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The objective of this study was to investigate a new potential photosensitizer (PS) in the photodynamic inactivation (PDI) of
microorganisms in vitro (11 reference strains and 13 clinical isolates, representing common Gram-positive and Gram-negative
human pathogens), with special emphasis on Candida albicans. We studied the light-induced cytotoxicity of the imidazoacridi-
none derivative C1330 toward fungal cells grown in planktonic form. We examined the influence of various parameters (time of
incubation, PDI quencher effect, and C1330 accumulation in C. albicans cells) on the efficacy of light-dependent cytotoxicity.
Additionally, we checked for the potential cyto- and phototoxic activity of C1330 against human dermal keratinocytes. In our
research, we used a broadband incoherent blue light source (380 to 470 nm) with an output power of 100 mW/cm2. In vitro stud-
ies showed that the C1330 action against C. albicans was a light-dependent process. C1330 was an efficient photosensitizer in the
photodynamic inactivation of C. albicans, which reduced the growth of planktonic cells by 6.1 log10 units. Efficient accumula-
tion of PS in the nucleus and vacuoles was observed after 30 min of incubation, which correlated with the highest photokilling
efficacy. Significant changes in intracellular structure were observed upon illumination of C1330-incubated C. albicans cells. In
the case of the human HaCaT cell line, approximately 40% of cells survived the treatment, which indicates the potential benefit
of further study of the application of C1330 in photoantimicrobial chemotherapy. These data suggest that PDI may be a viable
approach for the treatment of localized C. albicans infections.

Imidazoacridinones (IAs) (Table 1) are chemical compounds
synthesized by J. Konopa and coworkers at the Technical Uni-

versity of Gdansk, Poland (1). Originally, the compounds were
developed as broad-spectrum antitumor agents, expressing cyto-
toxicity against cancers of the colon, lung, and ovaries as well as
gastric cancers, melanoma, and leukemia (2). Several compounds
within this group are cytotoxic against fast-dividing cells; a much
less cytotoxic effect was reported with respect to slowly dividing or
confluent cells. Imidazoacridinones were shown to accumulate
efficiently in the eukaryotic cell nucleus and to inhibit DNA syn-
thesis (3). These compounds were shown to trap topoisomerase II
cleavage complexes (4). Several biophysical characteristics of imi-
dazoacridinones were described (5). It was also reported that in an
in vitro transformation assay, which showed correlation with car-
cinogenicity in vivo, these compounds were devoid of any trans-
forming activity (3). The most potent antineoplastic agent among
imidazoacridinones, C1311, was in phase II clinical trials for the
treatment of women with metastatic breast cancer. Imidazoacridi-
nones manifest strong fluorescence (maximum emission at 500 to
540 nm) when excited with 420 to 440 nm of light. This particular
characteristic prompted us to test a group of the imidazoacridi-
none derivatives as photosensitizers (PSs) using a photodynamic
method.

The photodynamic method is based on the concept that highly
metabolically active cells (e.g., tumor cells or microbial cells) ac-
cumulate a photosensitizer, a small molecular compound which is
excited upon exposure to a specific wavelength of light. In the
oxygen-rich environment, either a surplus of energy or an electron
is passed to an oxygen atom, giving rise to a highly reactive singlet
oxygen as well as other reactive oxygen species (ROS). This action
causes a cytotoxic effect on living cells (6). The most widely stud-
ied application of the photodynamic method is the killing of tu-

mor cells (photodynamic therapy [PDT]), whereas in recent
years, antimicrobial photodynamic inactivation (PDI) has be-
come more popular as a method for effectively limiting the growth
of microorganisms (7). Photodynamic inactivation of various mi-
croorganisms using different photosensitizers and different light
sources has been described in the literature (8–11). Photodynamic
inactivation has been further studied to demonstrate its effective-
ness for the eradication of both Gram-negative and Gram-positive
antibiotic-resistant bacteria. So far, induction of resistance to this
form of treatment, which is very important from a clinical point of
view, has not been demonstrated.

The majority of the human population are hosts for the harm-
less commensal yeast Candida albicans. It commonly colonizes the
epithelial surfaces of the body as well as the oropharyngeal cavity
and the vaginal tract, primary sites of mucosal colonization.
Chronic exposure to excessive moisture is a predisposing factor
for cutaneous candidiasis, and keratinized surfaces are also sus-
ceptible to infection. Additionally, in some cases, e.g., patients
with immunodeficiency (AIDS and chemotherapy, etc.) or imbal-
ance of the normal microbial flora, C. albicans can cause life-
threatening systemic infections (12, 13). The rate of mortality
caused by systemic fungal infections is approximately 40%, higher
than that observed for any bacterial sepsis (14, 15). The fungus C.
albicans grows as a biofilm on epithelial surfaces (16) and pros-

Received 11 March 2013 Accepted 2 April 2013

Published ahead of print 5 April 2013

Address correspondence to Joanna Nakonieczna, strzala@biotech.ug.gda.pl.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.00748-13

3692 aem.asm.org Applied and Environmental Microbiology p. 3692–3702 June 2013 Volume 79 Number 12

http://dx.doi.org/10.1128/AEM.00748-13
http://aem.asm.org


thetic devices, contributing to the failure of antifungal therapy and
recurrent infection. Candida albicans, together with Staphylococcus
aureus and Pseudomonas aeruginosa, is known to be involved in burn
wound infections. The therapeutic options for treatment of such in-
fections are limited, due mainly to increasing drug resistance.

