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a  b  s  t  r  a  c  t

The  photodynamic  inactivation  mediated  by  5,10,15,20-tetrakis[4-(3-N,N-
dimethylaminopropoxy)phenyl]porphyrin  (TAPP)  and  5,10,15,20-tetrakis[4-(3-N,N,N-
trimethylaminepropoxy)phenyl]porphyrin  (TAPP4+)  were  compared  in Candida  albicans  cells.  A
strong  binding  affinity  was  found  between  these  porphyrins  and  the  yeast  cells.  Photosensitized
inactivation  of  C.  albicans  increased  with  both  photosensitizer  concentration  and  irradiation  time.
After  30  min  irradiation,  a  high  photoinactivation  (∼5 log)  was  found  for  C.  albicans  treated  with  5 �M
porphyrin.  Also,  the photoinactivation  of yeast  cells  was  still elevated  after  two  washing  steps.  However,
the  photocytotoxicity  decreases  with  an increase  in  the  cell  density  from  106 to 108 cells/mL.  The  high
photodynamic  activity  of  these  porphyrins  was  also  established  by  growth  delay  experiments.  This  C.
albicans  strain  was  susceptible  to  fluconazole  with  a  MIC  of  1.0  �g/mL.  The  effect  of  photosensitization
and the  action  of  fluconazole  were  combined  to eradicate  C.  albicans.  After  a  PDI  treatment  with  1 �M

porphyrin  and  30 min  irradiation,  the  value  of  MIC  decreased  to 0.25  �g/mL.  In addition,  a complete
arrest in  cell  growth  was  found  by  combining  both  effects.  TAPP  was  similarly  effective  to photoinactivate
C.  albicans  than  TAPP4+. This  porphyrin  without  intrinsic  positive  charges  contains  basic  amino  groups,
which can  be  protonated  at physiological  pH.  Moreover,  an  enhancement  in the  antifungal  action  was
found  using  both  therapies  because  lower  doses  of the  agents  were  required  to  achieve  cell death.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Fungal infections have increased significantly in recent years.
ow they represent an exponentially growing threat for human
ealth due to a combination of difficult diagnosis and a shortage
f effective antifungal drugs [1]. Candidiasis is an opportunist fun-
al infection usually caused by Candida albicans. This dimorphic
east is naturally found in most humans among the normal micro-
iota of the skin, mucous membranes in the oral cavity, bowel
nd in the urogenital tract of females [2]. Because of the com-
on  eukaryotic nature of fungal and human cells, it is difficult

o identify specific metabolic or structural antimicrobial targets

or fungi [3]. The fundamental physiological role and the differ-
nt composition of cholesterol in humans and ergosterol in fungi
ender the cytoplasmic membrane of Candida a suitable target for

∗ Corresponding author. Fax: +54 358 4676233.
E-mail address: edurantini@exa.unrc.edu.ar (E.N. Durantini).

ttp://dx.doi.org/10.1016/j.pdpdt.2015.10.005
572-1000/© 2015 Elsevier B.V. All rights reserved.
the action of antifungals. Triazoles are inhibitors of the cytochrome
P450 14�-sterol demethylase (CYP51), an essential enzyme in the
biosynthesis of ergosterol. The current treatment for candidiasis
heavily relies on triazoles, even though patient responses to these
antifungal drugs tend to be slow with a high risk of reinfection.
Especially fluconazole has been extensively used in clinical practice
due to its great efficacy and reduced toxicity. However, antifungal-
resistant C. albicans strains have emerged with frequent exposure
to fluconazole [1]. Moreover, the development of new agents in
clinical therapy has lagged behind due to increasing incidence of
drug resistance and few effective antifungal agents are available.
Also, inadequate dosing may  contribute to treatment failure and
the emergence of resistance [4]. Thus, new therapies are being
searched for treating fungal infections. An interesting alternative
is represented by photodynamic inactivation (PDI) of microorgan-
isms [5,6]. PDI involves the addition of a phototherapeutic agent,

which is rapidly bound to cells. The aerobic irradiation of the infec-
tion with visible light produces highly reactive oxygen species
(ROS), which rapidly react with a variety of substrates inducing

dx.doi.org/10.1016/j.pdpdt.2015.10.005
http://www.sciencedirect.com/science/journal/15721000
http://www.elsevier.com/locate/pdpdt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pdpdt.2015.10.005&domain=pdf
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Scheme 1. Structure of the TAPP and TAPP4+ porphyrins.

