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Abstract 53 

Pathogenic fungi have increasingly developed resistance to conventional antifungal drugs in recent years, 54 

and the incidence of fungal infections continues to rise globally; thus, they have become a global public 55 

health threat. Candida species, particularly Candida albicans (C. albicans), are the leading cause of invasive 56 

fungal infections (IFIs). In this study, we examined the activity of Daphnetin (DAP) against C. albicans in 57 

vitro and in vivo, as well as its antibiofilm effects, resistance profile, and antimicrobial mechanisms. DAP 58 

exhibited significant inhibition against both C. albicans and its biofilms, with an minimum inhibitory 59 

concentration (MIC) of 0.64 mg/mL and an minimum fungicidal concentration (MFC) of 1.28 mg/mL. 60 

Antifungal activity was concentration-dependent and associated with a low potential for the development 61 

of resistance. DAP exerted its effects through multiple pathways, including disrupting the integrity of the 62 

fungal cell membrane and cell wall, increasing membrane permeability, inhibiting biofilm formation, ducing 63 
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intracellular reactive oxygen species (ROS) production, and destroying mature biofilms. In addition, DAP 64 

and its thermo-responsive gel (DAP-TG) exhibited strong antifungal activity in mice infected with C. 65 

albicans in wounds, effectively promoting wound healing. Taken together, our results indicate that DAP 66 

exhibits marked in vitro and in vivo antifungal activity and antibiofilm effects in vitro, with minimal 67 

development of resistance. It represents a potent, safe, multi-target antifungal agent with promising potential 68 

as an ideal candidate for treating C. albicans infections. 69 

 70 

Lay summary 71 

C. albicans is a common pathogenic fungus. This study investigated the antifungal activity, antibiofilm 72 

activity, antifungal mechanism, and resistance of DAP against C. albicans in vitro for the first time. The 73 

antifungal activity and wound-healing effects of DAP and its thermosensitive gel were also evaluated in 74 

vivo. The results provide a new and promising strategy for combating C. albicans infections and overcoming 75 

fungal resistance. 76 

 77 

Keywords Daphnetin, Candida albicans, antifungal activity, antifungal mechanism, drug resistance 78 

 79 

Introduction 80 

Fungal infections account for 6.5 million cases of illness each year and result in over 3.8 million deaths [1]. 81 

In recent years, invasive fungal infections have increasingly posed a significant threat to public health. They 82 

constitute a major component of antifungal resistance and have emerged as a new global crisis. Invasive 83 

candidiasis (including candidemia) is a predominant factor of morbidity and mortality in clinical settings [2]. 84 
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Of these, C. albicans has become the primary causative agent of all healthcare-associated bloodstream 85 

infections. In individuals with profound immunosuppression, this opportunistic pathogen can disseminate 86 

hematogenously throughout the body and subsequently invade multiple visceral organs, resulting in life-87 

threatening disseminated infection [2]. However, there are currently only three major classes of antifungal 88 

drugs, including azoles, echinocandins, and polyenes, that are approved for the management of IFIs. The 89 

efficacy of these drugs is significantly reduced because of the emergence of resistance within the pathogen 90 

population and the occurrence of adverse drug reactions [3]. Azole drugs (represented by fluconazole, FLC) 91 

are the most commonly used class of agents in clinical practice. Its mechanism of action involves inhibiting 92 

the activity of sterol 14α-demethylase (CYP51), thereby blocking the biosynthesis of ergosterol [4]; however, 93 

with the widespread use of azole drugs, fungal resistance has significantly increased. Consequently, the 94 

growing clinical challenge of antifungal resistance underscores an urgent need for novel therapeutic agents 95 

[5, 6]. 96 

The isolation of novel antifungal compounds from natural plant extracts is a promising and effective 97 

strategy [7]. Terpenoids, alkaloids, flavonoids, and polyphenols exhibit good antifungal activity and may 98 

circumvent antifungal drug resistance [8]. In our previous study, we found that daphnetin (DAP), a natural 99 

coumarin derivative derived from plants of the Daphne genus, showed good biocompatibility, including low 100 

hemolytic and cytotoxic activity [9, 10]. It also exhibited activity against Staphylococcus aureus (S. aureus) 101 

and Escherichia coli (E. coli) in vitro. The antibacterial effect of DAP primarily occurred through the 102 

disruption of cell membrane and cell wall integrity, production of reactive oxygen species (ROS), and the 103 

inhibition of biofilm formation. Other studies have also shown that DAP exerts excellent antibacterial 104 

activity against bacteria, such as Pseudomonas aeruginosa [11] and Helicobacter pylori [12]. Nevertheless, the 105 
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antifungal activity and underlying mechanism of DAP against C. albicans remains unclear. 106 

In this study, we investigated the antifungal activity, antibiofilm activity, antifungal mechanism, and 107 

resistance of DAP against C. albicans in vitro for the first time. The antifungal activity and wound-healing 108 

effects of DAP and its thermosensitive gel were also evaluated in vivo. The results provide a new and 109 

promising strategy for combating C. albicans infections and overcoming fungal resistance. 110 

 111 

Materials and Methods 112 

Strain, medicines, and reagents 113 

The reference strain C. albicans ATCC 10231 was procured from the American Type Culture Collection. 114 

The fungi were cultivated in Yeast Extract Peptone Dextrose (YPD) medium (Qingdao Hope Biol-115 

Technology Co., Ltd.) at 37°C with agitation at 120 r·min−1. Daphnetin (purity > 95%) was obtained from 116 

Shanghai Bide Pharmatech Co., Ltd (China). Yeast Extract Peptone Dextrose (YPD) liquid medium and 117 

