility, biodegrad-
ability and can exert antibacterial effect through direct contact with 
bacteria [12,13]. Moreover, the combination of CS and β-glycer-
ophosphate (β-GP) enables the fabrication of temperature-responsive 
injectable hydrogel materials. It is known that CS is not a thermosensi-
tive material, thermal gelation is accomplished by incorporating β-GP 
into the CS solution [14]. β-GP has been proven to be an osteogenic 
supplement of osteogenic medium and can inhibit the rapid precipita-
tion of the hydrogel. The hydrophobic interaction between CS chain and 
glycerol group endows the CS with thermogelling characteristics at 
37 ◦C [15,16]. CS/β-GP thermosensitive hydrogel can be implanted into 
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the defect site via minimally invasive injection locally, and its formation 
conditions are gentle while exhibiting a structure resembling that of the 
extracellular matrix, making it a suitable material for treating infected 
bone defects [17]. 

However, CS has poor water solubility and can only be protonated 
under acidic conditions, which greatly limits its function [18]. For this 
reason, the side chain of CS is usually modified to improve its properties 
[19,20]. Quaternized chitosan (QCS), a water-soluble CS derivative, was 
prepared by introducing quaternary ammonium groups into free hy-
droxyl or amino groups on CS [21]. Moreover, QCS exhibits excellent 
water solubility and enhanced antibacterial activity under physiological 
conditions, and has a good inhibitory effect on both Escherichia coli 
(E. coli) and Staphylococcus aureus (S. aureus) [22]. However, the single 
QCS has poor biocompatibility despite the augmented antibacterial 
property [23,24]. Therefore, the combination of CS and QCS can effec-
tively offset their individual shortcomings. In addition, pure CS/QCS 
exhibits inadequate mechanical properties and stability, while also 
lacking the capacity to stimulate bone regeneration. 

Nano-hydroxyapatite (nHA), a bioceramic containing calcium 
phosphate which has similar structure and chemical property to the 
minerals of the bone [25]. The excellent biocompatibility and osteo-
conductivity of nHA enable it to promote the osteointegration at the 
defect site and recruit osteoblasts [26]. However, its brittleness, low 
degradability and poor mechanical properties limited its application 
[27]. Thus, the hydrogel prepared by mixing CS and QCS with nHA 
could improve the mechanical properties, osteogenic properties and 
degradability. 

In this study, we investigated an injectable thermosensitive hydrogel 
with dual functionalities encompassing antibacterial and osteogenic 

properties by incorporating β-GP into the mixed solution of CS and QCS, 
followed by the addition of nHA (Scheme 1). The excellent injectability 
of this hydrogel facilitates its minimally invasive injection into infected 
bone defects to avoid re-infection. And its thermosensitivity enables it to 
achieve gel state after injection without requiring additional interven-
tion. Moreover, this biodegradable hydrogel exhibits simultaneous 
antibacterial and osteogenic properties upon implantation, providing a 
one-step approach for the treatment of infected bone defects and 
enhancing treatment efficacy. The morphology and mechanical prop-
erties of hydrogel would be studied. Moreover, the optimal proportions 
of CS and QCS that have good biocompatibility and effective antibac-
terial activity would be explored. In addition, in vitro experiments would 
be performed to investigate the antibacterial properties of the composite 
hydrogel and its ability to promote MC3T3-E1 proliferation and osteo-
genic differentiation. Subsequently, the composite hydrogel was 
implanted into infected radius defects in rabbits to evaluate its efficacy 
on bone repair in vivo. 

2. Materials and methods 

2.1. Materials 

CS (medium molecular weight) and β-GP were purchased from 
Sigma-Aldrich (USA), QCS with degree of substitution 90 % and nHA 
were purchased from Aladdin Co., Ltd. (Shanghai, PR China), and 
phosphate-buffered saline (PBS) and 4 % paraformaldehyde were pur-
chased from Solarbio (Beijing, PR China). High-glucose Dulbecco’s 
Modified Eagle’s Medium (HG-DMEM) and penicillin streptomycin 
double antibody were purchased from Gibco (Grand Island, NY, USA). 

Scheme 1. Scheme illustration. A. Preparation of hydrogel. B. Culturing bacteria and cells with hydrogel in vitro. C. Injection of hydrogel into rabbit radial bone 
defect model and the process of antibacterial and osteogenesis. 
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Fetal bovine serum (FBS) was purchased from SenBeiJia Biological 
Technology Co., Ltd. (Nanjing, PR China). Trypsin-EDTA (0.05 % trypsin 
and 0.02 % EDTA) solution was purchased from Biosharp (Beijing, PR 
China). Cell Counting Kit-8 (CCK-8), calcein-AM-PI staining kit, RIPA 
lysis buffer, BCIP/NBT alkaline phosphatase (ALP) color development 
kit, and ALP assay kit were purchased from Beyotime Co., Ltd. 
(Shanghai, China). Osteogenic medium of mouse embryo osteoblast 
precursor cells (MC3T3-E1) and alizarin red stain were purchased from 
Cyagen (Santa Clara, USA). A FastPure Cell/Tissue Total RNA Isolation 
Kit, ABScript III RT Master Mix for qPCR with gDNA Remover, and 
Universal SYBR Green Fast qPCR Mix were obtained from Abclonal Co., 
Ltd. (Wuhan, PR China). 

2.2. Preparation of the thermosensitive hydrogel 

To prepare the pure CS/nHA thermosensitive hydrogel, CS powder 
(0.2 g) was dissolved in a 0.1 M solution of acetic acid (10 mL) at room 
temperature under continuous stirring until a clear solution formed. 
Subsequently, β-GP powder was dissolved in deionized water to prepare 
a β-GP solution (56 w/v%) and cooled at 4 ◦C for 30 min along with the 
CS solution. The β-GP solution was then carefully added dropwise to the 
CS solution under stirring in an ice bath for 15 min. The final volume 
ratio of CS to β-GP was 3:1. Next, nHA powder (50 mg) was introduced 
into the mixed solution under continuous stirring. The homogenized 
solution was incubated at 37 ◦C for 5 min in a constant-temperature 
water bath, resulting in the formation of a temperature-sensitive 
hydrogel. For the pure QCS/nHA hydrogel, the acetic acid in the 
above process was replaced with deionized water; the rest of the pro-
cedure was the same as above. To prepare hydrogels with different 
proportions of CS and QCS, CS and QCS were mixed in proportions of 
85%–15 % and 90%–10 %, respectively, and then dissolved in 0.1 M 
acetic acid solution. The rest of the process was the same as above. 

2.3. Characterization of the hydrogel 

Scanning electron microscopy (SEM; Nova400, FEI, OR, USA) was 
used to study the porosity and surface morphology of the composite 
hydrogel. Fourier-transform infrared (FT-IR) spectra were acquired 
using a Spectrum One FT-IR spectrometer (Perkin Elmer) to analyze and 
compare the material of all hydrogel samples. The spectra were obtained 
at a resolution of 4.0 cm− 1 with 32 scans per sample. The scanning range 
was 4000 to 400 cm− 1. 