Here, we present the results of experiments showing that a
representative of the imidazoacridinones, namely, C1330, is a very
active anti-C. albicans agent, and its mechanism of action involves
a light-dependent pathway. Moreover, we present the microbici-
dal potential of the compound against other human pathogens,
mainly S. aureus and P. aeruginosa.

MATERIALS AND METHODS
Microorganism strains. Reference strains included Enterococcus faecium
ATCC 27270, Acinetobacter baumannii ATCC 17978, Staphylococcus au-
reus Newman, Pseudomonas aeruginosa ATCC 10145, Streptococcus aga-
lactiae ATCC 27956, Candida glabrata ATCC 2001, Candida albicans
ATCC 2091, Klebsiella pneumoniae ATCC 2733, Escherichia coli ATCC
25922, Salmonella enterica serotype Anatum ATCC 9270, and C. albicans
B311 (strain was provided by Kevin Francis, Calpier LifeSciences). Staph-
ylococcus aureus clinical strains 472, 56/A5, 6347, 1397, and 2002 were
isolated from infected wounds from patients of the Provincial Hospital in
Gdansk, Poland. The isolates were characterized by Gram staining and
their ability to produce coagulase and clumping factor by using Slidex
Staph Plus (bioMérieux). Additionally, the species were identified by us-
ing the ID 32 Staph biochemical identification system (bioMérieux), Pseu-
domonas aeruginosa clinical strains K3 (blood isolate), AI, and AW (urine
isolates) were obtained from Public Clinical Hospital Number 1 in
Zabrze, Poland. The isolates were characterized by using a Vitek 2 identi-
fication system (bioMérieux). Candida albicans strains 2, 9, 151, 166, and
257 were isolated from nail infections from patients of the Department of
Dermatology, Venereology and Allergology, Medical University of
Gdansk. The yeasts were identified by microscopic examination, colony

morphology on CHROMagar Candida (Becton, Dickinson), and the API
ID 32C identification kit for yeasts (bioMérieux).

Photosensitizer and light source. Imidazoacridinone (IA) derivatives
(Table 1), obtained from A. Składanowski of Gdansk University of Tech-
nology, Poland, were dissolved in sterile dimethyl sulfoxide (DMSO) (Sig-
ma-Aldrich) to obtain 10 mM and 1 mM stock solutions, which were kept
at �20°C until use.

The light source used was the Q.Light 70 NT phototherapy system
(Q.Products AG, Switzerland), with an output power of 100 mW, a flu-
ence of 0.127 J/cm2 (energy of 50 J in a time of 396 s), and a filter which
emits incoherent blue light (385 to 480 nm).

Photodynamic inactivation of planktonic culture. Microorganisms
were grown overnight in brain heart infusion (BHI) broth (bioMérieux)
at 37°C with shaking (200 rpm), and a standardized suspension in BHI
broth was prepared: a 5 McFarland standard (106 CFU/ml) for Candida
spp. and a 0.5 McFarland standard (104 to 106 CFU/ml) for other micro-
organisms. The suspension (0.2 ml) was added to a sterile 96-well flat-
bottom microtiter plate, and IA derivatives were added to obtain final
concentrations of 10, 50, and 100 �M for Candida albicans B311 and 50
�M for the remaining microorganisms. The plate with samples was incu-
bated in the dark at 37°C for 30 min without shaking, and 100 �l of the
suspensions was transferred onto a new plate and irradiated with 50, 100,
and 200 J/cm2 with shaking (400 rpm). The 100-�l suspension in the
original plate was used as a control and kept for the time of irradiation in
the dark at room temperature. After irradiation, serial dilutions from
10�1 to 10�6 were obtained from every sample in phosphate-buffered
saline (PBS), and aliquots of 10 �l were streaked horizontally onto BHI
agar plates to determine CFU. Plates were incubated overnight at 37°C,
the CFU were counted, and the results were statistically analyzed.

According to the particular experiments, glycerol, sodium azide, and
tryptophan were added at final concentrations of 300 mM, 1 mM, and 3.3
mM, respectively. The results of each experiment are presented as the means
of at least three independent replicates with standard deviations of the means.

Fluorescence microscopy. The cells were incubated with IA C1330 for
15 to 180 min, washed with PBS, transferred onto a microscope slide with
a coverslip, and observed by using an Olympus BX51 fluorescence micro-
scope with an F-View-II charge-coupled-device (CCD) camera. The exci-
tation wavelength was 360 to 370 nm, and the emission wavelength was
�420 nm. Measurements and image analysis were conducted by using
AnalySIS software.

Cell culture. The human keratinocyte (HaCaT) cell line was cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 2 mM glutamine, 100 units ml/liter penicillin,
and 100 �g/ml streptomycin. Cultures were maintained in a humidified
atmosphere containing 5% CO2 at 37°C.

