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 Background: The aim of this study was to evaluate the dispersal effects of 3,5-dicaffeoylquinic acid (3,5-DCQA) against the 
preformed biofilm of Aspergillus fumigatus and to investigate its potential mechanism.

 Material/Methods: Aspergillus fumigatus biofilms of laboratory strain AF293 and clinical strain GXMU04 were generated in 24- or 
96-well polystyrene microtiter plates in vitro. Crystal violet assay and XTT reduction assay were performed to 
evaluate the effects of 3,5-DCQA on biofilm biomass, extracellular matrix, and metabolic activity alteration of 
cells in biofilms. Real-time PCR was performed to quantify the expression of hydrophobin genes. The cytotox-
icity of 3,5-DCQA on human erythrocytes was evaluated by a hemolytic assay.

 Results: The results indicated that 3,5-DCQA in subminimum inhibitory concentrations (256 to 1024 mg/L) elicited op-
timal A. fumigatus biofilm dispersion activity and improved the efficacy of VRC and AMB in minimal fungicid-
al concentrations (MFCs) to combat fungal cells embedded in biofilms. The results of scanning electron micro-
scope (SEM) and confocal laser scanning microscopy (CLSM) revealed 3,5-DCQA facilitated the entry of antifungal 
agents into the A. fumigatus biofilm through eliminating the hydrophobic extracellular matrix (ECM) without 
affecting fungal growth. Real-time PCR indicated that 3,5-DCQA down-regulated the expression of hydropho-
bin genes. Hemolytic assay confirmed that 3,5-DCQA exhibited a low cytotoxicity against human erythrocytes.

 Conclusions: Subminimum inhibitory concentrations of 3,5-DCQA can disperse A. fumigatus biofilm and enhance fungicidal 
efficacy of VRC and AMB through down-regulating expression of the hydrophobin genes. The study indicated 
the anti-biofilm potential of 3,5-DCQA for the management of A. fumigatus biofilm-associated infection.
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Background

Aspergillus fumigatus is one of the most ubiquitous filament-
forming molds, with a worldwide distribution due to the pro-
duction of conidia with a diameter of 2–3.5 μm [1]. Individuals 
exposed to airborne conidia of A. fumigatus may develop pul-
monary diseases such as allergic bronchopulmonary asper-
gillosis, aspergilloma, and invasive pulmonary aspergillosis 
as a result of colonization and invasion of the respiratory air-
way [2]. A. fumigatus is now considered as the second most 
common cause of fungal infection in hospitalized patients af-
ter Candida albicans [3]. It is the most common species recov-
ered from the respiratory tracts of cystic fibrosis patients in 
Europe, with a prevalence of up to 80% [4]. It is still a chal-
lenge to manage A. fumigatus infections as it has a high pro-
pensity to develop biofilms, which may be one of the major 
causes of the severe resistance to a wide variety of clinical an-
tifungal agents such as amphotericin B (AMB) and voriconazole 
(VRC) [4,5]. Conventional treatment of fungal infectious dis-
ease is largely based on agents that kill or inhibit the growth 
of fungal cells. However, such an approach becomes ineffec-
tive against the sessile cells in biofilm. Thus, it is imperative 
to develop novel drugs that can disperse biofilm and increase 
penetration of drugs.

3,5-dicaffeoylquinic acid (3,5-DCQA, Figure 1), one of the poly-
phenolic compounds derived from Lonicera japonica, an herb 
with anti-inflammatory effects, has been commonly used for 
the management of upper respiratory tract infection in China. 
Many studies have revealed the pharmaceutical properties of 
dicaffeoylqunic acids, such as the inhibitory effects on HIV in-
tegrase activity [6] and hepatitis B virus replication [7], inhibi-
tion of platelet activation and endothelial cell injury [8], as well 
as the anti-oxidant activity [9]. In the present study, we evalu-
ated the dispersal activity of 3,5-DCQA against the preformed 
biofilm of A. fumigatus and investigated the potential mech-
anism. The preformed biofilms of A. fumigatus were treated 
with sub-MICs 3,5-DCQA alone or in combination with AMB or 
VRC. Our results indicated that 3,5-DCQA attenuated the con-
tent of extracellular matrix (ECM) of the A. fumigatus biofilm, 
which glued together the hyphae in sessile state and contrib-
uted to the penetration of VRC and AMB. In addition, 3,5-DCQA 

down-regulated the expression of hydrophobin genes, result-
ing in decrease of mutual adhesion of the hyphae and detach-
ment of biofilm. Our study proves that 3,5-DCQA can interfere 
with the biofilm of A. fumigatus and may be effective for the 
management of A. fumigatus-associated infections.

