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Antibacterial and bactericidal effects of a C60 derivative
prepared via excess ozonation of C60 aggregates in water
were investigated using Escherichia coli as a representative
microorganism. Ozonated C60 up to 10 mg/L did not cause
significant growth inhibition nor inactivation of E. coli in the
absence of either oxygen or light. However, it readily inactivated
E. coli in the presence of both oxygen and light at much
faster rate than parent C60 aggregates, suggesting involvement
of photochemical generation of reactive oxygen species
(ROS). Among ROS, hydroxyl radical was found as a primary
agent for the cell inactivation. Little surface protein release and
concurrent intercellular enzyme degradation during the
course of E. coli inactivation, along with visual evidence
obtained from transmission electron microscopic analysis,
collectively indicated that the mechanism of E. coli inactivation
by ozonated C60 involves efficient penetration of ozonated C60

into E. coli and subsequent photochemical production of hydroxyl
radical within the cell cytoplasm. These findings suggest that
oxidative transformation of C60 can lead to increased toxicity in
addition to increased water solubility and reduced size,
warrantingfurtherstudiesonotherpotentialchemicalderivatization
possible in natural and engineered environments for an
accurate assessment of environmental impact of this class of
materials.

Introduction
Carbon fullerenes, despite extreme hydrophobicity, can be
stabilized in water as nanoscale colloidal aggregates (often
termed as nC60) through various routes. For example, nC60

can be formed by first dissolving C60 in water-miscible, polar
organic solvents such as tetrahydrofuran (THF) and mixing
with water, subsequently removing the transfer solvent via
distillation or dialysis (1). Alternatively, nC60 can be formed
by dissolving C60 in a water-immiscible organic solvent such
as toluene and applying ultrasound to gradually transfer C60

into water as the organic solvent is evaporated (2). Simply
adding dry C60 to water and vigorously mixing for an extended

period of time also leads to the formation of nC60 (3, 4). Such
a facile formation of water stable suspensions has raised
concerns for C60 as a potential water contaminant through
routes previously considered unlikely based on exceedingly
low molecular solubility (5).

Concerns have been elevated by studies reporting nC60

toxicity toward various cell lines including bacteria (6), aquatic
organisms (7) and mammalian cells (8). However, more recent
studies have proposed that the toxicological effects by nC60

may vary depending on the nC60 preparation method and
the type of biological receptor (9, 10). Some also suggested
that the toxicological effect of nC60, in particular nC60 made
using THF as transfer solvent (referred to as THF/nC60), might
be related to THF and THF derivatives (i.e., chemically
modified during nC60 synthesis process) (11-13). For ex-
ample, a recent study by Zhang et al. (12) reported that nC60

alone was only partially responsible for the inhibition of
Escherichia coli growth, while the majority of the antimi-
crobial activity resulted from THF peroxide that formed
during nC60 synthesis. In parallel, other studies (14, 15) have
also suggested that the photochemical production of reactive
oxygen species (ROS) is limited when C60 aggregates in the
aqueous phase, which had previously been hypothesized as
a causative agent for the cell damage by nC60 (8, 16).

Although a number of studies have reported the toxico-
logical effects of nC60, little is known about the chemically
modified (derivatized) forms of C60, in particular those that
may form due to chemical reactions in natural and/or
engineered systems. A recent study has reported that nC60

is readily oxidized by ozone, a commonly employed disin-
fectant for water treatment and a reactive atmospheric
constituent, to form highly oxidized, water-soluble molecular
products (∼29 oxygen added to each C60 molecule with
functionalities including hydroxyl and hemiketal moieties)
(17). In addition, numerous forms of C60 with similar
hydrophilic functionalities have been synthesized to increase
aqueous solubility, including fullerenol, a commercially
available polyhydroxylated C60, among others (18-21).