amage in biomolecules. These reactions induce a loss of biologi-
al functionality leading to cell inactivation [7]. Thus, experimental
nvestigations have demonstrated that yeasts can be effectively
hotoinactivated in vitro by several photosensitizers [8].

In recent years, efforts have been made to overcome the emer-
ence of resistant fungi by using drug combinations [9]. Various
pproaches have been proposed to increase the susceptibility of
. albicans to fluconazole in order to cope with treatment fail-
res. An advantage of using combinations is the additive effect,

n which antifungal activity is greater than the individual contri-
ution of each agent. Benefits can include a wider spectrum of
fficacy, improved safety and a reduction in antifungal resistance.
hus, it is possible to use PDI in combination with other therapeutic
pproaches.

In the present work, we investigated the susceptibility of C.
lbicans to the phototoxic effect produced by 5,10,15,20-tetrakis
4-(3-N,N-dimethylaminopropoxy) phenyl]porphyrin (TAPP)
nd 5,10,15,20-tetrakis [4-(3- N,N,N-trimethylaminepropoxy)
henyl]porphyrin (TAPP4+) (Scheme 1). It was previously demon-
trated that TAPP4+ is an active photosensitizer to inactivate
scherichia coli cells [10]. Also, we studied spectroscopic and
hotodynamic properties of both porphyrins in different media
11]. The photooxidation of substrates photosensitized by TAPP
ndicated that this intrinsically non-charged porphyrin can be an
nteresting agent for the photodynamic inactivation of microor-
anisms. Therefore, the photoinactivation activity of TAPP and
APP4+ were compared to establish conditions for the eradication
f C. albicans in cell suspensions. Then, PDI mediated by these
orphyrins was combined with an antifungal therapy using
uconazole to enhance both approaches.

. Materials and methods

.1. General

Absorption spectra were recorded on a Shimadzu UV-2401PC
pectrometer (Shimadzu Corporation, Tokyo, Japan). Fluores-
ence measurements were performed on a Spex FluoroMax
pectrofluorometer (Horiba Jobin Yvon Inc., Edison, NJ, USA). Quartz
ells of 1 cm path length were used at room temperature. The cell
uspensions were irradiated with a Novamat 130 AF slide projec-
or (Braun Photo Technik, Nürnberg, Germany) equipped with a
50 W lamp. A wavelength range between 350 and 800 nm was
elected by optical filters. The light was filtered through a 2.5 cm
lass cuvette filled with water to absorb heat. Experiments were
erformed at room temperature with a fluence rate of 90 mW/cm2

Radiometer Laser Mate-Q, Coherent, Santa Clara, CA, USA). Cell
rowth was measured with a Turner SP-830 spectrophotometer
Dubuque, IA, USA). Chemicals from Aldrich (Milwaukee, WI,  USA)
ere used without further purification. Fluconazole was  purchased

rom Sigma (St. Louis, MO,  USA).

.2. Photosensitizers
5,10,15,20-Tetrakis[4-(3-N,N-dimethylaminopropoxy)phenyl]-
orphyrin (TAPP) and 5,10,15,20-tetrakis[4-(3-N,N,N-
rimethylaminepropoxy)phenyl]porphyrin (TAPP4+) were
dynamic Therapy 13 (2016) 334–340 335

synthetized as previously described [12]. Stock solutions (0.5 mM)
of TAPP and TAPP4+ were prepared by dissolution in 1 mL  of N,N-
dimethylformamide (DMF). The concentration was  checked by
spectroscopy, taking into account the value of molar absorptivity
[12].

