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ARTICLE INFO ABSTRACT

Keywords: Background: : Canida albicans can cause opportunistic infections ranging from superficial mucous membrane
Candida albicans lesions to life-threatening disease. The aim of this study is to investigate the antifungal effect of photodynamic
Biofilm therapy (PDT) mediated by curcumin (CUR) on C. albicans biofilms in vitro.

Curcumin

Methods: : One standard strain ATCC 90028 and two clinical isolates from HIV (CCA1) and oral lichen planus
(CCA2) patients’ oral cavities were used in this study. Biofilms were photosensitized with 60 uM CUR and ir-
radiated by light emitting diode (LED) under the wavelength of 455 nm and energy densities of 2.64, 5.28, 7.92,
10.56, 13.2 J/cm?. Then the antifungal effects of CUR-PDT were evaluated by XTT reduction assay and confocal
light scanning microscopy (CLSM) observations. The effects of CUR-PDT on the expression levels of hypha-
specific and biofilm-related genes including EFG1, UME6, HGC1 and ECE1 were assessed by quantitative Real-
time PCR (qRT-PCR) method.

Results: : The inhibition rates after CUR-PDT in three biofilms(ATCC 90028, CCA1, CCA2)were 90.87%, 66.44%
and 86.74% respectively (p < 0.05). Relative gene expression levels of EFG1, UME6, HGC1 and ECE1 were all
downregulated after CUR-PDT, with fold-decrease of 6.865, 3.382, 2.167 and 6.887 in ATCC 90028, 2.466,
2.146, 1.627 and 3.102 in CCA1, and 5.406, 2.347, 2.073and 3.711 in CCA2 (p < 0.05).

Conclusions: : Curcumin-mediated PDT could effectively inactivateCandida albicans biofilms in vitro. Expression
of genes involved in biofilms formation were downregulated after CUR-PDT.

Photodynamic therapy
Gene expression
Antimicrobial Photodynamic therapy

1. Introduction researchers to seek alternative strategies, such as PDT [9,10].

PDT, a combination of a photosensitizer, light at specific wave-

The oral cavity is colonized by a complex range of microorganisms.
C. albicans is one of most virulent pathogenic fungus that inhabits half
of human oral cavities [1]. Under certain circumstances, especially in
immunocompromised host populations like HIV/AIDS patients, C. al-
bicans can cause opportunistic infections ranging from superficial mu-
cous membrane lesions to life-threatening diseases. In clinic, oral mu-
cosal diseases including oral lichen planus (OLP) [2], oral leukoplakia
[3], Sjogren syndrome [4], oral squamous cell carcinoma [5] etc, are
often much harder to be cured if the lesions are infected by C. albicans.

One possible reason is that C. albicans forms surface-attached mi-
crobial communities known as biofilms [6]. Cells within biofilms are
distinct from planktonic ones, which are more resistance to conven-
tional antifungal drugs [7,8]. Therefore, the lack of effective antifungal
agents and the emergence of drug-resistance C. albicans have driven

* Corresponding author.

length, and oxygen is a selective and minimally invasive modality to
treat a wide variety of disorders [11]. In dentistry, the antibacterial and
antifungal properties of some photosensitizers have been used to
achieve better results in root canal treatment, periodontal therapy and
the eradication of candidiasis in prosthodontics [12-14]. Nevertheless,
conventional photosensitizers such as methylene blue (MB) [15,16] and
toluidine blue O (TBO) [13,17] showed limited effectiveness against C.
albicans in oral mucosal infections, especially in biofilm forms.

CUR, a dye extracted from a plant Curcuma longa, is commonly used
as a cooking spice and flavoring agent [18]. An increasing number of
investigations have suggested that CUR exhibits great potential for its
anti-inflammatory, anti-bacterial, anti-viral, and anti-tumor effects
[19-23]. These functions can be enhanced by light, as it displays a high
light absorption around 400-500 nm. Scientists further discovered that
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CUR could be used as an effective photosensitizer for the yeast in-
activation of C. albicans [24,25]. However, the mechanism is still un-
clear. To the best of our knowledge, there is no study elucidating the
expression of biofilm-related genes in C. albicans after photodynamic
inactivation mediated by CUR that has been reported. Here, for the first
time, the action of CUR-PDT in gene expression of EFG1, UME6, HGC1
and ECE1 are studied.