Material and Methods

Strains and agents

A clinical strain, designated as A. fumigatus GXMU04, was ob-
tained from the First Affiliated Hospital of Guangxi Medical 
University (Nanning, China). The laboratory strain A. fumiga-
tus AF293 (MYA-4609, CBS 101355) was purchased from the 
American Type Culture Collection (ATCC). Strains were stored 
in Sabouraud dextrose broth (Merck Co., Germany) with glyc-
erol at –80°C. Quality control strain Candida parapsilosis 
ATCC22019 used for drug susceptibility testing was provided 
by the Clinical Microbiology Identification Center of Guangxi 
Medical University. The isolates were retrieved from the fro-
zen stocks and subcultured on potato dextrose agar (Sigma-
Aldrich, USA) slopes at 35°C for 3–5 days to ensure purity and 
viability. Conidia were harvested from the culture medium using 
0.05% Tween 20 with sterile phosphate-buffered saline (PBS, 
Sigma-Aldrich, USA). Afterwards, the mixture was suspended 
in morpholinepropanesulfonic acid-buffered RPMI-1640 (pH 
6.9–7.1, Sigma-Aldrich, USA) supplemented with L-glutamine, 
and 165 μM 3-(N-morpholino) propanesulfonic acid (Sigma-
Aldrich, USA), followed by 60 s of vortexing. To prepare the in-
ocula, conidial suspensions were adjusted under microscopic 
enumeration with a hemacytometer to achieve a final concen-
tration of 1×105 conidia/ml. VRC (Pfizer Corporation, USA), AMB 
(Amresco, USA), and 3,5-DCQA standard dry powder purchased 
from the National Institutes for Food & Drug Control (Beijing, 
China) with a purity of ³98% as analyzed by HPLC were fresh-
ly dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA). 
All these stock solutions were sterilized by passing through a 
0.22-μm syringe filter (EMD Millipore Corporation, USA) and 
stored at -80°C until use.

Minimum inhibitory concentration (MIC) and minimum 
fungicidal concentration (MFC)

The MICs of all tested agents were determined by Clinical and 
Laboratory Standards Institute (CLSI) M38-A2 broth microdi-
lution method [10]. The final tested drug concentrations were 
0.03~16 mg/L for AMB and VRC, and 2~1024 mg/L for 3,5-DCQA. 
For each A. fumigatus isolate, the conidial inoculum was diluted 
in RPMI 1640 medium until a final concentration of 1×104 co-
nidia/ml. The endpoints of MIC were defined as the lowest 
drug concentrations that caused completely visible inhibition 
of fungal growth compared with that of the drug-free growth 
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Figure 1. Chemical structure of 3,5-DCQA.
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control. To determine the MFC, an aliquot (20 μL) of each well 
that without fungal growth was seeded on Sabouraud dex-
trose agar (SDA, Sigma-Aldrich, USA) at 37°C for 24~48 h. MFC 
is considered as the lowest drug concentration in a plate with 
SDA at which growth was less than 3 CFU. For each test, the 
experiments were performed at least in triplicate.

Biofilm formation

A. fumigatus biofilms were grown statically at 37°C on 96-well 
polystyrene microtiter plates (Corning, cat. no. 3599, USA) in 
aerobic conditions [1]. After 4 h of initial adhesion, the RPMI-
1640 media were gently aspirated, and non-adherent cells 
were removed by washing lightly 3 times with sterile PBS. 
Afterwards, fresh RPMI-1640 was added and further incubat-
ed at 37°C for 24 h to get the preformed A. fumigatus biofilms. 
Upon the removal of non-adhered cells with a pipette, the bio-
films were incubated at 37°C in RPMI-1640 supplemented with 
3,5-DCQA (64 mg/L~1024 mg/L) or MFC of AMB or VRC, alone 
or as combinations of 3,5-DCQA with MFC of VRC or AMB for 
48 h, and each treatment included 6 wells. Biofilms incubat-
ed with RPMI-1640 only served as drug-free controls. Biomass 
was determined by a crystal violet assay and the metabolic 
activity of cells in biofilms after drug interference was mea-
sured by 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetra-
zolium-5-carboxanilide (XTT) reduction assay.