Cyto- and phototoxicity of C1330. Cells (3 � 104) were seeded into
96-well plates and allowed to adhere overnight. C1330 was examined at
the following concentrations: 1 �M, 10 �M, and 50 �M. Compounds
were added to the medium, and cells to be used for cyto- and phototox-
icity analyses were incubated for 30 min at 37°C in the dark. Prior to
irradiation, the medium was replaced with new medium. Irradiation was
performed by using the Q.Light 70 NT phototherapy system. Cells for
both the cyto- and phototoxicity analyses were incubated for 24 h, and cell
survival was determined with an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay. Briefly, MTT (0.5 mg/ml) was
added, and cells were incubated for 3 h at 37°C. Cells were lysed with
DMSO, and the absorbance of the formazan solution was measured at 550
nm with a plate reader (Victor 1420 multilabel counter).

Statistical analysis. Each experiment was performed at least in tripli-
cate. All primary data are presented as means with standard deviations of
the means. Statistical analysis was performed with one-way analysis of
variance (ANOVA) with the Tukey post hoc test. Hypotheses were tested at
a significant level of a P value of 0.05. All analysis were performed by using
STATISTICA version 8.0 software (2008; StatSoft Inc., Tulsa, OK).

TABLE 1 General structure and physical properties of the tested IA
derivativesa

IA derivative R1,2 R3 R4 R5

Absorption
(�max)
(nm)

Emission
(�max)
(nm)

C1310 Et OH H Me 428 534
C1311 Et OH H H 420 524
C1330 Et OMe H H 423 524
C1371 Me OH H H 429 533
C1375 Me OMe H Me 436 553
C1379 Et OMe H Me 437 554
C1415 Et H H H 420 520
C1419 Et H OH H 409 483
C1492 Me OH H H 439 534
C1558 Et t-Butyl H H 421 518
a Based on data by Dziegielewski et al. (5). Shading indicates the compounds most
active in photodynamic inactivation of C. albicans. Et, CH2CH3; Me, CH3; OMe,
OCH3.
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RESULTS

Screening of IA derivatives with respect to their phototoxicity
against C. albicans. In our initial experiment, we screened 10
various randomly chosen IA derivatives (Table 1). We chose those
IA molecules for which some biophysical and biological data were
known. As there have so far been no data on the light-dependent
microbicidal action of the compounds, we were interested in
whether this is a general feature of this group of molecules. We
tested their potential phototoxic effect on C. albicans, as there is a
limited number of effective antifungal therapies for this species,
and some evidence indicated that this particular species was the
most resistant to phthalocyanine-based PDI among various Can-
dida species (17). We used two types of controls: cells incubated
with IA without irradiation (dark control) and cells subjected to
light without IA. None of the agents studied showed dark toxicity.
Some representatives of the screened IA group, namely, C1330,
C1415, and C1558, were very active antimicrobial agents, express-
ing their mechanism of action through a light-dependent pathway
(Table 2). The most pronounced phototoxic activity was observed
in the case of the C1330 compound (reduction in survival of 6.1
log10 units). For the latter two compounds, reductions of 3.6 and
2.9 log10 units were noticed for a concentration of 100 �M IA and
a light dose of 200 J/cm2. Imidazoacridinone C1330 has an exci-
tation maximum of 420 nm, and photodynamic inactivation was
performed at a wavelength range of 385 to 480 nm (Table 1). It was
clearly demonstrated that with the range of C1330 concentrations
tested (0 to 100 �M), no dark toxicity was observed (Fig. 1). The

TABLE 2 Cyto- and phototoxic effects of IA derivatives on C. albicans
planktonic cultures

IA derivative Light dose (J/cm2)

Log10 reduction in survival at IA
concn (�M) ofa:

0 10 50 100

C1311 0 0.0 0.0 0.1 0.0
100 0.2 0.2 0.2 0.2
200 0.1 0.3 0.3 0.3

C1330 0 0.0 0.1 0.1 0.3
100 0.3 1.6 2.9 6.1
200 0.3 2.2 3.1 6.1

C1375 0 0.0 0.1 0.1 0.3
100 0.3 0.3 0.3 0.3
200 0.1 0.2 0.3 0.2

C1415 0 0.0 0.0 0.0 0.0
100 0.2 0.7 1.6 1.7
200 0.0 1.0 1.9 3.6

C1558 0 0.0 0.2 0.3 0.3
100 0.2 0.6 1.1 2.1
200 0.2 0.4 0.3 2.9

a The values were calculated by subtracting log10 CFU/ml of tested samples from those
of untreated controls (0 J/cm2; 0 �M IA). Shading indicates dark toxicity (samples
treated with PS in the dark). Underlined values indicate noticeable phototoxicity.

FIG 1 Effect of different concentrations of C1330 and different light doses on C. albicans planktonic cultures. Two types of controls were present: cells kept in
the dark (0 J/cm2) with increasing concentrations of C1330 and cells irradiated with increasing light doses without the presence of C1330. *, significant at the level
of a P value of �0.05.
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same was true for samples that were treated with increasing light
doses in the absence of C1330. The fungicidal effect was observed
only for samples where C1330 was combined with illumination.
The observed effect was dependent on both concentrations of
C1330 in the range of 0 to 100 �M and light doses in the range of
0 to 200 J/cm2. A fungicidal effect of a 3.1-log10 drop in the sur-
viving fraction (99.9%) was observed at 50 �M C1330 and a light
dose of 200 J/cm2. An increase of the concentration of C1330 to
100 �M resulted in a 6.1-log10 reduction in the number of surviv-
ing C. albicans cells under our experimental conditions (Fig. 1).