Rheological measurements of the hydrogel were performed to 
examine the elastic modulus and viscosity. A 200-μL sample of hydrogel 
was prepared and placed on a 25-mm parallel plate with a gap of 0.4 
mm. The storage modulus and loss modulus of the hydrogel were then 
measured in the strain range of 0.1%–1000 % under stress detection 
mode. The temperature, angular velocity, and frequency were 25 ◦C, 
6.28 rad/s, and 1 Hz, respectively. The shear viscosity and shear stress of 
the hydrogel were measured at 25 ◦C under shear rates ranging from 0.1 
to 1000 s− 1. The dried hydrogel was immersed in a PBS solution at 37 ◦C, 
and the weight changes at different time points were recorded to assess 
the swelling ratio. In detail, the original dried hydrogel was recorded as 
W0. After being immersed in PBS solution, the hydrogel was carefully 
extracted at a predetermined time point and subsequently weighed, 
recorded as Wt. The swelling ratio of the hydrogel was calculated as 
[(Wt-W0)/W0] × 100 %. 

Sprague Dawley (SD) rats were selected to examine the degradation 
and biocompatibility of the hydrogels. SD rats were anesthetized with 
isoflurane inhalation, and 0.5 mL of hydrogel was subcutaneously 
injected bilaterally into the dorsal region with an 18-G needle to form a 
gel depot. The rats were sacrificed at 0, 4, 7, 14, 21, 28, 35, and 42 days 
after injection to obtain back skin specimens for imaging and histolog-
ical staining to assess the in vivo biocompatibility of the hydrogel. The 
gel state and weight were also recorded. Furthermore, the heart, liver, 
kidney and spleen were also collected after 42 days and fixed with tissue 

fixation solution to examine the impact of metabolism process of 
hydrogel on organs by H&E staining. Rats without any treatment were 
used as control group (CON). 

2.4. In vitro cytocompatibility assay 

Mouse embryo osteoblast precursor cells (MC3T3-E1) were grown in 
HG-DMEM containing 10 % FBS and 1 % penicillin and streptomycin. 
The cultured MC3T3-E1 cells were incubated at 37 ◦C in an atmosphere 
containing 5 % CO2. Live/dead cell staining and CCK-8 assay were used 
to evaluate the biocompatibility of the hydrogel. The pure CS/nHA 
hydrogel (C/H), CS 85%-QCS 15 %/nHA hydrogel (C85-Q15/H), CS 
90%-QCS 10 %/nHA hydrogel (C90-Q10/H), and pure QCS/nHA (Q/H) 
hydrogel were extracted in solution state (200 μL) and drawn into each 
well of untreated 24-well cell culture plates. After gelling at 37 ◦C, 
MC3T3-E1 cells were seeded at 1 × 104 cells/well in each group. The 
wells without hydrogel were considered as the control group (CON). 
Live/dead cell staining was conducted after co-culturing for 1 and 3 d. 
The working solution was prepared according to the manufacturer’s 
instructions. The immersed samples were then cultured for 15 min at 
room temperature in the dark. Subsequently, the samples were washed 
twice with PBS to remove residual staining solution. The stained cells 
were observed using a fluorescent microscope. 

For CCK-8 assay, MC3T3-E1 cells were co-cultured for 1, 3, and 7 d. 
The CCK-8 solution was added to each well at each time point, and each 
well was then incubated for 3 h at 37 ◦C with 5 % CO2. The absorbance 
was then measured at 450 nm using a Bio-Rad microplate reader. 

2.5. In vitro antibacterial activity 

Antibacterial activity was evaluated using both quantitative and 
qualitative methods. E. coli (ATCC 25922) and S. aureus (ATCC 25923), 
representative Gram-negative and Gram-positive bacteria, were grown 
in Luria–Bertani broth in a shaking incubator (120 rpm) at 37 ◦C for one 
night until the optical density of the culture medium reached 0.5 at 600 
nm, corresponding to approximately 4 × 108 colony forming units per 
mL (CFU/mL). Briefly, the bacterial suspension was diluted to 1 × 105 

CFU/mL, and 200 μL of hydrogel was extracted from each group and co- 
cultured with bacteria. The bacterial suspension without any hydrogel 
was used as the negative control. After co-culturing for 4, 8, 12, 16, 24, 
36, 48, 72, and 96 h, the optical density at 600 nm was detected, and the 
growth curve of bacteria was constructed. After culturing for 24 h in a 
37 ◦C constant-temperature oscillation incubator, 100 μL of diluted 
bacterial solution was evenly spread on LB agar medium followed by 
incubation for another 16–18 h. The number of colonies was observed 
and quantitative analysis was employed to determine the antibacterial 
property by Image J software. 

For live/dead staining assay of E. coli and S. aureus, 200 μL of 
hydrogel in each group was added into a 48-well culture plate followed 
by the addition of bacterial suspension (100 μL). After incubation for 24 
h in an incubator, the antibacterial properties were qualitative analyzed 
according to the manufacturer’s instructions. Fluorescence images were 
collected using confocal laser scanning microscopy. All experiments 
were conducted in triplicate to reduce the error rate. 

2.6. Alkaline phosphatase (ALP) staining and activity analysis 

To investigate the effect of each hydrogel on osteogenic differenti-
ation, MC3T3-E1 cells were inoculated into six-well plates (CON, C/H, 
C85-Q15/H, and C90-Q10/H) at a density of 5 × 104 cells/well with 
osteogenic induction medium. After a 7-day incubation period, ALP 
staining and enzyme activity analysis were conducted. The cells were 
fixed with 4 % paraformaldehyde prior to ALP staining. The fixed 
samples were then washed two times with PBS and treated with BCIP/ 
NBT staining working solution. After co-culturing for another 1 h in the 
dark at 25 ◦C, the samples were observed under microscope. To detect 
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the enzyme activity, RIPA lysis buffer was added to the well plate, and 
the supernatant was collected. The chromogenic substrate and dieth-
anolamine buffer were then added to the sample and incubated at 37 ◦C 
for 30 min. Next, stop solution was added to each well, and a microplate 
reader was used to measure the absorbance at 405 nm. Finally, the ALP 
activity was determined by colorimetric analysis based on the 
absorbance. 

2.7. Alizarin red staining 

The MC3T3-E1 cells were seeded at a density of 5 × 104 cells/well in 
six-well plates in the CON, C/H, C85-Q15/H, and C90-Q10/H groups. 
After replacing the osteogenic induction medium, culturing was 
continued for14 d. At time point, the cells were rinsed twice with PBS 
and then fixed with 4 % paraformaldehyde for 30 min. Alizarin red 
solution was then added to each well and incubated for 30 min at room 
temperature. The samples were subsequently rinsed twice with PBS to 
remove residual staining solution, and the stained calcium nodules were 
observed. To quantify the amount of calcium nodules produced in the 
well plate, the stained calcium nodules were dissolved with 10 % 
cetylpyridinium chloride, and the absorbance at 540 nm was recorded. 

