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Abstract
A novel amphiphilic photosensitizing agent based on a tricationic fullerene  C60  (DMC60

3+) was efficiently synthesized from 
its non-charged analogue  MMC60. These fullerenes presented strong UV absorptions, with a broad range of less intense 
absorption up to 710 nm. Both compounds showed low fluorescence emission and were able to photosensitize the produc-
tion of reactive oxygen species. Furthermore, photodecomposition of l-tryptophan sensitized by both fullerenes indicated 
an involvement of type II pathway.  DMC60

3+ was an effective agent to produce the photodynamic inactivation (PDI) of 
Staphylococcus aureus, Escherichia coli and Candida albicans. Mechanistic insight indicated that the photodynamic action 
sensitized by  DMC60

3+ was mainly mediated by both photoprocesses in bacteria, while a greater preponderance of the type 
II pathway was found in C. albicans. In presence of potassium iodide, a potentiation of PDI was observed due to the forma-
tion of reactive iodine species. Therefore, the amphiphilic  DMC60

3+ can be used as an effective potential broad-spectrum 
antimicrobial photosensitizer.
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1 Introduction

The continued emergence of antibiotic-resistant microbes 
is a major threat to public health on a global scale [1, 2]. 
In this sense, the Gram-positive bacterium Staphylococcus 
aureus is the main cause of bacterial infections in humans 
around the world [3]. In addition, Gram-negative bacteria 
strains of Escherichia coli began to acquire significant resist-
ance to conventional antimicrobial treatments [4]. On the 
other hand, fungal infections produce a high mortality rate 
although they are less common than bacterial diseases [5]. 
In particular, Candida albicans is one of the most prevalent 

fungal etiologic agents that can cause life-threatening inva-
sive infections. Furthermore, this species has developed 
greater resistance than other yeasts to treatment with anti-
fungal drugs [6].

In this context, photodynamic inactivation (PDI) emerged 
as a powerful alternative therapy for the treatment of resist-
ant microbial infections [7]. This therapy involves the 
addition of a photosensitizer (PS) that is rapidly bound to 
microbial cells. Visible light irradiation of microorganisms 
under aerobic conditions leads to the formation of reactive 
oxygen species (ROS), which produce microbial inactivation 
through their reactions with cellular biomolecules [8]. In 
these systems, two pathways are mainly involved to gener-
ate ROS. For type I photoprocess, electron transfer and/or 
hydrogen abstraction take place between the excited triplet 
state of PS (3PS*) and substrates, producing free radicals. 
These intermediates can react with ground state molecular 
oxygen,  O2(3

∑

−

g  ), to form superoxide anion radical  (O2
·−), 

hydroxyl radical  (HO·) and hydrogen peroxide  (H2O2). In 
the type II pathway, energy transfer occurs from 3PS* to 
 O2(3

∑

−

g  ) to produce singlet molecular oxygen,  O2(1Δg) [9]. 
These mechanisms can take place simultaneously, depending 
on the properties of the PS, the biomolecules that surround 
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it and the polarity of the cellular microenvironment. On the 
other hand, PDI of microorganisms can be potentiated by 
inorganic substrates, which have been explored with the aim 
of enhancing the microbial inactivation [10–14]. Within this 
context, it was proven that the addition of non-toxic potas-
sium iodide salt (KI) improves the photodynamic activity 
due to the generation of reactive iodine species [15–20].

Several compounds have been evaluated as PSs in anti-
microbial therapy [8, 21]. In particular, fullerene  C60 deriva-
tives present interesting photophysical properties to act as 
phototherapeutic agents [7]. These compounds are photosta-
ble and have a high intersystem crossing (ISC) at the excited 
triplet state (3C60*) with a near unity yield [22, 23]. Also, 
are excellent electron acceptors that allows the efficient for-
mation of highly reactive ROS by type I mechanism [24]. 
In the past decades, fullerene derivatives have been synthe-
sized and investigated in the PDI of microorganisms [7, 25]. 
Mainly, cationic fullerenes containing amino-quaternary 
groups have shown high efficiency as broad-spectrum PSs 
[26]. In particular, fullerenes that present a suitable balance 
between the number of positive charges and the hydropho-
bic character of the molecule are efficient antimicrobial 
agents. The cationic groups increase the binding of the PS 
with negatively charged pathogen membranes, mainly with 
the gram-negative cells, whereas the hydrophobic character 
increases the penetration in the biomembranes. Previously, 
we reported the photoactivity in bacteria and yeast of amphi-
philic fullerene  C60 derivatives containing two cationic 
groups [27, 28]. Also, Hamblin and co-workers explored a 
panel of cationic fullerenes with different numbers of posi-
tive charges [29, 30]. A mixture of unresolvable stereoiso-
mers, where a tricationic fullerene with three pyrrolidinium 
groups located around the  C60 cage was effective for the 
photodynamic treatment of different microbes [29].

In the present work, a new tricationic derivative of fuller-
ene  C60  (DMC60

3+, Scheme 1) was efficiently synthesized 
and its spectroscopic characteristics and photodynamic 

properties were compared with those of its non-charged ana-
logue  MMC60 in solution. The ability of these compounds to 
photoinactivate microbial cells was investigated in Staphy-
lococcus aureus, Escherichia coli and Candida albicans. 
In addition, the mechanisms of photodynamic action sen-
sitized by  DMC60

3+ were investigated in each microorgan-
ism, through changes in the conditions of the cultures and 
the addition of different ROS scavengers. Furthermore, the 
effect of KI on microbial photoinactivation was studied. The 
results indicate that this novel PS, based on an amphiphilic 
fullerene  C60 with three intrinsic cationic groups, presents 
interesting properties to act as a broad-spectrum photothera-
peutic agent.

2  Materials and methods

Materials and instrumentation are described in Supporting 
Information.

