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ARTICLE INFO ABSTRACT
Keywords: Background: To investigate the sterilizing effect of antimicrobial photodynamic therapy (aPDT)
Candida albicans based on PAD™ Plus on mixed biofilms of Candida albicans and Candida tropicalis.

Candida tropicalis

Biofilms

Antimicrobial photodynamic therapy
Toluidine blue O

Methods: A mature mixed biofilm model of C. albicans and C. tropicalis was constructed in vitro.
FITC-concanavalin A staining was conducted to observe the formation of the extracellular matrix.
MTT assay was performed to determine biofilm viability. The chromogenic medium was used to
examine the Candida composition of the mixed biofilms. For aPDT treatment, based on PAD™
Plus, the biofilms were incubated with 1 mg/mL TBO for 1, 5, or 10 min, followed by 500 or 750
mW LED illumination for 1 or 2 min. The live/dead fungi were detected by SYTO9/propidium
iodide staining. A multivariate factorial design was conducted to analyze the correlations of
parameters with the inactivation effect of the mixed biofilms.

Results: Mature mixed biofilms formed at 24 h after seeding. Compared with untreated biofilms,
following 1-min TBO incubation, 500 mW LED illumination for 1 min inactivated more than 90%
of the fungi. Extending the incubation time did not significantly improve the inactivation effect.
Application of 750 mW output power or 2 min LED illumination inactivated more than 99% of the
fungi without increasing other parameters.

Conclusions: PAD™ Plus combined with 1 mg/mL TBO can rapidly inactivate the mature mixed
biofilms of C. albicans and C. tropicalis, serving as a robust platform for the treatment of mixed
infections of C. albicans and C. tropicalis.

1. Introduction

With the increasing number of patients with acquired immunodeficiency syndrome or malignant tumors and the wide application
of antibiotics and immunosuppressants, the incidence of oral candidiasis caused by Candida albicans or non-albicans Candida has risen
[1]. Mixed infection of C. albicans and C. tropicalis is common in patients with oral candidiasis [2,3]. Candida forms biofilm composed
of yeast cells, hyphae or pseudohyphae, and extracellular matrix [4]. Compared with monospecies biofilms, mixed biofilms are more
resistant to antifungal treatment [5]. Thus, it is of great importance to find an effective therapeutic strategy to treat mixed Candida
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infection.

Antimicrobial photodynamic therapy (aPDT) is a promising alternative to drug treatment in antimicrobial therapy against oral
infection. In the presence of oxygen, photosensitizer is activated by the light with a specific wavelength to produce singlet oxygen and
other reactive oxygen species. These cytotoxic products interact with the cell components (proteins, membrane lipids and nucleic
acids, etc.) through different pathways, leading to irreversible damage and rapid necrosis of microorganisms [6]. Scholars have studied
the effect of aPDT on the biofilm of Candida [7,8]. For example, Carmello et al. have found that incubation with 0.15 mg/mL pho-
todiazine for 20 min followed by 9-min irradiation suppresses the growth of mixed biofilms of C. albicans and C. tropicalis [7]. Toluidine
Blue O (TBO) is a phenothiazinium dye that has been widely studied for antimicrobial application owing to the advantages of low cost,
low cytotoxicity to host cells, low excitation energy, singlet oxygen quantum yields, and high affinity to cellular components and
membranes of target cells [9]. Incubation with 0.1 mg/mL TBO for 5 min or 2.5 mM TBO for 30 min inhibits the formation of C. albicans
biofilm by at least 50% [10-12]. In addition, the relatively small concentrations of TBO require a long exposure time to the photo-
sensitizer or the light source to achieve efficient disinfection, resulting in a long mouth opening time that may cause joint disorders or
excess production of saliva to block the adherence of TBO to the biofilms. Thus, to treat oral candidiasis more efficiently, it is of great
importance to reduce the time of oral manipulation.