2.3. C. albicans culture conditions

The strain of C. albicans PC31, recovered from human skin
lesion, was  previously characterized and identified [13]. Yeast was
grown aerobically overnight in Sabouraud (Britania, Buenos Aires,
Argentina) broth (SB, 3% w/w,  4 mL)  at 37 ◦C to stationary phase.
Cells were harvested by centrifugation of broth cultures (3000 rpm
for 15 min) and re-suspended in 4 mL  of 10 mM phosphate-
buffered saline (PBS, pH 7.0), corresponding to ∼107 colony forming
units (CFU)/mL. The cells were appropriately diluted to obtain
∼106 CFU mL−1 or concentrated to get ∼108 CFU/mL in PBS. In all
the experiments, 2 mL of the cell suspensions in Pyrex brand culture
tubes (13 × 100 mm)  were used and the photosensitizer was added
from the corresponding stock solution. Cell suspensions were seri-
ally diluted with PBS and each solution was  quantified by using the
spread plate technique in triplicate. Viable C. albicans cells were
monitored and the number of CFU was determined on Sabouraud
agar (SA) plates after ∼48 h incubation at 37 ◦C.

2.4. Porphyrin binding to C. albicans cells

Suspensions of C. albicans (2 mL,  ∼106 CFU mL−1) in PBS were
incubated in the dark at 37 ◦C with a set concentration (1 and
5 �M)  of TAPP and TAPP4+ for different times. The cultures were
centrifuged (3000 rpm for 15 min) and resuspended with PBS.
The cell pellets, after different washing steps (0 and 2) obtained
by centrifugation (3000 rpm for 15 min) were resuspended in
2% aqueous sodium dodecyl sulfate (SDS) 2 mL.  After that, the
cells was  incubated overnight at 4 ◦C and sonicated for 30 min.
The concentration of porphyrin in the solution was measured
by spectrofluorimetry (TAPP �exc = 422 nm, �em = 659 nm; TAPP4+

�exc = 420 nm,  �em = 660 nm)  in a solution of 2% SDS in PBS. The flu-
orescence values obtained from each sample were in reference to
the total number of cells contained in the suspension. The concen-
trations of the porphyrins in the samples were determined from
a calibration curve obtained with standard solutions of the each
porphyrin in 2% SDS ([porphyrin] ∼0.005–0.1 �M).

2.5. Photosensitized inactivation of C. albicans cells

Cell suspensions of C. albicans (2 mL  in Pyrex culture tubes
of 13 × 100 mm,  ∼106 CFU mL−1) in PBS were incubated with an
appropriate concentration (1 and 5 �M)  of porphyrin for 30 min  in
the dark at 37 ◦C. After that, the culture tubes were exposed to vis-
ible light from the bottom for different time intervals [14]. It was
also studied the strength binding of the porphyrins by the cells,
performing one or two  washes of the suspensions, after of added
the porphyrin and before illumination. Cell viability was  checked
as described above.

2.6. Growth curves of C. albicans

Cultures of C. albicans cells were grown overnight as described
above. A portion (1 mL)  of this culture was transferred to 20 mL of

3% w/w  fresh SB medium. The suspension was  homogenized and
aliquots of 2 mL were incubated with 5 �M of sensitizer at 37 ◦C.
The flasks were then irradiated with visible light at 37 ◦C. C. albicans
growth was  followed spectroscopically at 650 nm.
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ig. 1. Amount of porphyrins recovered from C. albicans cells (∼106 CFU/mL) treated
ith 1 �M TAPP (�) or TAPP4+ (�) and 5 �M TAPP (�) or TAPP4+ (�) in dark at 37 ◦C

or different incubation times.