2.8. RT-qPCR 

To identify the expression levels of osteogenesis-related genes such 
as osteocalcin (OCN) and runt-related transcription factor (RUNX2), RT- 
qPCR was performed. For each group, MC3T3-E1 cells were seeded at 8 
× 104 cells/well in 12-well plates with osteogenic induction medium for 
7 d. Total RNA was obtained from each sample using the FastPure Cell/ 
Tissue Total RNA Isolation Kit (Invitrogen, CA, USA), and cDNA was 
synthesized according to the manufacturer’s instructions. Subsequently, 
qPCR amplification and detection were performed on a LightCycler 480 
system using 2 × Fast SYBR Green Master Mix (Roche Diagnostics, Basel, 
Switzerland) with cDNA and primers. The primer sequences of the genes 
are shown in Table S1. The relative rates of mRNA expression were 
measured using the 2− ΔΔCt approach and normalized to that of GAPDH. 

2.9. In vivo animal experiments 

2.9.1. Infected bone defect model in rabbits 
All animal experimental procedures were approved by the Animal 

Care and Use Ethics Committee of Jilin University. The rabbit model of 
infected bone defect was established by surgically removing the middle 
segment of the right radius. Briefly, 30 five-month-old male New Zea-
land white rabbits with mature skeletons were randomly divided into 
three groups: CON, C/H, and C85-Q15/H (n = 10 in each group). 
Another three rabbits were selected for the sham operation group (un-
treated). After anesthetizing by the intramuscular injection of 50 mg/kg 
of 3 % (w/v) pentobarbital, a bone defect with a length of 1.5 cm was 
made in the middle of the radial shaft, and an absorbable gelatin sponge 
soaked in a solution containing S. aureus (1 × 107 CFU/mL) was then 
implanted into the defect site (CON group). For the C/H and C85-Q15/H 
groups, 0.2 mL of hydrogel was injected into the defect area after the 
implantation of the gelatin sponge. Following the completion of 
hydrogel implantation, the wound site was meticulously closed using 
absorbable sutures in a layered manner. To demonstrate the successful 
establishment of the infected bone defect model, the wound in the un-
treated group was sutured layer by layer without any additional in-
terventions after exposing the radius. No post-operative antibiotics were 
given, and the bone infection in all groups persisted locally during the 
follow-up period. Samples of the radius were collected and preserved in 
4 % polyformaldehyde solution at 8 and 12 weeks after surgery for 
further investigation. 

2.9.2. Imaging examination 
To evaluate the bone regeneration in vivo after hydrogel 

implantation, the radius was evaluated by X-ray at 8 and 12 weeks. The 
collected radial specimens were analyzed by micro-computed tomog-
raphy (micro-CT; SkyScan 1076 scanner, Kontich, Belgium). After 
inserting the samples, the system was operated at 48 kV and 200 μA. The 
image pixel size for inspection was 18.26 μm. Using multimodal 3D 
visualization software, 3D reconstructions of the acquired images were 
obtained (NRecon 1.7.1.0 software, Kontich, Belgium). Image analysis 
was conducted using an analyzer for bones (CT Analyzer 1.17.7.2 soft-
ware, Kontich, Belgium). The bone volume fraction (BV/TV), trabecular 
number (Tb. N), trabecular thickness (Tb. Th), and trabecular separation 
(Tb. Sp) in the designated region of interest (ROI) of the defect site were 
quantitatively analyzed. 

2.9.3. Histological analysis 
Radius samples were collected from each group and fixed in 4 % 

polyformaldehyde solution. After decalcification, the samples were 
embedded in paraffin and cut into sections. The samples were stained 
with hematoxylin and eosin (H&E), Giemsa stain, and Masson’s tri-
chrome stain. The stained sections were examined using a digital mi-
croscope (DSX 500; Olympus Corporation, Tokyo, Japan), and semi- 
quantitative analysis was carried out by estimating the surface area of 
new bone using Image J software. 

2.9.4. Immunohistochemistry 
The expressions of the osteogenesis-related proteins RUNX2 and 

OCN were detected in immunohistochemical experiments. The decal-
cified bone specimens were divided into tissue sections and then stained 
with anti-RUNX2 (ABclonal, catalog: A2851, Wuhan, China, 1:200) and 
anti-OCN (ABclonal, catalog: A14636, Wuhan, China, 1:200) antibodies. 
Hematoxylin was employed as a counterstain. The images of the speci-
mens were obtained using a digital microscope, and Image J software 
was used to perform semi-quantitative analysis of the immunohisto-
chemical staining images. 

2.10. Statistical analysis 

SPSS 19.0 (SPSS Inc., Chicago, USA) was used for statistical analysis. 
One-way analysis of variance was used to evaluate in vitro experimental 
results. The comparative t-test was used to examine in vivo experimental 
results. Differences with p < 0.05 were considered significant. 

3. Results and discussion 

3.1. Characterization of the hydrogel 

Based on previous research, the ratio of CS to QCS in the blended 
hydrogel should exceed 83 %/17 % (w/w) for optimal performance, 
when the proportion of QCS in the mixture of CS and QCS exceeds 17 % 
(w/w), the hydrogel does not show thermosensitivity [28]. Therefore, to 
optimize the content of QCS for hydrogel performance, two ratios of 
CS/QCS (85 %/15 % and 90 %/10 %) were selected for further inves-
tigation in this study. After adding β-GP into the mixed solution, we 
successfully synthesized nHA hydrogels with different proportions of CS 
and QCS (Fig. 1A). The hydrogels exhibited good temperature sensitivity 
with a flowable liquid state occurring at 25 ◦C and a gel state at 37 ◦C. 
The addition of β-GP endowed CS with thermosensitivity, resulting in an 
increase in solution pH to the physiological range (7.0–7.4). Moreover, 
the immediate precipitation of the hydrated gel is effectively inhibited 
by β-GP [15]. As the SEM images show (Fig. 1B), the C85-Q15/H 
hydrogel had an obvious interconnected porous structure, and the 
pore size was in the range of 100–300 μm. The high-magnification im-
ages show nHA particles adhered to the pore wall. The microporous 
structure of the hydrogel closely resembles the pore size of human 
cancellous bone, which facilitates osteoblast adhesion and enables the 
efficient transport of cellular nutrients and waste [29–31]. 