Saccharose-Dextrose Agar (SDA) were purchased from Qingdao High-Tech Industrial Park Haibo 118 

Biotechnology Co., Ltd (China). Terbinafine hydrochloride (TBH), crystal violet (CV), glutaraldehyde 119 

fixative (2.5%), chloroform hydrate, and indocyanine green were procured from Shanghai McLean 120 

Biochemical Technology Co., Ltd (China). Poloxamer 407 and 188 were obtained from BASF 121 

(Ludwigshafen, Germany). Polyvinylpyrrolidone (PVP-K15) was procured from Dalian Meilun 122 

BioTechnology Co., Ltd (China). Phosphate-buffered saline (PBS, pH 7.4), Coomassie Brilliant Blue G-123 

250, propidium iodide (PI) stain, ROS assay kit, and 4% paraformaldehyde were purchased from the Wuhan 124 

Saver Biotechnology Co., Ltd (China). The alkaline phosphatase (AKP) assay kit was obtained from 125 

Nanjing Jiancheng Biotechnology Co., Ltd (China). 126 
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 127 

Determination of minimum inhibitory concentration (MIC) and minimum fungicidal 128 

concentration (MFC) 129 

The antifungal activity of Daphnetin (DAP) against C. albicans was determined using the double dilution 130 

method based on the Clinical and Laboratory Standards Institute guidelines [13]. The mid-log phase C. 131 

albicans culture was diluted to 1 × 10⁵ CFU/mL in YPD. Next, 100 μL of the cell suspension was mixed 132 

with an equal volume (100 μL) of DAP solution and added to 96-well microplates. The final concentration 133 

of DAP in the wells ranged from 0.08 to 2.56 mg/mL. The plates were incubated with continuous shaking 134 

at 120 rpm at 37°C for 24 h. Subsequently, the turbidity of the solutions was observed. The lowest 135 

concentration of samples that inhibited the growth of C. albicans was considered the MIC. The fungal 136 

suspension treated with TBH was used as a positive control, and that without DAP was used as a negative 137 

control. MFC was determined using the agar plate diffusion method [14]. After plating the broth from wells 138 

without visible C. albicans growth onto SDA plates, the MFC was considered the lowest concentration of 139 

the test drug that produced a ≥99.9% decrease relative to the initial inoculum. The assay was performed in 140 

triplicate. 141 

 142 

Growth curves 143 

The growth curve of DAP against C. albicans was determined based on a previous report [13]. The C. albicans 144 

culture in the mid-log phase was diluted to 1 × 10⁵ CFU/mL. DAP was diluted with YPD to final 145 

concentrations of 0.32 mg/mL, 0.64 mg/mL, 1.28 mg/mL, and 2.56 mg/mL in 96-well plates containing the 146 

fungal suspension and incubated at 120 rpm at 37°C for 24 h. The fungal suspension without DAP was used 147 
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as the control. The 96-well microtiter plates were incubated at 120 rpm at 37°C for 24 h. Subsequently, the 148 

OD values at 600 nm for each well were measured at regular intervals using a microplate reader (Infinite 149 

M200, Tecan, Switzerland). The growth curve was plotted with time on the horizontal axis and OD600 150 

values on the vertical axis. The assay was performed in triplicate. 151 

 152 

Leakage of cellular components assay 153 

Cell membrane integrity was assessed by detecting the leakage of intracellular nucleic acids and proteins 154 

[14]. The C. albicans culture in mid-log phase was adjusted to 1 × 10⁸ CFU/mL and centrifuged at 8000 rpm 155 

for 5 min. After rinsing twice with phosphate-buffered saline (PBS), the fungi were resuspended in PBS. 156 

The fungal suspension was mixed with an equal volume of DAP solution at final concentrations of 0.64 157 

mg/mL, 1.28 mg/mL, and 2.56 mg/mL and incubated at 120 rpm and 37°C for 0, 0.5, 1, 2, 4, 6, and 12 h. 158 

Next, the inocula were removed and centrifuged at 8000 rpm for 5 min to collect the supernatant, which 159 

was filtered through a 0.22 μm filter membrane. The fungal suspension without DAP was used as a control. 160 

Subsequently, the OD values at 260 nm were measured using a spectrophotometer (nano-800, Shanghai 161 

Jinpeng Technology Co., Ltd., Shanghai, China). The assay was performed in triplicate. 162 

The protein content in the filtrate was determined using Coomassie Brilliant Blue G-250 dye. Briefly, 50 163 

μL of the filtrate was transferred to a sterile 96-well plate, 150 μL of Coomassie Brilliant Blue G-250 dye 164 

was added, and the plates were incubated for 3–5 minutes. Soluble protein leakage was measured using a 165 

microplate reader (Infinite M200, Tecan, Switzerland) at 595 nm, with PBS solution used as a control. The 166 

assay was performed in triplicate. 167 

 168 
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Cell wall permeability 169 

As a periplasmic enzyme, AKP is detectable in the extracellular space only when the cell wall is 170 

compromised. Therefore, its extracellular levels directly reflect the state of cell wall integrity. The 171 

extracellular AKP content was determined by a previous method [15]. The fungi were resuspended in PBS 172 

and mixed with DAP solution at final concentrations of 0.64 mg/mL, 1.28 mg/mL, and 2.56 mg/mL and 173 

were incubated at 120 rpm and 37°C for 0, 0.5, 1, 2, 4, 6, and 6 h. Next, the inocula were removed and 174 

centrifuged at 8000 rpm for 5 min to collect the supernatant. The fungal suspension without DAP was used 175 

as a control. The content was determined using the AKPase assay kit (Nanjing Jiancheng Bioengineering 176 