.7. Susceptibility of C. albicans cells to fluconazole

After overnight incubation, the cells were appropriately diluted
o obtain ∼103 CFU/mL in 1% w/w SB medium. In all the experi-

ents, 2 mL  of the cell suspensions in Pyrex brand culture tubes
13 × 100 mm)  was used, and the fluconazole was added from a
tock solution 0.5 mg/mL  in water. The fluconazole concentrations
ere tested in a range of 0.10–1.50 �g/mL. Minimum inhibitory

oncentration (MIC) values were determined spectroscopically at
50 nm,  after 24 h of incubation. Lowest drug concentrations were
etermined as that promoted an inhibition of growth of ≥50%
ompared to the drug-free control. Combined experiments were
erformed incubating the cells with 1 �M porphyrin together with
ifferent concentration of fluconazole for 30 min  in dark at 37 ◦C.
fter that, cell suspensions were irradiated for 30 min  with visible

ight. MIC  values were obtained as described above. The effect on
rowth curves of C. albicans was evaluated incubating the cultures
2 mL,  ∼103 CFU/mL) in SB medium with: (a) 5, 10 and 15 �g/mL of
uconazole, (b) the same doses of antifungal and 1 �M porphyrin,
nd (c) 1 �M porphyrin without fluconazole. Growth was measured
s described above.

.8. Controls and statistical analysis

Control experiments were performed in presence and absence
f porphyrin in the dark and in the absence of porphyrin with cells
rradiated. The amount of DMF  (<1% v/v) used in each experiment

as not toxic to C. albicans cells. Three values were obtained per
ach condition and each experiment was repeated separately three
imes. Differences between means were tested for significance by
ne-way ANOVA. Results were considered statistically significant
ith a confidence level of 95% (p < 0.05). Data were represented as

he mean ± standard deviation of each group.

. Results

.1. Binding of porphyrins to albicans cells

The ability of TAPP and TAPP4+ to bind to yeast cells was  deter-
ined in C. albicans cell suspensions. Thus, cultures were incubated
ith 1 �M and 5 �M porphyrin for different periods. The amount

f porphyrin recovered from cells after each incubation time are
howed in Fig. 1. For both concentrations, TAPP and TAPP4+ were

apidly bound to C. albicans, reaching the maximum binding value
fter 15 min  incubation. For cells treated with 1 �M porphyrin, the
ecovered molecules were 0.30 nmol/106 and 0.38 nmol/106 cells
or TAPP and TAPP4+, respectively. When cells were incubated with
Fig. 2. Amount of porphyrins after different washing steps recovered from C. albi-
cans cells (∼106 CFU/mL) treated with 5 �M photosensitizer for (A) 15 min and (B)
30  min in dark at 37 ◦C.

5 �M photosensitizer, the quantity of TAPP was  1.1 nmol/106 cells,
while TAPP4+ achieved a value of 1.4 nmol/106 cells. Moreover, the
amount of cell-bound porphyrin was  not appreciably changed incu-
bating the yeast cells for longer times, such as 30 and 60 min.

The binding of porphyrin to C. albicans was  also studied after
different washing steps. Thus, cultures were incubated with 5 �M
porphyrin for 15 or 30 min  and the cells were subjected to one
or two washes with PBS. As can be observed in Fig. 2, after two
washes only a small reduction was  found with TAPP (<10%), while
no significant differences were observed for TAPP4+. This behav-
ior was the same after 15 min  and 30 min  incubation. Similar to
that observed before, the amount of TAPP4+ recovered was slightly
higher than TAPP. These results reflect the high affinity between
these two photosensitizers and the C. albicans cells.