FT-IR analysis was conducted on the C/H and C85-Q15/H hydrogels 
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(Fig. 1C). The FT-IR spectrum of the C/H hydrogel (black) shows two 
characteristic peaks of CS and nHA. A prominent broad peak in the range 
of 3000–3500 cm− 1 is primarily attributed to the stretching vibration of 
amino N–H and hydroxyl O–H groups within the CS structure, while the 
characteristic peak at 1415 cm− 1 is associated with the C–H group in the 
CS main chain structure. The characteristic absorption peak of nHA 
corresponds to the stretching vibration of PO4

3− and is observed at 1048 
and 968 cm− 1. In the spectrum of C85-Q15/H (red), the slight shift of the 
broad peak from 3000 to 3500 cm− 1 confirms the successful introduc-
tion of QCS because QCS contains more N–H groups than CS [32]. The 
positions of other peaks remain essentially identical to those of C/H, and 
the nHA characteristic peaks are also present, confirming the successful 
incorporation of various components in the hydrogel. 

A hydrogel is a viscoelastic material that exhibits both energy storage 
and dissipation properties simultaneously [33]. As illustrated in Fig. 1D, 
with increasing strain strength, the storage modulus (G′) exceeds and 
remains higher than the loss modulus (G″), and the hydrogel can 

maintain its original gel state after deformation. Additionally, its storage 
modulus remains constant over time, demonstrating a high level of 
stability. As shown in Fig. 1E, the hydrogel exhibits shear thinning 
behavior, indicating excellent injectability and resistance to blockage 
during injection. The swelling kinetics of the C85-Q15/H was also 
evaluated under the condition of 37 ◦C. Fig. 1F showed that the good 
water absorption of C85-Q15/H reached the maximum of 118 % in 
about 8 h, and reached the swelling equilibrium in the later time. The 
ideal hydrogel should possess a specific water absorption capacity to 
mimic the tissue, facilitating nutrient transport, cell proliferation, and 
physiological functionality after the implantation of hydrogel [34]. 
Together with the results presented above demonstrated that the com-
posite hydrogel possesses temperature responsiveness, a micro-porous 
structure conducive to cellular proliferation, and excellent inject-
ability. These properties have substantial implications for the subse-
quent in vitro and in vivo validation experiments. 

Moreover, the hydrogel showed good biodegradability and 

Fig. 1. Characterization of the hydrogels. A. Images of C85-Q15/H at 4 ◦C and 37 ◦C. B. Representative SEM images of C85-Q15/H. C. FT-IR spectra of C/H and C85- 
Q15/H. D, E. Storage and loss modulus properties of the C85-Q15/H hydrogel. F. Swelling kinetics of the C85-Q15/H hydrogel. 
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biocompatibility in vivo. As shown in Fig. S1A, the C85-Q15/H hydrogel 
was almost completely degraded at 42 days after injection, confirming 
that the biodegradability was effectively promoted by combining nHA 
with CS and QCS. Moreover, the H&E staining of skin tissue showed that 
no inflammatory reaction occurred at the injection site, indicating the 
excellent in vivo biocompatibility of the hydrogel (Fig. S1B). It was re-
ported that the degradation rate of CS/nHA scaffolds slowed down after 
nHA was added, which was related to the interaction between CS and 
nHA molecules [35,36]. The CS and QCS possessed cationic and amino 
hydroxyl functional groups, enabling them to interact with the anionic 
surface of nHA, this interaction enhanced the stability of hydrogel. In 
addition, the nHA molecule had high crystallinity and stability, which 
changed the chemical composition and structure of hydrogel so that the 
degradation can be sustained [37]. The slow degradation of materials 
was beneficial to infection control and bone regeneration. Furthermore, 
the degradation products of CS, QCS and HA composites were mainly 
non-toxic substances, such as glucose, amino sugar and phosphate, 
which can be metabolized and excreted by human body [38]. The 
hydrogel did not produce immune rejection, which is of great signifi-
cance for bone healing at defect sites. We also studied whether the 
C85-Q15/H had toxic effect on main organs of SD rats. The H&E staining 
showed that the organs in the C85-Q15/H exhibited no inflammatory 
reaction and hemolysis compared to the CON group (Fig. S2). These 
results further indicated that C85-Q15/H was safe as a biomaterial for 
treating infected bone defects in vivo. 

3.2. Biocompatibility of the composite hydrogels 

To investigate the effect of QCS content on biocompatibility, we 
assessed the effects of the C/H, C85-Q15/H, C90-Q10/H, and Q/H 
hydrogels on MC3T3-E1 cell viability and proliferation by conducting 
Live/dead cell staining and CCK-8 experiments. The wells without 

hydrogel were considered as the control group. As shown in Fig. 2A, the 
number of living cells in all groups except for the Q/H group was 
significantly higher on day 3 compared to on day 1. Conversely, the 
number of dead cells increased remarkably from day 1 to day 3 in the Q/ 
H group. These findings suggest that hydrogels composed of pure QCS 
possess potent cytotoxicity and are unsuitable for bone tissue engi-
neering. Similarly, in CCK-8 assays to quantitatively analyze the effects 
of hydrogels on cell proliferation, excellent growth was observed within 
7 days in all groups except the Q/H group (Fig. 2B). The Q/H hydrogel 
exhibited an inhibitory effect on MC3T3-E1 cell proliferation, leading to 
a gradual decrease in the number of cells from days 1–7. Meanwhile, no 
statistically significant differences in cell numbers were observed among 
the C/H, C85-Q15/H, and C90-Q10/H groups, suggesting that these 
hydrogels had minimal adverse effects on cell proliferation and sup-
ported favorable growth. The experimental results are consistent with 
those of previous studies, that is, the pure Q/H hydrogel with a high 
content of QCS is highly toxic to cells, which may be related to the 
mitochondrial damage of cells [24,39]. The above results further sup-
port the notion that adjusting the proportions of CS and QCS can 
effectively mitigate the cytotoxicity induced by QCS, thereby enhancing 
the biocompatibility of the system. The gel-forming performance 
remained unaffected by the mixing ratio. 