Only phototoxic IA derivatives accumulate in C. albicans
cells. As the accumulation of a PS is the critical element of an
efficient photodynamic process, we used fluorescence microscopy
in order to observe IA derivative accumulation in C. albicans cells.
Efficient accumulation of IA was observed only in the case of the
three derivatives that caused a growth reduction of C. albicans,
namely, C1330, C1415, and C1558 (Fig. 2). The phototoxic effect
of IA derivatives was in accordance with the accumulation of the
compounds in C. albicans cells. No cyto- or phototoxic effect was
observed in the case of the IA derivatives which did not accumu-
late in the cell.

Imidazoacridinone C1330 is more active against Gram-pos-
itive species. As C1330 was the most effective compound against
C. albicans, we further tested it on other microorganisms in order
to check its potential action against other microbial species. To
verify that the observed effects were not dependent on the isolates,
thus limiting the potential usefulness of this work, we applied a
larger population of strains in our analysis. We chose Gram-pos-
itive representatives of human pathogens, namely, Staphylococcus
aureus (1 reference strain and 5 clinical isolates), the Gram-nega-
tive organism Pseudomonas aeruginosa (1 reference strain and 3
clinical isolates), C. albicans (1 reference strain and 5 clinical iso-
lates), as well as representatives of other common human patho-
gens (Table 3). The tested microorganisms (Table 3) were treated
by using the same methodology as that described above, with an
IA concentration of 50 �M and light doses of 100 and 200 J/cm2.
In the case of fungi and Gram-positive bacteria, the reduction of
survival was �3 log10 CFU. According to the CLSI standard (47),

such a result entitles C1330 to be recognized as an effective anti-
microbial agent, as a minimum of a 3-log10 reduction in CFU/ml
is biologically relevant. For Gram-negative bacteria, the photo-
toxic effect in the case of P. aeruginosa was 3 log10 units for the
reference strain and �4 log10 units for clinical isolates, and in the
case of the remaining Gram-negative bacteria, it was lower and
accounted for at most a 1.5-log10 reduction in survival (Table 3). It
is known that Gram-negative bacteria are more resistant to pho-
todynamic therapy than Gram-positive species (18). Previous
studies by Hamblin’s group have shown that even a 10-times-
higher concentration of an antimicrobial is needed to inactivate
Gram-negative than Gram-positive microorganisms (19, 20).

Incubation time influences the efficacy of the light-depen-
dent action of C1330. To evaluate the influence of incubation
time on the PDI effect, we performed PDI experiments in a C1330
concentration-dependent manner, but the C. albicans cells were
treated with a single light dose of 100 J/cm2. The overall protocol
for this particular experiment was the same as that for the PDI
studies, with the exception of the time of incubation. Cells were
incubated with 10, 50, and 100 �M C1330 in the dark for the
following time periods: 15, 30, 90, and 180 min. The maximum
effect of PDI on C. albicans planktonic forms was achieved when
the preirradiation time (PIT) was 30 min (the maximum reduc-
tion was 6 log10 CFU/ml) (Fig. 3). When the PIT was 15 min, a
fungicidal effect was also observed, but the reduction was 2-fold
lower and accounted for 3.1 log10 units. In the case of PITs of 90
and 180 min, the maximum reductions in CFU/ml were 2 and 2.5
log10 units, respectively. Based on the results obtained, one can

TABLE 3 Phototoxic effects of 50 �M C1330 on microorganisms

Microorganism

Light
dose
(J/cm2)

Mean reduction
of survivala (log10

CFU) � SD

Candida albicans ATCC 2091 100 2 � 0.45
Candida albicans B311 200 3.1 � 0.01
Candida albicans clinical strain 2 100 4 � 0.06
Candida albicans clinical strain 9 100 2 � 0.36
Candida albicans clinical strain 151 200 4 � 0.01
Candida albicans clinical strain 166 100 6 � 0.01
Candida albicans clinical strain 257 100 4 � 0.4
Candida glabrata ATCC 2001 100 4.5 � 0.3
Staphylococcus aureus Newman 100 5 � 0.01
Staphylococcus aureus clinical strain 472 200 2 � 0.2
Staphylococcus aureus clinical strain 56/A5 100 3.2 � 0,17
Staphylococcus aureus clinical strain 6347 100 4.5 � 0.01
Staphylococcus aureus clinical strain 1397 100 4.5 � 0.11
Staphylococcus aureus clinical strain 2002 100 5 � 0.01
Enterococcus faecium ATCC 27270 100 4.5 � 0.11
Streptococcus agalactiae ATCC 27956 100 4 � 0.01
Pseudomonas aeruginosa ATCC 10145 200 3 � 0.1
Pseudomonas aeruginosa clinical strain K3 200 4 � 0.1
Pseudomonas aeruginosa clinical strain AI 200 5 � 0.02
Pseudomonas aeruginosa clinical strain AW 200 4 � 0.06
Salmonella enterica serotype Anatum

ATCC 9270
200 0.5 � 0.12

Klebsiella pneumoniae ATCC 2733 200 0.9 � 0.07
Acinetobacter baumannii ATCC 17978 100 1 � 0.2
Escherichia coli ATCC 25922 200 1.5 � 0.15
a The values were calculated by subtracting log10 CFU/ml of tested samples from those
of untreated controls (0 J/cm2; 0 �M IA). At least three biological replicates were used
for calculation of the mean reduction values.

