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Abstract
Photodynamic inactivation (PDI) is a rapidly developing antimicrobial technology which combines
a non-toxic photoactivatable dye or photosensitizer (PS) in combination with harmless visible light
of the correct wavelength to excite the dye to its reactive triplet state that will then generate reactive
oxygen species (ROS) that are highly toxic to cells. Buckminsterfullerenes are closed-cage molecules
entirely composed of sp2 hybridized carbon atoms and although their main absorption is in the UV,
they also absorb visible light and have a long-lived triplet state. When C60 fullerene is derivatized
with cationic functional groups it forms molecules that are more water-soluble and can mediate PDT
efficiently upon illumination, and moreover cationic fullerenes can selectively bind to microbial cells.
In this report we describe the synthesis and characterization of several new cationic fullerenes. Their
relative effectiveness as broad-spectrum antimicrobial photosensitizers against Gram-positive,
Gram-negative bacteria, and a fungal yeast was determined by quantitative structure function
relationships.
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Introduction
There has been a relentless rise in antibiotic resistance that has taken place over many years in
most regions of the world and has been observed in many different classes of microbial cells
(1). In recent times the phenomenon has become even more worrying, with concerns that
hitherto fairly trivial infections could again become untreatable as in the days before antibiotics
were discovered (2). In fact the present time has been referred to as the “end of the antibiotic
era” (3). The rise in multidrug resistance amongst microbial pathogens has motivated an
international search for alternative antimicrobial strategies, particularly those which could be
applied to infections in wounds and burns.

Photodynamic therapy (PDT) employs a nontoxic dye termed a photosensitizer (PS) and low-
intensity visible light, which in the presence of oxygen produce reactive oxygen species (ROS),
such as singlet oxygen, superoxide and hydroxyl radical (4). PDT has the advantage of dual
selectivity in that the PS can be targeted to its destination cell or tissue, and in addition the
illumination can be spatially directed to the lesion. PDT was originally discovered over a
hundred years ago by its light-mediated killing effect on microorganisms (5), but since then
has been principally developed as a treatment for cancer (6) and age-related macular
degeneration (7). PDT has recently attracted attention as a possible alternative treatment for
localized infections (8-10). It is proposed that for antimicrobial PDT the PS would be topically
or locally applied to the infected tissue and, after a relatively short time interval, light would
be delivered to the area and depending on the effectiveness of the antimicrobial PS, up to three
logs of bacterial or fungal cells would be killed without causing unacceptable damage to the
host tissue. A three-log reduction is accepted as an effective antimicrobial intervention
equivalent to disinfectants (11). It has been reported that PDI is equally effective (12) (or even
more effective (13)) against multi-drug resistant bacteria as it was against naïve species, and
moreover, the PDI treatment itself is considered to be unlikely to cause bacterial resistance to
damage by ROS to arise (14). This is because the PDI insult is relatively brief (many logs killed
over minutes) compared to antibiotics that are typically present for many days or weeks, and
because the type of damage to bio-molecules done by PDT is relatively non-speciific compared
to antibiotics that in general specifically inhibit a target enzyme.

It is known that Gram-negative bacteria are resistant to PDI with many commonly used PS that
will readily lead to phototoxicity for Gram-positive species (15) and that PS bearing a cationic
charge (16) or the use of agents that increase the permeability of the outer membrane will
increase the efficacy of killing of gram-negative organisms (17). The ideal PS for killing
bacteria should possess an overall cationic charge and preferably multiple cationic charges
(18).