In this study, we aim to investigate the antifungal effect of PDT
mediated by CUR on biofilm-related C. albicans in vitro. Apart from
standard strain, clinical isolated from HIV and OLP patients were
analyzed as well for better evaluating the clinical relevance of C. albi-
cans. Furthermore, the genetic changes of EFGl, UME6, HGC1 and
ECE1 in C. albicans biofilms after CUR-PDT were investigated.

2. Materials and methods
2.1. Organism, reagent and growth conditions

Three specimens of C. albicans strains, including one standard strain
ATCC 90028 (Department of Pharmacy, Fudan University, Shanghai,
China), one clinical isolate (CCA1) from HIV-infected patient’s oral
cavity, and another clinical isolate (CCA2) from OLP patient’s oral
cavity were used in this study. Approval from the Institutional Review
Board of Huashan hospital (HIRB) and written informed consents were
obtained from both patients. Both clinical isolates were identified by
CHROMagar~ technique. Fungal cells were maintained in Sabouraud
dextrose agar (SDA) medium at -4 °C, and were reactivated by culti-
vation in the fresh SDA (28 °C, 48 h). Each single colony was inoculated
into 30 mL YPD (Yeast Peptone Dextrose) liquid medium (1% w/v yeast
extract, 2% w/v peptone, 2% w/v dextrose). The cultures were then
incubated in an orbital shaker for 15h (160 rpm) at 32 °C, centrifuged
(3000 rpm, 10min, 4°C), and the harvested cells were washed twice
with sterile phosphate buffered saline (PBS, pH 7.4). Then, cells were
resuspended in RPMI-1640 (supplemented with L-glutamine, buffered
with sodium bicarbonate) (Gibco, Grand Island, NY, USA), and adjusted
to the final density of 1.0 x 10° cells/mL by counting cells with a he-
macytometer.

2.2. Biofilms formation

Aliquots of 100 mL of the C. albicans suspensions were individually
transferred to the separate wells of 96-well microtiter plates (100 pL
/well), followed by incubation for 48 h at 37 °C. The biofilms were fixed
with methanol for 20 min, and then stained with 0.01% crystal violet
for 5min. After that, the dye was rinsed thrice with PBS. The mor-
phology of the biofilm formation process was captured under an in-
verted microscopy.

2.3. Photosensitizer and light source

The photosensitizer CUR (Sigma-Aldrich, Saint Louis, MO, USA) was
prepared with 10% dimethyl sulfoxide (DMSO) to originate a stock
solution, from which other solutions were diluted with physiological
solution (0.85% NaCl) to the final concentrations of 20, 40, 60, 80 and
100 uM.

A light emitting diode (LED) device (Institute of Photoelectricity,
Fudan University, Shanghai, China) was used to activate the CUR. The
LED intensity of emitted light was 22.0 mW/cm? and the wavelength
was 455 nm.

2.4. XTT reduction assays

XTT[2,3-bis(2-methoxy-4-nitro-5-sulfo-phenyl)-2H-tetrazolium-5-
carboxanilide] (Sigma-Aldrich, St Louis, MO) was dissolved in PBS at a
concentration of 1 mg/mL. Then the solution was sterilized using a
0.22 ym pore-size filter and stored at —80°C. Menadione solution
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(Sigma; 0.4 mM) was prepared in acetone. Kinetics of C.albicans bio-
films were measured over a series of time intervals (2, 6, 12, 24, 36, 48,
60 h). For each assay, the biofilms were washed with PBS to remove the
planktonic cells. After that, 158 pL of PBS with 200 mM glucose, 40 uL
of XTT and 2 uL of menadione solution were mixed, and 200 pL of the
mixture were added to each well and incubated for 3h in the dark at
37 °C. The intensity of the colorimetric reaction, reflecting its metabolic
activity, was calculated by measuring the optical density at 492 nm
(ODy4g5) using a spectrophotometer (BioTek Synergy 2, USA).