Biofilm quantification and metabolic activity evaluation

Quantitation of biomass formation was performed using crys-
tal violet assay as previously described [1]. In brief, after incu-
bating with the tested drugs for 48 h, the medium was gently 
removed with a pipette and the plates were washed 3 times 
with sterile PBS to remove the loosely attached fungal cells. 
After fixation with glutaraldehyde for 20 min and air-drying, the 
biofilms were staining with 0.5% (wt/vol) crystal violet for 15 
min, followed by rinsing with sterile PBS, and destained with 
95% ethanol. The absorbance was measured at 590 nm using 
a spectrophotometer (Thermo Scientific, USA).

The metabolic activity of cells in biofilms after drug interference 
was measured by 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XTT) reduction assay [1]. Briefly, 
the supernatant from each well was aspirated and the plank-
tonic cells were removed. XTT (Sigma-Aldrich, USA) was pre-
pared at a concentration of 500 mg/L in PBS, and was filter-
sterilized through a 0.22-μm pore filter. Afterwards, a 100-μL 
aliquot of XTT was added to each well with prewashed bio-
film, together with 10 μmol/mL of menadione solution (Sigma-
Aldrich, USA) prepared in 100% acetone. Negative-control wells 
with the same treatment containing no conidia were used to 
measure the background XTT reduction levels. After incubat-
ing in the dark at 37°C for 3 h, the amount of XTT formazan 

was measured at 490 nm using a microplate reader (Thermo 
Scientific Multiskan MK3, USA).

Scanning electron microscope (SEM) examination

Initially, 1-mL aliquots of prepared inoculum (1×105 conidia/
mL) were transferred to a 24-well plate with a coverslip (di-
ameter 13 mm, Nest, China) on the bottom at 37°C for 4 h of 
adhesion. After aspiration of planktonic cells, the biofilm-coat-
ed coverslips were incubated with fresh RPMI1640 medium at 
37°C for 24 h to allow biofilms formation. The preformed bio-
films were treated with MFC of VRC, or MFC of AMB, or 3,5-
DCQA (1024 mg/L), or 3,5-DCQA in combination with VRC or 
AMB for 48 h. After drug interference, the biofilm-coated cov-
erslips were fixed by 2.5% glutaraldehyde and dehydrated 
by graded ethanol series (50%, 70%, 80%, 90%, and 100%). 
Finally, the samples were placed in a vacuum desiccator and 
coated by gold-sputtering, followed by observation using a 
SEM (Hitachi SU 8020, Japan) at 20 KV voltage.

Confocal laser scanning microscopy (CLSM) assay

To evaluate the cellular viability of the biofilms, the biofilm-
coated coverslips as described above in SEM examination were 
stained with the LIVE/DEAD™ FungaLight™ Yeast Viability Kit 
(Invitrogen, USA) [containing 2 dye probes: Propidium iodide 
(PI) and Syto-9] according to the manufacturer’s instructions 
and the previous description [11]. Images of the stained bio-
films were captured using a CLSM system (Nikon A1, Japan) 
with a 488-nm argon laser, and analyzed using Nikon NIS-
Element software (Nikon, Japan).

To observe the potential morphological changes of biofilms 
after tested agents challenge, we detected the exopolysac-
charide (EPS), the major component of the ECM of A. fumiga-
tus biofilms, as previously described by Jin et al. [11]. Biofilms 
treated with tested agents were gently washed 3 times with 
PBS. Afterwards, the biofilm-coated coverslips were transferred 
to the wells of a new 24-well plate containing a mixture of 
Erythrina cristagalli (ECA) labeled with fluorescein isothiocya-
nate (FITC) (Vector Laboratories, USA) and Canavalia ensiformis 
A (ConA) labeled with tetramethyl rhodamine isothiocyanate 
(TRITC, Molecular Probes, USA), according to the manufactur-
er’s instructions. Images were captured using a CLSM system 
with a 543-nm argon laser. Three-dimensional reconstruction 
and thickness measurement were performed using Nikon NIS-
Element software (Nikon, Japan). Fluorescent intensity of the 
images was quantified using Image Pro Plus software (ver-
sion 6.0, Media Cybernetics, USA). All images were random-
ly collected at 10 different points from different areas on the 
surface of the biofilms per sample. The test was performed 
at least in triplicate.
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Real-time PCR assay