The addition of functional groups via covalent bonding
to C60 cage has been reported to generally decrease its intrinsic
photochemical reactivity of individual C60 molecules due to
disruption in global conjugation (17, 22). However, as
derivatized C60 still can produce a measurable amount of
ROS (for example, fullerenol 23, 24), chemical transformation
of nC60 into molecularly soluble, oxidized forms may actually
result in increased overall aqueous reactivity compared to
the parent material. It is also noted that the number of C60

molecules available for the reaction is significantly larger in
molecularly dispersed form compared to nC60 (since only a
fraction is located at the surface) when the comparison is
based on the same mass. Furthermore, the decrease in
material size and altered chemistry (17) may make C60

penetration through the cell membrane possible, leading to
direct contact with cytoplasmic constituents. Despite these
considerations, a previous work has suggested that C60 could
become less toxic with increased hydroxyl derivatization (8),
although few related studies exist. In this study, we evaluate
the kinetics and mechanism of inactivation of E. coli by a
well characterized, water-soluble C60 derivative, prepared
through ozonation of nC60 (referred to herein as ozonated
C60). Results indicate that ozonated C60 readily inactivates E.
coli, at a much faster rate compared to parent nC60, primarily
due to facile penetration into the cell and subsequent
generation of hydroxyl radical (within the cell) in the presence
of light.
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Experimental Section
Ozonated C60 Preparation. Ozonated C60 was prepared
according to the method described by Fortner et al. (17). The
details of preparation method are provided in Supporting
Information, SI (Text S1). The property of ozonated C60 has
been fully characterized in our past study (17) which indicated
C60 cage structure with symmetrical, oxygen based func-
tionalities as repeating hemiketal and hydroxyl moieties. The
generic formula for the molecule is C60(O)x(OH)y where x +
y ) ∼29. Among 29 oxygenated carbons, approximately 11
were monooxygenated, while the remaining 18 were dioxy-
genated. Note that the level of ozonation used to prepare
ozonated C60 (overall ozone exposure at 150 mg/L-min as
CT, i.e., the concentration of ozone (C) × contact time (T))
is much greater than that typically used in water disinfection,
but produces the product without intermediates with varying
levels of oxygen addition which otherwise might complicate
the interpretation of results (17).

Photochemical Experiments. Photochemical experi-
ments were carried out using a 50 mL cylindrical quartz
reactor which held 30 mL of phosphate buffer solution (PBS,
10 mM) at pH 7.1 containing ozonated C60 (10 mg/L) under
intense mixing by a magnetic stirrer. The reactor was placed
at the center of the black cube chamber equipped with four
18-W black light blue lamps (Philips Co.). The emission
spectrum of the BLB lamp at the active wavelength of 350-420
nm was measured using a Spectrapro-500 spectrophotometer
(Acton Research Detection System). The incident light
intensity was measured by ferrioxalate actinometry (25) as
1.2 × 10-6 Einstein/L-s. Experimental temperature was
controlled at 23 ( 1 °C by air cooling. Experimental
procedures to measure ROS production by ozonated C60 are
provided in SI Text S2.

Antibacterial Activity. Minimal inhibitory concentration
(MIC) of ozonated C60 on E. coli growth was evaluated as a
measure of antibacterial activity (26). Modified Minimal Davis
(MD) media was prepared by decreasing the potassium
phosphate concentration in standard Davis media by 90%.
The medium was made anaerobic by bubbling pure nitrogen
gas under heat and placing it into nitrogen-filled tubes during
cooling. MD media tubes containing various concentration
of ozonated C60 (0.03, 0.1, 0.25, 0.5, 1.0, 2.0 mg/L) were
inoculated with E. coli (ATCC DH5R) which had been grown
on Luria-Bertani (LB) broth overnight.

Inactivation Experiments. Kinetics of E. coli inactivation
by ozonated C60 was evaluated using the method by Cho et
al. (27). First, E. coli (ATCC 8739) was inoculated in a Tryptic
Soy Broth and grown at 37 °C for 18 h. E. coli stock solution
(1 × 1010 cfu/mL) was then prepared by washing with 20 mM
PBS, centrifuging the suspension at 1000g, and resuspending
the pellet in PBS. Other stock solutions of E. coli QC779
mutant (i.e., superoxide dismutase (SOD) gene was deleted)
and E. coli GC4468 (i.e. wild type of E. coli QC779) were
prepared following the same procedure except that LB broth
was used for culture. The E. coli concentration was deter-
mined by the spread plate method with incubation using
nutrient agar at 37 °C for 24 h. A 1-mL aliquot was withdrawn
from each sample and was diluted to 1/1, 1/10, and 1/100.
Three replicate plates were prepared for each dilution.
Inactivation experiments were performed using the photo-
reactor described above. Selected experiments were per-
formed under an anaerobic condition by bubbling with
ultrapure nitrogen gas. t-Butanol (tBuOH, 30 mM) and
L-histidine (20 mM) were used to scavenge 1O2 and OH
(14, 28), respectively. An additional control experiment was
performed using TiO2 photocatalyst (P25, Degussa Co.). TiO2