Institute, Nanjing, China). The OD values at 520 nm were measured using a microplate reader (Infinite 177 

M200, Tecan, Switzerland). This assay was performed in triplicate. 178 

 179 

Membrane permeability test 180 

Fungal membrane integrity was assessed by propidium iodide (PI) staining based on a previous report [16, 181 

17]. The C. albicans culture in mid-log phase was adjusted to 1 × 10⁸ CFU/mL, centrifuged at 8000 rpm for 182 

10 min, and resuspended in PBS. The fungal suspension was mixed with DAP solution at final 183 

concentrations of 0.64, 1.28, and 2.56 mg/mL and incubated at 120 rpm and 37°C for 4 h. The suspension 184 

treated with TBH was used as the positive control, and that without DAP was used as the negative control. 185 

Fungal suspensions were subsequently stained with PI, Servicebio, Wuhan, China). After washing twice 186 

with PBS and staining with PI for 15 min in the dark, the cells were observed under a fluorescence 187 

microscope (BX53+DP74, Olympus, Japan).  188 

 189 
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Inhibition of biofilm formation and disruption of mature biofilm  190 

The ability of DAP to inhibit biofilm formation by C. albicans was determined using the crystal violet (CV) 191 

staining method [18]. The mid-log phase C. albicans culture was adjusted to 1 × 10⁵ CFU/mL and then treated 192 

with DAP at final concentrations of 0.32 mg/mL, 0.64 mg/mL, and 1.28 mg/mL, followed by incubation at 193 

37°C with shaking at 120 rpm for 24 h. Next, the planktonic cells were removed, and the biofilms were 194 

gently washed with PBS. The biofilms were then fixed with 10% formaldehyde for 30 min and stained with 195 

0.1% crystal violet (w/v) in water at room temperature for 15 min. After three additional washings in PBS, 196 

the biofilms were air-dried and solubilized with 30% (v/v) acetic acid. The fungal suspension treated with 197 

TBH was used as the positive control, and that without DAP was used as the negative control. Finally, the 198 

OD values at 590 nm were measured using a microplate reader (Infinite M200, Tecan, Switzerland). The 199 

assay was performed in triplicate.  200 

The disruption assay for established biofilms also used the CV staining method described above. A mid-201 

log-phase C. albicans culture was adjusted to 1 × 10⁵ CFU/mL, added to a 96-well plate, and incubated at 202 

120 rpm at 37°C for 24 h to allow biofilm formation. The culture medium was then gently removed, and 203 

the cells were washed twice with PBS. The subsequent steps were the same as in the biofilm inhibition assay. 204 

 205 

Scanning electron microscopy (SEM) analysis 206 

SEM samples were prepared based on the method described by Chan et al [19]. The mid-log phase C. albicans 207 

culture was adjusted to 1 × 108 CFU/mL. The fungal samples were collected after centrifugation at 8000 208 

rpm for 5 min and were resuspended in PBS. The suspension was mixed with DAP solution at a final 209 

concentration of 2.56 mg/mL and incubated at 120 rpm at 37°C for 4 h, and the samples were washed twice 210 
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with PBS. The fungal suspension treated with TBH was used as a positive control, and the fungal suspension 211 

without DAP was used as a negative control. 212 

The samples were fixed overnight at 4°C in 2.5% (w/v) glutaraldehyde and washed twice with PBS. 213 

Subsequently, samples were then subjected to graded ethanol dehydration (50%, 60%, 70%, 80%, 90%, and 214 

100% v/v, 10 min per step), followed by centrifugation. Finally, the samples were dehydrated with tert-215 

butanol for 2 h. After air-drying, samples were sputter-coated with a gold-palladium alloy and imaged using 216 

scanning electron microscopythe (Apreo S, Thermo Fisher, USA) to observe morphological changes. 217 

 218 

ROS measurements 219 

ROS production in C. albicans cells was assessed by fluorescence assay following DAP treatment [16]. 220 

Specifically, the measurement was conducted using a ROS assay kit that detects reactive oxygen species 221 

based on the fluorescent probe 2',7'-dichlorofluorescein diacetate (DCFH-DA). The mid-log phase C. 222 

albicans culture was adjusted to 1 × 108 CFU/mL. The fungi were collected after centrifugation at 8000 rpm 223 

for 5 min and washed twice with PBS. The fungal suspension was first incubated with a fluorescent probe 224 

DCFH-DA at 37°C for 30 min in the dark, followed by washing with PBS to minimize extracellular 225 

fluorescence interference. Next, probed cells were treated at final drug concentrations of 0.64 mg/mL, 1.28 226 

mg/mL, and 2.56 mg/mL for 0, 0.5, 1, 2, 4, and 6 h. A fungal suspension containing a ROS inducer was 227 

used as the positive control, and one without DAP was used as the negative control. After incubating for 228 

different time points, the ROS levels were quantified by measuring the fluorescence intensity (excitation 229 

wavelength = 488 nm, emission wavelength = 525 nm) with a microplate reader (Infinite M200, Tecan, 230 

Switzerland). The assay was performed in triplicate.  231 
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 232 

Serial passage assay for resistance development 233 

The resistance of C. albicans to DAP was evaluated using a previously described method [20]. C. albicans 234 

cultures were serially passaged up to 15 times with sub-MIC levels of the antimicrobial agent, and the MIC 235 

was determined at each passage. MIC fold-change relative to the initial value was then calculated for each 236 

passage. TBH was used as a positive control. 237 

 238 

Animal models of skin infections 239 

The antifungal activity of DAP was assessed in vivo using a mouse skin wound model . Female Kunming 240 

mice (22–26 g) were obtained from the Medical Experimental Centre of Lanzhou University. All 241 

experimental procedures were performed in strict compliance with the regulations of Lanzhou University 242 

on the Management of Laboratory Animals and were approved by the Lanzhou University Animal Ethics 243 