Real-time PCR was performed to determine the expression 
of 6 hydrophobin genes encoding the hydrophobin proteins 
closely involved in the cellular surface hydrophobicity of hy-
phae cells [12]. Total RNA was extracted from the fungal tis-
sues using the Fungal RNAout kit (Sangon Biotech, Shanghai, 
China). First-strand cDNA was synthesized with ReverAid First-
Strand cDNA Synthesis Kit (Thermo scientific, USA) according 
to the manufacturer’s instructions. Quantitative real-time PCR 
was performed using SYBR Green II (TaKaRa, China) on an ABI 
7500 real-time PCR system (Applied Biosystems, UAS) using the 
specific primers listed in Supplementary Table 1. The amplifi-
cation of each gene was normalized to that of the 18S rRNA 
gene levels. The amplification results for real-time PCR was 
calculated as 2(–DDCt) according to a previous description [13].

Cytotoxic evaluation by hemolysis assay

Cytotoxicity of 3,5-DCQA was evaluated by the red blood cell 
(RBC) lysis assay [14]. Briefly, RBCs freshly obtained from the 
healthy individuals were washed 3 times with PBS. The super-
natant was removed after centrifugation at 2000 rpm at room 
temperature for 10 min. The RBC precipitation was prepared in 
PBS to obtain a 10% RBC suspension. After that, a 1-mL sus-
pension was added into an Eppendorf tube, with 200 μL 3,5-
DCQA solutions of different concentrations, or 3,5-DCQA mixed 
with MFC of VRC or AMB. Subsequently, the mixture was in-
cubated at 37°C for 1 h. References to 100% and 0% hemo-
lysis were made by incubating a 1-mL suspension of red cells 
with 200 μL Triton X-100 1% (v/v) or 200 μL of sterile PBS, re-
spectively. Subsequently, the tubes were centrifuged at 2000 
rpm for 10 min to settle the broken membranes and unbroken 
RBCs. The liberated hemoglobin in the supernatant was deter-
mined using a spectrophotometer at a wavelength of 540 nm. 
Percentage of hemolysis was calculated according to the for-
mula: Hemolysis=(Absorbance of sample/Absorbance of posi-
tive control)×100%. Percentages over 10% were consider pos-
itive for hemolysis [15]. The study protocols were approved by 
the Ethics Committee of Guangxi Medical University (Nanning, 
China), and the written informed consent was obtained from 
each blood sample donor.

Statistical analysis

Measurement data are presented as mean ± standard error. 
Statistical analysis was performed with one-way analysis of 
variance followed by Dunnett’s test. All the data were obtained 
from 3 independent experiments performed at least in tripli-
cate. P<0.05 demonstrated a statistically significant difference.

Results

Antifungal susceptibility results

The MICs and MFCs of the tested agents are shown in Table 1. 
The MIC and MFC of 3,5-DCQA for A. fumigatus GXMU04 and 
A. fumigatus AF293 were more than 1024 mg/L. This revealed 
that 3,5-DCQA had no direct inhibitory and fungicidal effects 
on planktonic cells of both strains of A. fumigatus at sub-MIC 
concentrations. In addition, the MIC and MFC of VRC or AMB 
against the A. fumigatus GXMU04 were remarkably higher than 
those of the A. fumigatus AF293.

3,5-DCQA detached the preformed biofilms of A. fumigatus 
and enhanced the fungicidal effects of VRC and AMB on 
sessile cells in biofilms

After incubating with tested agents, the biomass alterations 
of preformed biofilms were evaluated by crystal violet assay 
(Figure 2). The potential of biofilm dispersal induced by MFC of 
VRC or AMB for A. fumigatus GXMU04 and A. fumigatus AF293 
biofilms showed no significant difference compared with that 
of the planktonic cells. However, 3,5-DCQA induced reduc-
tion of biomass in a dose-dependent manner in both strains. 
Particularly, the biomass was significantly lower in the presence 
of 1024 mg/L 3,5-DCQA in both strains compared with the con-
trol groups (P<0.05). This indicated that 3,5-DCQA (256~1024 
mg/L) could eradicate the preformed biofilm of A. fumigatus.

