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A B S T R A C T

This study evaluated the cytotoxicity of fusidic acid-loaded HA hydrogels on different cell types. Results show 
significant cytotoxicity, especially at concentrations above 0.1 %, with MC3T3 cells being the most sensitive. 
These findings highlight the importance of considering cell-specific responses and cytotoxic effects when 
designing antibiotic-loaded hydrogels for biomedical applications.

1. Introduction

Aseptic techniques are used in surgeries, but 2–4% of patients still 
develop surgical site infections (SSI), a major cause of morbidity, mor-
tality, and imposing an additional economic burden.1 Staphylococcus 
aureus, particularly methicillin-resistant strains (MRSA), is the primary 
pathogen, with vancomycin resistance posing challenges.2 Fusidic acid 
is an alternative treatment with fewer complications.

In situ drug delivery systems with antibiotics, such as antibiotic- 
loaded hydrogels, offer promising antibacterial effects and enhance 
patient protection during surgery. Our previous study showed that an 
oxidized hyaluronic acid/adipic acid dihydrazide hydrogel loaded with 
vancomycin is easy to prepare, biocompatible, and effective for local 
antibiotic delivery.3 With the emergence of MRSA strains exhibiting 
reduced responsiveness to common antibiotics, this study aimed to 
explore the feasibility of incorporating fusidic acid as an anti-MRSA 
agent into the hydrogel model.

2. Methods

2.1. Preparation of antibiotic-loaded hydrogel

We developed an antibiotic-laden hydrogel by combining adipic acid 
dihydrazide (ADH), oxidized hyaluronic acid (oxi-HA), and fusidic acid. 
Briefly, hyaluronic acid (HA) (1 % w/v) was dissolved in double- 
distilled water and oxidized with sodium periodate (2.67 % w/v) for 
24 h in the dark. The reaction was terminated with ethylene glycol, and 
oxi-HA was purified by dialysis and freeze-dried to yield the final 
product.

To fabricate the antibiotic-loaded hydrogels, oxi-HA (6 %) and ADH 
(8 %) were separately dissolved in normal saline containing fusidic acid 
at concentrations of 0.01 %, 0.1 %, 0.5 %, and 1 %. These solutions were 
gently mixed to produce HA Hydrogel-F001, HA Hydrogel-F01, HA 
Hydrogel-F05, and HA Hydrogel-F1, respectively.

2.2. Cell viability evaluation by WST-8 assay

For cell viability assays, hydrogels (0.1 mL) were incubated with 1 
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mL of standard medium at 37 ◦C for 72 h to prepare extraction media. 
Then, 200 μL of the extraction medium was added to MC3T3 osteoblasts, 
L929 fibroblasts, and porcine mesenchymal stem cells (MSCs) in 96-well 
plates and cultured for 1 and 3 days at 37 ◦C under 5 % CO2.

Control groups included standard medium (positive control), 0.1 % 
Triton X (negative control), and hydrogel extraction medium without 
fusidic acid (HA hydrogel group). Cell viability was assessed using WST- 
8 assays, where mitochondrial activity reduced tetrazolium salt to for-
mazan, measured at 450 nm.

2.3. Cell apoptosis analysis by flow cytometry

Apoptosis was assessed using flow cytometry with the Annexin V 
Apoptosis Kit-FITC (Novus Biologicals, Minneapolis, MN, USA). Cells (3 
× 104 per well) were seeded in 24-well plates and treated with hydrogel 
extraction medium. After treatment, cells were washed with PBS, de-
tached with trypsin, and incubated with Annexin V dye for 30 min at 
room temperature, followed by PI staining for another 30 min. Stained 
cells were analyzed using a CytoFlex flow cytometer (Beckman Coulter, 
Brea, CA, USA).

2.4. Statistical analysis

All experiments were conducted at least in triplicate, and the mean 
± standard deviation was calculated. Analysis of variance (ANOVA) was 
performed to assess the impact of antibiotic-loaded hydrogels on cell 

viability. Flow cytometry data were collected and analyzed using 
CytExpert software (Beckman Coulter, Brea, CA, USA).

