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The photodynamic mechanism sensitized by N,N-dimethyl-2-[4-(3-N,N,N-trimethylammoniopropoxy)p
henyl]fulleropyrrolidinium (DPC60

2+) was investigated in Staphylococcus aureus cells. Different experimen-
tal conditions were used to detect reactive oxygen species (ROS) in S. aureus cell suspensions. First, a pho-
toinactivation of 4 log decrease of S. aureus viability was chosen using 0.5 lM DPC60

2+ and 15 min
irradiation. An anoxic atmosphere indicated that oxygen was required for an effective photoinactivation.
Also, photoprotection was found in the presence of sodium azide, whereas the photocytotoxicity induced
by DPC60

2+ increased in D2O. The addition of diazabicyclo[2.2.2]octane or D-mannitol produced a reduction
in the S. aureus photokilling. Moreover, singlet molecular oxygen, O2(1Dg), was detected by the reaction
with 9,10-dimethylanthracene into the S. aureus cells. A decrease in the photoinactivation of S. aureuswas
observed in the presence of b–nicotinamide adenine dinucleotide reduced form, which was dependent on
the NADH concentration. Therefore, under aerobic condition the photocytotoxicity activity induced by
DPC60

2+ was mediated by mainly a contribution of type II process. Moreover, photoinactivation of S. aureus
was possible with DPC60

2+ in the presence of azide anions under anoxic condition. However, these condi-
tions were not effective to photoinactivate Escherichia coli. On the other hand, the addition of potassium
iodide produced an increase in the photokilling of bacteria, depending on the KI concentration and irra-
diation times. The formation of reactive iodine species may be contributing to inactivate S. aureus cells
photoinduced by DPC60

2+.
� 2016 Elsevier Inc. All rights reserved.
1. Introduction

The use of antibiotics to eradicate microorganisms means one of
the most revolutionary progresses made in scientific medicine.
However, the changing patterns of infectious diseases and the
emergence of antibiotic-resistant microbes have posed new chal-
lenge to researchers [1]. This is essentially due to inappropriate
prescriptions of antibiotics, the application in prophylaxis and
the systemic use that can also affect the normal flora and the fail-
ure of patients to complete the treatments. Well known resistance
carriers with high clinical impact include the Gram-positive organ-
ism Staphylococcus aureus. This is an opportunistic pathogen
responsible for a diverse spectrum of human and livestock dis-
eases; and it is also associated with asymptomatic colonization
of the skin and mucosal surfaces of normal humans. Most S. aureus
infections occur in previously colonized persons who also act as
reservoirs for continued dissemination [2]. Historically, S. aureus
has been a serious human pathogen, and recent few decades it
has become a more serious threatening agent due to acquisition
of antibiotic resistance [3]. Thus, infection with S. aureus has
become endemic in hospitals around the world. This Gram-
positive bacterium is an important human pathogen and a common
etiological factor of health care associated as well as community
acquired infections. Due to its growing antibiotic resistance it is
crucial to find alternative antimicrobial treatment to which bacte-
ria will not easily develop resistance. Therefore, it is imperative to
provide perspectives for the future prophylaxis or new treatments
for S. aureus infections [1]. Also, some Gram-negative bacteria, par-
ticularly Escherichia coli, have developed resistance to most or all
available antibiotics [4]. Thus, the photodynamic inactivation
(PDI) of microbes has been suggested to controlling microbial dis-
eases [5]. PDI involves the addition of a photosensitizer that which
preferentially binds to the microorganisms. The irradiation with
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visible light in the presence of oxygen yields highly reactive oxy-
gen species (ROS), which rapidly react with a variety of substrates
producing damages in the biomolecules. These changes generate a
loss of biological functionality leading to cell inactivation [6,7].

Fullerenes can act as photosensitizers due to their visible light
absorption and a long lifetime of triplet excited state. Irradiation
of solubilized fullerenes in the presence of oxygen leads to the pro-
duction of ROS. Therefore, fullerenes have been proposed as pho-
totherapeutic agents for photodynamic therapy of neoplastic
diseases [8]. The lack of solubility in biological environments rep-
resents an inconvenient in the development of this field. However,
the progress of covalent chemistry of fullerene C60 can be used to
attach this sphere structure with several functional groups, which
allows increment the biological activity. Also, interesting results
have been found using amphiphilic cationic fullerenes as photo-
sensitizers to photoinactivate microorganisms [9]. Thus, function-
alized fullerene derivatives with cationic charges were obtained
as broad-spectrum antimicrobial photosensitizers against a panel
of human pathogens.