Committee. A mouse skin infection model was established using relevant methods [21]. Mice were 244 

maintained under controlled environmental conditions: 25°C, 12-h light/dark cycle, and 40–60% relative 245 

humidity. After shaving the back of each mouse, the skin was rinsed with 70% ethanol. The mice were 246 

anesthetized via intraperitoneal injection of 10% chloroform hydrate. Subsequently, a 10-mm-diameter full-247 

thickness excisional wound was induced on the dorsal skin of each mouse. 248 

The mice were randomly divided into six groups: a model group (Model, saline), a blank gel group 249 

(Thermosensitive gel, TG), a high-dose DAP thermosensitive gel group (DAP-TG-H), a low-dose DAP 250 

thermosensitive gel group (DAP-TG-L), a DAP aqueous solution group (DAP), and a positive control group 251 

(TBH thermosensitive gel, TBH-TG), with nine mice in each group. Data from all groups were 252 
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independently analyzed and statistically compared among the groups. The mid-log phase C. albicans culture 253 

was adjusted to 1 × 108 CFU/mL. Fifty microliters of the C. albicans suspension was applied to the wound 254 

site, which was then covered with a sterile dressing.  255 

 256 

Drug-treated model mice and fungal burden measurement 257 

A DAP thermosensitive gel (DAP-TG) was prepared following a previously reported method [10]. Briefly, 258 

2.2 g of Poloxamer 407 (P407) and 0.1 g of Poloxamer 188 (P188) were added to cold water and stirred 259 

continuously. Next, 0.3 g of polyvinylpyrrolidone (PVP-K15) and the required amount of DAP were added 260 

to the mixture to yield DAP-TG (3 mg/mL). The TBH thermosensitive hydrogel (TBH-TG, 2.25 mg/mL) 261 

was also prepared by the same method, except that TBH replaced DAP. 262 

Twenty-four hours after model induction, the wound was treated topically with saline, TG, DAP-TG-H (20 263 

mg/kg), DAP-TG-L (10 mg/kg), DAP solution (20 mg/kg), and TBH-TG (12.5 mg/kg) continuously for 11 264 

days. On days 1, 3, 5, 7, 9, and 11 after model induction, C. albicans was isolated from the mouse wound 265 

sites using sterile swabs and spread onto the surface of sterile SDA plates. The agar plates were incubated 266 

at 37°C for 24 hours, and fungal growth was observed. 267 

 268 

Hematoxylin and eosin staining of wound tissue 269 

Day 11 after treatment, skin tissue samples were collected from the wounds using sterile surgical scissors, 270 

fixed in 4% paraformaldehyde, and histological sections were prepared. The sections were sequentially 271 

dehydrated in 85% and 95% ethanol for 5 min each, stained in eosin solution for 5 min, and finally 272 

dehydrated and mounted. The specimens were examined under a fluorescence microscope (BX53+DP74, 273 
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Olympus, Japan) to observe the pathological changes in the skin wound tissue. 274 

 275 

Wound healing 276 

On days 1, 3, 5, 7, 9, and 11, photographs of the wounds of each mouse were taken to document wound 277 

healing. Wound area was calculated using ImageJ software, and the wound area % was determined as: 278 

(wound area at different times / initial wound area) × 100%. 279 

 280 

Statistical analysis 281 

Experimental data were analyzed statistically using Origin 2021 software, and all results are expressed as 282 

the mean ± SD. One-way analysis of variance was performed using SPSS 26.0 to assess statistical 283 

significance, and P < 0.05 was considered statistically significant. 284 

 285 

Results 286 

Minimum inhibitory concentration (MIC) and MFC 287 

The in vitro antimicrobial activity of DAP against C. albicans was evaluated by determining its MIC and 288 

MFC using the microdilution and agar diffusion methods. The results indicated that the MIC of DAP and 289 

TBH against C. albicans were 0.64 and 0.016 mg/mL, respectively, whereas the MFC of DAP and TBH 290 

were 1.28 and 0.256 mg/mL. The MFC is the minimum drug concentration required to kill 99.9% of the 291 

fungus and serves as a supplementary reference indicator to the MIC. When the MFC: MIC ratio is ≤4, the 292 

antimicrobial agent is considered to have bactericidal activity [22]. The MFC/MIC ratio for DAP was 2, 293 

which indicated good fungicidal activity against C. albicans. 294 
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 295 

Growth curve analyses  296 

To further evaluate the antifungal activity of DAP, dynamic growth curves were plotted for C. albicans 297 

treated with various DAP concentrations (0.32 mg/mL, 0.64 mg/mL, 1.28 mg/mL, and 2.56 mg/mL) (Fig. 298 

1). The OD600 value of the control group rapidly increased after 6 hours. In contrast, all drug-treated groups 299 

showed various inhibition effects, which became more pronounced as the concentration of DAP increased. 300 

At 0.32 mg/mL, DAP essentially inhibited the growth of C. albicans within 12 hours. After 12 hours, the 301 

inhibitory effect decreased, and C. albicans began to grow. At 0.64 mg/mL or higher, the OD600 values 302 

showed almost no change, indicating the complete inhibition of C. albicans growth, which also confirmed 303 

the accuracy of the MIC test results. At 24 hours, there was a significant difference in the antifungal activity 304 

of DAP at concentrations of 0.32 and 2.56 mg/mL. Taken together, DAP effectively inhibits the growth of 305 