The effects of 3,5-DCQA in combination with antifungal agents 
were estimated by XTT reduction assay. MFC of VRC or AMB 
showed no effects on the metabolic activity of sessile cells 
embedded in ECM (Figure 3), even though outstanding fungi-
cidal effects were observed on planktonic cells. Unexpectedly, 

Tested agents
A. fumigatus GXMU04 A. fumigatus AF293

MIC MFC MIC MFC

VRC 1 32 0.5 2

AMB 2 8 0.25 1

3,5-DCQA >1024 >1024 >1024 >1024

Table 1. The MICs and MFCs of the tested agents against A. fumigatus.
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Figure 2.  Biomass alterations of A. fumigatus GXMU04 (A) and A. fumigatus AF293 (B) using crystal violet assay. Error bars represent 
standard error. * P<0.05 vs. drug-free control group; # P<0.05 vs. the VRC group; @ P<0.05 vs. the AMB group. VRC – MFC of 
Voriconazole; AMB – MFC of amphotericin B.
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Figure 3.  Metabolic activity alteration of cells 
in A. fumigatus GXMU04 (A) and A. 
fumigatus AF293 (B) of preformed 
biofilms after exposing to the tested 
agents evaluated by XTT reduction 
assay. Error bars represent standard 
error. * P<0.05 vs. drug-free control 
group; # P<0.05 vs. the VRC group; 
& P<0.05 vs. the AMB group; @ P<0.05 
vs. the AMB group. VRC – MFC 
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the cellular viability was significantly increased in the biofilms 
treated with 3,5-DCQA alone, particularly of the sub-MICs 
(256~1024 mg/L). Nevertheless, attenuation of viability was 
observed in the cells exposed to higher concentrations of 3,5-
DCQA (256~1024 mg/L) in combination with VRC. Similarly, 
the cellular viability was decreased in the biofilm exposed 
to 3,5-DCQA (128~1024mg/L for A. fumigatus GXMU04 and 
256~1024mg/L for A. fumigatus AF293) in combination with 
AMB. These results indicated that 3,5-DCQA contributed to the 
antifungal effects of VRC or AMB.

Three-dimensional (3D) structural analysis by SEM (Figure 4A) 
indicated the biofilm was composed of a highly dense network 
of cross-linked, parallel-packed hyphae, and the visual field 
was occupied by a large amount of sticky and cloudy ECM. 
Compared with the thick biofilm with hyphae crisscrossing in 
the control samples, the thickness of the biofilm or hyphae in 
the ECM was not affected by MFC of VRC or AMB. In contrast, 
A. fumigatus biofilm was disrupted by 3,5-DCQA and the out-
line of hyphae was exposed due to the reduction of mucoid-
like ECM; however, cell density was not remarkably affected. 
After exposure to 3,5-DCQA in combination with VRC or AMB, 

the amount of hyphae and ECM was obviously decreased, to-
gether with rupture and disintegration of the cell wall, which 
finally resulted in leakage of cytoplasm.

In the CLSM assay, viable cells with intact membranes were 
stained green, whereas those with damaged membranes were 
stained red (Figure 4B). Similar with that of the control group, 
green fluorescence was obviously detected in biofilms treat-
ed with 3,5-DCQA, MFC of VRC or AMB, respectively. For the 
biofilms treated by VRC or AMB, some hyphae in the superfi-
cial surface were stained red, which finally resulted in forma-
tion of yellow zones with the 2 colors merged together on the 
images. Nevertheless, hyphae of biofilm were mostly stained 
with red fluorescence in the presence of 3,5-DCQA in combi-
nation with VRC or AMB.

3,5-DCQA attenuated the production of EPS

As seen in Figure 5, sessile cells were encased in a diffuse mass 
of EPS visualized in a green (ECA positive) color or acquired 
a yellow stain (positive with both ECA and ConA). Compared 
with the control group, biofilms treated by VRC or AMB alone 

A B

Figure 4.  SEM (A) images and CLSM (B) view of preformed A. fumigatus GXMU04 biofilms stained with the combination of PI and Syto-
9 in control group, MFC of VRC or AMB, 3,5-DCQA (1024 mg/L), and 3,5-DCQA in combination with VRC or AMB.
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caused no difference of EPS production and thickness of the 
biofilm (Table 2). On the contrary, a sharp decrease of ECM 
and biofilm thickness was observed in preformed biofilm treat-
ed with 3,5-DCQA.