3.2. Photoinactivation of C. albicans cells

Photosensitized inactivation of C. albicans cells was  investigated
after incubation with 1 and 5 �M porphyrin. Survival curves are
summarized in Fig. 3. No toxicity was  found for the cells treated
with both concentrations of porphyrins for 30 min  in dark (result
no shown). Moreover, the viability of C. albicans was not affected by
irradiation without porphyrin. Photoinactivation of C. albicans was
dependent on porphyrin concentrations. A linear dependence with
irradiation time was  observed using 1 �M porphyrin (Fig. 3), pro-
ducing a reduction of 2 log in the survival after 30 min  irradiation.
For cells treated with 5 �M porphyrin, a fast decrease of C. albicans
survival (∼3.5 log) was  detected after 5 min  irradiation with visible

light. An irradiation of 15 min  yielded a ∼4.5 log decrease in the cell
viability. An increase in the irradiation to 30 min  was not accompa-
nied by an enhancement in the PDI efficiency, causing 4.4 and 4.8
log of inactivation for TAPP and TAPP4+, respectively.
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Fig. 3. Survival curves of C. albicans cells (∼106 CFU/mL) treated with 1 �M TAPP
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Fig. 5. (A) Amount of porphyrins recovered from different cell densities of C. albicans
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or TAPP4+ (grey) for 30 min  at 37 ◦C in dark and exposed to visible light for 30 min.
Control culture untreated (white).

Fig. 6. Growth curves of C. albicans incubated with 5 �M TAPP (�) or TAPP4+ (�) and
exposed to irradiation with visible light in SB at 37 ◦C. Controls: untreated cells in

these porphyrins on growth of cells. As can be observed, C. albi-
0  min in dark at 37 ◦C and exposed to visible light for 30 min. Control: cells irradi-
ted, L: light, 1W:  one washing step, 2W:  two  washing steps.

Photoinactivation of C. albicans incubated with 5 �M porphyrin
as studied after different washing steps with PBS. The survival

n Fig. 4 indicates that samples washed one or two  times contin-
ed responding to PDI in the same way than non-washed cells
uspensions. In all cases, the cell photoinactivation showed a ∼5
og reduction in the viability of yeast. There PDI activities are in
greement with the results found for porphyrin uptake because
he amount of porphyrin bound to the cells was not changed by
ashing.

Furthermore, PDI of C. albicans mediated by TAPP4+ or
APP was examined in suspensions of different cell densities
106–108 CFU/mL). First, the binding of porphyrin to C. albicans was
nvestigated treating the cell suspensions with 5 �M photosensi-
izer for 30 min  in the dark. Fig. 5A shows the uptake of porphyrin
y C. albicans cells using different cell densities. The amount of por-
hyrin bound to the fungal cells decreased with increasing of cell
ensity. Fig. 5B shows the results of C. albicans photoinactivation
or 106–108 CFU/mL treated with 5 �M porphyrin and irradiated for
0 min. The survival increased with an enhancement in the cell den-
ity. A decrease of 2 log was found for cell suspension of 107 CFU/mL

4+
ncubated with TAPP . Under these conditions, the cell survival of
08 CFU/mL C. albicans was almost not changed with respect to the
ntreated control.
dark (©), untreated cells irradiated (�), cells treated with 5 �M TAPP (�) or 5 �M
TAPP4+ (�) in dark.

3.3. Photosensitized effect on the growth of albicans cells

The photocytotoxic activity mediated by TAPP4+ or TAPP was
investigated on growth of C. albicans cultures. Thus, 5 �M por-
phyrin was added to fresh cultures of C. albicans and the flasks
were continuously irradiated. Fig. 6 shows the effect induced by
cans cells treated with porphyrin in the dark or not treated with
the photosensitizer and irradiated showed similar behavior as the
controls. In contrast, growth was delayed when C. albicans cultures
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Fig. 8. Growth curves of C. albicans cells incubated with 1 �M TAPP (�) and different
concentration of fluconazole 5 (�), 10 (�) and 15 mg/mL (�). Cultures were exposed

ter interaction with biomembranes, depending on the medium in
which the porphyrin is located [11].
ig. 7. Growth curves of C. albicans incubated with 5 �g/mL (�), 10 �g/mL (�) and
5  �g/mL (�) fluconazole and exposed to irradiation with visible light in SB at 37 ◦C.
ontrols cells (�) without fluconazole in dark.

ere treated with porphyrin and visible light. After irradiation in
he presence of 5 �M porphyrin, the cells did not appear to be grow-
ng as measured by turbidity at 650 nm.  The delay in cell growth

as slightly higher for TAPP4+ than TAPP.