Buckminsterfullerenes are closed-cage molecules entirely composed of sp2 hybridized carbon
atoms. The presence of many conjugated double bonds gives these molecules a high optical
absorption in visible wavelengths and a high triplet yield from the excited singlet state (19).
The triplet state of the fullerene molecule can interact with molecular oxygen via two reaction
pathways (Figure 1). Firstly energy transfer can take place between the fullerene triplet and
ground state triplet oxygen giving the reactive species singlet oxygen (Type II pathway) and
the ground state fullerene. Secondly, either the triplet fullerene (or possible the excited singlet
fullerene) can accept an electron from a biological reducing agent such as nicotinamide adenine
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dinucleotide reduced form (NAD(P)H) to give the fullerene radical anion. This species can
then transfer an electron to molecular oxygen to form superoxide radical anion and restoring
the fullerene ground state. Superoxide anion can subsequently give rise to hydrogen peroxide
and the highly reactive hydroxyl radical (20). Although pristine C60 in the form of
nanoaggregates (21) or cyclodextrin complexes (22) is able to produce ROS upon illumination,
the process is more efficient in biological media when the fullerenes have been chemically
derivatized to make them water soluble. We have previously shown that fullerenes derivatized
with one or more cationic charges via quaternary ammonium groups efficiently bind and
penetrate all classes of microbial cells, and therefore act as broad-spectrum light-activated
antimicrobials (23). In this report we describe the preparation and testing of new functionalized
fullerene-derivatives with cationic charges as broad-spectrum antimicrobial PS against a panel
of human pathogens.

Materials and Methods
Fullerene synthesis and characterization

The compounds were characterized by 1H and 13C NMR, 500 MHz (Innova500 spectrometer),
FTIR (ATR), and mass spectrometry (MALDI-TOF).

BF1: C60 (100 mg, 0.14 mmol) was dissolved in 150 mL toluene. Sarcosine (30.82 mg, 0.35
mmol) and 4-pyridinecarboxaldehyde (46 μL, 0.59 mmol) were added and the reaction mixture
was refluxed for 48 h. The toluene was removed and the product dried overnight in vacuo. The
product was purified on a silica gel column using a solvent ratio of 1000:1:1 of toluene,
triethylamine, and ethyl acetate, respectively. MALDI TOF-MS calculated for C68H10N2
854.8, found 853.2 [M – H]-. The brown powder was treated with a large excess of iodomethane
at ambient temperature for 48 h. The material was collected by filtration and washed with
methanol.

ESI-MS calculated for C69H13N2 869.4 [M]+, found 869.1

1H NMR (DMSO-d6, TMS ref.) δ = 2.759 (3H, s), 4.352 (3H, s), 4.437 (1H, d), 5.161 (1H, d),
5.553 (1H, s), 8.593 (2H, d), 9.047 (2H, d)

13C NMR (DMSO-d6, TMS ref.) δ = 48.48, 69.09, 69.93, 76.53, 79.84, 126.0, 128.2, 128.9,
129.6, 136.0, 136.2, 137.0, 138.0, 139.6, 140.1, 140.3, 140.4, 141.8, 141.9, 143.3, 144.5, 144.7,
145.0, 145.3, 145.5, 145.6, 145.7, 145.8, 145.9, 146.1, 146.3, 146.5, 146.8, 147.4, 147.5, 151.8,
152.7, 154.3, 156.2, 156.6.

FT-IR ν (cm-1): 2919, 1454, 1210, 1006, 739, 520

Log KOW = -1.331

BF2 (mixture of bis and tris adduct): C60 (100 mg, 0.14 mmol) was dissolved in 50 mL
chlorobenzene and the solution degassed with N2 for 30 minutes. Piperazine-2-carboxylic acid
dihydrochloride (84.6 mg, 0.42 mmol) in methanol (3 mL) and triethylamine (300 μL) was
added followed by 4-pyridinecarboxaldehyde (52.4 μL, 0.56 mmol) and the reaction was
refluxed for 48 h under N2. The solvent was removed in vacuo, then the solid was dissolved
in 10 mL methanol and 20 mL chloroform and loaded onto a silica gel column. The column
was eluted with chloroform followed by chloroform:methanol:triethylamine (94:3:3) to
remove the mono adducts. The remaining column material was then extracted with methanol
to obtain the pure product precursors. The material was dissolved in 10 mL chloroform and
treated with 3.0 mL iodomethane for 1 h followed by the addition of 10 mg K2CO3 and stirring
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at ambient temperature for 24 h. After filtration, the product was washed with chloroform and
dried in vacuo to give a brown solid.

