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Brazilb; Harvard Medical School, Division of Infectious Diseases, Massachusetts General Hospital, Boston, Massachusetts, USAc; Department of Pathology, School of
Medicine, and Center for Molecular Discovery, University of New Mexico Health Sciences Center, Albuquerque, New Mexico, USAd; Wellman Center for Photomedicine,
Massachusetts General Hospital, Boston, Massachusetts, USAe; Department of Dermatology, Harvard Medical School, Boston, Massachusetts, USAf; Harvard—MIT Division
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The objective of this study was to evaluate whether Candida albicans exhibits altered pathogenicity characteristics following
sublethal antimicrobial photodynamic inactivation (APDI) and if such alterations are maintained in the daughter cells. C. albi-
cans was exposed to sublethal APDI by using methylene blue (MB) as a photosensitizer (0.05 mM) combined with a GaAlAs di-
ode laser (� 660 nm, 75 mW/cm2, 9 to 27 J/cm2). In vitro, we evaluated APDI effects on C. albicans growth, germ tube formation,
sensitivity to oxidative and osmotic stress, cell wall integrity, and fluconazole susceptibility. In vivo, we evaluated C. albicans
pathogenicity with a mouse model of systemic infection. Animal survival was evaluated daily. Sublethal MB-mediated APDI re-
duced the growth rate and the ability of C. albicans to form germ tubes compared to untreated cells (P < 0.05). Survival of mice
systemically infected with C. albicans pretreated with APDI was significantly increased compared to mice infected with un-
treated yeast (P < 0.05). APDI increased C. albicans sensitivity to sodium dodecyl sulfate, caffeine, and hydrogen peroxide. The
MIC for fluconazole for C. albicans was also reduced following sublethal MB-mediated APDI. However, none of those patho-
genic parameters was altered in daughter cells of C. albicans submitted to APDI. These data suggest that APDI may inhibit viru-
lence factors and reduce in vivo pathogenicity of C. albicans. The absence of alterations in daughter cells indicates that APDI
effects are transitory. The MIC reduction for fluconazole following APDI suggests that this antifungal could be combined with
APDI to treat C. albicans infections.

Management of infections caused by clinically relevant fungal
pathogens is a challenge due to the incidence of resistance

that can develop during therapy, especially in immunocompro-
mised individuals (1). The increasing need for prolonged use of
antifungal drugs, longer than usually recommended for antibiot-
ics, is accompanied by a corresponding increased incidence of side
effects. Furthermore, the limited number of available antifungal
compounds and the need to determine the susceptibility profile of
the organism also complicate the treatment of these infections (2).

The fungal species Candida albicans is part of the commensal
flora of the human gastrointestinal and genitourinary tracts and
can cause superficial infections of the mucosa and skin (3, 4). The
infection depends on imbalances between increased C. albicans
virulence attributes and impaired host defense systems. In immu-
nocompromised individuals, however, C. albicans may invade
deeper tissues, penetrate the blood vessels, and cause life-threat-
ening systemic infections (3, 5).

Photodynamic therapy (PDT) is a light-based treatment plat-
form that is under development for several applications in oncol-
ogy, dermatology, and ophthalmology, and it has recently been
investigated as an antimicrobial therapy. The combination of
nontoxic dyes referred to as photosensitizers (PS) and harmless
low-intensity visible light generates reactive oxygen species (ROS)
that are toxic to microorganisms. The potent and broad-spectrum
antimicrobial effect has highlighted this therapy as a promising
alternative treatment for localized infections. The photodynamic
effect depends on the type and concentration of PS employed,
combined with the irradiation parameters that activate the dye.
Many reports in the literature have confirmed efficient antimicro-

bial photodynamic inactivation (APDI) of various yeast and bac-
terial species following the proper light and PS dosimetries deliv-
ered to the cells.