It was previously established that N,N-dimethyl-2-[4-(3-N,N,N-
trimethylammoniopropoxy)phenyl]fulleropyrrolidinium (DPC60

2+,
Scheme 1) is an active photosensitizer for the eradication of S. aur-
eus [10]. The photoreaction mechanisms by which light and fuller-
ene derivatives cause biological damage have been the subject of
many studies [11,12]. Reaction of ROS with various biological tar-
gets, including unsaturated lipids, proteins, and nucleic acids,
resulting in cell damage or functional alterations is thought to be
responsible for cell inactivation. Therefore, in the present study
we are interested in to obtain mechanistic insight about type I/type
II processes involved in the photoinactivation of S. aureus cells
mediated by DPC60

2+. In this way, PDI of S. aureus was investigated
under different conditions to find information about the photopro-
cesses that produces the cell death. Photoinactivation experiments
were performed varying the atmosphere and the composition of
cell suspensions and using scavengers of ROS. 9,10-
Dimethylantracene (DMA) was used as molecular probe to sense
the formation of O2(1Dg) induced by DPC60

2+ into the cells. Also, S.
aureus photokilling was evaluated in the presence of different con-
centrations of b-nicotinamide adenine dinucleotide reduced form
(NADH). These studies were used to increase the knowledge of
the balance between type I and type II mechanisms mediated by
dicationic fullerene derivatives in Gram-positive and Gram-
negative bacteria, which may depend on the microenvironment
where the photosensitizer is bound to the target microbial cells.
Moreover, the effect produced by sodium azide (NaN3) on the pho-
toinactivation of S. aureus and E. coli was compared under aerobic
condition and a free-oxygen atmosphere. In the present study, the
effect of the inert inorganic salt potassium iodide (KI) was also
investigated in combination with PDI sensitized by DPC60

2+. Thus,
bacterial photokilling was determined against S. aureus and E. coli
using different concentrations of KI to stablish conditions that
increase the microbial photoinactivation.
N
+

DPC60
2+

O

N+

Scheme 1. Chemical structure of fullerene derivative DPC60
2+.
2. Materials and methods

2.1. General

UV–visible absorption spectra were performed in a Shimadzu
UV-2401PC spectrometer (Shimadzu Corporation, Tokyo, Japan).
Steady-state fluorescence emission spectra were recorded using a
Spex FluoroMax spectrofluorometer (Horiba Jobin Yvon Inc, Edi-
son, NJ, USA). Fluence rates were obtained with a Radiometer Laser
Mate-Q (Coherent, Santa Clara, CA, USA). Cell suspensions were
irradiated with a Novamat 130 AF (Braun Photo Technik, Nürnberg,
Germany) slide projector containing a 150 W lamp. A wavelength
range between 350 and 800 nm was selected by optical filters.
Experiments were performed at room temperature with a fluence
rate of 90 mW/cm2. Photooxidation of DMA in cell suspensions
was studied using a Cole-Parmer illuminator 41720-series
(Cole-Parmer, Vernon Hills, IL, USA) with a 150 W halogen lamp.
A wavelength range between 455 and 800 nm (30 mW/cm2) was
selected using an optical filter (GG455 cutoff filter). All chemicals
were purchased from Aldrich (Milwaukee, WI) and used without
further purification.

2.2. Photosensitizer

N,N-Dimethyl-2-[4-(3-N,N,N-trimethylammoniopropoxy)phe
nyl]fulleropyrrolidinium iodide (DPC60

2+) was synthesized as previ-
ously described [10]. 5,10,15,20-Tetrakis(4-N,N,N-trimethylammo
niumphenyl)porphyrin p-tosylate (TMAP4+) was purchased from
Aldrich. Stock solutions (0.5 mM) of photosensitizers were pre-
pared by dissolution in 1 mL of N,N-dimethylformamide (DMF).

2.3. Bacterial strain and preparation of cultures

The Gram-positive strain S. aureus ATCC 25923 and
Gram-negative E. coli EC7 were used in this study [10,12]. This
bacterium was aerobically grown on a rotator shaker (100 rpm)
at 37 �C in tryptic soy (TS, Britania, Buenos Aires, Argentina) broth
overnight. An aliquot (60 lL) of this culture was aseptically trans-
ferred to 4 mL of fresh medium (TS broth) and incubated at 37 �C to
mid logarithmic phase of growth (absorbance �0.6 at 660 nm).
After that, cells were harvested by centrifugation (3000 rpm for
15 min) and re-suspended in 4 mL of 10 mM phosphate-buffered
saline (PBS, pH = 7.0). Then the cells were diluted 1/10 or 1/1000
in PBS, corresponding to �108 and �106 colony forming units
(CFU)/mL, respectively. After each experiment, cell suspensions
were serially diluted with PBS and each solution was quantified
by using the spread plate technique in triplicate. Viable microbial
cells were monitored and the number of CFU was determined on
TS agar plates after �24 h incubation at 37 �C.

2.4. Photosensitized inactivation of bacteria

Cell suspensions of S. aureus (�108 CFU/mL) in PBS were
obtained as described above. Bacterial cells (2 mL) were treated
with 0.5 lM of DPC60

2+ in Pyrex culture tubes (13 � 100 mm) in
the dark for 10 min at 37 �C. DPC60

2+ was added from a stock solution
in DMF (0.5 mM). Then, the cell suspension (0.2 mL) was placed in
each well of 96-well microtiter plates (Deltalab, Barcelona, Spain).
The cultures were irradiated with visible light for 15 min. Experi-
ments under anoxic conditions were carried out with argon to
remove the oxygen. Thus, cell suspension (0.2 mL) was transferred
to a thin tube (5 � 20 mm) to allow bubbling with argon. The cul-
ture tube was resealed with a rubber septum in the dark. The sep-
tum was pierced with a hollow needle connected to argon line and
samples were bubbled with this gas for 10 min before irradiation.
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Fig. 1. Survival of S. aureus cell suspensions (�108 CFU/mL) incubated with 0.5 lM
DPC60