FT-IR ν (cm-1): 2922, 1454, 1210, 1008, 737

Log Kow = -3.02

Synthesis of N-hexylglycine: N-hexylamine (2 mL, 15.2 mmol) was dissolved in ethanol (1.43
mL) and water (686 μL) and stirred in an ice bath. Iodoacetic acid (649 mg, 3.49 mmol) was
added slowly and the reaction mixture was allowed to stand overnight at room temperature.
The reaction mixture was added to acetone (50 mL) and placed in the fridge. The resulting
white precipitate was recrystallized using methanol/acetone. The resulting white crystals were
dried overnight at 40 °C under vacuum.

Synthesis of BF3, BF4, and BF5: C60 (264.6 mg, 0.367 mmol) was dissolved in 130 mL
toluene. N-hexylglycine (117 mg, 0.735 mmol) and paraformaldehyde (55 mg, 1.84 mmol)
were added and the solution was refluxed for 2 h. After solvent removal, product was re-
dispersed in minimal toluene and loaded onto a silica gel column. Elution with toluene gave
unreacted C60 followed by monoadduct and then two bands corresponding to bisadduct
regioisomers of increasing polarity. The fractions were methylated at room temp for 4 days
with a large excess of methyl iodide. BF3 31.6 mg, BF4 29.9 mg, BF5 39.1 mg. ESI MS
calculated for C69H20N 862.8 [M]+, found 862.2 for BF3, calculated. for C78H40N2 502.4
[M]2+, found 502.2 for BF4 and BF5 (regioisomers).

BF3 1H NMR (TMS ref.) δ = 0.95 (t, 3H) 1.20-1.59 (bm, 8H), 2.19 (bm, 2H), 4.14 (s, 3H),
4.22 (b, 2H), 5.68 (d, 2H), 5.82 (d, 2H)

13C NMR (TMS ref.) δ = 14.63, 22.59, 23.72, 26.24, 31.39, 48.50, 66.17, 69.21, 72.30, 136.2,
140.1, 140.2, 141.8, 142.4, 142.9, 143.0, 144.6, 144.7, 145.5, 145.7, 145.9, 146.3, 146.6, 147.6,
152.5, 153.3

FT-IR ν (cm-1): 2920, 1245, 741, 572

Log Kow = 0.542

BF4 and BF5 1H NMR (TMS ref.) δ = 0.95 (bm), 1.15-1.61 (bm), 2.15 (bm), 3.8-4.2 (m)
5.45-5.95 (m)

FT-IR ν (cm-1): 2925, 1454, 1213, 1010, 738

BF4: Log Kow = 0.184

BF5: Log Kow = -0.440

LogP values—The measured logKow values were determined by dissolving a few milligrams
of each compounds in 100 μL dimethlysulfoxide followed by dilution in 10 mL deionized
water. The solution was shaken vigorously for > 1 h with 10 mL of n-octanol (equilibrium was
established by extended shaking times). After allowing the phases to separate, each was
analyzed by absorption spectroscopy at 405 nm and a ratio of the concentration in each phase
determined. The calculated logP values were found using ACD/LogP DB software version
12.0 (ACD/Labs, Toronto, Ontario, Canada).
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Microbial strains and culture conditions
The following microbial strains were used: Staphylococcus aureus 8325-4, Escherichia coli
K12 and Pseudomonas aeruginosa (ATCC 19660), as well as the DAY286 reference strain
(24) of Candida albicans (a gift from Aaron Mitchell, Department of Microbiology, Columbia
University, New York, NY). Planktonic bacterial cells were cultured in brain-heart infusion
(BHI) with aeration at 37°C in mid-log growth phase (unless otherwise stated). Cell numbers
were estimated by measuring the OD at 600-nm (OD of 0.5 = 108 cells/mL). Yeasts were
cultured in yeast peptone dextrose (YPD) with aeration at 30°C and cell number was assessed
with a hematocytometer (25).