was coated at the thickness of 20 µm on the inner surface
(30 mm × 30 mm) of a quartz reactor which contained 40
mL of PBS (10 mM).

An SDS-PAGE (sodium dodecyl sulfate-polyacrylamide
gel electrophoresis) assay was performed following the
method by Laemmli (29). The ONPG (�-nitrophenyl-�-D-
galactopyranoside) assay was performed according to
Ching et al. (30). Physical damage to E. coli by ozonated
C60 treatment was also examined using a transmission
electron microscope (TEM) following the procedure by
Khadre and Yousef (31). Details of these methods are
provided in SI Text S3.

Results and Discussion
The MIC test results indicate that ozonated C60 with the
concentration as high as 10 mg/L did not inhibit E. coli growth
(i.e., at 37 °C in modified Minimal David media in the dark,
under anaerobic condition). Consistent with this result, E.
coli was not inactivated when exposed to 5 and 20 mg/L
ozonated C60 for 3 h during experiments performed in the
dark and in the absence of oxygen (results not shown). Even
with UVA irradiation, only a slight level of inactivation was
observed (0.14 log for 150 min by 10 mg/L of ozonated C60)
in the absence of oxygen. A control test performed in the
absence of ozonated C60 confirmed that E. coli was not
inactivated solely by UVA irradiation. A minor level of
inactivation observed might have been caused by residual
oxygen that was not completely removed during N2 purging
for 1 h (see discussion below). These results collectively
suggested that ozonated C60 itself is neither directly anti-
bacterial nor bactericidal to E. coli under the conditions
investigated.

However, a significant level of E. coli inactivation was
observed when E. coli was exposed to ozonated C60 in the
presence of dissolved oxygen (ambient level) and under UVA
irradiation (Figure 1). As the ozonated C60 concentration was
increased from 0 to 10 mg/L, the inactivation upon 150 min
of exposure increased from 0 to 1.3 log, exhibiting the linear
relationship between the concentration and log inactivation
achieved (R2 ) 0.97). Considering the fact that ozonated C60

did not inactivate E. coli in the absence of oxygen and without
light, the observed result suggested that the inactivation could
have been caused by the photocatalytic activity of ozonated
C60. Previous studies suggested that ROS, such as 1O2 (32),
O2 · - (28), and ·OH (33), could be generated by C60 derivatives
including fullerenol (14, 16, 24). Results shown in Figure S1
provide evidence that these ROS can be also photochemically
produced by ozonated C60.

Among ROS produced by ozonated C60, 1O2 was found to
have negligible role on E. coli inactivation. When excess 1O2

FIGURE 1. Kinetics of E. coli inactivation by ozonated C60
applied at different concentrations. Inset: Kinetics of E. coli
inactivation by 5.0 and 10 mg/L nC60 at the same experimental
condition.

VOL. 43, NO. 19, 2009 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 7411



scavenger, 20 mM L-histidine, was used, the kinetics of
inactivation did not show any measurable change (Figure 2).
Note that E. coli was exposed to 1.3 × 10-12 M of 1O2

cumulatively for 150 min by 10 mg/L of ozonated C60 in Figure
1. Even when a much larger amount of 1O2 (6.7 × 10-12 M
over 180 min, produced using 5 µM of rose bengal (34)) was
cumulatively exposed to E. coli in a control experiment, no
measurable level of E. coli inactivation was observed. The
role of O2