C. albicans in a concentration-dependent manner. 306 

 307 

Leakage of cellular components assay 308 

The cell membrane is a key structure that is required for fungal survival. Under normal conditions, the cell 309 

membrane maintains its integrity and permeability, preventing the outflow of large molecules. When the 310 

cell membrane is damaged, large molecules, such as nucleic acids and proteins, leak into the culture medium 311 

[23, 24]. Therefore, the integrity of the cell membrane may be determined by measuring the amount of nucleic 312 

acid and protein that leaks into the culture medium. 313 

Fig. 2A,B show the leakage of nucleic acids and proteins in C. albicans after 12 hours of treatment with 314 

various DAP concentrations (0.64, 1.28, and 2.56 mg/mL). In the blank control group (Control), the OD 315 
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values at 260 and 595 nm were unchanged with increasing incubation time, indicating that the cell 316 

membranes were not disrupted and that no nucleic acids or proteins leaked out. When C. albicans was 317 

cultured in DAP solutions at concentrations of 0.64, 1.28, and 1.28 mg/mL, the leakage of nucleic acids and 318 

proteins was significantly higher compared with the control group. The OD values of the culture medium at 319 

260 and 595 nm increased with incubation time and exhibited some degree of concentration dependence. 320 

The higher the concentration of nucleic acids and proteins, the higher the OD values and the greater the 321 

leakage. The results also indicated that nucleic acid and protein leakage gradually increased as the duration 322 

of exposure increased. These results indicate that DAP disrupts the cell membranes of C. albicans, leading 323 

to increased membrane permeability and the leakage of intracellular nucleic acids and proteins into the 324 

culture medium. The higher the concentration of DAP and the longer the exposure time, the more severe 325 

the membrane disruption. 326 

 327 

Permeability of the cell wall 328 

AKP, a periplasmic enzyme, leaks into the extracellular milieu upon cell wall damage, leading to elevated 329 

extracellular AKP activity [25]. Therefore, the permeability of the cell wall may be assessed by detecting 330 

AKP leakage in the culture medium. Fig. 3 shows AKP leakage patterns after treating C. albicans with DAP 331 

concentrations of 0.64, 1.28, and 2.56 mg/mL for 12 h. As the incubation time increased, the OD values at 332 

520 nm remained constant in the control group, and AKP activity in the supernatant remained very low, 333 

indicating that the cell walls remained intact with no AKP leakage. Compared with the control group, the 334 

OD values at 520 nm in the groups treated with DAP at concentrations of 0.64, 1.28, and 1.28 mg/mL were 335 

all higher, and the increase was concentration-dependent. The results indicate that DAP inhibits the growth 336 
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and reproduction of C. albicans by disrupting cell wall permeability. 337 

 338 

Membrane permeability test 339 

Pyridine iodide (PI) is an analog of ethidium bromide that selectively associates with DNA. After 340 

incorporation into double-stranded DNA, it emits red fluorescence, thus enabling the staining of DNA or 341 

cell nuclei. PI cannot penetrate intact cell membranes, but it can penetrate the disrupted cell membranes of 342 

cells in late apoptosis or dead cells [26, 27]. Therefore, PI staining may be used to assess cell membrane 343 

permeability. As shown in Fig. 4, intense red fluorescence was observed in the DAP group, whereas no red 344 

fluorescence was observed in the control group. At increased DAP concentrations, the fluorescence intensity 345 

of the fungi increased in a concentration-dependent manner. The results indicate that cell membrane 346 

permeability increases following DAP treatment. 347 

 348 

Inhibit biofilm formation and disruption of mature biofilm 349 

The inhibitory effects of various DAP concentrations on the formation of C. albicans biofilms are shown in 350 

Fig. 5A. As the concentration increased, the inhibition of C. albicans biofilms by DAP and TBH generally 351 

showed an upward trend. Furthermore, DAP concentrations of 0.32, 0.64, and 1.28 mg/mL significantly 352 

inhibited biofilm formation in a concentration-dependent manner. Inhibiting biofilm formation is an 353 

effective approach to combating drug resistance [28]. Our results indicate that DAP inhibits biofilm formation 354 

and thus serve as a candidate drug for overcoming resistance. 355 

The ability of DAP solutions to disrupt established C. albicans biofilms is shown in Fig. 5B. Compared 356 

with the control group, treatment with various concentrations of DAP decreased the absorbance at 590 nm 357 
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from 2.72 to 0.78, 0.67, and 0.55, respectively. Cells treated with TBH decreased to 0.87, 0.76, and 0.50. 358 

The results indicate that DAP significantly disrupts mature C. albicans biofilms in a concentration-359 

dependent manner. 360 

 361 

Scanning electron microscopy (SEM) analysis 362 

The morphological changes in C. albicans before and after DAP treatment were observed using scanning 363 

electron microscopy (Fig. 6). The surface of the control group was uniform and preserved, and C. albicans 364 

exhibited typical oval and spherical shapes, indicating that the fungal cell membranes were not damaged. 365 

Compared with the control group, after treatment with DAP at a concentration of 2.56 mg/mL for 4 hours, 366 

the surface of C. albicans underwent significant changes, exhibiting obvious roughness, atrophy, wrinkling, 367 

and deformation. Following treatment with TBH, distinct pores and damage appeared on the cell surface. 368 

These results confirm that DAP disrupts the cell structure of C. albicans to exert its antifungal effect. 369 

 370 

ROS measurements 371 

Intracellular ROS concentration serves as a quantitative biomarker of oxidative stress severity [29, 30]. 372 

Therefore, intracellular ROS levels can be indirectly assessed by detecting intracellular fluorescence signals. 373 