The production of ROS in APDI has been implicated in two
important aspects of microbial physiology: (i) changes in the ex-
pression of virulence determinants of yeasts (6, 7) and (ii) the
impact of APDI on the overall survival of microorganisms. More-
over, some types of PS are able to penetrate the microbial cell and
bind to cytoplasmic components and nuclear material. Methylene
blue (MB), a widely studied PS (8), has an affinity to guanine bases
of DNA (9). Consequently, generation of ROS activity near DNA
may occur and it can induce mutations in a random form, since
ROS can interact with nucleic acid bases.

In the present study, we evaluated whether C. albicans cells
exposed under sublethal conditions of APDI exhibited altered
pathogenicity characteristics. Different methods of analysis were
employed to evaluate yeast cells following APDI and their further
daughter cells. We report the effects of MB-mediated APDI on the
ability of C. albicans to grow, to form germ tubes (GTs), and to
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cause a systemic infection, and also on its susceptibility to flucona-
zole and sensitivity to stress agents.

MATERIALS AND METHODS
Strain and inoculum preparation. Candida albicans ATCC 90028 cells
(10) were subcultured from vial stocks onto Sabouraud dextrose agar
under aerobic conditions at 37°C. Yeast inocula were prepared from 24-h
cultures, and the turbidity of cell suspensions was measured in a spectro-
photometer at 540 nm in order to obtain suspensions with an optical
density of 0.16 (1 � 106 to 2 � 106 CFU/ml) and 0.8 (1 � 107 CFU/ml).

PS and irradiation source. A stock solution of 5 mM MB (Sigma-
Aldrich) was prepared in distilled water. The PS solution was filtered by
employing a sterile 0.22-�m membrane and stored in the dark before use.
The PS was added to the yeast suspension to give a final working concen-
tration of 50 �M. The concentration of MB was chosen from a prelimi-
nary study based on the criterion of effective photodynamic inactivation
without dark toxicity (data not shown).

A GaAlAs diode laser (Photon Lase III; DMC, São Carlos, Brazil) with
a wavelength of 660 nm and output power of 30 mW was used in this
study. The laser probe was fixed on a holder that kept the beam area at 0.4
cm2, which coincided to a single well size from the 96-well microtiter
plate.

APDI studies. Parameters of irradiation that caused no reduction of
viable cells were used to investigate the effects of sublethal APDI on
growth curve, germ tube formation, in vivo pathogenicity, sensitivity to
stress compounds, and fluconazole susceptibility. C. albicans cultures ex-
posed to APDI and their further daughter cells were evaluated. Before all
tests, daughter cells were generated by culturing yeast cells following APDI
for 24 h. For all tests, we used a control group composed of cells incubated
with MB but without irradiation.

C. albicans cells (optical density at 540 nm [OD540], 0.8) were incu-
bated with 50 �M MB in phosphate-buffered saline (PBS) for 10 min at
room temperature and in the dark. Aliquots were placed in wells of a
96-well microtiter plate and then irradiated with a fluence rate of 75 mW/
cm2 over an area of 0.4 cm2, for time exposures of 2 to 6 min delivering
fluences of 9 J/cm2 to 27 J/cm2, respectively (11). Yeast suspensions were
serially diluted in PBS to give dilutions of 10�1 to 10�5 times the original
concentration. Ten-microliter aliquots of each dilution were streaked
onto Sabouraud agar plates in triplicate and incubated at 37°C overnight
(12). The yeast colonies were counted and converted into CFU ml�1 for
analysis. Two types of control conditions were used: without PS and irra-
diation, and with PS in the dark.

Growth curves. For determination of growth curves, Sabouraud dex-
trose broth was inoculated with C. albicans cells at an OD600 of 0.01. The
suspensions were placed in 96-well microtiter plates and incubated at
37°C. Growth was monitored in a spectrophotometer (Spectramax M4;
Molecular Devices) at 600 nm with 30-min intervals (13). C. albicans
cultures exposed under the three conditions of sublethal APDI were eval-
uated. In all groups, cells were incubated with 50 �M MB. Two indepen-
dent experiments were performed in triplicate.