PAD™ Plus is a microbe elimination system mainly used in disinfection of oral cavity, root canal, and periodontal pocket, supplied
with a ready-to-use medical grade 1 mg/mL TBO solution and a light-emitting diode (LED) emitting 635 nm red light with an output
power of 500 or 750 mW and the illumination time of 1 min or 2 min. TBO adheres to the microbes and reacts to the LED light,
releasing singlet oxygen to kill the microbes. Some scholars have proposed that increasing the concentration of photosensitizer can
enhance the inhibition effect on biofilm [13], and high-concentration toluidine blue-mediated aPDT can kill the lesion without long
incubation [14]. PAD™ Plus guarantees fast and safe cleaning and disinfection owing to the high concentration of TBO and short TBO
incubation time [15]. However, the effect of PAD™ Plus on the co-infection of C. albicans and C. tropicalis remains unknown. In this
study, we, for the first time, tested the effect of PAD™ Plus combined with 1 mg/mL TBO on mature mixed biofilms of C. albicans and
C. tropicalis. Our results may provide a fast and highly efficient therapeutic approach to mixed C. albicans and C. tropicalis oral infection.

2. Materials and methods
2.1. Candida strains and culture

C. albicans SC5314 (Taxonomy ID:237561) were obtained from Shijiazhuang Heya Biotechnology Co., LTD. (Hebei, China).
C. tropicalis ATCC750 (Taxonomy ID: 5482) was purchased from Nanjing Yizhi Biotechnology Co., LTD. (Jiangsu, China). Both strains
were stored at —80 °C until use. The strains were activated on Candida chromogenic medium (Comagal microbial technology Co.,
Shanghai, China). A single activated colony was picked, inoculated into a conical flask containing 20 mL yeast extract-peptone-
dextrose medium, and incubated at 30 °C in a shaking water bath (150 r/min) for 24 h. Then, the fungal suspension was trans-
ferred to a 50 mL centrifuge tube and centrifuged at 3000 r/min for 15 min. The supernatant was discarded. The precipitate was
resuspended in 20 mL phosphate-buffered saline (PBS) and centrifuged again. After repeating the centrifugation and PBS washing
process 3 times, the supernatant was discarded, and the fungi were collected and could be retained for use for up to one week when
stored at 4 °C.

2.2. FITC-concanavalin A (ConA) staining

Activated C. albicans and C. tropicalis were resuspended in RPMI 1640 medium at 1 x 10° yeast cells/mL, respectively, and then co-
cultured in a 20 mm glass-bottom dish at a ratio of 1:1, 1 mL in total, at 37 °C as previously described [16]. FITC-ConA staining was
performed at 2 h, 4 h, 6 h, 8 h, 12 h, 24 h, 48 h, 72 h, and 96 h after culture to examine the formation of the extracellular poly-
saccharides. Briefly, after removing the medium and washing Candida with PBS, 100 pL fluorescent dye FITC-ConA (Kehua Jingwei
Technology Co., Beijing, China) was added to the coculture and incubated in the dark for 20 min at room temperature. After removing
the unbound dye by rinsing with PBS, the fluorescence was visualized, and images were acquired using a fluorescence microscope
(Olympus, Japan).

2.3. MTT assay

Activated C. albicans and C. tropicalis were resuspended in RPMI 1640 medium at 1 x 10° yeast cells/mL and co-cultured in 96-well
plates at a ratio of 1:1. The mixed biofilms viability was determined at 2h, 4 h, 6 h, 8 h, 12 h, 24 h, 48 h, 72 h, and 96 h after seeding
using an MTT kit (Xavier Biotechnology Co., Wuhan, China). Briefly, 20 pL. MTT solution was added to each well of the plate and
incubated for 4 h at 37 °C, followed by incubation with 100 uL. DMSO for additional 30 min. The optical density was measured at 490
nm (according to manufacturer’s instructions) wavelength using a microplate reader (Thermoelectric, Japan). The growth curve of the
biofilm was plotted.