3. Results

3.1. Cell toxicity of fusidic acid - loaded hydrogels

The cell compatibility of the fusidic acid-loaded hydrogel was eval-
uated by assessing the viability of MSCs, MC3T3, and L929 cells using 
the WST-8 assay. Interestingly, a slight increase (15 % for MSCs) or 
decrease (~10 % for L929) in cell viability was observed compared to 
the positive control group. These results suggest that the slight varia-
tions in cell viability may result from differences in cellular responses to 
the HA Hydrogel. However, given the relatively small percentage 
changes, the overall impact on cell viability appears minimal, further 
supporting the HA Hydrogel’s non-cytotoxic nature, as illustrated in 
Fig. 1(A).

In addition, the cell compatibility of the antibiotic-loaded hydrogel 
containing varying concentrations of fusidic acid was assessed. A sig-
nificant decline in absorbance values was observed for all three cell 
types on days 1 and 3. Notably, MC3T3 cells were the most sensitive to 
fusidic acid, with cell viability decreasing to approximately 70 % when 
the concentration exceeded 0.01 % (HA Hydrogel-F001 group). For 
L929 cells, growth inhibition was observed at a fusidic acid concentra-
tion of 0.1 % (HA Hydrogel-F01 group), with cell viability dropping to 
52 % after 24 h of incubation. In contrast, MSCs exhibited higher 

Fig. 1. (A) Cell viability of porcine bone marrow mesenchymal stem cells (MSC), mouse osteoblasts (MC3T3), and mouse fibroblasts (L929) cultured with HA 
hydrogels containing varying concentrations of fusidic acid on day 1 and 3. (B) Morphology of MSC, MC3T3, and L929 cells cultured in standard medium, HA 
hydrogel, and HA Hydrogel-F1 extraction medium on day 3, highlighting changes in cell attachment and shape. (C) Annexin V/Propidium iodide flow cytometry 
analysis showing apoptosis and necrosis in MSC, MC3T3, and L929 cells after exposure to HA hydrogels with different concentrations of fusidic acid on days 1 and 3. 
* indicates p < 0.05 compared with the positive control; # indicates p < 0.05 compared with the HA hydrogel group.
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tolerance to fusidic acid, maintaining approximately 80 % viability at a 
concentration of 0.1 % (HA Hydrogel-F01 group). However, at 0.5 % 
fusidic acid (HA Hydrogel-F05 group), MSC viability significantly 
decreased to 30 % after 24 h. These findings suggest that the cytotoxic 
effects of fusidic acid are dose-dependent and vary significantly among 
cell types, with MC3T3 and L929 cells being more susceptible compared 
to MSCs.

3.2. Possible mechanism of fusidic acid cytotoxicity

The cell viability tests revealed that fusidic acid exhibited local 
toxicity even at ultra-low concentrations (0.01 %). MSCs showed a slight 
decrease in cell viability at this concentration, while MC3T3 displayed 
noticeable growth inhibition. Significant cell death was observed at 0.5 
% fusidic acid (HA Hydrogel-F05 group) on days 1 and 3. For both 
MC3T3 and L929 cells, viability sharply declined in (HA Hydrogel-F01 
group (0.1 % fusidic acid), and no viable cells were observed in the 
HA Hydrogel-F1 group (1 % fusidic acid), as shown in Fig. 1(B).

Flow cytometry was used to analyze cell apoptosis and necrosis using 
Annexin V and PI staining. Annexin V binds to phosphatidylserine 
exposed during early apoptosis, while PI detects late apoptosis or ne-
crosis. Results revealed increased Annexin V and PI signals in all three 
cell types on days 1 and 3, indicating elevated apoptotic and necrotic 
populations (Fig. 1(C)). Apoptotic cells were prevalent within the first 
24 h, while necrotic cells became dominant after 72 h.