2.5. Photodynamic inactivation of C. albicans biofilms

Aliquots of 100 pL of CUR were added to each well of C. albicans
biofilms in the dark for 20 min. Then, the residual CUR was removed
and replaced by RPMI 1640. PDT experiments were carried out by il-
luminating CUR-treated C. albicans biofilms under a LED device.

Mlumination was performed for 2, 4, 6, 8 and 10 min, resulting in a
total fluence of 2.64, 5.28, 7.92, 10.56, 13.2 J/cm? respectively (C + L
+). To determine whether CUR alone had any effect on cell viability,
additional wells containing mature biofilms were exposed to CUR under
identical conditions as described above, without LED light (C + L-). The
effect of LED light alone was determined by exposing cells to light
without being previously exposed to CUR (C-L+). Biofilms exposed to
neither CUR nor LED light acted as control group (C-L-). After PDT, XTT
reduction assay was used again to obtain the optical parameters of PDT
in our study. The inhibition rate was calculated as follows: % inhibition
rate= [OD492 (C-L')'OD492 (C + L+)]/ OD492 (C-L-)

2.6. Confocal laser scanning microscopy (CLSM) observations

CLSM was performed to demonstrate the inhibitory effect of PDT on
C. albicans biofilms. The LIVE/DEAD® FungalLight™ Yeast Viability Kit
(Molecular Probes, Eugene, OR, USA) containing SYTO-9 and
Propidium Iodide (PI) was used to probe live and dead cells.

Three specimens of C. albicans biofilms were prepared as described
above and placed on 10-mm round coverslips. 400 pL of the fluorescent
solution was added to each coverslip and incubated at room tempera-
ture for 15 min in the dark. Stained biofilms were flipped and placed on
a glass-bottom and observed using a Zeiss CLSM (LSM 710, Zeiss,
Germany). The maximum excitation/emission used for observation was
480/500 nm for SYTO9, and 490/635nm for PI. For each sample,
images from three randomly selected positions were acquired.

2.7. Quantitative real-time PCR (qRT-PCR) assays

Total RNA was extracted from biofilms with TRIzol reagent
(Invitrogen) and resuspended in diethyl pyrocarbonate water. The
concentration, purity and quality of the isolated RNA samples were
determined using a Nano-Drop-One Spectrophotometer (Thermo
Scientific, Waltham, MA, USA). First strand cDNA was synthesized from
3 ug of total RNA in a 60 pL reaction volume using the cDNA synthesis
kit for quantitative real-time PCR (qRT-PCR) (TaKaRa Biotechnology,
Dalian, China) in accordance with the manufacturer’s instructions.
Triplicate independent gRT-PCR assays were performed using the
LightCycler® System (Roche Diagnostics GmbH, Mannheim, Germany).
SYBR® Green (TaKaRa Biotechnology) was used to visualize and
monitor the amplified product in real-time according to the manu-
facturer’s protocol. Target genes EFG1, UME6, HGC1, and ECE1 were
amplified accordingly. The expression levels of biofilm-associated genes
were calculated relative to the calibration sample of endogenous con-
trol 16S rRNA to normalize the sample input.

2.8. Statistical analysis

All experiments were conducted in triplicate and repeated three
times. The data were reported as the mean =+ standard deviations. The
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Fig. 1. Light microscopy images of Candida albicans biofilms formation over a 48-h period: ATCC 90028 2h (A), ATCC 90028 12h (B), ATCC 90028 24 h (C), ATCC

90028 48 h (D), CCA1 48h (E), CCA2 48 h (F). Magnification, x 400.
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Fig. 2. Metabolic activity of Candida albicans biofilms estimated by XTT re-
duction assay. The data represent the mean * standard deviation from two
independent experiments performed in triplicate.
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Fig. 3. Graphic representation of mean values and standard deviation of cell
viabilities in ATCC 90028 Candida albicans biofilm under different curcumin
concentrations.
2, significant difference compared to control group (G-L-); ®, significant differ-

ence compared to the former group.
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Fig. 4. Graphic representation of mean values and standard deviation of cell
viabilities in ATCC 90028 Candida albicans biofilm under different illumination
time.