FIG 2 Accumulation of IA derivatives in C. albicans cells. The compounds
showing phototoxic activity are boxed. Top panels represent light microscopy
pictures, and bottom panels represent pictures taken with the use of filters
(excitation at 360 to 370 nm and emission at �420 nm).
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conclude that time of incubation is a critical factor in PDI of C.
albicans.

Application of various reactive oxygen species quenchers in-
creases the survival of C. albicans cells after PDI treatment. To
check whether particular reactive oxygen species play a role in
C1330-based PDI treatment, we applied several types of ROS
quenchers. Glycerol, sodium azide, and tryptophan were used at
concentrations of 300 mM, 1 mM, and 3.3 mM, respectively. Each

of the studied quenchers was added to the cell suspension to-
gether with C1330. The addition of glycerol and sodium azide
increased the surviving fraction by 0.5 log10 CFU/ml, whereas
the addition of tryptophan increased this number by 1 log10

unit compared to the value for PDI-treated cells without any
quenchers added (Fig. 4). Azide ions and glycerol are quench-
ers of PDI mechanism types II and I, respectively, while trypto-
phan is a quencher for both types of PDI reactions. The results pre-

FIG 3 Time of incubation with C1330 affects PDI outcome of C. albicans planktonic cultures. Time of incubation with C1330 in the dark is indicated in the key.
After incubation, cells were subjected to PDI treatment (10, 50, and 100 �M C1330 and a light dose of 100 J/cm2). Two types of controls were present: cells kept
in the dark with increasing concentrations of C1330 and cells irradiated with increasing light doses without the presence of C1330. *, significant at the level of a
P value of �0.05.

FIG 4 Photodynamic inactivation of C. albicans treated with 0 or 50 �M C1330 and a light dose of 0 J/cm2 (black bars) or 50 J/cm2 (white bars) in the presence
of ROS quenchers (glycerol [G], sodium azide [A], and tryptophan [T]).
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sented indicate that in the case of C1330, there are two PDI
mechanisms that act simultaneously.

Imidazoacridinone efficiently accumulates in C. albicans
cells. The process of PS accumulation in the cell is a critical factor
for efficient photokilling of a microorganism. To check if C. albi-
cans accumulates IA molecules in a time-dependent manner, we
incubated the cells in the dark for 15, 30, 90, and 180 min and
further observed IA fluorescence under a fluorescence micro-
scope. Based on the results obtained, it can be clearly seen that
C1330 efficiently enters yeast cells. At the moment, the mecha-
nism by which the analyzed molecules enter the cells cannot be
elucidated. However, one can notice that the efficiency depends
on both the IA concentration as well as the time of incubation.
With 50 �M PS, the IA-based fluorescence intensity was lower
than when a concentration of 100 �M used. This can be observed
by both fluorescence photographs of C1330-treated C. albicans
cells as well as direct fluorescence measurements of C. albicans
cells in suspensions (Fig. 5A and B). The second pattern noticeable
from the results is that incubation times of 15 min and 30 min
resulted in more intense IA-based fluorescence in C. albicans cells
when cells were treated with 100 �M IA. When a concentration
lower than 50 �M was used for IA, this relationship was true only
for an incubation time of 15 min (Fig. 5B). Based on the observed
effects, we assume that C1330 enters the cells, and in the first stage
(15 min), we observed an intense fluorescent signal dispersed
throughout the cell (Fig. 5A). In the next stage (30 min), C1330
accumulated more efficiently in cellular structures, preferentially
in the nucleus, which was clearly observed at a C1330 concentra-
tion of 50 �M (Fig. 5A). At C1330 concentrations higher than 100
�M, other structures also accumulated with the compound, most
probably those containing DNA. After 90 and 180 min of incuba-
tion in the dark, C1330 was again dispersed throughout the cell,
and the observed fluorescence was less intense. This observation
also correlates with direct fluorescence measurements of C. albi-
cans-bound C1330 in suspension (Fig. 5B).

As IA derivatives express toxicity through light-dependent
mechanisms, we were interested in what happens to C1330-incu-
bated C. albicans cells when they are exposed to light. We applied
a fluorescence microscopy technique in order to observe possible
changes in fungal intracellular structures upon microscope light
exposure. We therefore incubated the cells in the dark in the pres-
ence of IA C1330 (100 �M) for 30 min and further placed the cells
on a glass slide and exposed them to 360 to 370 nm of light for
another 30 min. At particular times, pictures were taken to visu-
alize the dramatic changes in the C. albicans cells upon increasing
light doses (Fig. 6). Following 15 min of microscopic light expo-
sure (Fig. 6c), changes in the integrity of cellular structures were
observed, compared to what was observed with 5 min of light
exposure (Fig. 6b). Regular nonfluorescing round shapes were
seen in the cells, probably representing vacuoles (Fig. 6c). In the
next step (20 min), vacuoles were destroyed, which was mani-
fested by a redispersing of the fluorescing signal throughout the
cells (Fig. 6d).