2.1  Synthesis of fulleropyrrolidine derivatives

N-Methyl-2-[4-(4-methylpiperazinyl)phenyl)]fulleropyrro-
lidine  (MMC60). A solution of  C60 (99 mg, 0.138 mmol), 
4-(4-methylpiperazinyl)benzaldehyde (28 mg, 0.138 mmol) 
and N-methylglycine (12 mg, 0.138 mmol) in 75 mL of dry 
toluene was stirred at reflux under an argon atmosphere for 
6 h. Then, the solvent was removed under vacuum. Flash 
column chromatography (silica gel) using toluene/ethyl 
acetate (100:0 to 50:50 gradient, 1% triethylamine) as 
eluent afforded 48 mg (37%) of  MMC60. TLC (sílica gel, 
toluene/ethyl acetate/triethylamine, 1:1:0.01) Rf = 0.16. 
1HNMR  (CDCl3, TMS) δ [ppm]: 2.37 (s, 3H, N-CH3), 2.58 
(t, 4H, –CH2– piperazine ring, J = 5.0 Hz), 2.79 (s, 3H, 
N-CH3 pyrrolidine ring), 3.43 (t, 4H, –CH2– piperazine 
ring, J = 5.0 Hz), 4.23 (d, 1H, pyrrolidine ring, J = 9.5 Hz), 
4.86 (s, 1H, pyrrolidine ring), 4.97 (d, 1H, pyrrolidine ring, 

Scheme 1  Synthesis of  MMC60 and  DMC60
3+
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J = 9.5 Hz), 6.92 (d, 2H, Ar, J = 8.8 Hz), 7.76 (d, 2H, Ar, 
J = 8.8 Hz). ESI–MS [m/z]: 951.1727  [M]+ (951.1735 cal-
culated for M =  C74H21N3).

N,N-Dimethyl-2-[4-(1-N-methyl-4-N,N-dimethylpiper-
azindiiumyl)]fulleropyrrolidinium  (DMC60

3+). A mixture 
of  MMC60 (10 mg, 0.0105 mmol) and dimethyl sulfate 
(200 μL, 2.11 mmol) in 2 mL of N,N-dimethylformamide 
(DMF) was stirred for 40 h at 90 °C under an argon atmos-
phere. The solvent was eliminated by vacuum distillation. 
The mixture was placed in Eppendorf tubes and ethyl ether 
was added. The methylated product was precipitated and 
washed with aqueous  Na2CO3 (5% w/v) and then with water 
to obtain 13 mg (95%) of  DMC60

3+. 1HNMR (DMSO-d6, 
TMS) δ [ppm]: 3.25 (s, 6H,  N+-CH3), 3.29 (s, 3H,  N+–CH3), 
3.55 (t, 4H, –CH2– piperazine ring, J = 5.0 Hz), 3.62 (t, 4H, 
–CH2– piperazine ring, J = 5.0 Hz), 4.10 (s, 6H,  N+–CH3), 
4.30 (d, 1H, pyrrolidine ring, J = 9.5 Hz), 4.90 (s, 1H, pyr-
rolidine ring), 5.04 (d, 1H, pyrrolidine ring, J = 9.5 Hz), 
7.11 (d, 2H, Ar, J = 9.0 Hz), 7.78 (d, 2H, Ar, J = 9.0 Hz). 
ESI–MS [m/z]: 332.0809  [M]3+ (996.2440 calculated for 
M =  C77H30N3).

2.2  Spectroscopic studies

UV–visible absorption and fluorescence spectra were per-
formed as reported [28] Absorbances < 0.05 of the fullerene 
 C60 derivatives were matched at the excitation wavelength 
(λexc = 450 nm) and the areas of the emission spectra were 
integrated in the range 600–800 nm. The fluorescence quan-
tum yield (ΦF) of fullerenes were determined comparing the 
area below the corrected emission spectrum with that of  C60 
that was used as a reference (ΦF = 2.3 ×  10–4) [27].

2.3  Computational details

All density functional theory (DFT) computations were 
achieved with a Gaussian 09 package (Gaussian, Walling-
ford, CT, USA) using the B3LYP functional coupled with 
the 6-31G(d) basis set [31]. Geometries for the fullerene  C60 
derivatives were fully optimized. Conformational searches 
were attained to locate the minimum-energy conformers of 
the structures. First, several geometries were produced by 
the conformational search modules of Spartan’14 (Wave-
function, Inc., Irvine, CA, USA) by means of MMFF force 
field and then subjected to PM6 optimization. All structures 
were successively re-optimized at the CAM-B3LYP/6-
31G(d) levels of theory. This hybrid exchange–correlation 
functional is the long-range corrected version of B3LYP that 
accounts for the true asymptotic behavior at long interelec-
tronic distances [32]. Molecular electrostatic potential (ESP) 
surfaces and molecular orbitals of the optimized structures 
were visualized using Avogadro Software, version 1.2.0, 
with an iso value of 0.007 e/au3 and resolution of 0.10 Å. 

[33]. The colors of the potential surfaces were designated to 
obtain the maximum contrast between the relative locations 
of the positive (blue) and negative (red) charges.

2.4  Photooxidation of 1,3‑diphenylisobenzofuran 
(DPBF)

DPBF (20  μM) and fullerene  C60 derivative (absorb-
ance = 0.1 at 470 nm) in 2 mL of DMF were exposed to 
light at λirr = 470 nm. Photooxidation of DPBF was evaluated 
by the decrease of the absorbance (A) at λmax = 413 nm [28]. 
The observed rate constants (kobs) were calculated using a 
linear least-squares fit of the semilogarithmic plot of ln A0/A 
vs. time. Values of quantum yields of  O2(1Δg) production 
(ΦΔ) in DMF were calculated comparing the kobs for the 
corresponding PS with that for  C60, which was used as a 
reference (ΦΔ = 1) [28]. Measurements of the fulleropyr-
rolidine derivative and  C60 under the same experimental 
conditions afforded the ΦΔ for PSs by direct comparison of 
the kobs values. Similarly, photodecomposition of DPBF by 
 DMC60

3+ was determined in the presence of 50 mM KI in 
DMF/5% water.

2.5  Reduction of nitro blue tetrazolium (NBT)

The NBT approach to detected  O2
·− generation was per-

formed using 0.2 mM NBT, 0.5 mM NADH and fullerene 
 C60 derivative (10 μM) in 2 mL of DMF. Solutions were 
exposed with visible light (350–800 nm) and the develop-
ment of the reaction was observed by the increase of the 
absorbance at λ = 560 nm [28]. Control experiments were 
performed in absence of fullerene  C60 derivative, NBT or 
NADH.

2.6  Photosensitized decomposition of l‑tryptophan 
(Trp)

Trp (20  μM) and fullerene  C60 derivative (PS absorb-
ance = 0.1 at 470 nm) in 2 mL of DMF were exposed to 
light at λirr = 470 nm. Photooxidation of Trp was analyzed 
using fluorescence spectroscopy, exciting the solutions at 
λexc = 290 nm and following the decrease of the emission 
intensity (I) at λem = 341 nm [28]. Under these experimental 
conditions the values of I correlate linearly with Trp con-
centration. The values of kobs were calculated using a linear 
least-squares fit of semi-logarithmic plots of ln (I0/I) vs. 
time.