2+ for 10 min in dark at 37 �C and irradiated with visible light for 15 min; 1)
cells in dark; 2) irradiated cells; 3) cells treated with DPC60

2+ in dark; 4) irradiated
cells treated with DPC60

2+; 5) irradiated cells under Ar; 6) irradiated cells treated with
DPC60

2+ under Ar; 7) irradiated cells in D2O; 8) irradiated cells treated with DPC60
2+ in

D2O; 9) irradiated cells treated with 50 mM azide; 10) irradiated cells treated with
DPC60

2+ and 50 mM azide; 11) irradiated cells treated with 10 mM DABCO, 12)
irradiated cells treated with DPC60

2+ and 10 mM DABCO, 13) irradiated cells treated
with 50 mM D-mannitol; 12) irradiated cells treated with DPC60

2+ and 50 mM D-
mannitol (*p < 0.05, compared with control).
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An argon atmosphere was keeping in the sample during the irradi-
ation. Studies in deuterated saline water (D2O) were performed
using cell suspensions (2 mL) in PBS, which were centrifuged
(3000 rpm for 15 min) and re-suspended in D2O (2 mL). Then the
cell suspensions in D2O were incubated with 0.5 lM DPC60

2+ for
10 min in dark at 37 �C. Stock solutions (2 M) of sodium azide
and D-mannitol were prepared in water. Cells were treated with
50 mM sodium azide or D-mannitol in dark for 10 min at 37 �C pre-
vious to the incubation with 0.5 lM DPC60

2+ as described above.
Diazabicyclo[2.2.2]octane (DABCO) was added from a stock solu-
tion (0.2 M) in water. S. aureus cells were incubated with 10 mM
DABCO for 10 min in dark at 37 �C previous to the addition of
0.5 lM DPC60

2+. Stock solution (0.2 M) of NADH was prepared in
water. Bacterial cells were also incubated with different concentra-
tion of NADH (10, 25 and 50 mM) for 10 min in dark at 37 �C and
then were treated with 0.5 lM of DPC60

2+ as previously described.
Experiments in the presence of KI were carried out using a stock
solution (1 M) in water. S. aureus cells were incubated with differ-
ent concentrations of IK (10, 25 and 50 mM) for 10 min in dark at
37 �C. After that, 0.5 lM DPC60

2+ was added as described above. Cell
suspensions were immediately irradiated for 15 min with visible
light. The number of cells was determined as described above. Sim-
ilar procedure was used with E. coli but incubating with 10 lM of
DPC60

2+.

2.5. Steady state photolysis

Cell suspensions of S. aureus (2 mL, �106 CFU/mL) were treated
with DMA (10 lM) for 10 min in dark at 37 �C. Cells were har-
vested by centrifugation (3000 rpm for 15 min) and re-suspended
in 2 mL PBS. Then, different protocols were followed: a) cells were
incubated with 0.5 lM DPC60

2+ for 10 min in dark at 37 �C, b) cells
were incubated with 0.5 lM DPC60

2+ for 10 min in dark and then
treated with 50 mM sodium azide for 10 min in dark at 37 �C;
and c) cells were treated with 0.5 lM TMAP4+, which was used
as a reference, for 10 min in dark at 37 �C. S. aureus suspensions
were irradiated in a quartz cell of 1 cm path length. Photooxidation
of DMA was studied by following the decrease of the fluorescence
intensity at k = 428 nm, exciting the samples at kexc = 375 nm. Con-
trol experiments showed that under these conditions the fluores-
cence intensity correlates linearly with substrate concentrations.
The observed rate constants (kobs) were obtained by a linear
least-squares fit of semi-logarithmic plots of ln (I0/I) vs. time [13].

2.6. Controls and statistical analysis

Control experiments were carried out in the presence and
absence of DPC60

2+ in the dark and in the absence of DPC60
2+ with cells

irradiated. The amount of DMF (<1% v/v) used in each experiment
was not toxic to S. aureus cells. Three values were obtained per
each condition and each experiment was repeated separately three
times. Differences between means were tested for significance by
one-way ANOVA. Results were considered statistically significant
with a confidence level of 95% (p < 0.05). Data were represented
as the mean ± standard deviation of each group.
3. Results

3.1. Effect of media on the photoinactivation of S. aureus

Bacterial cells were treated with 0.5 lM DPC60
2+ and irradiated

for 15 min with visible light. PDI mediated by DPC60
2+ showed a pho-

tosensitizing activity causing a 4 log decrease of cell survival
(Fig. 1, line 4). Furthermore, no toxicity was detected for S. aureus
cells irradiated for 15 min within DPC60

2+ (Fig. 1, line 2). Also, 0.5 lM
DPC60
2+ was not toxic in dark (Fig. 1, line 3). Therefore, this concen-

tration and an irradiation time of 15 min were chosen to not pro-
duce a complete eradication of S. aureus, which allow observing a
photoprotective effect or an increase in the photokilling under dif-
ferent experimental conditions used to inactivate of S. aureus cells.