C1330 causes moderate cyto- and phototoxic effects on hu-
man keratinocytes. To assess the clinical potential of C1330 as an
anti-C. albicans agent, we applied a cytotoxicity and phototoxicity
assay. The fraction of surviving cells of the human HaCaT cell line
after C1330 accumulation and light treatment was determined.
Eukaryotic cells were exposed to similar photodynamic treatment
conditions as microbial cells. When HaCaT cells were incubated

with 50 �M C1330 and exposed to a light dose of 50, 100, or 200
J/cm2, approximately 43% of cells survived the treatment. At this
particular concentration, the surviving fraction was independent
of the light dose applied. Under the same conditions (50 �M

FIG 5 Accumulation of C1330 in C. albicans strains. Cells were incubated in
the dark with a C1330 concentration of 50 or 100 �M at 37°C. At the time
intervals indicated, cells were taken up and C1330 fluorescence was observed
(excitation wavelength of 360 to 370 nm and emission wavelength of �420
nm) under a fluorescence microscope (A), or the cells were washed and resus-
pended in PBS prior to fluorescence measurements in a microplate reader
(excitation wavelength of 405 nm and emission wavelength of 525 to 551 nm)
(B). RFU, relative fluorescence units.
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C1330 with a light dose of 50, 100, or 200 J/cm2), the C. albicans
cell numbers were reduced by 2, 2.9, and 3.1 log10 units for the
three light doses applied, respectively (Fig. 7). This result points
out that C1330 may potentially be used as a candidate photosen-
sitizer in the light-dependent killing of C. albicans cells.

DISCUSSION
Imidazoacridinone-based photodynamic inactivation. Candida
species are recognized as the main opportunistic fungi causing
invasive mycoses in humans. This is caused by both the increasing
number of immunocompromised patients as well as selection of
fungicide-resistant strains (21). PDI treatment proved to be an
efficient method for eradication of fungi independently of their
chemoresistance pattern (22). Several attempts to investigate the
possibilities of clinical application of PDI against local candidiasis
have been undertaken (23, 24). Photodynamic therapy was pro-
posed for the treatment of buccal candidiasis in rats (9, 25). In
antifungal photodynamic chemotherapy, three main groups of
photosensitizers are used, namely, phenothiazine dyes (e.g.,
methylene blue [MB] and toluidine blue O [TBO]), porphyrins

FIG 6 PDI effect on C. albicans cells during illumination. Cells were incubated in the dark with IA C1330 (100 �M at 37°C). After this, cells were observed under
a fluorescence microscope for 30 min. At particular times, pictures were taken at time zero, with white light, directly after incubation in the dark (a) and 5 min
(b), 15 min (c), and 20 min (d) after illumination. Panels b to d represent IA fluorescence (excitation wavelength of 360 to 370 nm and emission wavelength of
�420 nm).

FIG 7 Cytotoxic and phototoxic effect of C1330 on the human HaCaT cell
line. Two types of controls were present: cells kept in the dark (0 J/cm2) with
increasing concentrations of C1330 and cells irradiated with increasing light
doses without the presence of C1330. Cell survival was measured with the use
of the MTT assay. *, significant at the level of a P value of �0.05.
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(e.g., hematoporphyrin derivative [HpD] and Photogem), and
phthalocyanines (e.g., Pc4 and RPL068) (Table 4). Here, we pres-
ent data concerning a novel representative of a group of photo-
sensitizing agents that so far have been studied as anticancer drugs
exhibiting their mechanism of action through DNA binding and
trapping the DNA-topoisomerase II-cleavable complexes. It was
only recently found that the compounds from the imidazoacridi-
none group, exemplified by C1330, are also able to act through the
light-dependent lysosome-destructive pathway, thus overcoming
the MDR (multidrug resistance) phenotype in several cancer cell
lines (26). This light-dependent action encouraged us to study the
potential fungicidal action of imidazoacridinone agents against C.
albicans in a light-dependent way. Under our experimental con-
ditions, we checked whether one of the IA derivatives, namely,
C1330 (Table 1), expresses a cytotoxic effect in the dark as well as
potential phototoxicity toward C. albicans cells. The light-depen-
dent cytotoxicity of C1330 toward C. albicans cells was efficient
and accounted for a 2.2- or 3.1-log10 reduction in CFU/ml of the
studied cells when a 200-J/cm2 light dose was applied and the PS
concentrations were 10 and 50 �M, respectively (Fig. 1). How-
ever, even a 6.1-log10 reduction was possible at a higher PS con-
centration. We claim that such a result is very satisfactory and
comparable to the results obtained for other groups of PSs used in
antimicrobial PDI or is even better, assuming that the light source
used under our experimental conditions is a broadband incoher-
ent light (385 to 480 nm) (Table 1). Currently, research concern-
ing antimicrobial photoinactivation employs mostly light-emit-
ting diodes (LEDs) or lasers as light sources. One specific
wavelength being in accordance with a maximum absorption of a
PS results in much more efficient excitation of a particular PS than

with broadband light, where only energy resulting from a partic-
ular wavelength within the spectrum is efficient in PS excitation.
This explains why we used quite high light doses (e.g., 200 J/cm2)
under our experimental conditions. When we compared a range
of PS concentrations used in various in vitro experiments (Table
4), we observed that the IA concentration under our experimental
conditions was within the range of concentrations of phenothia-
zine-based dyes in photodynamic inactivation studies (0.027 to
320 �M); however, the efficiencies of light-dependent killing are
more similar to porphyrin-based PDI efficiencies (Table 4).