2.7  Microbial strain and preparation of cultures

The representative microorganisms tested in this investiga-
tion were the strains of S. aureus (ATCC 25923), E. coli 
(EC7) and C. albicans (PC31), which were previously 
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characterized and identified [18]. Bacteria and yeast were 
grown aerobically in tryptic soy and Sabouraud broths, 
respectively. Cultivation of microbial cells and handling of 
cells to obtain ~  106 and ~  108 colony-forming units (CFU)/
mL for bacteria and ~  106 CFU/mL for yeast in phosphate-
buffered saline (PBS, pH = 7.4) were carried out as reported 
[18, 28]. Viable microorganisms were determined by the 
spread plate technique using serial dilutions tenfold in PBS. 
Each sample was plated in triplicate and formation of colo-
nies was counted after incubation of 24 h for bacteria and 
48 h for yeast at 37 °C in the dark.

2.8  Photosensitized inactivation of microorganisms

Microbial cell suspensions in PBS (2  mL, ~  106 and 
 108 CFU/mL for bacteria and ∼106 CFU/mL for yeast) 
were incubated with fullerene  C60 derivative (0.5 μM for 
S. aureus, 1.0 μM for E. coli and 2.5 μM for C. albicans) in 
culture tubes (Pyrex, 13 × 100 mm) for 30 min in the dark 
at 37 °C [18, 28]. The PSs were added from 0.5 mM stock 
solutions in DMF. Then, 200 µL of culture was added to 
each well of 96-well microtiter plate. The cell suspensions 
were irradiated for different periods (5, 15 and 30 min) with 
visible light at 350–800 nm, which has a fluence rate of 90 
mW/cm2 (see Supporting Information) [34]. Viable cells 
were determined as described above. Studies of PDI under 
anoxic conditions were achieved by displacing the atmos-
pheric oxygen with argon. For this, 200 μL of cell suspen-
sion was transferred to a thin glass culture tube (5 × 20 mm), 
which was sealed at the open end with a rubber septum. The 
cell suspension was bubbled with argon through a needle for 
10 min before irradiation. The argon atmosphere was main-
tained in the culture during the PDI treatment. Experiments 
in deuterated water  (D2O) were carried out using 2 mL of 
cell suspension in PBS, which were centrifuged (3000 rpm 
for 15 min) and re-suspended in 2 mL of  D2O. After that, 
the cell suspensions in  D2O were treated with  DMC60

3+ for 
10 min in dark at 37 °C. Stock solutions of sodium azide 
(2 M), diazabicyclo[2.2.2]octane (DABCO, 0.2 M) and 
d-mannitol (2 M) were prepared in water. Cells were incu-
bated with 50 mM sodium azide, D-mannitol or DABCO for 
10 min in dark at 37 °C. Then, cultures were treated with 
 DMC60

3+ as described above. KI was added from 1 M stock 
solution in water. Cell cultures were incubated with 50 mM 
KI for 10 min in dark at 37 °C and then, cells were treated 
with  DMC60

3+ as mentioned above [16].

2.9  Generation of iodine species

UV–visible spectra of samples containing  DMC60
3+ (1 µM) 

and 50 mM of KI in DMF/5% water under aerobic condition 
were attained before and after irradiation for 15 min with 
visible light (350–800 nm). Likewise, the same experiments 

were performed under an argon atmosphere. Lugol’s solu-
tion (20 μM) was used as a reference in DMF/5% water. 
Controls were carried out irradiating samples of KI without 
 DMC60

3+.

2.10  Statistical analysis

Each value is the mean of three separate experimental 
determinations and the error bar represents the standard 
deviation. Controls of microbial cells were achieved with 
irradiated cultures without PS and in the presence of ful-
leropyrrolidine derivatives in the dark. Differences between 
means were verified for significance by one-way ANOVA. 
Experimental values were statistically significant according 
a confidence level of 95% (p < 0.05) [16].

3  Results and discussion

3.1  Synthesis of fulleropyrrolidine derivatives

The synthetic procedures to obtain fullerene  C60 derivatives 
are shown in Scheme 1. First, fullerene  MMC60 was syn-
thesized from the typical 1,3-dipolar cycloaddition reaction 
developed by Prato and co-workers [35]. For this purpose, 
4-(4-methylpiperazino)benzaldehyde, N-methylglycine and 
fullerene  C60 were mixed in dry toluene and stirred under 
argon atmosphere for 6 h. This reaction mixture produced 
 MMC60, which was purified by flash column chromatog-
raphy in 37% yield. Subsequently, the three amine groups 
in the structure of  MMC60 were exhaustively methylated 
with an excess of dimethyl sulphate to obtain the tricationic 
 DMC60

3+ with a yield of 95%. This simple and efficient syn-
thetic design leads to obtain a PS based on hydrophobic 
carbon sphere substituted by three cationic groups forming 
one amphiphilic monoadduct.

The fulleropyrrolidines were optimized to a stationary 
point on the Born–Oppenheimer potential energy surface of 
the molecular structures. Optimized structure and ESP sur-
faces of  MMC60 were compared with that of its tricationic 
analog  DMC60

3+ as shown in Fig. 1. The phenylene unit 
was in an almost perpendicular arrangement with respect to 
the fullerene  C60 sphere. From this analysis, spatial regions 
in the molecular structure were determined in which the 
molecular electrostatic potential was negative and positive. 
This study allowed visualizing the charged regions of each 
molecule and the distribution in the structure of the fullero-
pyrrolidine derivatives. As can be observed, non-charged 
 MMC60 structure showed the negative charge density mainly 
on the fullerene  C60 sphere, due to the electron donating 
capacity of the amine groups. In contrast, the positive charge 
distribution in  DMC60

3+ was positioned on the cationic 
substituents and does not have a significant effect on the 
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electronic density of the fullerene nuclei. The combination 
of the hydrophobic sphere and hydrophilic cationic groups 
in the PS structure produces an intramolecular polarity axis. 
To estimate the effect induced by the cationic substituents 
upon the intramolecular polarity, the dipole moment (μ) 
of fullerene  C60 derivatives was calculated (Fig. 1). Thus, 
values of 3.4 and 71.7 D were obtained for  MM60 and 
 DMC60

3+, respectively. As a consequence, the tricationic 
moiety attached to the periphery of fullerene  C60 deriva-
tive significantly increases the value of μ with respect to 
the non-charged structures. Moreover, the value of μ for 
 DMC60

3+ was 1.55 times higher than that found for a dica-
tionic fulleropyrrolidine monoadduct [27]. This amphiphilic 
character can facilitate the penetration of PS through the 
membrane, generating a better accumulation in the cells and 
consequently increasing the sensitized photoinactivation of 
microorganisms [25].