Photoinactivation of S. aureus cell by DPC60
2+ was investigated

under an argon atmosphere. This anoxic condition was used to
establishing the implication of oxygen on the PDI of S. aureus.
Under an argon atmosphere, cell viability was not changed after
irradiation without DPC60

2+ (Fig. 1, line 5) or in the presence of
DPC60

2+ kept in the dark (result not shown). Moreover, cell viability
was not affected for cells incubated with DPC60

2+ after 15 min irradi-
ation (Fig. 1, line 6). Therefore, aerobic condition was necessary to
produce photosensitized inactivation of S. aureus.

Photoinactivation of S. aureus mediated by DPC60
2+ was

performed in cells suspended in D2O to evaluate the
O2(1Dg)-mediated damage of microbial cells. A medium with D2O
was used to increase the lifetime of O2(1Dg) in the biological
system [14]. No toxicity was detected in the presence of D2O under
irradiation without DPC60

2+ (Fig. 1, line 7). Also, DPC60
2+ was not toxic

for cells in dark (result not shown). However, a high cell photoin-
activation of 5 log decrease was observed for S. aureus cells incu-
bated with DPC60

2+ in D2O (Fig. 1, line 8), which was 1 log more
effective than that found in PBS cell suspension after 15 min
irradiation.
3.2. Effect of scavengers of ROS on the photoinactivation of S. aureus

The effect of suppressors of ROS, sodium azide, DABCO and D-
mannitol, were investigated to obtain insight about the photody-
namic mechanism involved in the photosensitized inactivation of
S. aureus cells mediated by DPC60

2+. Azide anion can be used as a
quencher of intracellular O2(1Dg) [15]. However, it also can deacti-
vate photosensitizers in their triplet excited state preventing both
type I and type II photoprocesses. Bacterial cells were treated with
50 mM sodium azide and 0.5 lM DPC60

2+. No toxicity was detected
using this concentration of azide ions under irradiation without
DPC60

2+ for 15 min with visible light (Fig. 1, line 9) or in the dark con-
taining the fullerene (result not shown). A photoinactivation of 2
log decrease was found in cell viability (Fig. 1, line 10). Thus, a
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reduction in the cell inactivation photosensitized by DPC60
2+ was

obtained in the medium containing the azide ions. Therefore, the
addition of sodium azide quenched the photocytotoxic species,
producing a protective effect on microbial cells.

To evaluate the possible involvement of O2(1Dg) on the photo-
sensitized inactivation of S. aureus by DPC60

2+, experiments were
performed treating the cell suspensions with 10 mM DABCO. A
charge transfer-inducedmechanismwas suggested for the quench-
ing of O2(1Dg) by DABCO [16]. This compound was used to inhibit
O2(1Dg)-mediated oxidations and to suppress O2(1Dg)-sensitized
fluorescence. No toxicity was found with this DABCO concentration
under irradiation without DPC60

2+ (Fig. 1, line 11) or containing the
fullerene in the dark (result not shown). A protective effect on
PDI of S. aureus mediated by DPC60

2+ was observed in the presence
of DABCO, producing a photoinactivation of S. aureus of 1 log after
15 min irradiation (Fig. 1, line 12).

Likewise, the photoinactivation of S. aureus mediated by 0.5 lM
DPC60

2+ was examined after incubation with 50 mM D-mannitol. This
compound can be used as a scavenger of the superoxide anion rad-
ical (O2

��) and hydroxyl radical (type I reaction) [17]. The presence
of 50 mM D-mannitol was not toxic to irradiated cells without
DPC60

2+ (Fig. 1, line 13). Also, it was not toxic for S. aureus cells trea-
ted with D-mannitol and DPC60

2+ in dark (result not shown). How-
ever, cell inactivation mediated by DPC60

2+ exhibited a
photoprotective effect of about 2 log in suspensions containing D-
mannitol after irradiation (Fig. 1, line 14).
3.3. Photooxidation of DMA in S. aureus cells

Photooxidation of DMA induced by DPC60
2+ was investigated in S.

aureus cell suspensions under aerobic conditions. DMA quenches
O2(1Dg) exclusively by chemical reaction and it can be used to eval-
uate the ability of the photosensitizers to produce O2(1Dg) [18]. In
all cases, cells were first treated with 10 lM DMA followed by a
washing step to remove unbound molecules to cells. This substrate
can itself act as photosensitizer producing O2(1Dg) [19]. However,
DMA do not absorb in the wavelength range used to irradiate
(455–800 nm). Thus, it was found that PDI of S. aureus was not
affected by the addition of 10 lM DMA. Furthermore, short irradi-
ation times were used in kinetic studies with a total time of about
3 min. Photooxidation of DMA was detected by the decay in its flu-
orescence intensity after different irradiation periods. Results for
DMA decomposition are shown in Fig. 2. The values of the observed
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Fig. 2. First-order plots for the photooxidation of DMA in S. aureus cells (�106 CFU/mL)
incubated with: (j) 10 lM DMA for 10 min followed by a washing step and treated
with 0.5 lM DPC60

2+ for 10 min, (d) 10 lM DMA for 10 min followed by a washing
step and treated with 0.5 lM TMAP4+ for 10 min, (N) 10 lM DMA for 10 min
followed by a washing step, (.) 10 lM DMA for 10 min followed by a washing step
and treated with 50 mM sodium azide and 0.5 lM DPC60

2+ for 10 min.
rate constant (kobs) were calculated from first-order kinetic plots of
the DMA emission intensities with time. Photooxidation of DMA
was not detected in absence of DPC60