3 significant difference compared to control group (C-L-); °, significant differ-
ence compared to the former group.

absorbance values obtained were statistically evaluated using one-way
analysis of variance, and followed by the Tukey test for multiple
comparisons (SPSS software, IBM SPSS® Statistics, version 23). The
27 A4St method was used to analyze the relative changes in gene ex-
pressions in the qRT-PCR experiments using Graph Pad Prism 6
Program (GraphPad Software, Inc., CA, USA), t-test Statistical sig-
nificance was accepted for p < 0.05.

3. Results
3.1. Formation of C. albicans biofilms

The formation of C. albicans biofilms was visualized under inverted
microscopy. The morphology variation from yeast buds microcolonies
(2h), pseudohypha and hyphae (12 h), to filamentous cells (24 h) and a
dense mixture of yeasts, hyphae and matrix material in mature biofilms
(48 h) were observed (Fig.1).

The metabolic activity of biofilms was demonstrated by XTT re-
duction assay. We found the readings of XTT increased with time and
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Fig. 5. Confocal laser scanning microscopy images of three specimens of Candida albicans biofilms under different conditions of CUR-PDT. Control group (C-L-)
showed the biofilms treated without CUR or light. C + L- group showed the biofilms treated with curcumin alone. C-L + group showed the biofilms treated with light
alone. C + L + group showed the biofilms treated with both curcumin (60 uM) and 6 min illumination.

they all reached a peak value at 48 h. (Fig.2).

3.2. Determination of optical parameters in CUR-PDT

The XTT mean values of ATCC 90028 C. albicans biofilms after ex-
posure to the tested experimental conditions were presented in Fig.3
and Fig.4.

CUR-PDT using tested CUR concentrations (20, 40, 60, 80 and
100 uM) all showed an obvious reduction of biofilm viability in com-
parison to other groups. Under the same illumination period (4 min),
the viabilities of biofilms were in a CUR concentration-dependent
manner. XTT readings exhibited an inverse proportion with the CUR
concentrations. According to the statistical results, 60 tM was chosen as
an optimal CUR concentration for the following experiments.

Furthermore, CUR-PDT under tested illumination time (2, 4, 6, 8
and 10 min) all showed an obvious reduction of biofilm viability in
comparison to other groups. Under the same CUR concentration
(60 uM), the viabilities of biofilms showed an illumination time-de-
pendent manner. XTT values decreased with the illumination time
added. Among the five CUR-PDT groups, 6 min illumination time group
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was not statistically significant when compared with former groups
(p > 0.05). Therefore, illumination time of 6 min was selected.
Parameters in the clinical isolates groups were designated correspond-

ingly.

3.3. Visualization and quantification of photodynamically treated C.
albicans biofilms

Under the observation of CLSM, SYTO 9 penetrated all yeast
membranes and stained them green. In contrast, PI only penetrated
yeasts with damaged membranes, displacing SYTO 9 and stained them
red. The images obtained by CLSM showed that after CUR-PDT, there
was a distinguished increase in the number of cells marked with red
fluorescence in all specimens of mature C. albicans biofilms, indicating
fungal cell damage. Among them, CCA1 displayed the least red fluor-
escence, indicating the poorest inhibitory effect of CUR-PDT. In con-
trast, the fluorescence of red cells was hard to find in other groups
(Fig.5).