3.2  Spectroscopic characterization

The UV–visible absorption spectra of  MMC60 and  DMC60
3+ 

were registered in toluene and DMF (Fig. 2). The spectra of 
both compounds present the typical characteristics found for 
monoadduct fullerene  C60 derivatives (Table 1). The elec-
tronic spectra of the fulleropyrrolidines were dominated by 
moderately strong π–π* absorptions in the UV region. In 
addition, they showed a large range of absorption but with 
lower intensities in the visible region, presenting a charac-
teristic sharp peak around 430 nm [23]. Also, a very weak 
broader band was observed at ~ 710 nm that is characteristic 
of  C60 derivatives [27]. Substitution of the fullerene sphere 
impacts the electronic structure and produces a change of 

the Ih-symmetry of pristine  C60 that acquires an effective 
C2ν′ symmetry [2].  MMC60 presented a similar UV–visible 
absorption spectrum in both media (Fig. 2A). However, 
 DMC60

3+ exhibited good solubilization in the more polar 
solvent, DMF (Fig. 2B). In toluene, the tricationic fullerene 
showed a decrease in the absorbance and widening of the 
band at 430 nm, showing that aggregation occurs in this 
medium.

Electronic density calculations for fulleropyrrolidine 
derivatives (Fig. 3) indicated that in the  MMC60 structure, 
the HOMO was positioned on the phenylene amine substitu-
ent and the LUMO was located in the fullerene core. Similar 
calculations were obtained with fulleropyrrolidines substi-
tuted by electron-donating groups [36, 37]. The electron 
absorption spectra of these derivatives in the visible region 
were attributed to π–π* transitions. Fullerene  DMC60

3+ 
showed very similar orbital distributions (Fig. 3), with both 
the HOMO and the LUMO mainly located on the fullerene 
cage. The three positive charges on the substituent avoid the 
electron-donor character of amine groups. This effect was 
also found in fulleropyrrolidines substituted by an electron-
withdrawing nitro group [38].

The fluorescence emission spectra of  MMC60 and 
 DMC60

3+ in DMF showed a band centered at ~ 720 nm 
(Fig. 2 inset), which is typical of fulleropyrrolidine deriva-
tives [27, 28]. Considering the absorption spectrum, this 
band was assigned to 0*→0 transition band [23]. By com-
parison with  C60 as a reference, the values ΦF were obtained 
for  MMC60 and  DMC60

3+. Both compounds showed very 
low fluorescence quantum yields (ΦF ~  10–4) (Table 1), in 
congruence with the photophysical properties of fullerene 
 C60 derivatives [28].

Fig. 1  Optimized struc-
tures and the ESP surfaces 
obtained by DFT at the CAM-
B3LYP/6–31 + G(d) level of 
the  MMC60 and  DMC60

3+. The 
negative ESP regions are shown 
in red and the positive regions 
in blue. Red arrow indicates the 
calculated relative magnitude 
and orientation of permanent 
dipole moment (μ).
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3.3  Photodynamic properties

The ability of  MMC60 and  DMC60
3+ to produce ROS was 

studied by the reaction with different substrates in solution. 
Although biological environments can produce changes in 
photodynamic properties, these assays are useful as first 
indications of the capabilities of fullerene  C60 derivatives to 
act as PSs in phototherapies [16].

First,  O2(1Δg) production was determined by the pho-
tooxidation of DPBF, irradiating the samples with light at 
470 nm. It is well known that DPBF deactivates  O2(1Δg) 
mainly by chemical reaction [39]. In previous research, we 
found similar results using DPBF or 9,10-dimethylanthra-
cene as molecular probes for the detection of  O2(1Δg) photo-
sensitized by fullerene derivatives [28]. Photodecomposition 
of DPBF was analyzed in DMF following the decrease in 
the absorption band at 415 nm (Figure S1). Figure 4 shows 
the semilogarithmic graphs describing the progress of the 
decomposition reaction of DPBF sensitized by the fullerene 
 C60 derivatives. From the slopes of these graphs the values 
of kobs

DPBF were obtained, which are given in Table 2. From 
these results, the values of ΦΔ were calculated for the ful-
leropyrrolidine derivatives by comparison with fullerene 
 C60 that was used as a reference [28]. The value obtained 
for  MMC60 showed that this compound efficiently photo-
decompose the substrate through the  O2(1Δg) production. 
It was observed that the binding of substituents on fuller-
ene  C60 core produces a decrease in the photodynamic 
activity [27]. Similar production of  O2(1Δg) sensitized by 
non-charged monoadducts were reported in the same sol-
vent [28]. A lower production of  O2(1Δg) was obtained for 
 DMC60

3+ compared to the non-charged derivative. Previous 
investigation showed a comparable behavior for dicationic 
 C60 monoadducts [27, 28].

On the other hand, the ability of  MMC60 and  DMC60
3+ 

to produce  O2
·− by type I mechanism was explored in 

DMF. For this proposal, fulleropyrrolidines in the pres-
ence of NBT and the reducing agent NADH were irradi-
ated with visible light under aerobic conditions. The reac-
tion of NBT with  O2

·− produced formazan, which can be 
monitored following the absorption band of the product 
centered around 560 nm (Figure S2). The formation of 
 O2

·− detected by the NBT is shown in Fig. 5. These results 
indicate that both fulleropyrrolidines produce  O2

·− effi-
ciently in presence of NADH, as an electron donor agent. 
Therefore, even though these PSs produce  O2(1Δg) in solu-
tion, they are also capable of sensitizing the formation of 
 O2

·− with the addition of NADH. Fullerenes can be easily 
reduced to  C60 radical anion  (C60

·−) by electron transfer. 
Thus, the 3C60

* or  C60
·− can transfer an electron to  O2(3

∑

−

g  ) 
forming  O2

·−[40]. In contrast to  O2(1Δg) generation, the 
electron transfer type of reaction preferentially occurs in 
polar solvents, mainly with the incidence of the reducing 
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Fig. 2  Absorption spectra of A MMC60 and B  DMC60
3+ in DMF 

(solid line) and toluene (dashed line). Inset: fluorescence emission 
spectra of A  MMC60 and B  DMC60

3+ in DMF (λexc = 450 nm)

Table 1  Spectroscopic properties of  MMC60 and  DMC60
3+ in DMF

a Reference  C60 ΦF = 2.3 ×  10–4 [27].