2+, while a value of kobs =
(6.76 ± 0.08) � 10�4 s�1 was calculated for DMA decomposition
photosensitized by DPC60

2+. Moreover, photooxidation of DMA
induced by DPC60

2+ in S. aureus cells was evaluated in suspensions
containing 50 mM sodium azide. In the presence of azide ions, a
high photoprotective effect was found for DMA and not significant
decomposition of this substrate was observed in S. aureus cells. The
reaction rate mediated by DPC60

2+ was compared with that produced
by TMAP4+. This cationic porphyrin was used as a photosensitizer
of reference due to it is an active compound established to eradi-
cate microorganisms [20]. In the presence of TMAP4+, a value of
kobs = (27.3 ± 0.2) � 10�4 s�1 was obtained for DMA photooxida-
tion. Thus, the photodecomposition of DMA mediated by TMAP4+

considerably increase (�4 times) with respect to the cells treated
with DPC60

2+.

3.4. Effect of NADH on photoinactivation of S. aureus

Photoinactivation of S. aureus was investigated in the presence
of different concentration of NADH. It is well-known that NADH
can act as both an electron donor for O2

�� formation and a substrate
for O2(1Dg) [21]. Cells were treated with 10–50 mM NADH and
then with 0.5 lM DPC60

2+. Fig. 3 shows the survival of S. aureus after
15 min irradiation. The highest concentration of NADH used was
not toxic in the dark (Fig. 3, line 2). The presence of NADH pro-
duced a photoprotective effect, which was dependent on the con-
centration of NADH (Fig. 3, line 4-6). The cytotoxic activity
mediated by DPC60

2+ was reduced and the cell survival was only
about 1 log decreased in the presence of 50 mM NADH (Fig. 3, line
6).

3.5. Effect of sodium azide on photoinactivation of bacteria

The effect of azide ions on the photokilling of S. aureuswas com-
pared in aerobic and anoxic conditions. Thus, cell suspensions were
incubated with 50 mM sodium azide and treated 0.5 lM DPC60

2+.
Samples were irradiated for 15 min both in air and in absence of
oxygen. The results are summarized in Fig. 4A. No toxicity was
found for the cultures treated with DPC60

2+ (Fig. 4A, line 2), with
sodium azide (Fig. 4A, line 3), with DPC60

2+ and argon (Fig. 4A, line
4) or with DPC60

2+, azide and argon (Fig. 4A, line 5) in dark respect
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to no treated cells (Fig. 4A, line 1). PDI of S. aureus incubated with
DPC60

2+ produced a 4 log decrease of cell viability after 15 min irra-
diation (Fig. 4A, line 6). As it was shown above, a photoprotective
effect of 2 log was found in presence of azide ions under an aerobic
condition (Fig. 4A, line 8). Also, when PDI was carried out in atmo-
sphere of argon, photoinactivation of bacteria was practically neg-
ligible as expected for an oxygen-dependent photodynamic
process (Fig. 4A, line 9). However, about 2 log decrease in S. aureus
survival was observed when PDI was performed in the presence of
10 mM sodium azide in absence of oxygen (Fig. 4A, line 7). Pho-
toinactivation of E. coli incubated with 10 lM DPC60

2+ produced 1
log decrease in cell survival after 15 min irradiation (Fig. 4B, line
6). Control experiments showed not toxicity in dark (Fig. 4B, line
1 to 5). E. coli cells were not photoinactivated under an argon
atmosphere (Fig. 4B, line 9). The addition of sodium azide pro-
duced a slight protection on cell viability (Fig. 4B, line 8). Moreover,
negligible difference in the photoinactivation of E. coli was found
between experiments under argon atmosphere in presence or
absence of azide ions (Fig. 4B, lines 7 and 9).

3.6. Effect of KI on photoinactivation of bacteria

Bacterial killing mediated by DPC60
2+ was evaluated in the pres-

ence of different concentrations of KI. In water, the reaction of
iodine anion and O2(1Dg) results in the production of tri-iodide
(I3�). In this process hydrogen peroxide (H2O2) is formed, which
can react further with iodide anions [22]. Therefore, cells were
incubated with KI in the range of 10–50 mM and after that with
0.5 lM DPC60

2+. A concentration of 50 mM KI was not toxic to S. aur-
eus in dark (Fig. 5A, line 2). Nor in the presence of DPC60

2+ (Fig. 5A,
line 3). After 15 min irradiation, a potentiation in photoinactivation
of S. aureus was observed in presence of iodide anions (Fig. 5A,
lines 4–7). The photokilling was increase with the KI concentration.
A complete eradication of S. aureus cells was found when PDI was
carried out in the presence of 50 mM KI (Fig. 5A, line 7). In the case
of E. coli, the addition of 50 mM KI alone or combined with 10 lM
DPC60

2+ were not toxic in dark (Fig. 5B, line 2–3). Photoinactivation
of E. coli was slightly affected by the presence of KI (Fig. 5B, line
4–7) after 15 min irradiation. However, cell survival decreases 1
log respect to the controls after 30 min irradiation (6.5 log cell
survival).
4. Discussion

Fullerene derivatives are accepted as nanoparticles with several
potential biomedical applications [8,9]. In the present study, DPC60