3.3. In vitro antibacterial activity assay 

The optical density (OD600) values of the bacterial liquid were 
measured at various time intervals while co-culturing E. coli and 
S. aureus with the C/H, C85-Q15/H, C90-Q10/H, and Q/H hydrogels. As 
shown in Fig. 3A and B, the OD600 values of E. coli and S. aureus 
increased over time in the CON and C/H groups. Although initially 
effective at inhibiting bacterial proliferation, the C/H hydrogel even-
tually lost its antibacterial efficacy, and the bacteria grew slowly. In 

Fig. 2. Viability of MC3T3-E1 cells incubated with different hydrogels. A. Live/dead cell staining images. B. CCK-8 assay results for MC3T3-E1 cells in each group of 
hydrogels (***, p < 0.001) (Data are expressed as mean ± SD (n = 3)). 
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contrast, the OD600 values in the C85-Q15/H, C90-Q10/H, and Q/H 
groups decreased over time for both bacteria. For E. coli, the OD600 
values in the C85-Q15/H, C90-Q10/H, and Q/H groups at 96 h were 
0.20 ± 0.01, 0.26 ± 0.01, and 0.19 ± 0.02, respectively, significantly 
higher than those in the C/H (0.44 ± 0.02) and CON (0.86 ± 0.02) 
groups (p < 0.001). While there was little difference in OD600 values 
between C85-Q15/H and C90-Q10/H (p > 0.05), both of which were 
higher than C90-Q10/H (p < 0.01). The C85-Q15/H, C90-Q10/H, and 
Q/H hydrogels exhibited durable antibacterial activity against S. aureus 
and maintained their antibacterial efficacy for up to 96 h. At 96 h, the 
OD600 values in the C85-Q15/H, C90-Q10/H, and Q/H groups were 0.19 
± 0.01, 0.23 ± 0.04, and 0.27 ± 0.04, respectively. The OD600 values of 
the C85-Q15/H, C90-Q10/H, and Q/H groups were not significantly 
different (p > 0.05), and they were significantly higher than those of the 
CON (0.78 ± 0.03) and C/H (0.52 ± 0.01) groups (p < 0.001). 

To further investigate the specific inhibition of the hydrogels for the 
two bacterial strains, agar plate cultures were conducted at designated 
time points (Fig. 3C). Compared to the CON group, the number of E. coli 
colonies after co-culturing for 24 h was significantly lower in the 
hydrogel groups and particularly in the C85-Q15/H and Q/H groups. 
Additionally, the reduction in the number of E. coli colonies was greater 
in the Q85-Q15/H and Q/H groups compared to the C/H and C90-Q10/ 
H groups. Notably, the numbers of colonies of S. aureus in the C85-Q15/ 
H and Q/H groups w lower than in the C90-Q10/H and C/H groups. The 
antibacterial rate of each hydrogel was then examined. As shown in 
Fig. 3E, the antibacterial rate of C85-Q15/H and Q/H against E. coli 
achieved 87.17 ± 2.48 % and 87.20 ± 3.51 %, respectively, which was 
higher than that of C/H (54.41 ± 4.29 %) and C90-Q10/H (57.43 ±
3.75 %) groups (p < 0.05). However, there was no statistically difference 
between C85-Q15/H and Q/H. As for S. aureus, the antibacterial rate of 

Fig. 3. Antibacterial activities of C/H, C85-Q15/H, C90-Q10/H, and Q/H against E. coli (A) and S. aureus (B) after co-culturing for 96 h. C. Agar plate experiment 
after 24 h of co-culturing with E. coli and S. aureus. D. Live/dead bacterial staining images at 24 h. E. Quantitative analysis of agar plate cultures experiment (*, p <
0.05; **, p < 0.01; ***, p < 0.001) (Data are expressed as mean ± SD (n = 3)). 
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Q/H was 69.47 ± 3.75 %, which was significantly higher than that of C/ 
H (10.02 ± 6.59 %) and C90-Q10/H (24.60 ± 5.99 %) groups (p <
0.001). Moreover, the antibacterial rate of C85-Q15/H achieved 51.80 
± 5.53 %, which was also higher than that of C/H and C90-Q10/H (p <
0.01). These results indicated that the augment of QCS concentration 
can increase the inhibitory effect on E. coli and S. aureus. 

Intuitive evidence of antibacterial activity can also be observed in 
the live/dead bacterial staining images (Fig. 3D). In all three groups of 
hydrogels containing QCS, significant red fluorescence (indicating dead 
bacteria) was detected, and only a few spots of green fluorescence 
(indicating live bacteria) were observed. Especially in the C85-Q15/H 
and Q/H groups, a high level of red fluorescence indicating dead 
E. coli and S. aureus was clearly observed. The C/H group showed 
comparatively higher levels of green fluorescence for both E. coli and S. 
aureus than the other three groups. This further supports the limited 
antibacterial ability of the pure CS hydrogel. 

CS and QCS have been extensively studied as antibacterial materials, 
and QCS exhibits stronger antibacterial properties than CS due to its 
highly cationic nature [40,41]. Our findings clearly validate that when 
used as an antibacterial material alone, the C/H hydrogel has insuffi-
cient antibacterial duration and strength against E. coli and S. aureus. In 
contrast, after mixing CS with QCS in different proportions, the hydro-
gels exhibited strong antibacterial properties. This may be related to the 
high density of positive charges in the QCS structure. These positive 
charges allow QCS to be adsorbed on the surfaces of negatively charged 

bacteria, leading to the leakage of proteins and other cell components in 
a dose-dependent manner [4,42,43]. Moreover, QCS had greater effi-
cacy against gram-positive bacteria than gram-negative bacteria. This is 
because the cell wall of S. aureus is solely formed of peptide polygen, 
whereas the cell wall of E. coli is composed of peptide polygen plus an 
outer lipopolysaccharide layer that acts as a barrier targeting 
large-molecular-weight molecules [44]. Although the Q/H hydrogel 
showed a significant antibacterial effect against both E. coli and 
S. aureus, its cytotoxicity makes it unsuitable for the treatment of 
infected bone defects. Thus, in the subsequent in vitro osteogenesis ex-
periments, we excluded the Q/H hydrogel and evaluated the osteogenic 
differentiation performances of the C85-Q15/H, C90-Q10/H, and C/H 
hydrogels. 

3.4. Osteogenic effects of hydrogels in MC3T3-E1 cells 

To investigate the effects of the composite hydrogels on the osteo-
genic differentiation of MC3T3-E1 cells, we conducted ALP staining 
assay and activity analysis after 7 d of osteogenesis induction. As shown 
in Fig. 4A(a), compared with the C90-Q10/H, C/H, and CON groups, a 
higher number of positively stained cells and a darker staining color 
were observed in the C85-Q15/H group. In the C90-Q10/H group, more 
ALP-positive cells were observed than in the C/H and CON groups. 
Compared with the CON group, the number of ALP-positive cells was 
higher in the C/H group. The ALP activity in the C85-Q15/H group (2.33 

Fig. 4. Osteogenic properties of the C/H, C85-Q15/H, and C90-Q10/H hydrogels. A. (a) ALP staining images at 7 d after induction. (b) Alizarin red staining at 14 
d after induction. B. (a) Quantitative analysis of ALP enzyme activity. (b) Semi-quantitative analysis of calcium nodules based on the absorbance at 450 nm. C. (a) RT- 
qPCR results for RUNX2 at 7 d after induction. (b) RT-qPCR results of OCN at 7 d after induction (*, p < 0.05; **, p < 0.01; ***, p < 0.001) (Data are expressed as 
mean ± SD (n = 3)). 
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± 0.09 μM pNpp/min/mg protein) was higher than those in the C/H and 
C90-Q10/H groups (1.46 ± 0.18 and 1.58 ± 0.20, respectively; p <
0.01). Moreover, compared to the CON group (0.91 ± 0.10 μM pNpp/ 
min/mg protein), the ALP activity was higher in both the C90-Q10/H 
and C/H groups [p < 0.05; Fig. 4B(a)]. 