Parameter MMC60 DMC60
3+

λmax
abs (nm) 431 431

ε  (M−1  cm−1) 4100 3900
λmax

em (nm) 719 720
ΦF

a (4.4 ± 0.2) ×  10–4 (2.6 ± 0.1) ×  10–4
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agent NADH [28, 40]. These pathways that yield  O2(1Δg) 
and  O2

·− are equivalent to the two main photochemical 
reaction types known as type II and type I mechanisms, 
respectively.

Furthermore, the photodynamic capacity mediated by 
 MMC60 and  DMC60

3+ in solution was analyzed by the 
sensitized decomposition of the amino acid Trp. In this 
sense, proteins are one of the main components of a cell 
and as consequences are important targets of oxidative 
photodynamic activity. In particular, residues of Trp can 
be oxidized by ROS and therefore, it is potential target of 
the photodynamic action sensitized by a PS in the micro-
bial cells [42]. Moreover, Trp can be decomposed by both 
pathways of photodynamic effect [43]. Therefore, the abil-
ity of fullerene  C60 derivatives to photooxidize Trp was 
evaluated in DMF solution. The progress of the reaction 

Fig. 3  Highest occupied molec-
ular orbital (HOMO) and lowest 
unoccupied molecular orbital 
(LUMO) of  MMC60 (up) and 
 DMC60

3+ (down). All calcula-
tions were performed by DFT at 
the CAM-B3LYP/6–31 + G(d) 
level using Gaussian 09
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Fig. 4  First-order plots for the photooxidation of DPBF (20 µM) pho-
tosensitized by  MMC60 (▼),  DMC60

3+ (▲) and  C60 (■) in DMF, 
λirr = 470 nm

Table 2  Kinetic parameters for the photooxidation reaction of DPBF 
and Trp and singlet molecular oxygen quantum yield (ΦΔ) in DMF

a Reference  C60, kobs
DPBF = (1.46 ± 0.02) ×  10–3  s−1, ΦΔ = 1 [27].

Parameter MMC60 DMC60
3+

kobs
DPBF  (s−1) (1.01 ± 0.01) ×  10–3 (0.34 ± 0.02) ×  10–3

ΦΔ
a 0.69 ± 0.02 0.23 ± 0.01

kobs
Trp  (s−1) (9.24 ± 0.04) ×  10–5 (4.26 ± 0.06) ×  10–5
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Fig. 5  Time course of  O2
·− generation detected by the 

NBT method as an increase in the absorption at 560  nm for 
NBT + NADH +  MMC60 (▼), NBT + NADH +  DMC60

3+ (▲), 
NBT +  MMC60 (▽), NBT +  DMC60

3+ (△) and NBT + NADH (○) 
in DMF irradiated with visible light, [PS] = 10 μM, [NBT] = 0.2 mM 
and [NADH] = 0.5 mM
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was followed by the decrease in fluorescence emission 
at 340 nm. As shown in Fig. 6, this reaction followed a 
kinetic of pseudo-first order with respect to the concentra-
tion of amino acid. From the linear adjustment of graphs 
of ln (I0/I) as a function of time, the values of kobs

Trp were 
calculated for the decomposition of Trp (Table 2). Both 
fullerenes photodecompose Trp efficiently when were irra-
diated with light at 470 nm. The lower value of kobs

Trp 
obtained for  DMC60

3+ than  MMC60 agrees with the results 
obtained previously in the formation of  O2(1Δg) and  O2

·−.
From the kinetic determinations of Trp and DPBF in 

DMF under the same experimental conditions, the ratio 
kobs

Trp/kobs
DPBF was calculated for the reactions sensi-

tized by  MMC60 and  DMC60
3+, giving values of 0.0915 

and 0.125, respectively. From these results, the reac-
tion rate constant of Trp photooxidation (kr

Trp = kr
DPBF

kobs
Trp/kobs

DPBF) was determined considering a value 
of kr

DPBF = 1.1 ×  109   M−1   s−1 in DMF [44]. Thus, val-
ues of kr

Trp = 1.0 ×  108   M−1   s−1 and 1.3 ×  108   M−1   s−1 
were obtained for the decomposition of Trp induced by 
 MMC60 and  DMC60

3+, respectively. These values of kr
Trp 

are very comparable to that found for the photooxida-
tion of Trp mediated by  O2(1Δg) in N-methylformamide 
(1.3 ×  108   M−1   s−1) sensitized by methylene blue [45]. 
Therefore, the results indicate a significant contribution 
of type II photoprocess in the Trp decomposition mediated 
by  MMC60 and  DMC60

3+ in DMF. However, the microen-
vironment that surrounds the fullerene in microbial cells 
can significantly modify the photodynamic action deter-
mined in solution [16]. Consequently, the photosensitized 
mechanism of action can change depending on the polarity 
where the fulleropyrrolidine is located and the presence of 
substrates in its environment.

3.4  Photosensitized inactivation of microorganisms

Photoinactivation produced by  MMC60 and  DMC60
3+ was 

explored in S. aureus, E. coli and C. albicans cultures. These 
microbial strains are representative of different complexities 
of cell envelopes. The microbes in PBS were incubated with 
the fullerene  C60 derivatives for 30 min at 37 °C in the dark. 
After that, the cells were exposed to visible light for differ-
ent times (5, 15 and 30 min, which correspond to 27, 81 and 
162 J/cm2, respectively). Fullerene concentrations of 0.5, 1.0 
and 2.5 μM were used for S. aureus, E. coli and C. albicans, 
respectively. At these concentrations, the fullerenes were 
not toxic to the microorganisms for 30 min incubation in 
dark (Figure S3 and S4). In addition, control experiments 
showed that the viability of microbial cells was not affected 
by irradiation alone without PS (Fig. 7 and S5). Thus, pho-
toinactivation of microbial cells found after irradiation of the 
cultures treated with the fullerene derivatives was due to the 
photodynamic effect induced by these PSs.

Figure 7 shows the cell survival after different PDI treat-
ments. Microbial cells viability was dependent on both the 
fullerene  C60 derivative used and irradiation periods. For 
the three microorganisms, non-cationic fullerene  MMC60 
showed considerably lower photoactivity than for its trica-
tionic analog  DMC60

3+. This difference is mainly notable 
with E. coli and C. albicans (Fig. 7B, C). For all times irra-
diated, cell survival in the presence of  DMC60

3+ decreased 
significantly compared to controls (p < 0.05).