2+

contains a hydrophobic carbon sphere with two intrinsic cationic
charges that provide an amphiphilic character. Furthermore, in this
structure the cationic group at the end of aliphatic chain is isolated
from the fullerene by a propoxy bridge. Thus, this charge has min-
imal effect on the electronic density of the fullerene. This can help
to keep the photophysical properties of the fullerene. Moreover,
this chain allows a higher mobility of the charge facilitating the
interaction with the membrane of the bacteria. Photodynamic
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activity of DPC60
2+ was studied in the presence of different substrates

to sense ROS [10]. The O2(1Dg) production quantum yield (UD) of
DPC60

2+ was 0.44 in DMF. The photodynamic activity of these photo-
sensitizers remained high in a simple biomimetic system formed
by AOT reverse micelles. Also, the formation of O2

�� induced by
DPC60

2+ was detected in the presence of NADH. Decomposition of

L-tryptophan mediated by DPC60
2+ in DMF indicated a possible con-

tribution of type I pathway, together with type II photoprocess.
However, there are limitations to predict photodynamic activity
of DPC60

2+ in microbial cells on the basic of photooxidation processes
determined in solutions. Under aerobic conditions, the triplet
excited state of fullerene (3C60

⁄ ) can interact with O2(3
P�

g ) to form
ROS (Scheme 2). This process can occur by energy transfer from the
3C60

⁄ to produce O2(1Dg) or by electron transfer to form O2
�� [23]. Full-

erene derivatives are efficient O2(1Dg) generators in solution with a
quantum yield that is near unity [24]. Moreover, the 3C60

⁄ or C60
�� can

transfer an electron to molecular oxygen forming O2
��. In contrast to

O2(1Dg) generation, the electron transfer type of reaction preferen-
tially occurs in polar solvents, particularly in the presence of reduc-
ing agents, such as NADH [34,25]. These two pathways, yielding
O2(1Dg) and O2

��, are analogous to the two main photochemical reac-
tion types known as type II and type I photochemical mechanisms,
respectively.

The photodynamic action mechanism mediated by DPC60
2+ was

studied analyzing different effects on the photoinactivation of S.
aureus. After 15 min irradiation, a photoinactivation of 99.99% (4
log decrease) was found for cells incubated with 0.5 lM DPC60

2+.
However, the photokilling of S. aureus cells sensitized by DPC60

2+

was negligible under an anoxic atmosphere. Oxygen molecules
are decisive for the formation of O2(1Dg) through the type II photo-
sensitization pathway. Moreover, oxygen can be involved in the
type I mechanism [5]. In a type I process the triplet excited state
of the photosensitizer can directly interact with substrates to pro-
duce radical ions by a hydrogen atom or electron transfer reaction.
These radicals instantaneously react with oxygen molecules to
generate a mixture of highly reactive oxygen intermediates. Also,
O2
�� can be generated by the reaction of molecular oxygen with

the photosensitizer radical anion.
Photoinactivation of S. aureus induced by DPC60

2+ was determined
in D2O to evaluate the O2(1Dg)-mediated inactivation of microbial
cells. An increase in the O2(1Dg) lifetime is expected when D2O was
used instead of water [14]. The lifetime of O2(1Dg) is 67 ls in D2O
but only 3.5 ls in H2O [19]. Thus, in previous investigations the
intracellular water was replaced with D2O to facilitate the detec-
tion of O2(1Dg) [26]. The present results showed that the photocy-
totoxic effect sensitized by DPC60

2+ was higher in D2O than in
aqueous medium, revealing a contribution of type II photosensiti-
zation in the PDI of S. aureus. Moreover, experiments were per-
formed in the presence of sodium azide to determinate the
participation of O2(1Dg). Quenching experiments showed the
benefit of its use to characterize the effects of intracellular
hυ Type I

O2
.-

RH

R. + H+

Type II
1C60

.-1C60

1C60
* 3C60

*

O2(3Σg)-

O2(3Σg)

O2(1Δg)

Scheme 2. Schematic representation of type I (charge transfer) and type II (energy
transfer) photochemical mechanisms mediated by fullerenes.
inhomogeneity on the reactivity of O2(1Dg) [27]. In a cellular envi-
ronment, the lifetime of O2(1Dg) is limited by quenching and reac-
tions with cell constituents. Therefore, the cell damage mediated
by O2(1Dg) occurs close to its site of generation [14]. The O2(1Dg)
lifetime and the rate constant for O2(1Dg) quenching by added
azide ion depend on the location of the photosensitizer in different
domains of a living cell. Thus, azide ion should be located in the
subcellular compartments close to the photosensitizer because
O2(1Dg) does not diffuse a great distance from its site of produc-
tion. The presence of sodium azide produced a photoprotection
of 2 log in S. aureus cells survival. This suggests that azide ions
cause significant lowering of the photodynamic effects of the
DPC60

2+ by quenching O2(1Dg). Previous studies demonstrated that
intracellular quenching by azide ions of O2(1Dg) sensitized by the
tetracationic 5,10,15,20-tetrakis(4-N-methylpyridyl)porphyrin
(TMPyP) occurs at the diffusion-controlled limit [27]. Also, pho-
toinactivation of S. aureus by DPC60