Subsequently, we conducted alizarin red staining and semi- 
quantitative analysis to assess the effects of the composite hydrogels 
on the deposition of calcium in MC3T3-E1 cells. As is shown in Fig. 4A 
(b), red calcium nodules were more prominently observed in the C/H, 
C85-Q15/H, and C90-Q10/H groups compared to the CON group on day 
14. Notably, among the groups, the calcium nodules in the C85-Q15/H 
and C90-Q10/H groups exhibited the deepest staining color and largest 
stained area. The semi-quantitative analysis of the calcium nodules 
confirmed the above results; the absorbance values in the C85-Q15/H 
and C90-Q10/H groups on day 14 were 0.96 ± 0.08 and 1.39 ± 0.24, 
respectively (p > 0.05), both of which were higher than the absorbance 
in the CON group [0.27 ± 0.03; p < 0.001 and p < 0.01, respectively; 
Fig. 4B(b)]. The absorbance value in the C/H group was 0.91 ± 0.04, 
which was not significantly different from those in the C85-Q15/H and 
C90-Q10/H groups (p > 0.05) and higher than that of the CON group (p 
< 0.001). 

ALP is a primary indicator of early mineralization in the extracellular 
matrix. ALP facilitates the hydrolysis of organophosphorus compounds 
and regulates the metabolism of Ca2+ and PO4

3− to promote bone 
mineralization [30,45]. The results of ALP staining assay and activity 
analysis confirmed that all three hydrogels promoted the osteogenic 
differentiation of MC3T3-E1 cells to some extent, with the C85-Q15/H 
group demonstrating the most pronounced effect in early differentia-
tion. This may be related to the 15 % QCS content, which facilitates cell 
spreading and proliferation on the hydrogel and is beneficial to 
enhancing ALP activity [46]. In addition, the introduction of nHA 
improved osteogenic differentiation, and quaternization can weaken 
intermolecular hydrogen bonds, promote interactions between QCS and 
nHA ions, and attract PO4

3− , thus improving the early osteogenic ability 
[47,48]. Calcium nodules are the mineralized matrix secreted by oste-
oblasts; an increase in nodules represents the deposition of minerals and 
is an important sign of osteoblast maturation in the later stage of 
osteogenesis [49,50]. The concentration of nHA in the three hydrogels 
was consistent, and the hydrogel materials were clearly washed by 
DDH2O before staining to avoid interference [51]. Therefore, we can 
confirm that QCS mainly promoted osteogenesis in the early stage by 
accelerating the deposition of Ca2+ through its positive charge. How-
ever, after the rapid deposition of apatite, nHA particles endow the 
hydrogel with excellent osteogenic and mineralization ability [52]. 

We also analyzed osteogenesis-related genes such as RUNX2 and 
OCN by conducting RT-qPCR experiments. RUNX2 is an early indicator 
of osteogenic differentiation and belongs to the RUNX family, which 
plays a crucial role in both osteogenic differentiation and maintaining 
bone maturation of mesenchymal stem cells [53]. As the primary 
regulator of osteogenesis, RUNX2 is essential for regulating the down-
stream expressions of genes such as OCN [54]. OCN is capable of regu-
lating bone calcium metabolism, and its up-regulation can enhance the 
formation of mineralized calcium nodules [49]. As illustrated in Fig. 4C 
(a), the expressions of RUNX2 in the C/H and C85-Q15/H groups were 
2.64 ± 0.28 and 2.32 ± 0.23 fold higher than that of the CON group, 
respectively (p < 0.01). The expression of RUNX2 in the C90-Q10/H 
group was 3.14 ± 0.81 fold higher than that in the CON group. No 
significant differences in the expressions of RUNX2 were observed 
among the three hydrogels. The expression of OCN was similar to that of 
RUNX2 on day 7, and the OCN expression in the C90-Q10/H group was 
4.08 ± 0.36 fold higher than that in the CON group (p < 0.001). The 
OCN expressions in the C/H and C85-Q15/H groups were 3.68 ± 0.64 
and 2.99 ± 0.58 fold higher than that in the CON group, respectively (p 
< 0.01). However, no significant differences in the expressions of OCN 
were observed among the three hydrogel groups [p > 0.05; Fig. 4C(b)]. 

After the addition of nHA, the composite hydrogels realized higher 
osteogenic capability. On the other hand, the strong cationic nature of 
QCS can bind to negatively charged proteins and lipids on the osteoblast 
surface to promote adhesion, which facilitates early osteogenic differ-
entiation [24,30]. In summary, the in vitro experiments confirmed that 
the hydrogel obtained by mixing CS and QCS in different proportions 
had better antibacterial properties than the pure CS hydrogel. Specif-
ically, the C85-Q15/H hydrogel displayed the highest antibacterial ef-
ficacy against both E. coli and S. aureus while maintaining 
non-cytotoxicity. Moreover, the C85-Q15/H hydrogel could promote 
early osteogenesis and up-regulate osteogenesis-related genes. These 
properties meet the standard for biological scaffolds. Therefore, we 
selected the C85-Q15/H and C/H hydrogels as the experimental and 
control materials, respectively, to further confirm the efficacy of the 
C85-Q15/H hydrogel in promoting bone regeneration and inhibiting 
infection in vivo. 

3.5. In vivo animal experiments 

3.5.1. Establishment of an infected bone defect model 
All rabbits exhibited satisfactory postoperative recovery without any 

additional complications. Prior to the operation, three rabbits from the 
CON group and three rabbits untreated with S. aureus (Untreated) were 
randomly selected for blood routine examinations before the operation 
(0 d) and at 3, 7, 10, and 14 d after operation. We also examined the 
wounds of rabbits in the CON group and obtained radial specimens and 
images. As shown in Figs. S3A and S3B, within 14 d after the operation, 
the white blood cell (WBC) and neutrophil (NE) counts increased over 
time in the CON group with S. aureus, indicating a state of inflammation 
in the body. In contrast, no significant changes in the WBC and NE 
counts were observed over time in the Untreated group. Imaging 
revealed the presence of sinus and purulent discharge at the wound site 
in the CON group (Fig. S3C), and an abscess formed at the defect site 
(Figure. S3D), confirming the successful establishment of an infected 
bone defect model in the radius. 

3.5.2. Imaging analyses 
X-ray images of the defect area in the radius were obtained at 8 and 

12 weeks after surgery. As shown in Fig. 5A, no discernible bone 
regeneration was observed in the defect area of the CON group at 8 
weeks after surgery, and the bone regeneration after 12 weeks was 
minor compared with the C85-Q15/H group. Moreover, no bony 
connection was formed at the broken ends of the fractures in CON group 
at 12 weeks, providing evidence of nonunion formation. In the C/H 
group, a bony callus was observed at 8 weeks after surgery, and a small 
amount of new bone was formed at 12 weeks. From 8 to 12 weeks after 
surgery, the new bone mass increased rapidly in the C85-Q15/H group. 