2.4. Examination of the Candida composition of the mixed biofilms

The mixed biofilms were re-cultured to maturity in a 96-well plate. After removing the medium and washing Candidas with PBS,
100 pL PBS was added into the well, and the mixed biofilms at the bottom of the well were scraped off with a sterile toothpick, which
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could allowed the mixed biofilms to mix with PBS in the well. The suspension was transferred to a centrifuge tube, mixed evenly by
swirls, and diluted by 10-fold. A small amount of suspension was inoculated into Candida chromogenic medium. It was placed in an
incubator at 37 °C for 24 h to identify the composition of the strains in the mixed biofilms. The fungi were identified by the colors of the
clones. Green clones were C. albicans, and blue clones were C. tropicalis.

2.5. aPDT treatment

aPDT treatment was conducted using a DX9001 PAD™ Plus system (Denfotex, UK). The mixed biofilms were seeded in glass-
bottom cell culture dishes and cultured for 24 h until maturation. After removing the medium, the biofilms were incubated with
100 pL of 1 mg/mL TBO solution supplied with PAD™ Plus for 1, 5, or 10 min, followed by exposure to 635 nm LED red light with an
output power of 500 mW or 750 mW at a distance of 1.5 cm for 1 min or 2 min. Untreated biofilms were used as a negative control. The
live/dead fungi were detected by SYTO9 (green)/propidium iodide (PL; red) staining using a kit from Kehua Jingwei Technology
(Beijing, China) following the manufacturer’s instruction. The fluorescence was observed using a confocal laser scanning microscope
(Olympus, Japan) at the wavelength of 488/546 nm. The number of live/dead fungi was counted using Image J software. Inactivation
effect of the biofilms was calculated as the number of dead fungi/(the number of dead fungi + the number of live fungi) x 100%.

B

G

J 100 pm

Fig. 1. Formation of the mature mixed biofilms of Candida albicans and Candida tropicalis. C. albicans and C. tropicalis were cocultured at a ratio of
1:1. FITC- concanavalin A staining was performed at 2 h (A), 4 h (B), 6 h (C), 8 h (D), 12 h (E), 24 h (F), 48 h (G), 72 h (H), and 96 (I) after
cultivation to detect the extracellular matrix of the biofilms, dishes stained without co-culture of Candida albicans and Candida tropicalis were used as
a negative control (J). Scale bar = 100 pm. The experiment was performed three times with three biological replicates.
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2.6. Statistical analysis

All experiments were performed three times with three biological replicates. The inactivation effect of the biofilms was expressed as
the mean =+ standard deviation. A comparison between untreated and aPDT-treated biofilms was conducted using one-way ANOVA
and Tamhane’s T2 test. The correlation of aPDT parameters with the inactivation effect of the mixed biofilms was assessed using the 2
x 3 x 2 multivariate factorial design. Statistical analysis was conducted using SPSS 20.0 software (IBM, Armonk, NY, USA). A P value
< 0.05 was considered statistically significant.

3. Results
3.1. C. albicans and C. tropicalis form mature mixed biofilms in vitro

Polysaccharides are an important part of the extracellular matrix of Candida biofilm and also an important factor affecting the
permeability of antifungal drugs. FITC-ConA fluorescein can bind with extracellular polysaccharides of biofilm and emit green light at
specific wavelength. Therefore, we used FITC-ConA staining to indirectly observe the formation process of extracellular matrix of the
mixed biofilms [17,18]. As shown in Fig. 1A-1, the fluorescent intensity in a fungus-containing well was significantly increased in a
time-dependent manner compared with that in the negative control well (Fig. 1J). It appears that the extracellular matrix began to
form at 2 h after seeding, gradually densified at 24 h, and dispersed at 96 h. MTT assay showed that the viability of C. albicans and
C. tropicalis coculture was rapidly and time-dependently increased within 24 h after seeding, reaching a plateau thereafter for at least
additional 72 h (Fig. 2). Mature biofilm is characterized by a structured mixture of cells and hyphae wrapped by dense extracellular
matrix [19]. These findings suggest that the mature mixed biofilms basically form at about 24 h after seeding, and the metabolic
activity of cells in the biofilms is maintained at a relatively stable level after 24 h.To examine the composition of the mixed biofilms, we
collected the mature biofilm in Candida chromogenic medium to visualize the colonies. As shown in Fig. 3, there were approximately
the same number of green (C. albicans) and blue (C. tropicalis) colonies in the medium at 24 h after seeding, suggesting that the mature
biofilm was composed of equal amount of C. albicans and C. tropicalis (Fig. 3).