2+ was investigated in the pres-
ence of DABCO, which was used as a O2(1Dg) quencher [16].
Bacterial cells were protected from the photodynamic activity by
the addition of DABCO and photoinactivation was only 1 log
decrease in cell survival. Photoprotection using DABCO was previ-
ously observed in the photoinactivation of S. aureus by deuteropor-
phyrin [28]. The formation of O2(1Dg) photoinduced by DPC60

2+ was
determined by the decomposition of DMA inside the S. aureus cells.
Considering that DMA quenches O2(1Dg) by means of chemical
reaction to form the corresponding endoperoxide, it is used as a
method to determinate the ability of DPC60

2+ to produce O2(1Dg) in
a cellular media [18]. In S. aureus cells, photooxidation rates of
DMA significantly increased in the presence of DPC60

2+, indicating
the generation of O2(1Dg). The effectiveness of DPC60

2+ to produce
O2(1Dg) into S. aureus cells was compared with that produced by
TMAP4+. A higher photodecomposition rate of DMA was observed
using TMAP4+ as photosensitizer. This tetracationic porphyrin rep-
resents an active photosensitizer to eradicate bacteria [20]. Also,
TMAP4+ showed high quantum yields of O2(1Dg) with a value of
0.77 in water [29]. This is an important photosensitizer property
because the reactions induced by O2(1Dg) can be the mainly cause
of cell damage photosensitized by porphyrins under aerobic condi-
tions [30]. Therefore, the slower photooxidation rate of DMAmedi-
ated by DPC60

2+ could be indicative of a lower O2(1Dg) production
than TMAP4+ in S. aureus cells. However, a different intracellular
localization of the photosensitizers could also be affecting the
decomposition rate of DMA due to the short lifetime of O2(1Dg)
inside the cells [14]. Anthracene derivatives were also previously
used to detect the formation of O2(1Dg) by 2,9,16,23-tetrakis[4-
(N-methylpyridyloxy)]phthalocyanine in Candida albicans cells
[13]. Moreover, sodium azide was used to establish the presence
of O2(1Dg), preventing type II photoprocess [31]. The deactivation
of O2(1Dg) by physical quenching decreases the formation of
endoperoxide inside the cells and the photooxidation of DMA by
DPC60

2+ was negligible with the addition of azide ions in the cell sus-
pensions. On the other hand, D-mannitol was used as a free-radical
scavenger to investigate the contribution of type I mechanism
[17,32]. Photocytotoxicity of S. aureus cells mediated by DPC60

2+

was affected when D-mannitol was added to cells, producing a pho-
toprotection of 2 log. In earlier studies, the addition of D-mannitol
produced a photoprotective effect on the cellular survival, when N,
N-dimethyl-2-(4-N,N,N-trimethylaminophenyl)fulleropyrrolidi
nium (DTC60

2+) was used as photosensitizers to inactivate E. coli [12].
The photoprotective effect caused by D-mannitol was indicative of
a contribution of type I pathway.

When the S. aureus cells were treated with NADH, photoinacti-
vation activity mediated by DPC60

2+ was decreased. NADH is the
most important redox coenzyme acting as the source of electrons
in the living system. In the presence of NADH, O2(1Dg) can be
quenched by both the physical and electron-transfer processes in
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competition with the decay of O2(1Dg) to the ground state [33,34].
The physical quenching process gives the ground-state reactant
pair, NADH and O2(3

P�
g ), whereas the electron transfer produces

NADH�+ and O2
��. In solution, the generation of O2

�� by DPC60
2+ was

enhanced by addition of NADH [10]. Previous experiments both in
the cell-free system and in primary cultured rat hepatocytes,
strongly suggest that NADH was the primary and enzymatically
restorable target of O2(1Dg) within mitochondria of viable cells
[21]. It was suggested that mitochondrial NADH was likely to act
as a directly operating antioxidant and thus provides protection
when O2(1Dg) was generated within this organelle. Therefore, the
findings of photoprotection by NADH are indicative that DPC60

2+ oper-
ates primarily via a type II reaction.

Therefore, the photodamage produced to the S. aureus cells
mediated DPC60

2+ appears to be mainly facilitated by the intermedi-
acy of O2(1Dg). Although in a minor contribution, the participation
of other ROS could not be neglected. It was previously demon-
strated that the killing of E. coli cells by DTC60

2+ and visible light irra-
diation can be mediated by a contribution of type I photoprocess
[12]. This finding is in agreement with previous report that type
II are better at killing Gram-positive bacteria than type I, while
the reverse is true for Gram-negative [9,35]. It was proposed that
O2(1Dg) can diffuse more easily into porous cell walls of Gram-
positive bacteria to reach sensitive sites, while the less permeable
Gram-negative bacterial cell wall needs the more reactive hydroxyl
radicals to cause real damage.