Germ tube formation. We analyzed germ tube formation in order to
verify whether sublethal APDI induced alterations in this virulence deter-
minant that is important for C. albicans pathogenesis. Yeast cells were
incubated with 10% fetal bovine serum at a concentration of approxi-
mately 106 cells ml�1 for 3 h at 37°C (14). After this period, cells were fixed
in 1% formaldehyde, and then 5 �l of the yeast suspension was placed on
a microscope slide and covered with a coverslip. The number of GTs was
determined by examining 100 yeast cells under a light microscope, and
percent GT formation was also determined. Seven samples of each group
were analyzed.

In vivo pathogenicity assay. The experimental procedures were ap-
proved by the Institutional Ethic Committee on Research Animal Care
(IPEN-CNEN/SP). A mouse model of hematogenously disseminated can-
didiasis was used to investigate pathogenesis alterations caused by APDI
(15, 16). Female BALB/c mice (9 to 11 weeks of age; body mass of about 21

g) were used in the study. All the animals were housed four per cage,
maintained on a 12-h light and 12-h dark cycle, and had access to food and
water ad libitum. Mice were infected via the lateral caudal vein with 0.1 ml
of a C. albicans suspension containing 1 � 106 cells (17). Animal survival
was evaluated daily (18).

Stress sensitivity test. We decided to examine the sensitivity of C.
albicans to different stress-inducing agents in order to determine the al-
terations induced by APDI that could alter in vivo pathogenicity. Sodium
dodecyl sulfate (SDS), caffeine, hydrogen peroxide (H2O2), menadione,
and NaCl sensitivity assays were carried out to evaluate cell wall integrity
and responses to oxidative and osmotic stress following APDI. Aliquots of
5 �l of a 10-fold serial dilution of 103 to 101 cells were plated on yeast
extract-peptone-dextrose (YPD) medium supplemented with the indi-
cated stress compounds. Plates were incubated at 30°C and 37°C until
colonies appeared.

Fluconazole susceptibility. We tested whether sublethal APDI could
affect fluconazole susceptibility by comparing the MICs of fluconazole for
our C. albicans groups. This antifungal drug was chosen since it represents
one of the most commonly used azoles for treatment of candidiasis (19).
The MIC to the antifungal fluconazole was determined by the broth mi-
crodilution method according to the standards established by the Euro-
pean Committee on Antimicrobial Susceptibility Testing (EUCAST) (20).
Briefly, C. albicans samples cultured at 35°C for 24 h were suspended in
sterile distilled water. A working inoculum with a final concentration of
1 � 105 to 2 � 105 CFU/ml was used. The assay medium used was RPMI
1640 medium (without sodium bicarbonate and with L-glutamine) sup-
plemented with 2% glucose, buffered to pH 7.0 with 0.165 M 3-(N-mor-
pholino)-propanesulfonic acid (MOPS). A stock solution of fluconazole
(Sigma-Aldrich, São Paulo, Brazil) was prepared, and we considered the
potency of the drug to be 98%. The range of concentrations tested was
0.125 to 64 �g/ml. MIC values were determined in a spectrophotometer
(SpectraMax M4; Molecular Devices) at 530 nm, after 24 h of incubation.
We determined the lowest drug concentration of each group (n � 7) that
promoted an inhibition of growth of �50% compared to the drug-free
control (n � 7). Two independent experiments were conducted. In all
groups, yeast stock inocula were incubated with 50 �M MB before prep-
aration of working suspensions.

Statistics. The areas under the growth curves were obtained and nor-
malized based on the mean area for the control group. Germ tube forma-
tion results are presented as the percent GT formation. Data were ana-
lyzed to verify the assumption of normality (Shapiro-Wilk test) and the
equality of group variances (Levene test). Comparisons between groups
were made by an analysis of variance followed by Tukey’s post hoc test. The
survival data were analyzed by the nonparametric log rank test. For all
tests, the overall significance level was set at 5%.