Fig. 7 shows the changes in intracellular ROS levels of C. albicans cells within 6 hours following treatment 374 

with various concentrations of DAP. As the incubation time increased, the fluorescence intensity in the 375 

positive control group exhibited a rapid upward trend, indicating a rapid increase in ROS within the cells. 376 

In contrast, the fluorescence intensity in the negative control group remained at a consistently low level. 377 

Following treatment of C. albicans cells with DAP, the fluorescence intensity increased in line with rising 378 
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DAP concentrations and longer incubation times. These results indicate that DAP treatment results in the 379 

generation and accumulation of ROS within C. albicans cells, thereby exacerbating damage to the cell 380 

membrane. DAP exerts its antifungal activity by inducing the production and accumulation of ROS within 381 

C. albicans. 382 

 383 

Serial passage assay for resistance development 384 

To evaluate the development of resistance, serial passage assays were performed (Fig. 8). C. albicans was 385 

incubated at sub-MIC doses of DAP and TBH for 15 passages, respectively. The MIC fold change of TBH 386 

against C. albicans increased significantly with each passage. By the 15th passage, the MIC of TBH against 387 

C. albicans had increased 128-fold; however, the MIC fold-change for DAP against C. albicans remained 388 

consistently at 1, with no significant increase observed. The results indicate that DAP was unlikely to induce 389 

resistance in C. albicans.  390 

 391 

Fungal burden measurement 392 

Using a mouse model of skin wound infection with C. albicans, the effects of DAP were examined. As 393 

shown in Fig. 9, the number of colonies in the DAP-TG treatment group decreased in a time-dependent 394 

manner. Compared with the Model group, the C. albicans burden in the wound exudate from the backs of 395 

mice in the DAP-TG-H and DAP-TG-L groups was significantly decreased, and almost no colonies grew 396 

on agar plates on day 3 after modeling. The DAP-TG group exhibited reduced C. albicans wound infection 397 

compared with the DAP group. There was no significant difference in C. albicans growth on agar plates 398 

between the TG and Model groups. The results indicate that DAP and DAP-TG effectively inhibit C. 399 
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albicans infection in mouse wounds, with DAP-TG exhibiting stronger antifungal activity compared with 400 

free DAP. The results also indicate that loading DAP into a thermosensitive gel is beneficial for enhancing 401 

the antifungal activity of DAP. 402 

 403 

H&E staining 404 

Inflammatory cell infiltration correlates with the severity of C. albicans infection. H&E staining was used 405 

to examine inflammatory infiltration in wound tissues from the three groups of mice. As shown in Fig. 10, 406 

in the Model group, extensive inflammatory cell infiltration and edema were observed in the skin, and the 407 

skin tissue structure was severely disrupted. In contrast, DAP-TG treatment suppressed the inflammatory 408 

response. The number of inflammatory cells was markedly reduced, no edema was detected in the skin 409 

tissue, a large number of new hair follicles were present, and the skin structure remained intact, thus 410 

indicating a positive therapeutic effect. DAP-TG exhibited superior efficacy to free DAP, and the high-dose 411 

DAP-TG group showed better results compared with the low-dose DAP-TG group. The results indicate that 412 

DAP and its thermosensitive gel exert a positive therapeutic effect on inflammation in wounds with fungal 413 

infections. 414 

 415 

Wound healing 416 

The ability of DAP to promote wound healing was examined using a C. albicans infection model established 417 

in a mouse dorsal wound. As shown in Fig. 11A, wound morphology was documented via digital 418 

photography on post-treatment days 1, 3, 5, 7, 9, and 11 to quantitatively evaluate healing progression. The 419 

results indicated that wounds in all of the mice showed a tendency to heal, although the rate varied (Fig. 420 
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11B). Mice in the Model and TG groups showed the slowest wound healing rates. From 1 day after modeling 421 

until the end of the experiment, there was no significant difference in the wound area between the model 422 

and TG groups. Compared with the model group, the DAP group exhibited a significant difference in 423 

residual wound area from the 9th day after modeling until the end of the experiment. From the 7th day after 424 

injury until the end of the experiment, the residual wound area of the DAP-TG-L group showed a significant 425 

intergroup difference compared with the model group. Compared with the other groups, the DAP-TG-H 426 

group exhibited the fastest wound healing rate and the greatest antifungal activity. Specifically, it promoted 427 

wound healing from day 3 to day 11 relative to the Model group. Compared with the DAP group, the DAP-428 

TG-H group showed significantly superior wound healing-promoting effects starting from day 3. 429 

Furthermore, on day 11, the DAP-TG-H group achieved superior therapeutic efficacy compared with the 430 

DAP-TG-L group. These results indicate that the antifungal effect of DAP-TG in vivo occurs in a 431 

concentration-dependent manner. Furthermore, although the drug loading of the DAP-TG-L group was half 432 

that of the free DAP group, the DAP-TG-L group still exhibited a superior wound healing effect, which was 433 

comparable to that of free DAP from day 3 until the end of the trial. In addition, the administration form of 434 

the thermosensitive hydrogel enhanced the antifungal and wound healing-promoting effects of DAP in vivo. 435 

Finally, the positive control TBH-TG group exhibited a relatively rapid wound healing rate. The results 436 

indicate that DAP and DAP-TG effectively promote the healing of C. albicans-infected wounds on the backs 437 

of mice, and DAP-TG achieved superior therapeutic efficacy compared with free DAP. 438 

 439 

Discussion 440 

Infections caused by pathogenic fungi have emerged as a global public health threat. Antifungal therapy 441 
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remains the standard approach to treating fungal infections in wounds; however, with the widespread use of 442 

antifungal drugs, drug resistance has posed a significant challenge to clinical treatment [31-33]. Cryptococcus, 443 