In MSCs, exposure to HA Hydrogel-F05 and Hydrogel-F1 extracts 
resulted in 9.3 % apoptotic and 44.5 % necrotic cells after 24 h, 
increasing to 20.6 % and 74.8 %, respectively, by day 3. For MC3T3 
cells, the Hydrogel-F01 extract induced 16.6 % apoptosis at 24 h, rising 
to 26.0 % by day 3, while the Hydrogel-F05 extract induced apoptosis 
rates of 27.4 % at 24 h and 25.5 % by day 3. Necrosis was most pro-
nounced with the F1 extract, reaching 82.8 % by day 3.

L929 fibroblasts showed 42.9 % and 44.8 % apoptotic cells with the 
F01 and F05 extracts, respectively, after 3 days. Necrosis was significant 
with the F1 extract, showing 64.1 % at 24 h and increasing to 67.3 % by 
day 3.

These results demonstrate that HA antibiotic-loaded hydrogel ex-
tracts exert cell type- and concentration-dependent cytotoxic effects. 
MC3T3 and L929 exhibited higher apoptosis with the HA Hydrogel-F01 
and HA Hydrogel-F05 extracts. These findings underscore the need to 
account for cell-specific responses when designing hydrogels for 
biomedical applications, ensuring both efficacy and safety.

4. Discussion

This is the first study to demonstrate the cytotoxicity of fusidic acid 
in HA hydrogels, showing significant toxicity even at low concentrations 
like 0.1 %. Antibiotics are often used before surgery to prevent in-
fections, and in situ-forming antibiotic-loaded hydrogels offer a novel 
way to reduce bacterial adherence and biofilm formation on implants. 
Fusidic acid, introduced in the 1960s, is a potent antibacterial agent 
against gram-positive bacteria, available in topical and systemic forms.4

Studies have shown it effectively inhibits bacterial growth when incor-
porated into PMMA and chitosan-based constructs for wound treat-
ment.5,6 Systemic use is generally well-tolerated with minimal adverse 
effects. Fusidic acid works by disrupting bacterial translation through its 
binding to elongation factor G (EF-G). In our study, fusidic acid-loaded 
HA hydrogels caused significant reductions in cell viability, particularly 
at concentrations of 0.5 % and 1 %.

A previous study reported that oral administration of 500 mg fusidic 
acid twice daily resulted in a serum concentration of about 100 mg/L 
within 2–3 h, corresponding to 0.01 % fusidic acid.7 This concentration 
matches that used in the HA Hydrogel-F001 group, suggesting relevance 
between systemic and local concentrations. The observed slight toxicity 
at 0.01 % in the hydrogel supports that low concentrations can affect 
cellular viability. Notable adverse reactions have been reported at 

systemic concentrations exceeding 1500 mg, but the difference between 
systemic and local delivery concentrations remains unclear.8

Fusidic acid-induced cytotoxicity may result from mutations in EF-G, 
disrupting cellular growth and size regulation.9 Its antitumor activity is 
linked to inhibiting EF-G, affecting protein synthesis in bacteria and 
mitochondria.10 Flow cytometry indicated that the toxicity is due to 
apoptosis, not necrosis, highlighting the need to consider broader effects 
when using fusidic acid locally around implants.

Several factors influence antibiotic release in local drug delivery 
systems. In our study, fusidic acid consistently showed cytotoxicity 
across three cell types. Clinically, its use in surgical sites to prevent SSIs 
should be carefully considered due to significant cytotoxicity, with 
further research needed for specific settings like open fractures.

Our study has limitations, such as relying solely on in vitro results, so 
in vivo studies and evaluations of the hydrogel’s long-term stability are 
necessary for a more comprehensive understanding.

In conclusion, this study revealed dose-dependent cytotoxicity of 
fusidic acid-loaded HA hydrogels across various cell types, with MC3T3 
cells being the most sensitive. Fusidic acid at 0.1 % concentration 
showed slight toxicity, and higher concentrations (0.5 % and 1 %) led to 
significant cell death. These results suggest that local application of 
fusidic acid-loaded hydrogels in clinical settings requires careful 
consideration of potential cytotoxic effects.
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