RESULTS
Parameters for sublethal APDI. In order to determine sublethal
irradiation parameters for MB-mediated APDI, three different
fluences were evaluated. A 50 �M concentration of MB did not
show any toxicity for yeast cells after incubation for 10 min in the
dark. Mean values of the CFU/ml (� standard deviations) of C.
albicans cells treated only with MB (6.9 � 0.09 logs) did not pres-
ent a significant difference (P � 0.05) from the cells that were not
exposed to MB or light (6.9 � 0.3 logs). After irradiation with 9,
18, or 27 J/cm2 of 660-nm laser light in the presence of MB, no
reduction of viable cells was observed (7 � 0.2, 7 � 0.2, 6.9 � 0.2,
respectively).

Sublethal APDI delays C. albicans growth. Similar growth
curves (Fig. 1A) were obtained for control (C. albicans cells treated
with MB) and MB-mediated APDI with 9 J/cm2 of irradiation. C.
albicans exposed to 18 and 27 J/cm2 of APDI remained in the lag
phase longer, and this alteration was time dependent. Daughter
cells presented a shorter lag phase, whereas exponential growth
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was similar to the control. Furthermore, the areas under the
growth curves were obtained to quantify the growth of C. albicans
(Fig. 1B). Control cells, cells treated with MB-mediated APDI
with 9 J/cm2 of irradiation, and daughter cells presented similar
results. A significant reduction was observed in cells exposed to
18 and 27 J/cm2 of APDI, and the change was in a fluence-
dependent manner.

Inhibition of germ tube formation following sublethal APDI
does not persist in daughter cells. The ability of C. albicans to
form germ tubes significantly decreased after exposition to sub-
lethal APDI, and the reduction was higher with longer irradiation
times (P � 0.05). Cells treated with APDI (9, 18, or 27 J/cm2) also
formed fewer germ tubes than daughter cells of C. albicans cells
submitted to APDI (P � 0.05). On the other hand, control and
daughter cells showed similar GT formation (P � 0.05) (Fig. 2).

Pathogenicity of C. albicans in a systemic infection model is
affected only following APDI. The infection with C. albicans pre-
treated with APDI was less aggressive than infection with the same
dose of untreated yeast cells. The first animal from the APDI
group died 3 days after inoculation, while 26% of the mice from
the control group were deceased by this period (Fig. 3). Further-
more, the overall survival percentage was significantly increased in
the APDI group compared to control mice (24-day survival, 59%
versus 27%, APDI versus controls, respectively; P � 0.016). On
the other hand, mice infected with daughter cells of C. albicans
submitted to APDI showed a similar survival curve as animals
infected with untreated yeast. No difference was observed between
the two groups (24-day survival, 29% versus 27%, daughter cells
of the APDI-treated group versus untreated cells, respectively; P �

0.88), whereas the survival percentage of animals from the APDI
group was significantly higher than from the daughter group (24-
day survival, 59% versus 29%, APDI versus daughter, respectively;
P � 0.009).

APDI increased C. albicans sensitivity to SDS and hydrogen
peroxide. Incubation with MB alone (control cells) did not influ-
ence growth under any of the stress conditions tested (Fig. 4); only
when the PS was activated with light did the cells exhibit increased
sensitivity to the stress conditions examined in our assays. Nota-
bly, photodynamic damage resulted in impaired resistance to the
oxidative stress-inducing agent hydrogen peroxide, but not to the
superoxide generator menadione. Following APDI, cells displayed
increased sensitivity to the cell wall stressor SDS; however, only a
marginal effect could be observed in response to caffeine (APDI
with 27 J/cm2). On the other hand, APDI did not impair the
growth of C. albicans in the presence of the osmotic stressor NaCl.
Under stress conditions that altered the C. albicans phenotype,
growth inhibition was more pronounced in cells irradiated with
27 J/cm2 than with 9 J/cm2.