It was also observed on CLSM images that the cells located on the
superficial layers of the biofilm presented a bright intense fluorescence,
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Fig. 6. 3D images of three specimens of Candida albicans biofilms after CUR-PDT.
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Fig. 7. Metabolic activity of C. albicans biofilms after CUR-PDT using 60 uM curcumin under 6 min illumination. The given values were the absorbance mean

(XTT) =+ standard deviation.
* p<0.05; **, p < 0.01; *** p < 0.001.

Table 1
Metabolic activity of Candida albicans biofilms and the inhibition rate of three
specimens after CUR-PDT.

XTT + SD % of inhibition rate
ATCC C-L- 1.084 = 0.067 NA
CCA1 C-L- 1.214 = 0.026 NA
CCA2 C-L- 1.100 = 0.030 NA
ATCC-PDT 0.099 + 0.006 90.87
CCA1-PDT 0.386 + 0.076 66.44
CCA2-PDT 0.148 + 0.032 86.74

NA = not applicable; PDT = photodynamic therapy; C = Curcumin; L = LED
light.
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while in the basal layer the fluorescence was less intense or not present.
This phenomenon was most obvious in CCA1 group (Fig.6).

To further quantify the inhibitory effect of CUR-PDT on C. albicans
biofilms, we calculated the XTT values of all specimens using the op-
tical parameters (CUR concentration 60 uM, illumination time 6 min)
(Fig.7). We observed a significant decrease in the cell viability of CUR-
PDT groups when compared with other groups. Based on the same
experimental conditions in this study, CCA1 and CCA2 appeared to be
more virulent than the standard strain. Both XTT values and inhibition
rates in CCAl and CCA2 were lower than the standard strain group
(Table 1).

Transcriptional levels of hypha-specific and biofilm-related genes
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Fig. 8. Relative genes expression of EFG1 (Fig. 8a), UME6 (Fig. 8b), HGC1 (Fig. 8c), and ECE1 (Fig. 8d) in control group (C-L-) by quantitative real-time PCR (qRT-
PCR) in relation to the groups C + L-, C-L+, and C + L+ using CUR-PDT. Values were expressed as the mean *+ standard deviation.

*,p <0.05; **, p < 0.01; ***, p < 0.001.

Table 2
Fold-decrease and p values for the genes EFG1, UME6, HGC1, and ECE1 after
treatment with CUR-PDT.

ATCC 90028 CCAl CCA2

Fold-decrease, p Fold-decrease, p Fold-decrease, p values

values values
EFG1 6.865, p < 0.0001 2.466, p = 0.0002 5.406, p < 0.0001
UME6 3.382,p < 0.0001 2.146, p = 0.0021 2.347, p = 0.0005
HGC1 2.167,p < 0.0001 1.627, p = 0.0021 2.073, p = 0.0005
ECE1 6.887, p < 0.0001 3.102, p = 0.0070 3.711, p = 0.0020

EFG1, UME6, HGC1 and ECE1 were quantified by qRT-PCR. All ana-
lyzed genes were downregulated after CUR-PDT (C + L+). Group
C + L- did not demonstrate down or upregulation when compared with
the control group C-L-. However, genes were also downregulated in
group C-L+, indicating that light alone can destruct the biofilm for-
mation to a certain extent (Fig.8). The fold changes of CUR-PDT groups
compared with control group were illustrated in Table 2.

4. Discussion

C. albicans is the predominant pathogen among all fungal species
which can cause more than 50% of clinical cases including local and
invasive candidiasis [26-28]. Oral candidiasis remains the most com-
monly encountered oral manifestation in HIV patients [29]. OLP, a
chronic inflammatory oral mucosal disorder, is also frequently asso-
ciated with oral Candidal infection [30,31]. Studies have shown bio-
film-associated Candidal infections in HIV and OLP patients are even
more refractory as their sessile living cells show high resistance to an-
tifungal treatment and host defense mechanisms [32,33].

In recent years, PDT has emerged as a promising strategy to elim-
inate C. albicans biofilms [10,34,35]. Studies have revealed that the
combination of CUR with blue LED light was also effective in the an-
tifungal activity against both planktonic [24] and biofilm form of the
yeasts [25,36,37]. These results demonstrated that CUR might be a
desirable photosensitizer for PDT against C. albicans infections.