Photodynamic inactivation studies and CFU determination
Cells were grown overnight at 37°C (30°C for Candida) and refreshed for 2-4 hours before
being collected through centrifugation and suspended in phosphate-buffered saline (PBS). A
cell suspension consisting of 108 cells/mL for bacteria (107 cells/mL for Candida (26) was
incubated with various concentrations of the BF compounds for 30 min at room temperature
in the dark. 1 mL aliquots were transferred to a 24 well plate and illuminated at room
temperature with a broad-band white light source (400-700-nm band pass filter, Lumacare,
Newport Beach, CA) to deliver 10 J/cm2 at an irradiance of 100 mW/cm2 as measured with a
power meter (Coherent). Cells treated with BF in the dark were incubated covered with
aluminum foil for the same time as the PDT groups (30 min) At the completion of illumination
(or dark incubation) aliquots (100 μl) were taken from each well to determine CFU. The aliquots
were serially diluted 10-fold in PBS to give dilutions of 10−1 to 10−5 times in addition to the
original concentration and 10 μl aliquots of each of the dilutions were streaked horizontally on
square BHI or YPD (Candida) plates by the method of Jett and colleagues (27). Plates were
streaked in triplicate and incubated for 12-36 h at 30°C or 37°C in the dark to allow colony
formation.

A control group of cells treated with light alone (no BF added) showed the same number of
CFU as absolute control (data not shown). Survival fractions were routinely expressed as ratios
of CFU of microbial cells treated with light and BF (or BF in the absence of light) to CFU of
microbes treated with neither.

Results
Synthesis and characterization of fullerenes

The newly reported fullerene derivatives whose structures are shown in Figure 2 were designed
to be amphiphilic in nature. In previous work, we (23) and others (28) have shown that the
presence of one or more cationic charges greatly increases the antimicrobial photoinactivation
efficacy of fullerene based PS. The charge increases the association of PS with negatively
charged pathogen membranes while the hydrophobic character increases association with and/
or penetration into the lipid components of the membrane. The compounds were designed to
increase either the lipophilic or the cationic character of previously synthesized compounds
for comparison. Compounds BF1-2 were designed to increase cationic charge per addend,
while compounds BF3-5 were designed to increase overall lipophilicity of the PS. The
syntheses were based on the fulleropyrrolidine construct, first developed by Prato, et. al.
(29). By column chromatography, the monosubstituted addend was collected as the first eluting
brown band. However, by simple chromatography, the bis- and tris- mixture always co-eluted
under all tested conditions. Thus, BF2, is a mixture of bis- and tris- substitution ratios. Based
on multiple consistent mass spec analyses, it is estimated that the mixture is ∼3:1 bis:tris.
Monoadduct BF3 eluted first on the column followed by two bands of regioisomeric bis-
product in order of increasing polarity, BB4-5.
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LogP values
The correlation between measured (mLogP) and calculated (cLog P) values is shown in Figure
3A. The R value is 0.9825 which was surprisingly high considering that cLogP is approximately
eight orders of magnitude higher than mLogP. It is known that highly hydrophobic compounds
(such as fullerenes) tend to aggregate in polar solvents, and this process of individual molecules
aggregating in water makes actual logP measurements unreliable (30) and explains why there
was such a large difference between mLogP and cLogP. Aggregates and clusters of the
hydrophobic compounds are solid-state particles and the logP definition loses its validity
because the system contains both individual molecules and aggregates. The linear correlation
between mLogP (aggregates, individual molecules) and cLogP (assuming that there are only
individual molecules) implies that the effect of aggregation on logP depends on the difference
in polarity of the two solvents and not on the relative hydrophobicities of the molecules. There
was also a good linear correlation of 0.92 between cLogP and the number of cationic charges
(Figure 3B) as might be expected considering the rest of the fullerene molecules (and the
hydrophobicity attributed to the side-chain functionality) remains relatively similar.

Antimicrobial photoinactivation
The best way to compare PDT efficiencies of different fullerene molecules is to vary the
fullerene concentration while keeping the light fluence constant either as dark (0 J/cm2) or as
10 J/cm2. We studied the PDT effects on Gram-positive bacteria (S. aureus), two different
Gram-negative bacteria (E. coli and P. aeruginosa) and a fungal yeast C. albicans.