3.2. PAD™ Plus showed significant inactivation effect on fungi in the mixed biofilms

To evaluate the effect of PAD™ Plus combined with 1 mg/mL TBO on the mature mixed biofilms, we treated the biofilms with 1
mg/mL TBO for 1, 5, or 10 min, followed by 1 or 2-min LED illumination with a 500 or 750-mW output power (Table 1). SYTO9/PI
staining showed that compared with untreated biofilms, PAD™ Plus with different combinations of parameters inactivated more than
90% of the fungi in the biofilms (Fig. 4, Table 2). Extending TBO incubation time from 1 min to 5 or 10 min did not significantly change
the inactivation effect, suggesting that a 1-min TBO incubation is sufficient to inactivate more than 90% of the fungi in the mature
mixed biofilms using PAD™ Plus. We further found that increasing the output power to 750 mW or illumination time to 2 min
enhanced the inactivation effect to nearly 100% with TBO incubation time remaining the same. Thus, after incubating with 1 mg/mL
TBO for 1 min, 750-mW LED illumination for 1 min or 500-mW LED illumination for 2 min may achieve the maximum inactivation
effect in the mature mixed biofilms of C. albicans and C. tropicalis.
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Fig. 2. The growth curve of the mature mixed biofilm. C. albicans and C. tropicalis were cocultured at a ratio of 1:1. MTT assay was conducted to
determine the biofilm viability of the cocultures at different time points after cultivation. Data are expressed as the mean =+ standard deviation. The
experiment was performed three times with three biological replicates.
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Fig. 3. Identification of the Candida composition of the mixed biofilms. The green (C. albicans) and blue (C. tropicalis) colonies were observed after
the suspension of the mixed biofilms was cultured in chromogenic medium for 24 h (A-C). The experiment was performed three times with three
biological replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1

The parameters of aPDT treatment groups.
aPDT group TBO incubation time (min) Output power LED illumination time (min)

(mW)

A 1 500 1
B 500 1
C 10 500 1
D 500 2
E 500 2
F 10 500 2
G 750 1
H 750 1
I 10 750 1
J 750 2
K 750 2
L 10 750 2

TBO, toluidine blue O; aPDT, antimicrobial photodynamic therapy; LED, light-emitting diode.

3.3. Output power and LED illumination time significantly correlated with the inactivation effect of the mixed biofilms

To further evaluate the correlation of TBO incubation time, output power, and LED illumination time with the antifungal effect of
PAD™ Plus, we performed a multivariate factorial design. The results showed that the output power and illumination time, indi-
vidually or in combination, significantly correlated with the inactivation effect of the biofilms (Ps < 0.01; Table 3). No significant
correlation was observed between the inactivation effect of the biofilms and the incubation time, individually or in combination with
other parameters.

4. Discussion

In this study, we demonstrated that after a 1-min incubation with 1 mg/mL TBO, more than 99% of the fungi in the biofilms were
inactivated when exposed to 750 mW LED for 1 min or 500 mW LED for 2 min using PAD™ Plus. Our results suggest that PAD™ Plus
combined with 1 mg/mL TBO can rapidly and high-efficiently inactivate the fungi in the mature mixed biofilms of C. albicans and
C. tropicalis.