Therefore, we evaluated the inhibitory effects of CUR-PDT against
biofilms of one standard strain and two clinical isolates of C.albicans
obtained from HIV-infected patient and OLP patient.

Our inhibition rate of C. albicans biofilms after CUR-PDT in ATCC
90028 strain (90.87%) differed from the result from Dovigo et al.
(87.22%) [25]. In clinical isolates groups, inhibition rates were much
lower (66.44% in CCA1, 86.74% in CCA2) when compared with stan-
dard one, and this result was in accordance with other researchers’
findings [24,38-40]. One possible explanation is the different virulence
of each strain, as clinical isolates tend to be more virulent than standard
one, which may vary according to the isolate itself and the internal
environment of the host.

CLSM observations indicated the significant antifungal effect of
CUR-PDT on C. albicans biofilms. Obvious increase of red fluorescent
cells after CUR-PDT were observed, suggesting extensive cell photo-
damage. Interestingly, the different brightness among the layers of the
biofilms was also observed. The outermost layer exhibited brighter
fluorescence than basal layer. This phenomenon was in accordance
with the study of Andrade et al. and Pereira et al [41,42]. These may be
caused by the defining characteristic extracellular matrix (ECM) of
fungal biofilms. ECM might function to serve as a scaffold for main-
taining biofilm integrity and to limit diffusion of toxic substances into
the biofilm [43]. The complexity and tightness in structure protected
the basal cells from photosensitizer penetration and inactivation of PDT
which has been verified in light microscopy observation in our study as
well. These results may explain why CUR-PDT is not able to eliminate
all the cells in C. albicans biofilms in the present study.

It is worth to note that former researchers mainly focused on the
variations of dosimetry in PDT and its correlation with their antifungal
effectiveness. However, in this study, gene expressions related to C.
albicans biofilms formation were also taken into investigation for the
first time. We believe these results would further reveal the alterations
in biofilms when treated with PDT from a new perspective.

In the present study, the transcriptional levels of several hypha-
specific and biofilm-related genes were significantly altered by CUR-
PDT both at the hyphal initiation (EFG1) stage and long-term
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maintenance (UME6, HGC1, and ECE1) stage [44-46]. Expressions of
these four genes were all downregulated in three specimens, indicating
CUR-PDT destructed hyphal growth, induced cell separation and
therefore impaired biofilm formation. EFG1 positively regulates the
formation of hyphae in initial C. albicans biofilms [47,48]. In a PDT
study using MB as a photosensitizer, Freire et al. [49] also found that
EFG1 was downregualted in PDT-treated C. albicans biofilms, resulting
initial hyphal reduction. On the other hand, C. albicans filamentation
requires cell polarized growth as well as long-time maintenance of cell
separation, during which UME6, HGC1 and ECEl are activated
[50-52]. These genes are essential for hyphal development and their
expressions have been shown to be correlated with cell elongation and
biofilm formation [53,54]. Our data suggested that CUR-PDT may in-
hibit hyphae and biofilm formation by downregulating these hypha-
specific and biofilm-related genes.

Interestingly, these genes were also downregulated in light alone
group (C-L+), indicating that light itself can influence the hyphae
formation. We suppose it may be relevant to the phototoxicity of DNA
in the process of PDT. Studies have reported that the wavelength used
in the present study (455 nm) may cause oxidative stress by accumu-
lation of reactive oxygen species (ROS) which may induce minute DNA
damage in cells [55,56]. However its antifungal effect was not com-
parable to the photoinactivation of PDT. This phenomenon reminded us
to be cautious of the phototoxicity of PDT and the protection of ad-
jacent tissue when used in clinic.

In conclusion, our results may contribute a little more to the ad-
vancement of PDT, however, within the limitation of our study, there
are still some aspects that remain to be better elucidated. Further in vivo
investigations should be carried out in the future.
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