Fluconazole susceptibility is altered by APDI. Although flu-
conazole activity against untreated yeast was slightly higher than
against daughter cells of C. albicans submitted to APDI (Fig. 5), a
similar MIC value was observed for both samples (MIC, 1 �g/ml).
Confirming our hypothesis, fluconazole was more active against
C. albicans following sublethal MB-mediated APDI. Within the
range of 0.125 to 64 �g/ml fluconazole, inhibition of growth of
these cells was higher, resulting in a reduction of the MIC to 0.5
�g/ml.

FIG 1 Effects of sublethal APDI on growth of C. albicans. (A) Growth curves; (B) normalized areas under the curves. Data represent mean values, and bars are
standard deviations. Symbols represent statistically significant differences compared to the other groups (P � 0.05).

FIG 2 Effect of antimicrobial photodynamic inactivation on GT formation.
Each column represents the mean percentage of cells exhibiting germ tubes in
the indicated group, and error bars show standard deviations. *, statistically
significant difference compared to the other groups (P � 0.05).

FIG 3 Kaplan-Meier survival curves for mice systemically infected with C.
albicans. The graph shows results for control cells treated only with MB (n �
22), C. albicans cells exposed to sublethal MB-mediated APDI (27 J/cm2) (n �
22), and daughter cells submitted to sublethal APDI and cultured before in-
jection (n � 28).
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DISCUSSION

The increasing incidence of localized and invasive fungal infec-
tions in addition to the rise of drug-resistant strains have led to the
investigation of new antifungal approaches by several research
groups (2, 21). Photodynamic therapy emerged as a promising
modality due to the antimicrobial effectiveness against a broad
range of microorganisms (8). Recently, studies have focused the
investigation of APDI effects on key elements of the microbial
phenotype. These aspects of APDI have been only sporadically
explored; there are scattered reports that the production of ROS
from APDI can change the virulence profiles of bacteria (22, 23)
and fungi (6, 7). However, the consequences of APDI to further
generations of the treated pathogens remain under investigation.

Besides the known fungicidal activity of APDI (7, 11, 24), we
observed that sublethal photodynamic action had a temporarily

FIG 5 Fluconazole susceptibility curves of C. albicans exposed to sublethal
APDI. Cells from the APDI group were irradiated with 27 J/cm2. Where the x
axis intersects with the y axis (at 0.5) indicates inhibition of growth of 50%.

FIG 4 APDI affects the resistance of C. albicans to SDS and hydrogen peroxide. Untreated C. albicans cells were grown on YPD without any additional
compound. Plates were incubated at 30°C and 37°C for 32 h.
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fungistatic effect on C. albicans, and the extent of this activity was
dependent on the amount of energy delivered to the cell-PS sys-
tem, even under conditions bellow the photoinactivation thresh-
old. The increase in lag phase observed immediately after APDI
suggested that cell growth was arrested. Since exponential growth
was similar to that in untreated cells, it is reasonable to assume that
following APDI cells initiate a rescue response, which promotes
repair and allows further cell cycle progression. These cell re-
sponses to photodynamic effects have been described in human
cells subjected to PDT (25). Furthermore, decreases in cellular
growth rates of C. albicans have also been reported after oxidative
stress promoted by hydrogen peroxide (26) and by other oxidant
agents (27).