3,5-DCQA altered A. fumigatus hydrophobin gene 
expression

To investigate the biofilm dispersal mechanism of 3,5-DCQA, 
the expression of 6 known hydrophobin genes (RODA, RODB, 
RODC, RODD, RODE, and RODF) was determined using re-
al-time RT-PCR. These genes had been proved to be overex-
pressed in sessile biofilm cells compared with their plank-
tonic states, and the expression level of RODA was the most 

obvious (Supplementary Figure 1). All of the 6 target genes 
in the biofilms were significantly down-regulated after incu-
bating with 1024 mg/L 3,5-DCQA. Moreover, the inhibition of 
the gene that encoded RODA hydrophobin was the most ob-
vious in both strains. However, the expression of these genes 
showed no significant difference in the biofilms treated by 
VRC or AMB compared with the drug-free control (Figure 6).

3,5-DCQA showed extremely low toxicity to blood cells

The mechanical stability of the erythrocyte membrane is a 
good indicator for screening cytotoxicity. In our study, human 
erythrocytes incubated with 3,5-DCQA showed no hemolytic 
activity at 1024 mg/L, the highest sub-MIC concentration used 
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Fiugre 5.  (A) CLSM Images of preformed A. fumigatus GXMU04 biofilm stained with the combination of ECA and ConA in control 
group, VRC or AMB alone of MFC, 3,5-DCQA (1024 mg/L), and 3,5-DCQA in combination with VRC or AMB. Scale bars 
indicates 100 μm. Three-dimensional reconstructions were shown in the bottom views. (B) Fluorescence intensity of CLSM 
images in each group were also quantified by Image Pro Plus software.

Table 2. The thickness of the 3D reconstruction of A. fumigatus GXMU04 biofilms under CLSM.

Group Control VRC AMB 3,5-DCQA

Thickness (μm) 20.0±1.5 19.8±1.7 19.5±2.1 8.5±1.0*

* P<0.05 vs. drug-free control group.
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in this study. In addition, no hemolytic effect was observed in 
human erythrocytes incubated with 3,5-DCQA at 1024 mg/L in 
combination with MFC of VRC or AMB, respectively (Table 3).

Discussion

A. fumigatus sessile cells are more resistant to antifungal agents 
compared with the planktonic ones. This is confirmed by the 
fact that the formation of biofilms contributes to the develop-
ment of persistent, chronic, and recurrent infections in clinical 

Table 3. Percentage of hemolysis in the presence of different concentrations of 3,5-DCQA or in combination with VRC or AMB.

Drugs
3,5-DCQA

0 mg/L 64 mg/L 128 mg/L 256 mg/L 512 mg/L 1024 mg/L

0 mg/L – 5.24±1.55 5.96±2.11 5.71±0.48 7.47±1.35 7.79±1.01

VRC (32 mg/L) 3.55±1.93 4.14±2.06 3.96±0.86 5.90±0.68 5.08±2.84 8.06±0.97

AMB (8 mg/L) 2.92±0.74 5.19±1.56 6.37±1.37 5.27±1.58 6.58±0.55 7.66±0.94
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Figure 6.  (A–F) Expression of hydrophobin genes (RODA-F) in the biofilms of A. fumigatus GXMU04 and A. fumigatus AF293 after 
exposing to MFC of AMB or VRC, and 3,5-DCQA at 1024 mg/L. The 18srRNA gene served as the reference gene. * P<0.05 vs. 
the drug-free control group.
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settings [2]. The structure of biofilm is complex, with ECM be-
ing considered as the dominant part of A. fumigatus biofilms 
and acting as a cohesive linkage bonding hyphae into a contig-
uous sheath [16]. Thus, the most appropriate antifungal drugs 
for the management of A. fumigatus biofilm-associated clinical 
infection may be those with effective fungicidal property and 
those with strong capacity to penetrate the ECM. Our results 
showed 3,5-DCQA could eradicate the hydrophobic ECM of bio-
film through breaking down the hydrophobic interaction and 
modulating the adhesion ability of cells in biofilm, which may 
lead to an increase of ECM penetration of antifungal agents.