Figure 4 shows the killing curves for BF1 against the four microbial species. S. aureus (Figure
4A) was most susceptible with 1 μM BF1 giving complete eradication and only modest (1.5
log) dark toxicity. E coli (Figure 4B) was next most susceptible with over 5 logs of killing at
10 μM BF1 and three logs of dark toxicity. P aeruginosa (Figure 4C) and C. albicans (Figure
4D) were least susceptible with 4 and 5 logs of killing at 100 μM respectively and considerable
dark toxicity (2 and 4 logs respectively).

Figure 5 shows that BF2 was overall the most powerful of the five fullerenes tested. More than
3 logs of S. aureus (Figure 5A) was killed at the surprisingly low concentration of 100 nM
with no dark toxicity, and cells were eliminated at 1 μM. E. coli (Figure 5B) was eliminated
at 10 μM with three logs of dark toxicity. In the case of BF2, P. aeruginosa (Figure 5C) was
more susceptible to PDT than E. coli with over 4 logs of killing at 1 μM with no dark toxicity
and elimination at 10 μM. C. albicans (Figure 5D) had over 5 logs of killing at 10 μM and was
eliminated at 100 μM with considerable (over 5 logs) dark toxicity.

BF3 (Figure 6) was the least effective PS of those fullerenes tested. Three logs of S. aureus
was killed at 1 μM (Figure 6A) and 3 logs of E. coli was killed at 100 μM (Figure 6B) without
dark toxicity, while no P. aeruginosa (Figure 6C) or C. albicans (Figure 6D) was killed at the
concentrations tested.

BF4 (Figure 7) was somewhat more effective than BF3. More than 3 logs of S. aureus (Figure
7A) was killed at 1 μM and E. coli (Figure 7B) was eliminated at 100 μM. There was modest
killing of P aeruginosa (Figure 7C) at 100 μM and in all three cases dark toxicity was moderate.
No C. albicans was killed with either BF4 or BF5 at concentrations up to 100 μM (data not
shown).

BF5 (Figure 8) was more effective than either BF3 or BF4. S. aureus (Figure 8A) was killed
3.5 logs at 1 μM; E. coli (Figure 8B) was killed 5 logs at 100 μM and P. aeruginosa (Figure
8C) was killed 3 logs at 100 μM, with dark toxicity only apparent in the case of E. coli.
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Quantitative structure function relationship (QSAR) correlations
We plotted the concentration of fullerenes necessary to kill 2 logs (LD99) of microbial cells
(after illumination with 10 J/cm2 of white light), against the calculated values of logP (Figure
9). Although all three microbial species gave extremely good exponential correlations, the
correlation for S. aureus (Figure 9A) was the least good with R = 0.862. The correlation for
E. coli (Figure 9B) gave a R value of 0.976, and the correlation for P. aeruginosa (Figure 9C)
was almost perfect at R = 0.999. Therefore for these fullerenes their effectiveness as
antimicrobial PS against both Gram-positive and Gram-negative bacteria negatively correlates
with their calculated logP values.

Discussion
Functionalized fullerenes have several attractive features as antimicrobial PS (19). They have
a high degree of photostability compared to tetrapyrrole-based PS, they tend to produce more
Type I ROS such as hydroxyl radical and superoxide compared to alternative PS structures
(20), and they show selectivity for microbial cells over mammalian cells (31). Fullerenes have
been an important feature of the nanotechnology revolution (32). Although their molecular
diameter is only of the order of 1 nm, they are generally accepted as nanoparticles, and their
use as antimicrobial PS may be a real application of nanotechnology in medicine.