To further analyze bone regeneration at the defect site, micro-CT was 
performed at 8 and 12 weeks after surgery (Fig. 5B). Similar to the X-ray 
results, almost no new bone was found in the CON group at 8 weeks, and 
the amount of regenerated bone remained low even at 12 weeks. In the 
C/H group, despite the occurrence of new bone formation between 8 and 
12 weeks, healing was delayed at the fracture site. In contrast, contin-
uous cortical bone formation was observed from weeks 8–12 in the C85- 
Q15/H group, indicating intact bone regeneration in the defect area. The 
quantitative analysis of the micro-CT images further support these re-
sults; the BV/TV value in the C85-Q15/H group was 47.48 % ± 5.62 % 
at 8 weeks, significantly higher than those in the C/H group (22.83 % ±
2.50 %, p < 0.01) and CON group (22.83 % ± 2.50 %, p < 0.01). 
Moreover, at 12 weeks, the BV/TV value in the C85-Q15/H group was 
54.97 % ± 3.87 %, significantly higher than those in the C/H group 
33.10 % ± 1.28 % (p < 0.001) and CON group 17.70 % ± 2.20 % (p <
0.01). Although there were significant increases in the C/H group 
compared with the CON group at 12 weeks (p < 0.01), the BV/TV value 
in C/H group was still less than the C85-Q15/H group (p < 0.01). The 
trends in Tb. Sp values were similar to those in BV/TV; the Tb. Sp value 
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in the C85-Q15/H group was significantly lower than those in the C/H 
and CON groups at 8 and 12 weeks (p < 0.001). In addition, the Tb. N 
value in the C85-Q15/H group was significantly higher than those of the 
C/H and CON groups (p < 0.001). The Tb. Th values of the C85-Q15/H 
group were higher than those of the C/H and CON groups at both 8 and 
12 weeks (Fig. 5C). The unsatisfactory outcomes observed in the C/H 

and CON groups may be attributed to infection resulting from the 
absence of antibacterial activity in vivo. The inflammation caused by 
infection can impair the process of bone regeneration and increase bone 
resorption [10]. The in vivo results confirm that the composite hydrogel 
can promote bone regeneration in an animal model and promote the 
formation of callus. 

Fig. 5. Imaging results at 8 and 12 weeks after surgery. A. Representative X-ray images from the CON, C/H, and C85-Q15/H groups at 8 and 12 weeks. B. 
Reconstructed micro-CT images at 8 and 12 weeks. C. Analysis results of BV/TV, Tb. Sp, Tb. Th, and Tb. N. (*, p < 0.05; **, p < 0.01; ***, p < 0.001) (Data are 
expressed as mean ± SD (n = 3)). 
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Following imaging examination, the hydrogel specimens were 
decalcified for histological and immunohistochemical staining to further 
assess their in vivo antibacterial and osteogenic properties. 

3.5.3. Histological and immunohistochemical analyses 
We collected granulation tissues from the defect sites and conducted 

plate cultures and Giemsa staining to evaluate antibacterial efficacy in 
vivo. In the C85-Q15/H group, bacterial colonies were scarce at 8 weeks 
after surgery, as illustrated in Fig. 6A. In contrast, in the CON and C/H 
groups, prominent S. aureus colonies were observed. From 8 to 12 
weeks, the colony density increased significantly in the CON and C/H 
groups but remained unchanged in the C85-Q15/H group. Giemsa 
staining was used to further evaluate the associated infection. At 8 and 
12 weeks after surgery, S. aureus was absent in the C85-Q15/H group, 
whereas the amount of bacteria increased with time in the CON and C/H 
groups. In addition, obvious inflammatory cells were found in the CON 
and C/H groups (Fig. 6B). In the infected state, excessive bacterial 
internalization results in reduced new bone formation and increased 
apoptosis of osteoblasts. Moreover, bacteria can adhere to biomaterials 
to form biofilm, rendering antibiotic treatment ineffective and compli-
cating infection eradication [34,55]. In this context, the antibacterial 
properties of biomaterials were crucial for infected bone defects. QCS 
can inhibit the formation of biofilm by reducing the expression of icaAD 
gene of Staphylococcus strains, which encodes the key enzyme of biofilm 
synthesis [4]. Tan et al. discovered that QCS with a degree of substitu-
tion of 26 % can upregulate the expression of the icaR gene, which en-
codes a negative regulator of biofilm development. Furthermore, QCS 

with this degree of substitution exhibited favorable biocompatibility 
[56]. QCS can also effectively inhibit the activity of antibiotic-resistant 
bacteria, incorporating QCS into PMMA bone cement demonstrated 
effective treatment of methicillin-resistant Staphylococcus 
epidermidis-induced bone infection [57]. Therefore, our results showed 
that QCS with high degree of substitution can effectively inhibit infec-
tion in vivo. However, the specific antibacterial mechanism of QCS still 
needs to be clarified more deeply, which will be carried out in our 
subsequent research. 

After confirming the antibacterial properties of the hydrogel through 
in vivo experiments, we further performed H&E and Masson staining to 
evaluate the osteogenic properties in vivo. As shown in Fig. 7A, H&E 
staining was conducted to illustrate the morphology and microstructure 
of bone. At 8 weeks after surgery, minimal evidence of fresh bone 
regeneration was observed in the CON group, and the defect area was 
full of fibrous tissue. In the C/H group, partial bone regeneration 
occurred at the margin, whereas the defect site remained spacious. In 
contrast, bone regeneration was evident in the C85-Q15/H group, and 
the trabecular bone exhibited a well-preserved morphology. At 12 weeks 
after surgery, little bone regeneration was observed in the CON group, 
and a large amount of fibrous tissue remained. Limited osteogenesis was 
observed at the defect site in the C/H group after 12 weeks. In contrast, 
the trabeculae in the C85-Q15/H group showed higher density, regu-
larity, and integrity. The Masson staining results reflect the maturity of 
collagen in the bone tissues. The color of stained bone tissue changes 
from blue to red as the bone matures; new bone tissue appears blue, 
whereas mature bone tissue appears red [58]. At 8 weeks after surgery, 

Fig. 6. Examination of in vivo antibacterial properties. A. S. aureus colonies in the granulation tissue at the defect site. B. Giemsa staining images obtained at 8 and 12 
weeks after surgery. 
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more new bone tissue was observed in the C85-Q15/H group than in the 
C/H group. And at 12 weeks, the regenerated bone tissues in the 
C85-Q15/H group had increased which had well new bone regeneration. 
Although new bone formation was also observed in the C/H group at 12 
weeks, the amount of new bone was lower than in the C85-Q15/H group 
(Fig. 7B). To quantitatively evaluate bone regeneration in vivo, the area 
of new bone in the stained section was calculated using Image J soft-
ware. At 8 and 12 weeks after surgery, the new bone area in the 
C85-Q15/H group was significantly higher than those in the C/H and 
CON groups based on the H&E staining images (Fig. 7C). Based on the 
Masson staining images, the C85-Q15/H group showed more new bone 
formation than the CON and C/H groups at 8 weeks (p < 0.001).The 
amount of new bone formation was higher in the C/H group than in the 
CON group at 12 weeks (p < 0.01); however, the new bone mass in the 
C/H group still had a significant difference compared with C85-Q15/H 
(p < 0.001; Fig. 7D). These results demonstrate that the C85-Q15/H 
hydrogel has a strong ability to promote trabecular bone formation 
and can also augment collagen production compared with the C/H 
hydrogel. 