Aspergillus, Candida, and Pneumocystis collectively account for nearly 90% of life-threatening invasive 444 

fungal infections [34, 35]. Strains of the genera Candida, Cryptococcus, and Aspergillus exhibit a marked 445 

propensity for antifungal resistance development . Fungi can resist chemical agents in various ways, 446 

primarily through genetic mutations, overexpression of target enzymes, the action of efflux pumps, and 447 

biofilm formation. These mechanisms undermine the efficacy of virtually all known antifungal drugs. The 448 

widespread use of single-compound and single-target antifungal drugs can readily induce the development 449 

of multi-drug resistance in fungi, leading to an increase in cases of infections that are difficult to eradicate 450 

[36]. Biofilms secrete cellular products and autonomously produce extracellular polymers that protect 451 

bacteria within the biofilm, resulting in drug resistance at concentrations 10–1000-fold higher than that 452 

required to kill the same bacterial strains in a free state [37, 38]. C. albicans is the leading fungal etiologic 453 

agent in biofilm-related device infections, with medical implants serving as highly conducive substrates for 454 

its adherence and proliferation. Although free-floating C. albicans cells are not inherently resistant to 455 

commonly used antifungal drugs, their biofilms exhibit inherent multi-drug resistance. Natural products are 456 

an important source of new antifungal drugs [39]. We demonstrated for the first time the excellent 457 

antimicrobial activities of DAP, a natural coumarin derivative, against C. albicans and its biofilm. The 458 

mechanisms through which DAP combats C. albicans were also elucidated. Furthermore, we demonstrated 459 

for the first time that DAP does not readily induce resistance in C. albicans. Finally, we determined the 460 

effects of DAP and its thermosensitive gel on wound healing in mice. Taken together, the results provide 461 

insight for further studies and the application of DAP for the treatment of C. albicans-infected wounds. 462 
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In the present study, DAP exhibited excellent antimicrobial activity against C. albicans with a MIC of 463 

0.64 mg/mL and a MFC of 1.28 mg/mL. The growth kinetics curve for C. albicans indicated that the 464 

antifungal efficacy of DAP increased in a concentration-dependent manner. The antifungal curves indicated 465 

that at a concentration of 0.32 mg/mL, DAP could only inhibit fungal proliferation; however, at 0.64 and 466 

2.56 mg/mL, DAP completely eradicated C. albicans cells within 12 hours of treatment. This trend was 467 

consistent with the results of the MIC and MFC assays. These results indicate that the inhibitory effect of 468 

DAP is primarily concentration-dependent and provides a basis for determining its optimal dosage. The 469 

MIC fold-change increase quantifies the extent of bacterial resistance evolution from single-mechanism 470 

fine-tuning (<8-fold) to multi-mechanism synergistic consolidation (≥64-fold). The higher the MIC fold-471 

change, the greater the loss of the therapeutic window and the higher the risk of cross-resistance [40]. After 472 

15 consecutive passages, the MIC fold-change for DAP against C. albicans remained at 1, whereas that for 473 

TBH increased 128-fold, indicating that, compared with the positive control drug TBH, DAP was less likely 474 

to induce resistance. Following treatment with DAP, SEM analysis revealed that C. albicans cells displayed 475 

marked morphological changes and shrinkage. Leakage of intracellular nucleic acids and proteins, together 476 

with elevated extracellular AKP levels, indicated that the integrity of the cell membrane and cell wall 477 

structures was compromised. PI staining revealed increased fluorescence intensity, indicating that DAP 478 

increases the permeability of the cell membrane of C. albicans, thus indicating rapid fungicidal activity. 479 

Oxidative stress, which is characterized by the excess production of ROS, is considered a trigger of 480 

apoptosis, leading to DNA damage, lipid and protein peroxidation, telomere shortening, bacterial aging, and 481 

death, thereby inhibiting infection [41, 42]. Our results indicated that DAP leads to excessive accumulation of 482 

ROS within C. albicans cells, thereby causing cell death and exerting antifungal activity. Similarly, its 483 
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antifungal effect, which was mediated by the induction of excessive ROS production, also occurred in a 484 

concentration-dependent manner. Furthermore, CV staining revealed that DAP effectively inhibited the 485 

formation of C. albicans biofilms and disrupted the biofilms. The multifaceted fungicidal effects of DAP 486 

against C. albicans, as described above, conferred it with excellent anti-C. albicans activity. Its antifungal 487 

mechanism is very similar to that of DAP against S. aureus and E. coli reported in our previous studies [10], 488 

and may also be closely related to its rare induction of drug resistance in C. albicans. 489 

Bacterial infections often cause pain and inflammation. Furthermore, the inflammatory response plays a 490 

significant role in impaired wound healing [43]. Two types of medication are generally used to treat bacterial 491 

infections, including antibiotics and anti-inflammatory drugs with analgesic properties [44]. With respect to 492 

patient compliance, pharmacoeconomics, and greater safety and a lower risk of side effects, the concurrent 493 

use of a single drug that combines antibacterial and anti-inflammatory effects has more advantages and has 494 

become a focus of current research [45, 46]. Notably, studies indicate that DAP exerts a variety of 495 

pharmacological effects, including anti-inflammatory [47, 48], antioxidant [49], anti-arthritic [50, 51], antibacterial 496 