It is well known that cationic charges are a highly desirable feature in antimicrobial PS (33).
It is usually considered that S. aureus as a typical Gram-positive bacterium is easily killed by
PDT using PS of diverse molecular structures. The structure of the Gram-positive bacterial cell
includes a relatively porous outer coat of peptidoglycan as well as polysaccharides and
lipoteichoic acids that encircles a single cytoplasmic membrane composed of a lipid bilayer.
Many dyes and PS of diverse structures and various overall molecular charges can bind and
penetrate the Gram-positive cell wall. By contrast the Gram-negative bacterial structure is
characterized by a double lipid bilayer encasing a thin layer of peptidoglycan, and it is accepted
that this structure presents a much more effective permeability barrier to many classes of
molecule than the Gram-positive bacterial cell wall structure.

The overall electrostatic charge borne by the outer surface of both classes of bacteria (Gram-
positive and Gram-negative) is negative, and E. coli cells were reported to be the most
negatively charged as measured by a zeta potential of − 16 mV, followed by S. aureus at − 10
mV and P. aeruginosa at − 7 mV (34). The other particular physical property of the different
bacterial cells that is relevant to the binding of fullerene PS is the hydrophobicity. This is
conveniently measured by the contact angle or wettability and S. aureus was reported to be the
most hydrophobic at 72.2 deg, followed by P. aeruginosa at 43.3 deg and the most hydrophilic
was E. coli at 33 deg (35).

The fact that S. aureus cells are most hydrophobic may explain why the negative correlation
between fullerene logP value and PDT effectiveness for this species was the least good (Figure
9A). Because logP is negatively correlated with number of cationic charges in this series, and
in general the number of cationic charges governs the binding of PS to bacteria, it would be
expected that for hydrophilic bacterial cells like P. aeruginosa and E. coli the fullerene with
the lowest logP value would be the best PS, but that hydrophobic S. aureus cells may bind
fullerenes based on both cationic charge and on hydrophobicity, thus lessening the correlation.
The QSAR studies showed a better correlation for LogP against P. aeruginosa than was found
against E. coli (compare Figures 9B and 9C). The explanation for this is that cationic molecules
are more suited to disrupting the outer-membrane lipolysaccharide in P. aeruginosa than in E.
coli probably due to the greater role of divalent cations in the former case. It is thought that
cationic molecules displace Ca++ and Mg++ and thereby weakening the outer structure (36).
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Our previous study (23) on a series of three cationic fullerenes with 1, 2, and 3 cationic charges
associated with dimethylpyrrolidinium groups demonstrated that increasing number of cationic
charges correlated with increasing efficiency in light-mediated killing of Gram-positive
bacteria (S. aureus) Gram-negative bacteria (E. coli and P. aeruginosa), and fungal yeast (C.
albicans). The present study employed compounds with a wider range of different
hydrophobicities, as well as an increased number of cationic charges (BF2). The finding that
the effectiveness for antimicrobial PDT negatively correlates with hydrophobicity suggests
that water solubility is important, and that drug-delivery vehicles that are necessary for
hydrophobic more water insoluble compounds will not be needed if cationic fullerenes are used
as clinical antimicrobial PS.

The extra permeability barrier characteristic of Gram-negative bacteria compared to Gram-
positives is considered to be primarily against hydrophobic molecules (37). Small hydrophilic
molecules tend to diffuse into bacteria via porin channels in Gram-negative species (38), but
Yoshimura reported that even for hydrophilic molecules P. aeruginosa was 100 times less
permeable than E. coli (39). P. aeruginosa is frequently considered to have high intrinsic
antibiotic resistance due to its low outer membrane permeability (40). This intrinsic resistance
is reflected in our finding that P. aeruginosa was the least susceptible of the three bacterial
species tested to all the fullerenes except the polycationic BF2, where it was moderately
susceptible.

The clear dependence of effectiveness of fullerene PS as anti-bacterial PS on the number of
cationic charges may have two possible explanations. Firstly the amount of fullerene that binds
to each negatively charged cell could be expected to depend on the number of positive charges
on the molecule, and secondly the degree to which the outer membrane permeability barrier is
breached by the self-promoted uptake pathway mediated by cationic molecules (41,42) may
be expected to depend on the number of cationic charges.