.4. Combined effect of fluconazole and PDI on the growth of C.
lbicans

The susceptibility of C. albicans cells to growth inhibition by
uconazole was  determined in SB medium. The MIC of flucona-
ole was established in 1 �g/mL on this yeast. On the other hand,
ells were treated with 1 �M porphyrin and irradiated for 30 min.
fter this sublethal porphyrin-mediated PDI, fluconazole was  more
ctive against C. albicans. Under this condition, the treatment with
oth porphyrins resulted in a reduction of the MIC to 0.25 �g/mL.
herefore, photodynamic effect improved the action of fluconazole
nd it was possible to obtain the same cell death at less doses of
ntifungal.

The effect of fluconazole was studied following the delay of the
rowth curve of C. albicans. Thus, cells were incubated with dif-
erent concentration of antifungal agent. As can be observed in
ig. 7, C. albicans cultures incubated with fluconazole showed a
rowth delay compared with the control. Under this condition, lag
hase was increased with respect to the control. The combined
reatments were performed incubating the cells with different con-
entrations of fluconazole and 1 �M porphyrin. The results for C.
lbicans in presence of TAPP4+ and TAPP are shown in Figs. 8 and 9,
espectively. After irradiation, the cells containing fluconazole and
DI treatment no longer appeared to be growing as measured by
urbidity at 650 nm.  In contrast, a delay in the growth was found in
he cells with only PDI approach. Therefore, cells growth stopped
ompletely when the cultures were exposed to a combined treat-
ent of PDI and fluconazole (Figs. 8 and 9).

. Discussion

In vitro experiments with C. albicans showed that the amount
f cell-bound TAPP4+ or TAPP was not dependent on the
ncubation time between 15 and 60 min. A similar behavior

as previously found for TAPP4+ bound to E. coli cells [10].
oreover, the uptake of TAPP4+ and TAPP by C. albicans can

e compared with those obtained for 5,10,15,20-tetra(4-N,N,N-
rimethylammoniumphenyl)porphyrin (TMAP4+) [13]. Under sim-

lar conditions, this tetracationic porphyrin reached a value of
.48 nmol/106 cells, when the cell suspensions were incubated
ith 5 �M TMAP4+. A similar value of uptake (1.70 nmol/106 cells)
as found using 5,10,15,20-tetrakis(4-N-methylpyridyl)porphyrin
to  irradiation with visible light in SB at 37 ◦C. Controls: cells untreated irradiated
(�)  and in dark (©).

(TMPyP4+) [15]. Thus, the bindings of TAPP4+ and TAPP to C. albicans
were comparable to those obtained for porphyrins with cationic
groups directly linked to the macrocycle. However, after two wash-
ing steps, over 90% of the initial TAPP4+ or TAPP still remained
bound to the cells, for both C. albicans incubated with for 15 or
30 min. In contrast, it was  observed that TMPyP4+ decreased to
30% of initial value after two  washes [15]. Therefore, TAPP4+ and
TAPP persist in the cells after two washing steps indicating a
strong binding affinity between these porphyrins and yeast cells.
Cationic centers of TAPP4+ are spaced from the porphyrin ring by
an aliphatic chain. Thus, the positive charges have a minimal influ-
ence on photophysical properties of the porphyrin [12]. Also, the
propoxy spacer provides a higher mobility of the charges facilitat-
ing the binding to microbial cells [10]. It was  demonstrated that
the long flexible tentacle arms of TAPP4+ can facilitate favorable
outside self-stacking interactions, while simultaneously permit-
ting near-optimal electrostatic interaction with the DNA phosphate
groups [16]. The flexible tentacle arms of the porphyrin repre-
sent a unique characteristic for an outside binder [17]. The mainly
deference between TAPP4+ and TAPP is the presence of intrinsic
cationic charges in TAPP4+ in contrast with TAPP, which is substi-
tuted by four aliphatic amine groups. These basis amine groups in
the periphery of TAPP can acquire positive charges favoring a bet-
Fig. 9. Growth curves of C. albicans cells incubated with 1 �M TAPP4+ (�) and dif-
ferent concentration of fluconazole 5 (�), 10 (�) and 15 mg/mL (�). Cultures were
exposed to irradiation with visible light in SB at 37 ◦C. Controls: cells untreated
irradiated (�) and in dark (©).
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Porphyrins containing cationic substituents have attracted
onsiderable interest because of their notable ability as photother-
peutic agents. In particular, positively charged porphyrins have
een proposed for the eradication of microbial infections by PDI
6,7]. Therefore, photoinactivation of C. albicans induced by TAPP4+