[11, 12], and antitumor [52, 53] properties. DAP is currently administered as an anti-inflammatory and analgesic 497 

drug and is commonly prescribed for the treatment of rheumatoid arthritis [54]; however, its antifungal 498 

activity against C. albicans in animals, as well as its anti-inflammatory and wound-healing effects on 499 

wounds infected with C. albicans, have not been studied. Using a mouse skin wound model, we examined 500 

for the first time the in vivo efficacy of DAP and its thermosensitive gel, which exhibits antifungal and anti-501 

inflammatory activities, in treating C. albicans infections. The results of fungal load analysis in mouse 502 

wounds, H&E staining, and skin wound healing indicated that DAP and its thermosensitive gel show 503 

excellent antifungal activity against C. albicans in vivo, while significantly reducing the fungal load at the 504 
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wound site, ameliorating the inflammatory response in wound tissue, and promoting the healing of infected 505 

wounds. On the one hand, DAP effectively inhibits further infection and deterioration of skin wounds in 506 

mice by killing C. albicans. On the other hand, it reduces the occurrence of inflammatory responses through 507 

its anti-inflammatory effects, which further promotes wound healing. Nevertheless, this preliminary 508 

conclusion requires detailed and systematic confirmation studies. 509 

In our previous studies, we the demonstrated that DAP thermosensitive gel could enhanced antibacterial 510 

efficacy against S. aureus and E. coli in vitro compared with free DAP because of its favorable temperature 511 

responsiveness, drug-loading capacity, and excellent sustained-release properties. Based on these results, 512 

we evaluated the antifungal effects of DAP and its thermosensitive gel against C. albicans in vivo. 513 

Consistent with our previous in vitro results, the DAP thermosensitive gel exhibited superior anti-C. 514 

albicans activity compared with free DAP in vivo, with antifungal effects intensifying proportionally to 515 

administered dose. The results indicated that the antifungal effects of DAP could be enhanced effectively 516 

by modifying the dosage form. 517 

 In summary, DAP exhibits multiple antifungal activities and effectively inhibits biofilm formation and 518 

disrupts mature biofilms, while circumventing resistance in C. albicans. Furthermore, DAP shows excellent 519 

anti-C. albicans activity in vitro and in vivo. DAP effectively alleviates inflammatory responses in wound 520 

tissue and promotes the healing of infected wounds in vivo; thus, it is a promising candidate for combating 521 

C. albicans and may be used for the treatment of C. albicans-infected wounds. 522 

 523 

Conclusions 524 

In this study, we examined the antifungal and antibiofilm activities of DAP against C. albicans as well as 525 
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its mechanism of action and drug resistance. We further demonstrated that DAP holds therapeutic promise 526 

against cutaneous C. albicans infections. The results indicate that DAP has excellent antibacterial activity 527 

against C. albicans and its biofilms and is unlikely to induce drug resistance. The fungicidal mechanism of 528 

DAP may involve multiple pathways, including disrupting the integrity of the C. albicans cell membrane 529 

and cell wall, increasing cell membrane permeability, inducing the production of ROS within the cell, 530 

inhibiting the formation of C. albicans biofilms, and disrupting mature biofilms, through which DAP exerts 531 

its antifungal effects. Furthermore, in a mouse model of fungal infection in skin wounds, DAP and its 532 

thermosensitive gel exhibited excellent antifungal efficacy and wound-healing properties. Nevertheless, the 533 

precise molecular targets of DAP have not yet been fully elucidated and require further study using modern 534 

methods, such as gene editing and structural biology. In summary, our results indicate that DAP contains 535 

superior antifungal characteristics, such as rapid action, multiple antifungal mechanisms, and a low tendency 536 

to induce drug resistance. DAP is a potent and safe multi-target antifungal agent against C. albicans and has 537 

potential clinical value. Furthermore, it may serve as an ideal candidate for treating C. albicans infections, 538 

either alone or in combination with existing antifungal drugs to enhance therapeutic outcomes. 539 

 540 
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Figure 1. Growth curves of DAP against C. albicans. (n = 3, means ± SD, ***P < 0.001, ****P < 0.0001 vs 702 

control group). 703 

Figure 2. Effect of DAP on cell mebrane permeability, leakage of nucleic acids and from C. albicans. (A) Leakage 704 

of proteins. (B) (n = 3, means ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs control group). 705 

Figure 3. The effect of DAP on the permeability of C. albicans cell walls. (n = 3, means ± SD, ****P < 0.0001 706 

vs control group). 707 

Figure 4. The effect of DAP on the cell membrane permeability of C. albicans. Scale bar = 10 μm. 708 

Figure 5. The inhibitory effect of DAP on the formation of C. albicans biofilms. (A) The destructive 709 

effect of DAP on mature biofilm formed by C. albicans. (B) (n = 3, means ± SD, ***P < 0.001, ***710 

*P < 0.0001 vs control group). 711 

Figure 6. The effects of DAP on the morphology of C. albicans were observed using a scanning electron 712 

microscope. Scale bar = 5 μm. 713 

Figure 7. Intracellular ROS levels in C. albicans after 6 hours treatment with DAP at different concen714 

trations. (n = 3, means ± SD, **P < 0.01, ****P < 0.0001 vs negative control group, ##P < 0.01, ###715 

P < 0.001, ####P < 0.0001 vs positive control group). 716 

Figure 8. Resistance development of C. albicans treated with sub-MIC DAP and TBH. 717 

Figure 9. Fungal burden isolated from mouse wounds treated with different groups at different time points. 718 

Figure 10. H&E stain of skin wounds in mice. Scale bar = 100 μm. 719 
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Figure 11. Image of a skin wound in mice at different time points following treatment with different group at 720 

different time points in a mouse. (A) Area of the skin wound in a mouse. (B) (n = 3, means ± SD, *P < 0.05, **P 721 

< 0.01, ***P < 0.001, ****P < 0.0001 vs control group, #P < 0.05, vs DAP-TG-H group). 722 
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