- · on E. coli inactivation was also found to be
negligible. When ozonated C60 was applied to both E. coli
QC779 (i.e., mutated E. coli with genes for SOD generation
are deleted) and E. coli GC4468 (i.e., wild type of E. coli QC
779) with UVA irradiation in the presence of oxygen, no
measurable difference was observed. In both cases, ap-
proximately 0.95 log inactivation was observed upon 150
min of exposure to 10 mg/L of ozonated C60. If O2

- · were a
major agent for inactivation of E. coli by ozonated C60, a
greater level of E. coli QC779 inactivation should have been
observed compared to E. coli GC4468 (35). In contrast, E. coli
inactivation in this case was found to be primarily due to
·OH, which has been reported to efficiently inactivate E. coli
with the second-order rate constant of 0.0016 L/mg-min (28).
When excess ·OH scavenger, 30 mM t-BuOH, was used, only
a very minor level of E. coli inactivation was observed, i.e.,
approximately 0.1 log in 150 min exposure (Figure 2). This
response was similar to that observed in the absence of
oxygen.

It is interesting to note that these inactivation kinetics
were characterized by the presence of a lag phase in which
little or no inactivation occurred during the initial exposure
to ozonated C60, followed by a first-order decay of viability
(Figures 1 and 2). Similar presence of the initial lag phase in
E. coli inactivation kinetics during chemical disinfectant
treatment has been reported in the past (28, 36). The outer
surface of E. coli consists of thick and rigid structures,
including a cell wall, membrane, and cortex (37, 38) These
structures provide a primary protective barrier against the
attack by chemical disinfectant. The time required for an
oxidant such as ·OH (as well as other disinfectants such as
free chlorine) to disrupt the cell surface components and to
penetrate into the cytoplasm has been attributed as the reason
for the presence of the initial lag phase (39).

The results obtained from SDS-PAGE assay (Figure 3)
suggested that the mechanism of inactivation by ozonated
C60 could be different from a case whereby ·OH is generated
in the bulk solution, reacting with E. coli surface components
during the initial phase of inactivation. When ·OH in the

solution reacts with the E. coli cell wall components such as
protein, lipids, and carbohydrates (40), cell permeability
normally increases, eventually causing cell death (41, 42).
Consequently, as the inactivation proceeds via surface
denaturation, proteins from the cell wall are released to the
solution. For example, extraction of proteins under exposure
to excess ·OH from the bulk solution (i.e., ·OH generated by
O3/H2O2 process, 0.1 mg/L of ozone and 1 mg/L of H2O2) is
evident as several bands representative of cellular surface
proteins appear in SDS-PAGE (43) (Figure 3). However, when
ozonated C60 was applied both in the absence and presence
of oxygen to achieve the same level of inactivation observed
for O3/H2O2, these protein bands were not observed.

The concentration of ·OH produced by 10 mg/L of
ozonated C60 in the presence of E. coli cells under UVA
irradiation was measured using pCBA as a probe compound.
Assuming steady-state production of ·OH, the concentration
of ·OH was approximately 4.96 × 10-15 M (44) (Figure S2).
This translates into a ·OH CT (i.e., the product of radical
concentration and contact time) needed for a 1 log inactiva-
tion of E. coli as 1.1 × 10-8 mg/L-min (28), if the ·OH in the
solution, as measured by pCBA, were solely responsible for
E. coli inactivation. As a comparison, this value is ap-

FIGURE 2. Effects of N2 bubbling and addition of 1O2 scavenger
(20 mM L-histidine) and ·OH scavenger (30 mM t-BuOH) on the
kinetics of E. coli inactivation compared to the kinetics
presented in Figure 1 (ozonated C60 concentration ) 10 mg/L).

FIGURE 3. Results of SDS-PAGE assay for the proteins
extracted from E. coli upon 130 min of exposure to 10 mg/L of
ozonated C60 (M: marker; P: 1 log inactivation by O3 + H2O2; N:
0.1 log inactivation by ozonated C60 under N2 purging; and O: 1
log inactivation by ozonated C60 in the presence of oxygen).