Mechanism of C1330 action in C. albicans cells. Photosensi-
tizer accumulation in microbial cells is a prerequisite for efficient
photodynamic action after light exposure. We observed that only
those IA derivatives that entered fungal cells showed a light-de-
pendent phototoxic effect. The photosensitizer either binds to its
cell wall-associated structures (e.g., membrane in the case of por-
phyrin PS) or enters the cells and accumulates in particular intra-
cellular fractions. After light exposure, PS excitation takes place to
its long-lived triplet state. Next, in a type I reaction, an electron is
transferred to the nearest-located substrate (e.g., unsaturated lip-
ids in a membrane) and further to oxygen (O2). Alternatively, in
the type II pathway, the energy is transferred directly to O2, thus
producing a singlet oxygen, a molecule against which there is no
detoxifying enzyme known. For porphyrin- and phenothiazine-
based PSs, it is generally accepted that they act mainly via singlet
oxygen formation; however, O2

�� (superoxide anion) and �OH
(hydroxyl radical) are also implicated (27, 28). Bacteriochlorin a
(BCA), a structural analog of protoporphyrin IX, was shown to be
a 50%/50% type I/type II photosensitizer (28). Our experiments
concerning survival of C. albicans after PDI in the presence of type

TABLE 4 Comparison of the photokilling efficiencies with the use of three groups of photosensitizersa

PS group Photosensitizer(s)
Photosensitizer
concn

Log10 reduction
in survival

Wavelength(s) (nm),
light source

Light dose
(J/cm2) Reference

Phthalocyanine-based PS ZnPcM, ZnPcS 6 �M 4–7 675, laser 12–60 32
BAM-SiPc 0.0025–0.08 �M 0.9 675, laser 12 33
GaPcs 3 �M 4–5 635, LED 50 34
Pc4 1 �M 4–5 670–675, LED 2 35
SiPc1, GePc1 1.8 �M Eradication 635, LED 50 36

Porphyrin-based PS Photofrin 1 �g/ml 400–700, Hg lamp 9 37
PEI-ce6 1–10 �M 4–6 665, laser 16 38
TFAP(3�), TMAP(4�),

TPPS(4�)
1–5 �M 5 300–800 162 39

Photofrin 25 �g/ml 630, laser 45–135 40
TMpyP 5 �M 5 300–800 162 41
Photogem 50 �g/ml 1.79–3.99 37.5 42
SSO-P Visible 300 43

Phenothiazine-based PS TBO 50 �M 7 620–650, noncoherent 10–20 20
MB 0.027 �M 0.9 683, laser 28 44
TBO, MB, MG 320, 310, 270 �M 3, 3, 2.5 660, laser 39.5 45
TBO, MB, NMB 20 �M 0, 0, 4.43 635, 660, noncoherent 10 9
TBO, MB 320, 310 �M 685 53 46

Imidazoacridinone C1330 100 �M 6 385–480, noncoherent 100 This work
a ZnPcM, tetrakis-(3-methylpyridyloxy)phthalocyanine zinc(II); ZnPcS, tetrakis-(4-sulfophenoxy)phthalocyanine zinc(II); BAM-SiPc, silicon(IV) phthalocyanine; GaPcs,
gallium(III) phthalocyanine; PEI-ce6, polyethyleneimine and chlorin(e6) conjugate; TFAP(3�), 5-(4-trifluorophenyl)-10,15,20-tris(4-trimethylammoniumphenyl)porphyrin
iodide; TMAP(4�), 5,10,15,20-tetra(4-N,N,N-trimethylammonium phenyl)porphyrin p-tosylate; TPPS(4�), 5,10,15,20-tetra(4-sulfonatophenyl)porphyrin; TMpyP, 5,10,15,20-
tetra(4-N-methylpyridyl)porphyrin; SSO-P, 5-(4-carboxyphenyl)-10,15,20-tris(4-methylphenyl)porphyrin conjugated with polysilsesquioxane; MG, malachite green; NMB, new
methylene blue.
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I (glycerol) and type II (sodium azide) or mixed (type I/type II)
quenchers pointed out that C1330-based PDI acted via both
mechanism types (Fig. 4). However, we observed only a trend, and
more detailed analyses are needed to estimate an input of a par-
ticular mechanism type into the overall outcome of C1330-based
PDI. Explanation of a particular photosensitizer with respect to its
mode of photodynamic action (type I or type II) is important in
the sense that a combination with various quenching agents may
enhance the efficacy of the photodynamic process.