The gram-positive bacterium S. aureus is a major cause 
of healthcare-associated infections and is endemic in many 
hospitals around the world [3]. Furthermore, this micro-
organism becomes multi-resistant to clinical antibiotics, 
leaving few therapeutic options for its treatment. As can 
be observed in Fig. 7A, an inactivation of 5.5 logs was 
obtained for S. aureus cells (~  108 CFU/mL) treated with 
0.5 μM  DMC60

3+ and 30 min irradiation. This reduction 
in viability denotes a value greater than 99.9996% of 
cell inactivation. Moreover,  DMC60

3+ showed an effec-
tive photodynamic effect at shorter irradiation times, over 
4.4 logs (99.996%) with 15-min irradiation. Under simi-
lar experimental conditions, the S. aureus cells treated 
with a dicationic fullerene, N,N-dimethyl-2-[4-(3-N,N,N-
trimethylammoniopropoxy)phenyl] fulleropyrrolidinium 
 (DPC60

2+) exhibited a decrease in cell survival of 4.8 log 
after 30-min irradiation [28]. In addition, the photoinac-
tivation of S. aureus induced by  MMC60 and  DMC60

3+ 
was studied in cultures of  106 CFU/mL (Figure S5A). A 
complete eradication of this gram-positive cells was found 
for cultures incubated with 0.5 μM  DMC60

3+ and 30-min 
irradiation. This effect can be expected because a decrease 
in cell density can produce an increase in the amount of 
PS bound to microorganisms, which leads to a higher pho-
toinactivation [46]. In previous studies, it was found that 
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Fig. 6  First-order plots for the photooxidation of Trp (20 μM) photo-
sensitized by  MMC60 (▼) and  DMC60

3+ (▲) in DMF, λirr = 470 nm
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 DPC60
2+ produced 3.5 logs decrease of S. aureus cell sur-

vival using  106 CFU/mL [28]. Therefore,  DMC60
3+ was 

more effective than  DPC60
2+ to photokilling S. aureus at 

both cell densities.
The gram-negative bacterium E. coli is almost ubiquitous 

in the human gastrointestinal tract and a frequent cause of 
diarrheal diseases worldwide [4]. In addition, it can pro-
duce urinary tract infections and neonatal bacteremia and 
meningitis [47]. The increased resistance to antibiotics of E. 
coli has led to increased morbidity, mortality and significant 
healthcare costs [48]. PDI of E. coli  (108 CFU/mL) sensi-
tized by  MMC60 and  DMC60

3+ is shown in Fig. 7B. Bacterial 
suspensions incubated with 1.0 μM  DMC60

3+ and irradiated 
for 15 min produced 2.6 logs decrease in viability, whereas 
after 30-min irradiation exhibited a photosensitizing inacti-
vation of 4.0 log units. The last result indicates a photoinac-
tivation greater than 99.99%. After centrifugation to remove 
the bacteria, a 19.4% of  DMC60

3+ adsorbed onto the E. coli 
cells was calculated by measuring the absorption spectrum 
of the supernatant. This result evidenced that  DMC60

3+ 
binds to the gram-negative bacteria. In comparison with 
previous studies, PDI of E. coli treated with 10 μM  DPC60

2+ 
produced 1 log decrease in cell survival after 15-min irra-
diation [16]. The photodynamic activity of  DMC60 was 
also investigated using a cell density of  106 CFU/mL (Fig-
ure S5B). A decrease of 4.8 logs (99.998%) was found for 
cells incubated with 1.0 μM  DMC60

3+ after 30-min irradia-
tion. These results can be compared with those previously 
obtained for a dicationic fullerene derivative, N,N-dimethyl-
2-(4´-N,N,N-trimethylaminophenyl) fulleropyrrolidinium 
 (DTC60

2+), under similar conditions using the same E. coli 
strain [27]. Photoinactivation induced by  DMC60

3+ was 
also more effective than  DTC60

2+ to eradicate E. coli, the 
latter produced a photosensitizing activity causing 3.5 log 
(99.97%) decrease of cell survival. For gram-negative bac-
teria, positively charged PSs are required to bind strongly 
to the outer membrane, which contains negatively charged 
lipopolysaccharides [8, 25].

On the other hand, C. albicans is related to the most 
recurrent diseases caused by yeasts [49]. This microorgan-
ism has developed resistance to most conventional antifungal 
agents [5]. Figure 7C shows the PDI results of C. albicans 
cell suspensions  (106 CFU/mL). This yeast exhibited a high 
susceptibility to photodynamic treatment, attaining a prac-
tically complete photokilling after 15-min irradiation with 
2.5 μM  DMC60

3+ (Fig. 7C). Similar results were previously 
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found with  DTC60
2+ but incubating the C. albicans cells 

with 10.0 μM PS [41].
Therefore, the fullerene  DMC60

3+ induced a relevant pho-
totoxicity in all microbes. This behavior is possible due to 
the greater interaction between the tricationic fullerene and 
negatively charged microbial envelope [7, 8]. In contrast, 
the  MMC60 was only able to kill a small amount of gram-
positive S. aureus, and has no effect on E. coli or C. albi-
cans confirming the role of cationic charges. Furthermore, 
 MMC60 can precipitate when a DMF solution was added to 
water due to its low solubility in aqueous solutions. Among 
the bacteria, S. aureus was the most susceptible to the PDI 
mediated by  DMC60

3+. The difference in susceptibility is 
possibly due to the different permeability barriers between 
gram-positive and gram-negative bacteria. It is known that 
the gram-negative bacteria, such as E. coli, present external 
structure more complex and compact, which acts as a barrier 
of permeability and restricts the union and penetration of 
PSs [50]. In the case of yeast, this eukaryotic cell contains 
a wall with chitin, glucans and lipoproteins that represent 
a barrier with intermediate permeability in comparison to 
gram-positive and gram-negative bacteria [18]. Moreover, 
Fig. 7 shows that the microbial cells were faster inactivated 
by the photodynamic activity sensitized by  DMC60

3+ in the 
first part of the survival curves. In general, the phenotypic 
heterogeneity and the efficiency of the PS are determinants 
to establish the profiles of the cell death curve [51]. Thus, 
the most susceptible microbial cell population was rapidly 
photoinactivated at low light fluences.