FIGURE 4. Degradation of �-D-galactosidase during E. coli
inactivation by 10 mg/L ozonated C60 with and without 30 mM
t-BuOH.
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proximately 540 times less than the ·OH CT value of 6.0 ×
10-6 mg/L-min determined from a separate experiment
performed using TiO2 photocatalyst (28) to achieve the same
level of E. coli inactivation. This comparison indicates that
·OH generated in the solution by ozonated C60 (perhaps by
electron donation from extracellular materials or from cell
surface components) was too small to induce the same degree
of surface damage to the E. coli as that generated by TiO2.

Alternatively, results from the ONPG assay provide
evidence that ·OH attack by ozonated C60 involves inter-
cellular damage. Figure 4 shows that as much as 60% of
intercellular enzyme, �-D-galactosidase, released from E. coli
after cell lysis, was degraded upon exposure to 10 mg/L of
ozonated C60 for 150 min (which corresponds to 1.3 log
inactivation). For 0.5 log inactivation, approximately 30% of
�-D-galactosidase was degraded. In contrast, when 0.5 log
inactivation was achieved by TiO2 photocatalyst, degradation
of intracellular enzyme was not observed (data not shown),
once again suggesting difference in the mode of radical attack
between these two cases. When t-BuOH was added during
the inactivation, �-D-galactosidase was not degraded, further
indicating that the enzyme degradation was caused by ·OH.

Figure 5a shows the TEM images of E. coli treated with
ozonated C60 (1 log inactivation in the presence of oxygen).
White regions in the cytoplasm, which were absent in intact
E. coli, developed indicating oxidative damage to the cell. In
marked contrast, when E. coli was inactivated at the same
level (1 log) by TiO2, considerable damage to the cell wall
structure was observed. This TEM analysis clearly distin-
guishes the internal ·OH damage caused by ozonated C60

that penetrates into E. coli from external damage by bulk
·OH produced by TiO2. Similar visual observations have been
made in the past regarding cell damage to E. coli due to
chemical disinfectants that penetrate into the cell and damage
on cytoplasmic constituents (45).

Additional experiment was performed by exposing E. coli
to ozonated C60 for 60 min in the absence of UVA during
which no inactivation occurred. When UVA irradiation was
initiated after ozonated C60 had presumably diffused inside,
the shoulder was significantly decreased from approximately
60 to 34 min with little change in the postshoulder kinetics
(Figure 6). The above results collectively suggest that ozonated
C60 penetrates into E. coli and ·OH was generated within the
cytoplasm causing internal damage and consequently the
cell death. The presence of lag phase in this case is likely to
be related to the time required for ozonated C60 to penetrate
into the cell wall.

In summary, the response of E. coli to ozonated C60 was
clearly different from that of the parent material, nC60. In the
presence of both light and oxygen, ozonated C60 efficiently

inactivated E. coli, compared to nC60 at concentrations of up
to 20 mg/L which did not cause any E. coli death within 150
min (Figure 1, inset). As mentioned above, this result was
expected as photochemical reactivity is limited and cell wall
penetration becomes unlikely when C60 forms aggregates. It
should be noted that 150 min exposure is a much shorter
duration than previous assays evaluating toxicity of nC60 to
E. coli (10). However, we did observe an MIC of approximately
2.0 mg/L for nC60, although ozonated C60 was not antibacterial
at or below 10 mg/L. These MIC experiments were conducted
under dark, anaerobic conditions. The exact mechanism of
nC60’s intrinsic toxicity to E. coli (i.e., not involving its catalytic
activity) is currently unknown.

C60 is considered only as a hypothetical contaminant that
may occur due to unintended discharge into environmental
systems of which the possibility is largely undefined. In such
an event, nC60 and perhaps other carbon based engineered
nanomaterials may be subject to various oxidative environ-
ments in both natural and engineered systems. This study
suggests that ozonated C60 is more toxic toward E. coli
compared to nC60 due to a mechanism which is not likely
with nC60si.e., molecular penetration into the E. coli cell
and corresponding ROS production which damages inner
cell components. Combined with increased water solubility
and reduced size (from colloidal aggregates to molecules),
these findings suggest that systematic studies regarding the
potential transformation of (similar) anthropogenic nano-
materials is necessary to accurately assess material life cycles,
thus potential impact on environmental systems as well as

FIGURE 5. Representative TEM images of E. coli after 1 log inactivation by (a) ozonated C60 and (b) TiO2 (scale bar represents 100
nm).