Imidazoacridinones are planar structures which interact with
DNA in vitro (5). Imidazoacridinones accumulate effectively in
lysosomes of tumor cells, due to their weak base nature. Alkaliza-
tion of the cells with bafilomycin or ammonium chloride abol-
ished selective accumulation of IA in cell lysosomes and promoted
accumulation in the nucleus (26). Under our experimental con-
ditions, we observed that in C. albicans cells, C1330 accumulated
efficiently in the nucleus. This accumulation was observed after
approximately 30 min of incubation in the dark at 50 �M (Fig. 6).
The cytotoxic activity of C1336, another IA derivative studied for
its action against cancer cell lines, correlated with inhibition of
DNA synthesis (3). In our case, DNA binding may be important
for the phototoxic action against C. albicans, as we observed
C1330 accumulation in the nuclear fraction; however, it is not the
only factor responsible for cellular death. At the higher C1330
concentrations used, when it also accumulated in other cellular
structures, photokilling was most effective after application of the
appropriate light dose. Intercalation of IA derivatives to DNA was
shown to be reversible (5). We observed that when a prolonged
incubation of C. albicans cells with C1330 was applied, the pho-
tokilling efficacy decreased (Fig. 3). This remains in accordance
with the lowered fluorescence intensity of C1330 accumulated in
the nucleus after 90 min versus 30 min (Fig. 5). The results ob-
tained point out that accumulation of C1330 in particular struc-
tures is crucial for the effective photokilling of C. albicans cells. In
accordance with observations made by others (3, 26, 29), we ob-
served that the nucleus is not the only structure where C1330
accumulates (30 min at 100 �M) (Fig. 6A). The compound is also
probably directed to vacuoles, which are analogs of higher-eu-
karyotic lysosomes in yeasts, responsible for cell detoxification
and characterized by low pH. At this point of analysis, one can
only speculate that nuclear accumulation of C1330 occurs first
and that, at higher concentrations, “the surplus” of the compound
then accumulates in the vacuoles. In the case of photodynamic
inactivation, cellular toxicity depends on both the photosensitizer
concentration as well as the light dose applied. Under our exper-
imental conditions, we clearly saw PS concentration dependence
with relation to photokilling efficacy (Fig. 1). Less pronounced
was the light-dependent action of IA C1330. This may result from
the limitations of our equipment, which is a halogen lamp with an
output power of 100 mW and a fluence of 0.127 J/cm2. To achieve
a 100-J light dose, we had to illuminate the cells for 13 min; a 200-J
light dose application requires 26 min of illumination. However,
the C1330 efflux from C. albicans cells is very fast, and after several
minutes, it drops back to the background value (data not shown).
Therefore, it is a challenging task to apply the most optimal light
dose for an appropriate duration. Once the active compound is
accumulated in an intracellular structure, the effect of the same
total light dose applied in a short time, in contrast to when it is
applied for a long time, may result in a different efficacy of pho-
tokilling of C. albicans cells. Additionally, manipulation of the IA

incubation time together with the total light dose application time
may be an important issue in lowering C1330 cytotoxicity toward
human cells. This may further result in optimization of PDI of C.
albicans in in vivo models. The question of photosensitizer toxicity
to healthy human cells is of great importance in situations where
the photodynamic method is proposed as a treatment option for
microbial infections. Here, we present data indicating that 43% of
HaCaT cells survived PDI treatment conditions in which cell
numbers of various C. albicans isolates, S. aureus isolates, as well as
P. aeruginosa strains were reduced by �3 log10 units. In the case of
C. albicans, for 2 out of 7 isolates analyzed, we observed a reduc-
tion of only 2 log10 units (Table 3); we must remember, however,
that the starting inocula in our experiments were higher than the
ones used in standardized methodologies for MIC determinations
(106 CFU versus 104 CFU), which may influence the efficacy of
photodynamic treatment. We should also remember that PDI is
almost from its definition a localized treatment; therefore, the
approach to human cell toxicity is slightly different from, e.g.,
systemic treatment. In the literature, a 78.9% reduction in viable
fibroblasts was shown after porphyrin-based PDI treatment, and
under the same conditions, 99.999% of S. aureus cells were killed.
This was further interpreted as acceptable and not causing too
much collateral damage (30). It is worth mentioning that in our
PDI experiments, we incubated and illuminated cells under pro-
tein-rich conditions, thus limiting the efficacy of the PDI out-
come. Our intent was to reflect the conditions in the body (e.g.,
skin). In a similar study, Lambrechts et al. observed a increasing
protein dose-dependent protective action against the PDI directed
toward C. albicans. The strongest protection was observed for C.
albicans suspended in plasma or in 4.5% albumin. Under such
conditions, either no significant reduction in viable counts was
observed for C. albicans or the reduction was smaller than 1 log10

unit, respectively (31). Dark toxicity toward human cells in our
experimental model was not observed, in contrast to previously
published results, where some dark toxicity was noticed. Cells
incubated with C1330 at a concentration of 10 �M, upon illumi-
nation, decreased their survival to 30% and 50% of the controls
(nonilluminated cells) for the human cancer cell line A549 and its
multidrug resistance phenotype counterpart, A549/K1.5 (26).
Under our experimental conditions, the studied HaCaT cell line
survived the dark treatment, even at a C1330 concentration of 50
�M (Fig. 7). The lack of dark toxicity in our model of noncancer-
ous healthy keratinocytes may be connected to differences in met-
abolic pathways of healthy versus cancer cells.

In summary, we conclude that C1330 is a potentially effective
photosensitizer molecule with light-dependent photodynamic ac-
tion against C. albicans, S. aureus, and P. aeruginosa. In the future,
we plan to use the IA structure for rational design of effective PSs
characterized by increased selectivity for microbial cells.
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