3.5  Mechanisms of photodynamic action

The PDI of microbes was explored using different experi-
mental conditions, which allow to obtain insight about the 
pathways involved in the photodynamic activity sensitized 
by  DMC60

3+. Thus, S. aureus and E. coli was treated with 
0.5 μM  DMC60

3+ and 1.0 μM  DMC60
3+, respectively, and 

irradiated for 15 min; while C. albicans were incubated with 
2.5 μM  DMC60

3+ and irradiated for 5 min. These irradiation 
times were chosen in order to clearly observe the photopro-
tective effects or the increases in cell photokilling. For this 
purpose, PDI of microorganisms was investigated varying 
the media conditions, an anoxic atmosphere and  D2O, and 
by the addition of ROS scavengers, sodium azide, DABCO 
and D-mannitol. Control experiments showed that these con-
ditions were not toxic for microbial cells (Figure S6). The 
results of cell survival are shown in Fig. 8.

First, PDI on microbes was evaluated under an anoxic 
atmosphere to establish the implication of  O2(3

∑

−

g  ) in the 
photodynamic effect. Cell viability of the three microorgan-
isms was not significantly affected for cultures incubated 
with  DMC60

3+ after irradiation under an argon atmosphere 
(Fig. 8, line 3). Therefore, aerobiosis was indispensable 

to produce photodynamic action by  DMC60
3+ through the 

production of ROS. The presence of  O2(3
∑

−

g  ) is necessary 
for both type I or type II mechanisms in the PDI of micro-
organisms [16, 41]. In addition, microbial photokilling 
was performed in cells suspended in  D2O to evaluate the 
 O2(1Δg)-mediated damage. An increase in the lifetime of 
 O2(1Δg) is expected in  D2O respect to aqueous solutions 
(τ0 = 68 μs in  D2O and τ0 = 4.2 μs in water) [52]. When bac-
terial cells were incubated in a medium with  D2O, the PDI 
was increased by 1.5 and 1.8 logs for S. aureus (Fig. 8A, 
line 4) and E. coli (Fig. 8B, line 4), respectively. Moreover, 
C. albicans cells photokilling was notoriously enhanced, 
reaching a complete eradication in  D2O, which means an 
increase in photoinactivation of 3 logs (Fig. 8C, line 4). 
These decreases in survival indicate a contribution of type 
II mechanism in the PDI of the three microbes sensitized by 
 DMC60

3+, with a greater preponderance in C. albicans cells.
Furthermore, experiments were performed with the addi-

tion of specific ROS suppressors. To evaluate the involve-
ment of  O2(1Δg) in the photoinactivation of microbial cells, 
sodium azide was used as a quencher of  O2(1Δg) [53]. When 
cultures were treated with 50 mM sodium azide, a reduction 
in the photoinactivation was observed for all microorgan-
isms. The presence of azide ions caused a photoprotection in 
the inactivation of S. aureus, E. coli and C. albicans of 2.5, 
1.5 and 1.8 logs, respectively (Fig. 8, line 5). This indicates 
that azide ions produce significant lowering of the photody-
namic action of  DMC60

3+ by quenching  O2(1Δg). However, 
the use of sodium azide can be complicated because it is 
effective in quenching bacterial killing by  O2(1Δg) but it can 
also potentiate bacterial inactivation by type I mechanism 
[16, 54]. In addition, DABCO was also used as an  O2(1Δg) 
suppressor to confirm the contribution of the type II photo-
reaction mechanism [55]. The addition of 50 mM DABCO 
produced a high photoprotection of cell survival in the three 
microbial cells (Fig. 8, line 6). In the presence of DABCO, 
the photoinactivation of microorganisms was less than 1 log 
in decreasing cell survival of E. coli and C. albicans, while 
2 log decrease was observed for S. aureus. Photoprotection 
with DABCO was previously found in the photoinactivation 
of S. aureus sensitized by a dicationic fullerene  DPC60

2+ and 
deuteroporphyrin [16, 56]. Moreover, the photoinactivation 
of microbial cells mediated by  DMC60

3+ was determined 
after treatment with 50 mM d-mannitol (Fig. 8, line 7). This 
substrate was used as a scavenger of ROS produced by type 
I mechanism, such as  O2

·− and  HO· [16]. Photokilling of S. 
aureus cells treated with d-mannitol showed a photoprotec-
tive effect of 1.6 logs in cell survival (Fig. 8A line 7). In E. 
coli cells this compound produced a reduction of 0.8 logs 
in the PDI (Fig. 8B, line 7). In contrast, C. albicans cul-
tures showed slight photoprotection when incubated with 
d-mannitol (Fig. 8C, line 7). The photoprotective activity in 
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bacteria produced by d-mannitol indicates some contribution 
of a type I mechanism.

These results indicate that bacteria photoinactivation sen-
sitized by  DMC60

3+ was mediated by contribution of both 
photodynamic action mechanisms (type I and type II). It was 
previously demonstrated that a contribution of type I photo-
process was found in the photoinactivation of bacteria sen-
sitized by cationic fullerene  C60 derivatives [16, 41]. In this 
sense, it was previously proposed that a type I mechanism 
could be better for killing gram-negative bacteria because 
their cell wall is less permeable and needs more reactive 
ROS to produce photodamage [57]. On the other hand, pho-
tokilling of eukaryotic C. albicans cells seems to be pre-
dominantly induced by the type II mechanism of  O2(1Δg) 
production. Similar behavior was found for photoinactiva-
tion of this yeast by cationic porphyrins and phthalocyanine 
derivatives [58, 59].

3.6  Effect of KI on the photokilling of microbial cells

Microbes, photoinactivation mediated by  DMC60
3+ was 

studied in cells incubated with 50 mM KI. This concentra-
tion of the inorganic salt was chosen according to previous 
results for the photokilling of microorganisms sensitized by 
fullerenes [16]. The presence of this inorganic salt combined 
with fullerene  C60 derivative was not toxic for microorgan-
isms in dark for 30-min incubation (Figure S7). Also, no 
toxicity was detected for cells incubated with 50 mM KI 
and 15-min irradiation without PS. However,  DMC60

3+ com-
bined with 50 mM KI and irradiated for 15 min generated 
a significant potentiation in the photokilling rates (Fig. 9). 
Photoinactivation mediated by  DMC60

3+ in cells treated 
with KI was 7.0, 5.6 and 4.5 logs decreased in survival of S. 
aureus, E. coli and C. albicans cells, respectively. Thus, the 
addition of KI drastically reduces the light fluence needed to 
induce an efficient photoinactivation. Previously, we found a 
similar potentiation with KI for the photokilling of S. aureus 
and E. coli mediated by a dicationic fullerene  DTC60