Biofilm formation is well accepted as a major virulence feature implicated in the pathogenesis of candidiasis. Biofilms are 1000-fold
more resistant to conventional antifungal drugs than planktonic cells due to the denser structure resulting from more biomass in the
membrane and extracellular matrix [13,20,21]. In monospecies biofilm studies, a mature C. albicans biofilm forms at 24 h after seeding
the fungi on a solid surface [22], whereas a mature biofilm of C. tropicalis forms at 48 h [23]. In this study, we monitored the
development of the mature mixed biofilms of C. albicans and C. tropicalis for 96 h. We found that the extracellular matrix began to form
at 2 h after seeding, gradually densified at 24 h, and dispersed at 96 h. These data suggest that the mature mixed biofilms basically form
at around 24 h after seeding. MTT assay showed that the viability of the coculture peaked at 24 h post seeding. Thus, we further
investigated the effect of PAD™ Plus on the mature mixed biofilms at 24 h after cultivation. Plate counting is the most basic method to
determine the number of living cells in biofilm. This method however, requires scraping off the biofilm with a sterile toothpick or other
auxiliary means, which can lead to non-uniform collection of the biofilm. In addition, fungal clumps can result in error-prone
enumeration of colony counts. The SYTO9/PI-CISM technique is a modern technique that overcomes the pitfalls associated with
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Fig. 4. Photoactivated disinfection treatment. The mixed biofilms cultured for 24 h were incubated with 1 mg/mL toluidine blue O (TBO) for 1 min
(A,D,G,J), 5 min (B,E,H,K), or 10 min (C,F,L,L), followed by exposure to LED for 1 min (A,B,C,G,H,I) or 2 min (D,E,F,J,K,L) with output power of 500
mW (A-F) or 750 mW (G-L). Output power/illumination time was arranged in each row, and incubation time was arranged in each column.Un-
treated biofilms were used as a negative control (M). SYTO9/propidium iodide staining was performed to identify live/dead fungi. Fungi were
observed using a confocal laser scanning microscope. Green (A-M) fluorescence indicated live fungi and red (A,B,C,M) fluorescence indicated dead
fungi. Orange (D,F,G,LJ) or Yellow (E,H,K,L) fluorescence is an overlay of green and red, indicating dead fungi. When Image J software was used to
count the live/dead fungi on the image, the green channel and the red channel were counted respectively. Scale bar = 50 pm. The experiment was
performed three times with three biological replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the
!Veb version of this article.)

Table 2
Comparison of the inactivation effect between untreated and aPDT-treated biofilms.

Group Output power LED illumination time (min) TBO incubation time (min) inactivation

(mW) effect (%)

Negative control 0 0
aPDT 500 1

1.43 + 0.67
92.41 + 3.84%
92.93 + 3.61°
92.97 + 3.87%
99.82 + 0.29%
99.95 + 0.07%
99.54 + 0.64"
99.75 + 0.20%
99.92 + 0.09?
99.83 + 0.25%
99.74 + 0.23%
99.63 + 0.30%
99.86 + 0.14%
P value <0.01

(=}

750 1

= Ul R === U= =0 =0
(=] (=]

o

TBO, toluidine blue O; aPDT, antimicrobial photodynamic therapy; LED, light-emitting diode; a, P < 0.05 vs. negative control.

Table 3
Multivariate factorial design.
df Mean Square F value P value

Power 1 334.54 92.21 <0.01
Incubation time 2 0.30 0.08 0.92
Ilumination time 1 322.13 88.79 <0.01
Power x incubation time 2 0.23 0.06 0.94
Power x illumination time 1 339.35 93.54 <0.01
incubation time x illumination time 2 0.42 0.12 0.89
Power x incubation time x illumination time 2 0.52 0.14 0.87

df, degrees of freedom.

colony counting of biofilms. It does not require collection and re-suspension of biofilm, and can distinguish between live and dead
fungi. Image J software is used to count the collected images and calculate the proportion of inactivated fungi [24-26]. Therefore,
SYTO9/PI combined with CLSM technology was selected for quantitative analysis of the inactivation effect of biofilm.