This is the first report indicating that sub-MIC of 3,5-DCQA 
has a significant anti-biofilm effect against A. fumigatus. In 
this study, clinically isolated A. fumigatus GXMU04 was se-
lected as the tested strain because our preliminary study con-
firmed that A. fumigatus GXMU04 showed the strongest and 
the most stable abilities to form biofilms. According to the bio-
mass quantitation assay, the biofilm-forming ability of A. fu-
migatus GXMU04 was superior to that of A. fumigatus AF293. 
Our results also indicated that MFC of VRC and AMB had no 
effects on the preformed biomass and metabolic activity of 
cells in biofilms of both strains. However, outstanding fun-
gicidal effects were observed on planktonic cells exposed to 
these agents. This is consistent with a previous study [1], in 
which the biofilm-forming fungi showed an up to 1000-fold 
resistance to antifungal agents compared to planktonic free-
floating cells. This level will often exceed the highest deliver-
able doses, which makes efficient treatment impossible. As 
killing or inhibiting the growth of fungal cells is less effective, 
the use of anti-biofilm agents to modulate the resistance and 
enhance the efficacy of fungicidal agents becomes attractive. 
Although 3,5-DCQA showed no fungicidal effects on planktonic 
cells, it induced the reduction of total biomass of biofilms in a 
dose-dependent manner, especially a decrease of about 50% 
in the presence of 1024 mg/L 3,5-DCQA. Unlike the previous 
study, in which the metabolic activity was decreased in fun-
gal cells embedded in the thick ECM of mature biofilms [17], 
our results revealed an increase of metabolic activity of bio-
films cells after exposure to 3,5-DCQA in contrast to the re-
duction of biomass quantitation at the concentration range 
from 256 mg/L to 1024 mg/L. We speculate that the increase 
of the metabolic activity induced by 3,5-DCQA may be associ-
ated with the dispersal of the biofilm and detachment of the 
sessile cells into planktonic cells. To further confirm this spec-
ulation, 3,5-DCQA of serially increasing concentrations were 
tested in combination with MFC of VRC or AMB against A. fu-
migatus mature biofilms. A synergic effect was observed be-
tween 3,5-DCQA and VRC or AMB on killing the cells embed-
ded in the ECM as revealed by the percentage of metabolic 
activity alteration measured by XTT reduction assay. Similarly, 
in a previous study [18], a decrease of the metabolic activi-
ty in A. fumigatus biofilms was observed in cells exposed to 

alginate lyase-antifungal combinations compared with those 
exposed to the antifungals alone. These results support the 
assumptions that 3,5-DCQA may disperse A. fumigatus bio-
films through reducing the ECM production, and facilitating 
the entry of fungicidal drugs into the biofilms.

Our SEM results were similar to the quantitation results. The 
ECM in a sticky and cloudy pattern closely coating the hyphae 
cells was markedly reduced after the preformed biofilms were 
treated with 3,5-DCQA, and the outlines of hyphae were dis-
tinct. No obvious changes were observed in the morpholo-
gies of preformed biofilms incubated with VRC or AMB alone. 
Nevertheless, a remarkable decrease was noticed in the den-
sity of cells and thickness of ECM in biofilms treated with 3,5-
DCQA in combination with VRC or AMB, together with the pres-
ence of shrivelled and disintegrated hyphae. Similarly, CLSM 
images revealed no difference in the cellular viability after 
treating with VRC and AMB alone, which is probably due to 
ECM protection. The hyphae remained viable even in the pres-
ence of 3,5-DCQA, which resulted in the eradication the ECM 
of biofilm. Nevertheless, 3,5-DCQA in combination with VRC 
or AMB showed a fungicidal effect and eradicated the forma-
tion of ECM as verified by the sharp decrease of hyphae den-
sity and viability. These findings suggest that the loss of ECM, 
following 3,5-DCQA treatment, could better enhance the pen-
etration of antifungal agent through the ECM. Therefore, 3,5-
DCQA in combination with antifungal agents may be an ef-
fective strategy to improve the management of A. fumigatus 
biofilm-associated infections.

To confirm the effects of 3,5-DCQA on ECM of A. fumigatus bio-
film, the biofilms were stained with TRITC-labeled ConA and 
FITC-labeled ECA to visualize any possible alteration of ECM. 
CLSM reconstruction and the fluorescence-based quantitation 
assay indicated no alternation in the ECM in the biofilms ex-
posed to VRC or AMB due to their limited capacity to elimi-
nate the ECM and penetrate into the deeper layer of the bio-
films. Nevertheless, significant changes were observed in the 
ECM of the biofilms treated with 3,5-DCQA.