FIGURE 6. Inactivation kinetics of E. coli after initially exposing
to 10 mg/L of ozonated C60 for 60 min prior to experiments.
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human health. Note that even though this study employed
extreme ozonation conditions (i.e., very high CT), ozone
disinfection processes designed to comply with current
drinking water treatment regulations would transform a
significant fraction of nC60 to molecularly soluble ozonated
C60 according to Fortner et al. (17). Furthermore, while we
focus specifically on ozonated C60 in this study, other aqueous
based reaction and transformation of C60 should be con-
sidered such as UV irradiation and advanced oxidation
processes employing radicals as nonselective oxidants,
among others.

Acknowledgments
This study was supported by the U.S. Environmental Protec-
tion Agency (STAR Grant D832526). We thank Dr. Jaesang
Lee at Rice University for assistance with photochemical
study.

Supporting Information Available
This material is available free of charge via the Internet at
http://pubs.acs.org.

Literature Cited
(1) Deguchi, S.; Alargova, R. G.; Tsujii, K. Stable dispersions of

fullerenes, C60 and C70, in water. Preparation and characteriza-
tion. Langmuir 2001, 17, 6013–6017.

(2) Andrievsky, G. V.; Kosevich, M. V.; Vovk, O. M.; Shelkovsky,
V. S.; Vashchenko, L. A. On the production of an aqueous
colloidal solution of fullerenes. J. Chem. Soc. Chem. Commun.
1995, 12, 1281–1282.

(3) Alargova, R. G.; Deguchi, S.; Tsujii, K. Stable colloidal dispersions
of fullerenes in polar organic solvents. J. Am. Chem. Soc. 2001,
123, 10460–10467.

(4) Cheng, X. K.; Kan, A. T.; Tomson, M. B. Naphthalene adsorption
and desorption from aqueous C60 fullerene. J. Chem. Eng. Data
2004, 49, 675–683.

(5) Jafvert, C. T.; Kulkarni, P. P. Buckminsterfullerene’s (C60)
octanol-water partition coefficient (Kow) and aqueous solubility.
Environ. Sci. Technol. 2008, 42, 5945–5950.

(6) Lyon, D. Y.; Fortner, J. D.; Sayes, C. M.; Colvin, V. L.; Hughes,
J. B. Bacterial cell association and antimicrobial activity of a C60

water suspension. Environ. Toxicol. Chem. 2005, 24, 2757–2762.
(7) Lovern, S. B.; Klaper, R. Daphnia magna mortality when exposed

to titanium dioxide and fullerene (C60) nanoparticles. Environ.
Toxicol. Chem. 2006, 25, 1132–1137.

(8) Sayes, C. M.; Fortner, J. D.; Guo, W.; Lyon, D.; Boyd, A. M.;
Ausman, K. D.; Tao, Y. J.; Sitharaman, B.; Wilson, L. J.; Hughes,
J. B.; West, J. L.; Colvin, V. L. The differential cytotoxicity of
water-soluble fullerenes. Nano Lett. 2004, 4, 1881–1887.

(9) Oberdorster, E.; Zhu, S. Q.; Blickley, T. M.; McClellan-Green, P.;
Haasch, M. L. Ecotoxicology of carbon-based engineered
nanoparticles: Effects of fullerene (C60) on aquatic organisms.
Carbon 2006, 44, 1112–1120.

(10) Lyon, D. Y.; Alvarez, P. J. J. Fullerene water suspension (nC60)
exerts antibacterial effects via ROS-independent protein oxida-
tion. Environ. Sci. Technol. 2008, 42, 8127–8132.

(11) Andrievsky, G.; Klochkov, V.; Derevyanchenko, L. Is the C60

fullerene molecule toxic?! Fullerenes, Nanotubes, Carbon Nano-
struct. 2005, 13, 363–376.