2+ [16]. 
Moreover, Hamblin and co-workers demonstrated that PDI 
of Acinetobacter baumannii, S. aureus and C. albicans with 
a decacationic fullerene  C60 derivative can be improve by KI 
both in vitro and in vivo [15].
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Fig. 8  Survival of A S. aureus (~  108  CFU/mL), B E. coli 
(~  108 CFU/mL) and C C. albicans (~  106 CFU/mL) incubated with 
0.5  μM  DMC60

3+, 1.0  μM  DMC60
+3 and 2.5  μM  DMC60

3+, respec-
tively, for 30 min in dark at 37 °C and irradiated with visible light for 
15 min (bacteria) and 5 min (yeast); (1) microbial cells; (2) microbial 
cells treated with  DMC60

3+; (3) microbial cells treated with  DMC60
3+ 

under argon; (4) microbial cells treated with  DMC60
3+ in  D2O; (5) 

microbial cells treated with 50  mM sodium azide and  DMC60
+3; 

(6) microbial cells treated with 50  mM DABCO and  DMC60
+3; 

(7) microbial cells treated with 50  mM d-mannitol and  DMC60
+3 

(*p < 0.05, compared with control)
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The mechanism that generates the extra killing effect 
with fullerenes combined with KI is not fully understood 
[12]. In order to find insight into this mechanism, the pho-
tooxidation of DPBF mediated by  DMC60

3+ was studied in 
DMF/5% water containing 50 mM KI (Fig. 10). In the pres-
ence of KI, the kobs value (9.44 ×  10–5  s−1) was decreased by 
a factor of 2.4 in comparison with that in the absence of KI 
(2.33 ×  10–4  s−1). In a previous study, we observed a similar 
behavior in the DPBF photodecomposition with KI using 
boron-dipyrromethenes as PSs [15]. This decrease in the 
DPBF reaction rate indicated that a deactivation reaction of 
 O2(1Δg) by the iodide ion is taking place in this medium. The 
quenching of  O2(1Δg) by iodide ions can occur through an 
electronic transfer between the two species, which can lead 
to the production of different iodine species [60]. To verify 
the generation of iodine species, the spectrum of  DMC60

3+ 
and KI (50 mM) was performed after 15 min of irradiation 
with visible light (Fig. 11). The formation of iodine species 
was evaluated following the absorption band around 360 nm. 
Moreover, the spectrum was compared with that of a diluted 
Lugol’s solution (aqueous solution of  I2 +  I−) as a positive 
control. As shown in Fig. 11, the formation of iodine spe-
cies was observed when the solutions were irradiated with 
visible light. The spectrum formed was the characteristic of 

the triiodide anion  (I3
−) [61]. In contrast, the band at 360 nm 

was not detected in the spectra of the samples irradiated 
for 30 min without PS or with  DMC60

3+ in dark. Moreo-
ver, solutions containing  DMC60

3+ and KI under an argon 
atmosphere were irradiated for 15 min (Figure S8). In this 
case, the appearance of the characteristic band of the  I3

− was 
not observed. This result confirms that iodine specie was 
formed by reaction with  O2(1Δg). Thus, iodide anions and 
 O2(1Δg) react in aqueous solution to form  I3

−. In this pro-
cess, hydrogen peroxide  (H2O2) is also formed, which can 
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Fig. 9  Survival of S. aureus (~  108 CFU/mL), E. coli (~  108 CFU/mL) 
and C. albicans (~  106 CFU/mL) treated with 50 mM KI for 10 min in 
dark at 37 ºC and incubated with 0.5 μM  DMC60

3+, 1.0 μM  DMC60
+3 

and 2.5 μM  DMC60
+3, respectively, for 30 min in dark at 37 ºC and 

irradiated with visible light for 15 min (bacteria) and 5 min (yeast). 
(1) S. aureus; (2) S. aureus treated with  DMC60

3+; (3) S. aureus cells 
treated with KI and  DMC60

3+; (4) E. coli; (5) E. coli treated with 
 DMC60

3+; (6) E. coli treated with KI and  DMC60
3+; (7) C. albicans; 

(8) C. albicans treated with  DMC60
3+; (9) C. albicans treated with KI 

and  DMC60
3+ (*p < 0.05, compared with control)
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Fig. 10  First-order plots for the photooxidation of DPBF in DMF/5% 
water sensitized by  DMC60

3+ without KI (▲) and with addition of KI 
(50 mM) (▼), λirr = 470 nm
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Fig. 11  Absorption spectra of  DMC60
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water irradiated with visible light for 15  min (solid line), Lugol’s 
solution (20  µM, dashed line), KI (50  mM) without  DMC60

3+ in 
DMF/5% irradiated with visible light for 15  min (dotted line) and 
 DMC60

3+ in DMF/5% in dark (dotted and dashed lines)
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react further with iodide anions to generate  I3
− [60, 62]. In 

addition, unstable iodine atoms  (I·) and iodine radical anions 
 (I2

·−) can also be produced by interaction of  I− with  HO· 
[63]. It is possible that  I· reacts with  I− to yield  I2

·−[64]. Two 
 I2

·− can react to form  I3
− and  I− by disproportionation [16, 

65]. Therefore, aerobic conditions are necessary to generate 
the potentiation of the PDI with KI.

4  Conclusion

In this work, a new PS based on a tricationic fullerene  C60 
derivative  (DMC60

3+) was efficiently synthesized and char-
acterized. The rational use of the piperazine group allowed 
forming a fullerene monoadduct with three cationic groups 
and suitable amphiphilic character to facilitate the binding to 
microbial cells. Photodynamic studies in solution indicated 
that  DMC60

3+ has the ability to produce both  O2(1Δg) and 
 O2

·−, depending on the medium conditions. Studies in vitro 
on S. aureus, E. coli and C. albicans showed that  DMC60

3+ 
acts as an efficient PS in the PDI of both bacteria and yeast. 
Mechanisms of action investigations revealed that damage 
in bacterial cells can be caused by a combination of pho-
toreaction mechanisms type I and II. In contrast, C. albi-
cans photokilling seems to be mostly induced by a type II 
mechanism. Furthermore, it was found that the addition of 
KI significantly improved the antimicrobial activity. This 
increase seems to be caused by the production of reactive 
iodine species, mainly  I3

−, induced by  DMC60
3+ under aero-

bic conditions. In summary, the obtained results indicate 
that tricationic fullerene  C60 presents interesting properties 
to act as potential broad-spectrum antimicrobial PS. Fur-
ther, the combination of  DMC60

3+ with KI allows optimiz-
ing the photokilling activity, improving the inactivation of 
microorganisms.
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