Under aerobic condition, a photoprotective effect was found for
PDI of S. aureus induced by DPC60

2+ in the presence of azide ions.
Moreover, photoinactivation under an anoxic atmosphere was
not as effective as in presence de oxygen. Despite this, in the
absence of oxygen 2 log decrease of bacterial photokilling was
obtained when azide anions were added. The aerobic respiration
of same bacterial strains is susceptible to sodium azide. S. aureus
is an anaerobic facultative bacterium, therefore it can grow under
aerobic conditions if oxygen is present, but is capable of switching
to fermentation or anaerobic respiration if oxygen is absent. Addi-
tion of sodium azide and as well as oxygen removal was previously
used to investigate the photochemical mechanisms of microbial
killing mediated by decacationic fullerene derivatives [36]. It was
proposed that the photoactivated fullerene directly can accept an
electron transferred from azide anion to produce azidyl radicals
and fullerenyl radical anions. The azidyl radical was presumed to
mediate bacterial killing especially in the absence of oxygen.
Therefore, the fact that azide anions allow the photoactivated
fullerenes to kill the bacteria in the absence of oxygen does suggest
that azidyl radicals can be involved in the cytotoxic activity. Azidyl
radicals may be formed from sodium azide and hydroxyl radicals.
The differences in sodium azide inhibition may reflect differences
in the extent of photosensitizer binding to microorganisms or dif-
ferences in penetration of azide anions into cell walls of bacteria
[35]. Thus, sodium azide can protected against S. aureus killing
mediated by a polyethylenimine chlorin(e6) conjugate (PEI-ce6)
but not against killing with a cationic fullerene. Also, the addition
of sodium azide to S. aureus and E. coli incubated with methylene
blue gave significantly increased bacterial killing [37]. This obser-
vation suggests a possible mechanism to carry out oxygen-
independent PDT. The effect of azide ions was compared using
six different homologous phenothiazinium dyes [38]. Killing of
E. coliwas potentiated with all six dyes after a wash, while S. aureus
killing was only potentiated by methylene blue and toluidine blue
O with a wash and with no wash. More lipophilic dyes, such as
dimethylmethylene blue, were more likely to show potentiation.
It was concluded that the type I photochemical mechanism, poten-
tiation with azide ions, likely depends on the microenvironment.

PDI of bacteria sensitized by DPC60
2+ was investigated in cell sus-

pensions containing KI. This inert salt produced a dose-dependent
(10–50 mM KI) increase of light-mediated bacterial killing of
S. aureus. Thus, in the presence of 50 mM iodide ions the photoin-
activation was over 7 log decrease in cell survival after 15 min irra-
diation, which means 2.5 log more effective than in absence of KI.
Under these PDI conditions, potentiation of photokilling was not
found in E. coli. However, an increase in the photoinactivation of
this Gram-negative bacterium was observed after 30 min irradia-
tion. Previously, the efficacy of PDI mediated by methylene blue
was investigated in bacteria by addition of KI [39]. A consistent
increase of red light-mediated bacterial killing was found by adding
KI to S. aureus. Moreover, it was found that PDI of Acinetobacter bau-
mannii, S. aureus and C. albicans with cationic fullerenes could be
potentiated by iodide both in vitro and in vivo [40]. The mechanism
of action was probably due to formation of reactive iodine species
that are produced quickly with a short lifetime. In this system, iodine
atoms (I�) and iodine radical anions (I2��) can be generated by interac-
tion of the photosensitizer excited state or hydroxyl radicals with
iodide ions that would increase the damage to bacterial cell wall
constituents [41]. Moreover, the interaction of the ROS and KI during
light exposure, biocidal molecular iodine (I2) or tri-iodide (I3�) can be
formed improving bacterial inactivation. Therefore, this complemen-
tary pathway of photodamage can be used to improve the photody-
namic activity produced by DPC60

2+ in S. aureus cells.
5. Conclusions

This study provides insight into the photodynamic action path-
ways that occurs in the PDI of S. aureus cells mediated by DPC60

2+. In
particular, the main mechanism was influenced by the location of
the photosensitizer in the different domains of the target microbial
cells. To elucidate the oxidative processes that occur during the
killing of cells, first, the effect of the media was analyzed on cell
photoinactivation. It was found that an oxygen atmosphere was
required for an efficient photoinactivation. Moreover, photoinacti-
vation of S. aureus was increased in D2O due to a longer lifetime of
O2(1Dg). When ROS scavengers were added, photoprotection was
observed with azide ions as O2(1Dg) quencher in aerobic medium.
Moreover, photoprotection was found using DABCO as O2(1Dg)
trapping. The formation of O2(1Dg) was detected within the S. aur-
eus cells by photo decomposition of DMA that serve as a sensitive
probe. Also, photoinactivation activity induced by DPC60

2+ was
decreased when NADH was added to cell suspensions. Therefore,
these finding indicate that the killing of S. aureus cells by DPC60

2+

and visible light irradiation seem to be mediated mainly by
O2(1Dg). However, some contribution of type I pathway cannot be
completely ruled out due to the protective effect of D-mannitol. On
the other hand, the addition of sodium azide to cell suspensions
can be used to photoinactivate S. aureus in an anoxic atmosphere.
Moreover, the photokilling produced by DTC60

2+ can be potentiated
by theadditionofKI to obtain abetter rateof inactivationofmicroor-
ganisms. Thus, the balance between type I and type II mechanisms
may be influenced by the microenvironment of the cationic fuller-
ene. This in turn may be influenced by the strength of binding by
the target microbial cells. Gram-negative bacteria have a more pro-
nounced negative charge in the cell envelope than those of Gram-
positive bacteria. Therefore, the cationic charged fullerenes may be
supposed to bind more strongly to Gram-negatives than they do to
Gram-positives. In the present case, the results are in agreement
with previous report that type II photoprocess is mainly involved
in the killing of Gram-positive bacteria.
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