Similar to oxidant agents, APDI can promote a temporary cell
growth arrest in different phases of the cell cycle (25, 28, 29). This
inhibition of proliferation can be caused by different mechanisms:
the slowdown of cellular metabolism caused by a reduction of
nutrient uptake, or the impaired bioenergetic function of mito-
chondria, via a direct signal generated in mitochondria related to
growth inhibition. Cellular metabolism can be reduced after
APDI due to decreased transport of carbohydrates, amino ac-
ids, or phosphate through membrane-bound carrier proteins
(30). Photodynamic action can also disturb carbon metabolism
and ATP production by knocking out intracellular enzymes
(e.g., alcohol dehydrogenase, glyceraldehyde-3-phosphate de-
hydrogenase, hexokinase, and cytochrome c oxidase) (31). In
addition, photodynamic damage of mitochondria can increase the
expression of p21, an inhibitor of cyclin-dependent kinases, lead-
ing to growth inhibition (29). The temporary cell growth arrest
caused by oxidant exposure, with little or no cell death, is de-
scribed as a defense mechanism against oxidant insult, as it en-
ables the cell to induce antioxidant defense and repair systems to
minimize the injury and to remove or replace whatever damaged
cellular components are present before cycle progression (27).
Nevertheless, further studies are necessary to elucidate which of
these mechanisms are involved in MB-mediated APDI for C. al-
bicans. The core of this effort will employ the generation and com-
binatorial analysis of physiological, biochemical, phenotypic, and
gene expression data in yeast cells subjected to PDI, along the lines
of similar studies that have emphasize other stressors and oxida-
tive stress (32, 33).

C. albicans is a microorganism that has the ability to switch
between distinct forms in response to external stimuli (34). This
ability has been considered a virulence mechanism of this fungus,
i.e., a trait of C. albicans that is needed to subvert host defenses and
cause disease (35). Among morphogenetic forms of C. albicans,
the germ tube is the initial elongating structure formed during the
yeast-hypha transition. The development of germ tubes was re-
ported to be inhibited as a response to stress, including oxidative
stress, caused by exposure of C. albicans to immune system cells
(36). An oxidative-tolerant mutant developed by exposure of C.
albicans to an oxidant agent also caused reduction of germ tube
and pseudohypha formation, less extracellular phospholipase
production, and less pathogenicity in mice, as an adaptive re-
sponse to oxidative stress (37). The inhibition of germ tube
formation observed in our study suggests that sublethal MB-
mediated APDI produces injuries that arrest cells in the yeast
form. All tested sublethal conditions of APDI inhibited GT
formation, indicating that this cell function is sensitive to MB-
mediated APDI, in contrast with cell growth. Besides the flu-

ence-dependent effects observed in our study, it has been re-
ported that the decrease of GT formation can also be correlated
to MB concentration after APDI (6).

Since cell growth and germ tube formation are characteristics
related to the pathogenicity of C. albicans, we proposed to evaluate
whether alterations observed in vitro could affect the ability of this
fungus to cause a systemic infection. Notably, mice infected with
C. albicans that had been preexposed to APDI developed a less
aggressive infection, with increased mouse survival. This finding
correlated with the inhibition of cell growth and germ tube for-
mation caused by APDI. It has been reported that hypha develop-
ment and hypha-associated factors can assist C. albicans in resist-
ing the host immune defense factors, such as macrophages (38,
39) and neutrophils (36), and allow fungal cells to escape from the
bloodstream (40) and to invade tissues (41). Furthermore, the
germ tube is the dominant growth form of C. albicans in plasma
(36). Therefore, it is plausible to assume that sublethal APDI af-
fected the C. albicans capability to grow and to escape from the
bloodstream and favored host defenses, rendering the fungus
more susceptible to killing by immune cells. Another important
aspect is that once C. albicans is arrested in the yeast form, the
phagocytosis by immune system cells is facilitated (42). Besides
the reduced ability to survive in a hostile environment such as the
bloodstream, APDI can also inhibit C. albicans adhesion (7),
which will also interfere with the establishment of infection.