Bone formation was further confirmed by immunohistochemical 
analysis using RUNX2 and OCN as indicators. At 8 weeks after surgery, 
the expression of RUNX2 was significantly higher in the C85-Q15/H 
group than in the other two groups. At 12 weeks after surgery, the 
positively stained cells were increased in the C85-Q15/H group 
compared with the CON and C/H groups, demonstrating the good bone 
quality (Fig. 8A). Moreover, more positively stained cells for OCN 
expression were observed at 8 and 12 weeks in the C85-Q15/H group 
compared with the CON and C/H groups. Mature bone tissues were 
clearly evident, demonstrating significant osteogenic activity (Fig. 8B). 
Furthermore, the positive staining areas were calculated for both 
RUNX2 and OCN. The RUNX2-positive area in the C85-Q15/H group at 
8 weeks was 52.15 % ± 2.83 %, significantly higher than those in the 
CON and C/H groups (10.33 % ± 0.79 % and 14.07 % ± 1.32 %, 
respectively; p < 0.001). At 12 weeks, these differences between the 
C85-Q15/H group and the CON and C/H groups were further increased 

(p < 0.001; Fig. 8C). Consistently, as shown in Fig. 8D, the positive areas 
of OCN protein expression in the C85-Q15/H group at 8 and 12 weeks 
were 21.05 % ± 5.17 % and 31.02 % ± 7.60 %, respectively, greater 
than those in the CON group (11.72 % ± 2.58 % and 9.10 % ± 5.59 %, 
respectively; p < 0.05). The expressions of OCN in the C/H group at 8 
and 12 weeks (7.00 % ± 0.39 % and 20.79 % ± 3.57 %, respectively) 
were also lower than those in the C85-Q15/H group (p < 0.05). These 
results confirm that the C85-Q15/H hydrogel can promote bone regen-
eration by up-regulating the expressions of RUNX2 and OCN. In sum-
mary, the in vivo experimental results confirm that the C85-Q15/H 
group had the best antibacterial and osteogenic properties among the 
groups. 

The bone repair ability of an orthopedic scaffold is important for the 
reconstruction of damaged bone tissue, and the scaffold must also have 
low cytotoxicity and satisfactory biocompatibility [59]. After injection 
into the defect area, the C85-Q15/H hydrogel showed good biocom-
patibility and effectively promoted bone regeneration. This may be 
attributed to the mixture of QCS and CS, which provides abundant 
positive charges to facilitate cell adhesion. Moreover, CS has been shown 
to improve bone healing through the expression of some 
osteogenesis-related genes mediated by RUNX2 [60]. Our in vivo results 
confirmed that QCS can up-regulate the expression of RUNX2 more than 
CS in an infected environment. The increase in RUNX2 expression can 
induce the expression of the anti-apoptosis Bcl-2 gene and protect os-
teoblasts from apoptosis damage in inflammatory reaction, thereby 
promoting bone regeneration [61]. In addition, nHA is a component of 
natural bone and has a large surface area. The introduction of nHA 
promotes the expression of cell adhesion proteins and effectively facil-
itates osteoblast adhesion and proliferation, leading to increased oste-
ogenic ability [62,63]. Another essential factor in the bone regeneration 
ability of the hydrogel is its excellent antibacterial activity. The anti-
bacterial property of the C85-Q15/H hydrogel against S. aureus was 
sustained in vivo for 12 weeks. Moreover, we obtained a balance between 
anti-infection activity and cytotoxicity by adjusting the proportion of CS 
and QCS, thereby optimizing the osteogenic performance. The nHA does 

Fig. 7. Histological staining images, including the general view (left) and partial enlarged view (right), obtained at 8 and 12 weeks after surgery. A. H&E staining 
images of bone tissue at 8 and 12 weeks. B. Masson staining images of decalcified bone at 8 and 12 weeks after surgery. C. Quantitative analysis of new bone area in 
the H&E staining images at 8 and 12 weeks. D. Quantitative analysis of new bone area in the Masson staining images at 8 and 12 weeks (*, p < 0.05; **, p < 0.01; ***, 
p < 0.001) (Data are expressed as mean ± SD (n = 3)). 
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not have any antibacterial property. Therefore, on one hand, the oste-
ogenic performance of the hydrogel is attributed to the strong antibac-
terial activity of QCS, which eliminates local bacteria in the early stage 
and promotes osteoblast adhesion. On the other hand, the CS and QCS 
cooperate with nHA to further promote osteoblast differentiation and 
bone regeneration. 

This study is subject to certain limitations because it only investi-
gated the effect of one single type of degree of substitution of QCS on the 
antibacterial and osteogenic properties of the hydrogel. Alterations in 
the degree of substitution of QCS can significantly affect the water sol-
ubility, antibacterial efficacy, and cytotoxicity [64]. Therefore, future 
research should prioritize achieving an optimal balance between the 
biocompatibility and antibacterial properties of QCS with varying de-
grees of substitution when combined with CS in different proportions to 
identify the most effective therapeutic approach for treating infected 
bone defects. 

4. Conclusions 

In this study, we synthesized thermosensitive CS-QCS hydrogels 
incorporating nHA based on CS/β-GP hydrogels. Compared to the pure 
CS hydrogel, the C85-Q15/H hydrogel containing 85 % CS and 15 % 
QCS exhibited a strong antibacterial property along with favorable 
biocompatibility. Loading with nHA further enhanced the osteogenic 
property of the hydrogel and upregulated the expressions of osteogenic 
genes in vitro. In vivo experiments in an infected bone defect model 
demonstrated that C85-Q15/H has dual antibacterial and osteogenic 
functions. In summary, this dual-functional hydrogel can promote bone 

regeneration and degrade in an infected environment, greatly reducing 
the risk of reinfection caused by additional operation. This study has 
significant clinical transformation potential and provides a promising 
treatment strategy for bone defect infection. 
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