Antibacterial photodynamic therapy based on PAD™ Plus was used in this study. The antimicrobial efficacy of aPDT results from
the interaction of the photosensitizer, the light source, and oxygen. In this study, we used a photosensitizer of 1 mg/mL TBO, which is a
ready-to-use medical grade solution supplied with the PAD™ Plus device. After being excited by 635 nm LED red light, TBO gets
converted into a photoexcited form, producing singlet oxygen that interacts with a large number of molecules in the cells to generate
oxidized products [27,28], Owing to the small molecule, positive charges, good water solubility, and strong hydrophilicity, TBO has a
high affinity to the microbial cell membrane [11]. In addition, TBO exhibits significantly different affinities between Candida and host
cells, showing a high selectivity for killing microorganisms [11]. Studies have shown that TBO-mediated aPDT suppresses biofilm
growth by inactivating the yeast cells, reducing the number of hyphae, and inhibiting Candida adhesion [10,13]. The concentration of
TBO affects the maximum absorption and emission wavelength, and thus plays a critical role in the inactivation effect. The relatively
high concentration of photosensitizer contributes to strong antimicrobial activity. However, a high photosensitizer concentration may
cause intermolecular aggregation of photosensitizer due to electrostatic and hydrophobic effects and inhibit the propagation of light
[29], thereby reducing the antimicrobial efficacy.

The antimicrobial efficacy of aPDT is associated with multiple factors, including photosensitizer incubation time, illumination
time, and output power [13]. The photosensitizer incubation time affects its penetration depth into the biofilm. Gu et al. have reported
that aPDT with 1-min incubation with 1 mg/mL TBO and 1-min exposure to 750 mW LED red light has a good inactivation effect on
C. albicans on the dorsal tongue of mice [15]. In our preliminary study, we did not observe a significant difference in the inactivation
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effects between 1 and 2-min TBO incubations. Therefore, we assessed the inactivation effects of 1, 5, and 10-min TBO incubations.
Fumes et al. have suggested that a short pre-irradiation time promotes the photosensitive reaction of photosensitizer [30], and the
output power affects the excitation state of photosensitizers [31]. Therefore, we examined the inactivation effects of 1 or 2-min
illumination as well as 500 or 750-mW output power according to the radiation duration mode of our device. We found that with
the minimum illumination time and output power, 1-min TBO incubation inactivated more than 90% of the fungi in the biofilms.
Extending the incubation time did not significantly change the inactivation effect regardless of the illumination time or output power.
Furthermore, when the output power reached 750 mW or illumination time reached 2 min, aPDT treatment inactivated nearly 100% of
the fungi in the biofilms with the other two variables set at the minimum levels. The multivariate factorial analysis further showed that
the output power and illumination time, individually or in combination, significantly correlated with the inactivation effect. This
finding may provide important guidance for clinical practices in the treatment of mixed oral biofilms.

In this study, we established a mixed biofilm system grown in a static environmental condition in vitro. There may be competition
between the two fungi [32,33], which may be the reason why CLSM was unable to obtain biofilm thickness. A thicker, continuous flow
biofilm model is required to solve this problem and verify our findings [34], which we will examine in future studies. In addition, more
complex biofilms may be generated by different fungi and bacteria in clinical practice, and the effect of PAD™ Plus combined with 1
mg/mL TBO on the mixed complex biofilms needs to be further studied. Referring to Pinto, Shi et al. [13,35], the standard strains of
Candida albicans Candida tropicalis were used in this study. Previous studies have demonstrated that PAD™ Plus-based aPDT is effective
on a single Candida biofilm [15], so clinical strains and a single biofilm were not evaluated in this study. Additional studies on clinical
strains and single biofilms are needed to improve the validity of the conclusions, and further studies will be carried out in the follow-up
work.

In summary, we established a mature mixed biofilm model of C. albicans and C. tropicalis in vitro. We found that a 1-min incubation
with 1 mg/mL TBO followed by 1-min 750 mW LED illumination or 2-min 500 mW LED illumination inactivated more than 99% of the
fungi in the mature mixed biofilms based on PAD™ Plus. This study provides a promising therapeutic strategy for rapidly and effi-
ciently combating the mixed infections of C. albicans and C. tropicalis.
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