r TAPP was analyzed using different photosensitizer concentra-
ions and irradiation periods. When the cells were incubated with

 �M porphyrin, an enhancement in the cell inactivation was
ound increasing the irradiation times. Cells treated with 1 �M por-
hyrin produced a photoinactivation of 99.0% (∼2 log decrease)
fter 30 min  irradiation. On the other hand, the photoinactivation
emained elevated using 5 �M porphyrin even to a short irradia-
ion time of 5 min. A value greater than 99.999% of cell inactivation
as found with 15 min. These porphyrins were highly efficient

n the production of O2(1�g) with quantum yield of about 0.5 in
MF  [11]. However, photodynamic activity of these porphyrins
etermined in homogeneous solution can be changed in the bio-

ogical microenvironment. The O2(1�g) production can decrease
hen the porphyrin is forming aggregates. Also, these porphyrins
ere efficient in producing the photooxidation of the amino acid

-tryptophan (Trp) in different systems. This amino acid can be a
otential target of the photodynamic effect induced by porphyrins

n cells. Moreover, Trp can be efficiently photooxidized by both type
 and type II reaction mechanisms. The interaction between these
orphyrins and Trp can promote an electron transfer process in the
ecomposition of Trp [11]. Also, TAPP4+ was an effective photosen-
itizer to produce the oxidation of guanosine 5′-monophosphate
nd DNA photocleavage [18]. It was found a contribution of type

 photoreaction processes in the DNA photodamage mediated by
his cationic porphyrin. These photodynamic properties together
ith a high affinity for the cells make to these porphyrins efficient
hotosensitizing agents.

After different washing steps, the photodynamic effect was
ainly associated with porphyrin that was tighter bound to cells.

he photoinactivation of C. albicans mediated by TAPP4+ or TAPP
emained elevated even after two washing steps. These results
re consistent with a small loss of the amount of cell-bound por-
hyrin after washing. PDI sensitized by these porphyrins were
imilar to those obtained for TMAP4+ [13]. Also, TAPP4+ and TAPP
ere more effective than TMPyP4+ after 15 min  irradiation [15].

 decrease in the TMPyP4+ photosensitizing efficiency of 1 log
as found when cells were washed once after 30 min irradiation.
oreover, the dependence on cell density observed with these

orphyrins reveals the avidity of the binding of this photosensi-
izer to C. albicans cells. The amount of porphyrin bound to each
ell decreases with an increase in the cell densities. Thus, the ratio
orphyrin/cell diminishes comparably with the cell number. More-
ver, the cell suspensions of 108 cells/mL were opaque. This effect
an also reduce the cell photoinactivation due to lower penetration
f light into the cultures. PDI decreased with increasing cell density
as previously observed using different photosensitizers [19,20].