The increased sensitivities to SDS and hydrogen peroxide in-
dicate that APDI affects cell wall structure and lowers resistance to
additional oxidative stress. The slight susceptibility differences
found with caffeine and the lack of response with sodium chloride
suggest that APDI promotes mild to moderate weakening of the
cell wall. These detected alterations promoted by APDI could also
be responsible for the reduced ability of C. albicans to infect and
the lowered resistance to immune cells. The cell wall is a vital
structure during interaction with the host, and it is involved in
several functions, including protection, growth, and adherence
(43). Furthermore, one of the strategies used by phagocytes to kill
a pathogen is mediated by generation of ROS (44). Among of
them, H2O2 contributes to antimicrobial activity by damaging
lipids, DNA, and proteins of microbial cells (44). Besides that, the
plasma membrane is another site of cellular damage that has been
demonstrated in yeast following APDI (45). Since H2O2 does not
diffuse freely across cell membranes (27), an increase of mem-
brane permeability after MB-mediated APDI could also be re-
sponsible for the increased sensitivity to this agent.

In the present study, we also subjected C. albicans to an anti-
fungal susceptibility test, in order to verify whether sublethal
APDI could alter fluconazole activity against this yeast. Indeed we
observed that fluconazole was more potent against C. albicans
following MB-mediated APDI, as it promoted higher inhibition of
growth and a reduction of the MIC. Another research group in-
vestigated the effects of APDI in C. albicans previously incubated
with antifungal drugs (46). Contrary to our results, APDI was
reported not to be augmented by fluconazole, whereas pretreat-
ment of C. albicans with miconazole improved fungistasis and
killing by APDI. Several methodological differences, such as
strain, PS, and time of drug incubation, may be responsible for
these distinct results. Besides, the treatment sequence could also
have a big effect, as with any combination therapy. The PS MB can
bind to several subcellular localizations (47), causing injury to
different cellular structures. Changes in membrane permeability
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(45), cell wall damage, and lower resistance to additional oxidative
stress by oxidizing agents observed following MB-mediated APDI
could be responsible for the increased fluconazole activity ob-
served in our study. Furthermore, APDI can induce oxidation of
ergosterol and accumulation of oxidized ergosterol derivatives in
the plasma membrane, which implies changes occur in the phys-
ical properties of the plasma membrane and could adversely affect
membrane transport (48). Nevertheless, more studies are needed
to clarify the role of the APDI-antifungal agent interaction.

Combination therapies are increasingly being studied in the
area of infectious disease, and several compounds that improve
the activity of conventional antimicrobial agents have been iden-
tified (49, 50). A successful synergistic effect was demonstrated
with the combination of fluconazole together with compounds
that perturbed membrane and/or cell wall permeability (49).
Therefore, our results highlight the possibility of improving activ-
ity against C. albicans by combining APDI with conventional an-
tifungal drugs. In addition to enhanced antimicrobial activity and
the possibility of reduced drug doses, the decreased incidence of
adverse effects and avoidance of selection of resistant strains could
also be achieved. A more comprehensive approach is needed to
confirm these hypotheses.

Because ROS are one of the major causes of DNA damage and
mutations, fungal cells have evolved several repair mechanisms to
counteract oxidative DNA damage (39). In addition, studies have
failed to demonstrate that microorganisms exposed to APDI show
characteristics of genotoxicity induced by APDI (51–53). Our
evaluation of daughter cells of C. albicans subjected to APDI cor-
related with these studies. None of the alterations in the growth
curve, germ tube formation, or the ability to cause a disseminated
infection observed following APDI was preserved in daughter
cells. Fluconazole activity against daughter cells was also similar to
that in untreated cells, and the same MIC was observed for both
groups.

In summary, our data showed that sublethal MB-mediated
APDI inhibited pathogenicity-related characteristics, impaired
resistance to the oxidative stress-inducing agent hydrogen perox-
ide, and damaged cell wall integrity. As a consequence, APDI re-
duced the ability of C. albicans to cause a systemic infection. On
the other hand, the absence of alterations in daughter cells indi-
cated that these effects are transitory. The reduction of the flu-
conazole MIC following APDI suggested that combination thera-
pies could be a useful approach to treat C. albicans infections.
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