In contrast to bacteria, much less is known about structure function relationships amongst PS
that are effective against fungal yeasts such as Candida. PS such as Photofrin that is an approved
PS against cancer has been used to kill Candida (43), while in other studies cationic
phenothiazinium salts such as methylene blue (44) and toluidine blue (45) have been employed.
Candida cells also have an overall negative charge and may have varying hydrophobicity
depending to some extent on growth conditions (46,47). In the present study, only BF2 (and
to a lesser extent BF1) was effective in killing Candida and the ratio between PDT toxicity and
dark toxicity was somewhat less that that found for bacterial cells.

In conclusion, cationic fullerenes were found to be highly active broad spectrum antimicrobial
PS and represent a potential contribution of nanotechnology to medicine. QSAR relationships
were established that indicated that increasing the number of cationic charges and lowering
the hydrophobicity tended to increase the PDT efficiency against both Gram-positive and
Gram-negative bacteria. Although not specifically studied in this report, previous findings from
our (23,48) and other laboratories (49,50) have indicated that at the short incubation times
(10-30 min) typically employed in antimicrobial PDT experiments, there is a high level of
selectivity for of antimicrobial PS for microbial cells over mammalian cells because
compounds like cationic fullerenes are only slowly taken up by the latter cell types by the time-
dependent process of endocytosis. We have undertaken a study of fullerene mediated PDT
against a small animal model of bacterial wound infection that will be reported separately.
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List of Abbreviations

BF buckminsterfullerene

BHI brain heart infusion

CFU colony forming units

DMSO dimethylsulfoxide

ESI-MS electro-spray ionization mass spectrometry

FTIR Fourier transform infra red (spectroscopy)

MALDI TOF-MS matrix assisted laser desorption ionization; time of flight; mass
spectrometry

NAD(P)H nicotinamide adenine dinucleotide reduced form

PBS phosphate buffered saline

PDI photodynamic inactivation

PDT photodynamic therapy

PS photosensitizer

ROS reactive oxygen species

YPD yeast potato dextrose
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Figure 1.
Schematic illustration of fullerene-mediated photodynamic therapy including the Jablonski
diagram and the formation of Type I and Type II reactive oxygen species.
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Figure 2.
Structural formulas of the fullerenes studied in this report. Note that BF2 is a mixture of bis-
(not shown) and tris- (shown) substituted fullerenes.
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Figure 3.
(A) Linear correlation between measured and calculated logP values. (B) Linear correlation
between calculated logP values and number of cationic charges.

Huang et al. Page 14

Nanomedicine. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Killing curves for microbial cells with increasing concentrations of BF1 in dark and after
illumination with 10 J/cm2 of 400-700-nm white light. (A) S. aureus; (B) E. coli; (C) P.
aeruginosa; (D) C. albicans. Plots shown are representative of three repetitions.
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Figure 5.
Killing curves for microbial cells with increasing concentrations of BF2 in dark and after
illumination with 10 J/cm2 of 400-700-nm white light. (A) S. aureus; (B) E. coli; (C) P.
aeruginosa; (D) C. albicans. Plots shown are representative of three repetitions.

Huang et al. Page 16

Nanomedicine. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Killing curves for microbial cells with increasing concentrations of BF3 in dark and after
illumination with 10 J/cm2 of 400-700-nm white light. (A) S. aureus; (B) E. coli; (C) P.
aeruginosa; (D) C. albicans. Plots shown are representative of three repetitions.
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Figure 7.
Killing curves for microbial cells with increasing concentrations of BF4 in dark and after
illumination with 10 J/cm2 of 400-700-nm white light. (A) S. aureus; (B) E. coli; (C) P.
aeruginosa. Plots shown are representative of three repetitions.
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Figure 8.
Killing curves for microbial cells with increasing concentrations of BF5 in dark and after
illumination with 10 J/cm2 of 400-700-nm white light. (A) S. aureus; (B) E. coli; (C) P.
aeruginosa. Plots shown are representative of three repetitions.
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Figure 9.
Linear correlation plots between the concentration of fullerene need to kill 99% of cells after
illumination (LD99) and calculated logP values. (A) S. aureus; (B) E. coli; (C) P.
aeruginosa.
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