Hyphae are wrapped by the hydrophobic ECM of A. fumiga-
tus biofilms, and the hydrophobic interactions are generally 
considered to play an important role in the adherence of A. 
fumigatus hyphae [2]. Hydrophobins, one of the major com-
ponents of A. fumigatus ECM, are responsible for conferring 
a hydrophobic character to fungal morphotypes due to the 
highly conserved cysteine bridges [19]. Several hydrophobin 
genes (e.g., RODA, RODB, and RODD) are up-regulated in A. 
fumigatus sessile cells compared to the planktonic cells, im-
plying a possible role in biofilm formation. Thus, it is reason-
able to speculate that the biofilm dispersal effect of 3,5-DCQA 
is associated with its anti-hydrophobic interaction and mod-
ulation of the adhesion ability. In the present study, RT-qPCR 
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was performed to determine the expression of the 6 hydro-
phobin genes (RODA-F). The results revealed that 3,5-DCQA 
induced down-regulation of these genes, then contributed to 
the reduction of hydrophobins synthesis. Therefore, the loss 
of hydrophobicity may result in the reduction of hyphal ad-
hesion and hydrophobic ECM production in A. fumigatus bio-
films. It seems it is possible for antifungal agents to facilitate 
the entry of fungicidal drugs into the deeper layers of the bio-
film and effectively inactivate the sessile cells.

Given the biofilm dispersal activity of the 3,5-DCQA, it can be 
used as an agent for managing biofilm-related diseases, or as 
a sensitizer for antifungal agents. In this study, the cytotoxicity 
was determined using in vitro experiments. Our data revealed 
that 3,5-DCQA showed no hemolytic effects on human eryth-
rocytes, even in combination with VRC or AMB. 3,5-DCQA is 
commonly found in vegetables, tea, and coffee, and in tradi-
tional medical infusions or decoctions, with no described tox-
ic properties [20]. These prove the safety of 3,5-DCQA as an 
antifungal agent.

Conclusions

3,5-DCQA is effective against adaptive resistance to antifun-
gal agents of A. fumigatus biofilms. This is proved by the fact 
that 3,5-DCQA in combination with MFC of VRC or AMB could 
disperse the biofilms, but single administration of VRC or AMB 
could not. CLSM and SEM indicated that 3,5-DCQA facilitated 
the entry of VRC or AMB into the A. fumigatus biofilm through 

eliminating the ECM without affecting fungal growth. 3,5-
DCQA resulted in a decrease of cellular surface hydrophobici-
ty and down-regulation the expression of hydrophobin genes. 
The concentration of 3,5-DCQA (256~1024 mg/L) used for dis-
rupting the A. fumigatus biofilm in the current study is a bit 
higher than the conventional dose of antifungal agents; how-
ever, the in vitro results do not entirely reflect the practical sit-
uation for the action of 3,5-DCQA in vivo, as the immunolog-
ical factors of host, pharmacokinetics-pharmacodynamics of 
drugs, and many other complicated factors may be involved 
in this process. Further in vivo studies are needed to discov-
er the therapeutic roles of 3,5-DCQA against biofilm-associ-
ated infection. The anti-biofilm potential of 3,5-DCQA, as the 
present study indicates, may be effectively used for dealing 
with the A. fumigatus biofilm formed on the surface of medi-
cal implants such tracheal, central vein, and ureter catheters. 
Moreover, 3,5-DCQA can be used as a drug for external use 
for treating of local or superficial chronic infection caused by 
A. fumigatus biofilm.
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Target genes Primer sequence

18s rRNA
Forward: CTTAAATAGCCCGGTCCGCATT 
Reverse: CATCACAGACCTGTTATTGCCG

RODA
Forward: AACCAGAAGTGCAAGCAGAACA 
Reverse: GCA AGG AAGACCCAGTCCAA

RODB
Forward: GACACCACCGCCTTCAACTAC 
Reverse: AGCCAGAGAGGATACCAACACC

RODC
Forward: TCCCTCCCTCCAGGTCATT 
Reverse: TGACGACCCGATTACAGCAC

RODD
Forward: TCCCTCTTATGCCTTCTCTCGT 
Reverse: GATTTCGTTCATTCCTCTCCTTTC

RODE
Forward: ATGCCGATGCCTTGAACC 
Reverse: CGTTAGCAAAAGACACGCAAA A

RODF
Forward: CATTCTCCCAGGCATCCAAA 
Reverse: CTGAGTGTTGGCGAGGGTAGA

Supplementary Table 1. List of primers used in this study.

Supplementary Files
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