Fluconazole effect on C. albicans was chosen since it repre-
ents one of the most commonly used azoles for treatment of
andidiasis [9]. Novel approaches to fungal infections involve a
onventional antifungal agent with another drug that potentiates
ts antifungal activity [21]. Thus, the combination of fluconazole

ith various non-antifungal agents is one of the strategies to cope
ith treatment failures. However, the effects of some agents, such

s diclofenac sodium and related compounds, can reduce the sen-
itivity of C. albicans to fluconazole via induction of an efflux pump
22]. In the present investigation, the antifungal activity of flucona-
ole to C. albicans cells showed that yeast cells were susceptible to

his compound. Also, sublethal PDI treatment of C. albicans pro-
uced an increase in the fluconazole susceptibility, reducing the
IC  value. It was previously observed that fluconazole was  more

otent against C. albicans following methylene blue-mediated PDI,
dynamic Therapy 13 (2016) 334–340 339

as it promoted higher inhibition of growth and a reduction of the
MIC  [23]. However, it was previously demonstrated that although
PDI was effective against Candida species, fluconazole-resistant
strains may  be also less susceptible to photosensitization [24].

The photoinactivation mediated by TAPP4+ and TAPP was com-
pared in growth conditions of C. albicans cultures. The growth
was delayed when yeast cells were treated with 5 �M porphyrin
and continuously irradiated with visible light. Similar effect on the
growth of C. albicans cultures was  found using 5 �M TMAP4+ [13].
However, 5 �M TMPyP4+ showed a lower photodynamic activity on
the growth delay [15]. Thus, to evaluate the combined effect of flu-
conazole and PDI on C. albicans growth, cell cultures were incubated
with different antifungal concentrations (5–15 �g/mL). Flucona-
zole by itself induced a delay in the growth curve. A successful
photoinactivation effect was  demonstrated with the combina-
tion of fluconazole together with PDI using 1 �M porphyrin. No
growth of C. albicans was  observed combining both therapies. In
the same way, the activity of a porphyrin covalently linked to an
antifungal structure of fluconazole (P-fluc) was  studied in C. albi-
cans [25]. The results indicate that fluconazole moiety in P-fluc
retained antifungal action although somewhat less than flucona-
zole. In addition, cytotoxicity of fluconazole in dark increased when
the cultures treated with 10 �M P-fluc was irradiated due to the
photodynamic effect of the tetrapyrrolic macrocycle. However, it
was evidenced that covalent linkage of the antifungal fluconazole
to the photosensitizing porphyrin nucleus offered no advantages
over simple mixing of the two  species. A promissory additive
action was found using a combined treatment with 10 �M 5-(4-
carboxymethylphenyl)-10,15,20-tris(4-methylphenyl) porphyrin
(P-ester) and 10 �M fluconazole. However, the growth of C. albi-
cans was not completely stopped because these non-cationic
porphyrins were not very effective by themselves for PDI treat-
ment of C. albicans. Therefore, it is necessary a combination of
highly active porphyrins, such as TAPP and TAPP4+, and a con-
ventional antimicrobial agent to improve the activity of both
therapies.

5. Conclusions

The porphyrins derivatives TAPP and TAPP4+ are efficient photo-
sensitizers to inactivate C. albicans cells in PBS solution. Although,
TAPP is a non-charged agent, the amino groups can acquire a posi-
tive charge at physiological pH. Thus, TAPP can efficiently perform
the photoinactivation of C. albicans cells similar to TAPP4+. Also,
the mobility of cationic groups allows a strong interaction of the
photosensitizer with the yeast cells, maintaining its high activity
even after washing. On the other hand, the combination of PDI
treatments mediated by these porphyrins and the antifungal action
of fluconazole was effective to eradicate C. albicans. The MIC of
fluconazole decreased after a sublethal PDI treatment. Moreover,
a complete suppression of cell growth was obtained by combin-
ing both effects. Thus, these porphyrins can contribute to improve
the actual therapies with antifungals. The results indicate that an
enhancement in the antifungal action was found using both thera-
pies approaches because lower doses of the agents were required
to achieve yeast cell inactivation.
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