(12) Zhang, B.; Cho, M.; Fortner, J.; Lee, J.; Hughes, J. B.; Huang,
C. H.; Kim, J. H. Delineating oxidative processes of aqueous C60

preparations: Role of THF peroxide. Environ. Sci. Technol. 2009,
43, 108–113.

(13) Henry, T. B.; Menn, F. M.; Fleming, J. T.; Wilgus, J.; Compton,
R. N.; Sayler, G. S. Attributing effects of aqueous C60 nano-
aggregates to tetrahydrofuran decomposition products in larval
zebrafish by assessment of gene expression. Environ. Health
Perspect. 2007, 115, 1059–1065.

(14) Lee, J.; Fortner, J. D.; Hughes, J. B.; Kim, J. H. Photochemical
production of reactive oxygen species by C60 in the aqueous
phase during UV irradiation. Environ. Sci. Technol. 2007, 41,
2529–2535.

(15) Lee, J.; Kim, J. H. Effect of encapsulating agents on dispersion
status and photochemical reactivity of C60 in the aqueous phase.
Environ. Sci. Technol. 2008, 42, 1552–1557.

(16) Isakovic, A.; Markovic, Z.; Nikolic, N.; Todorovic-Markovic, B.;
Vranjes-Djuric, S.; Harhaji, L.; Raicevi, N.; Romcevic, N.;

Vasiljevic-Radovic, D.; Dramicanin, M.; Trajkovic, V. Inactivation
of nanocrystalline C60 cytotoxicity by gamma-irradiation. Bio-
materials 2006, 27, 5049–5058.

(17) Fortner, J. D.; Kim, D. I.; Boyd, A. M.; Falkner, J. C.; Moran, S.;
Colvin, V. L.; Hughes, J. B.; Kim, J. H. Reaction of water-stable
C60 aggregates with ozone. Environ. Sci. Technol. 2007, 41, 7497–
7502.

(18) Chiang, L. Y.; Bhonsle, J. B.; Wang, L.; Shu, S. F.; Chang, T. M.;
Hwu, J. R. Efficient one-flask synthesis of water-soluble [60]-
fullerenols. Tetrahedron 1996, 52, 4963–4972.

(19) Chiang, L. Y.; Upasani, R. B.; Swirezewski, J. W.; Soled, S. Evidence
of hemiketals incorporated in the structure of fullerols derived
from aqueous acid chemistry. J. Am. Chem. Soc. 1993, 115, 5453–
5457.

(20) Vileno, B.; Marcoux, P. R.; Lekka, M.; Sienkiewicz, A.; Feher, T.;
Forro, L. Spectroscopic and photophysical properties of a highly
derivatized C60 fullerol. Adv. Funct. Mater. 2006, 16, 120–128.

(21) Schneider, N. S.; Darwish, A. D.; Kroto, H. W.; Taylor, R.; Walton,
D. R. M. Formation of fullerols via hydroboration of fullerene-
C60. J. Chem. Soc., Chem. Commun. 1994, 4, 463–464.

(22) Krusic, P. J.; Wasserman, E.; Keizer, P. N.; Morton, J. R.; Preston,
K. F. Radical reactions of C60. Science 1991, 254, 1183–1185.

(23) Isakovic, A.; Markovic, Z.; Todorovic-Markovic, B.; Nikolic, N.;
Vranjes-Djuric, S.; Mirkovic, M.; Dramicanin, M.; Harhaji, L.;
Raicevic, N.; Nikolic, Z.; Trajkovic, V. Distinct cytotoxic mech-
anisms of pristine versus hydroxylated fullerene. Toxicol. Sci.
2006, 91, 173–183.

(24) Bogdanovic, V.; Stankov, K.; Icevic, I.; Zikic, D.; Nikolic, A.; Solajic,
S.; Djordjevic, A.; Bogdanovic, G. Fullerenol C60(OH)24 effects
on antioxidative enzymes activity in irradiated human eryth-
roleukemia cell line. J. Radiat. Res. 2008, 49, 321–327.

(25) Hatchard, C. G.; Parker, C. A. A new sensitive chemical
actinometer 0.2. potassium ferrioxalate as a standard chemical
actinometer. Proc. R. Soc. Lond., A Mat. 1956, 235, 518–536.

(26) Tsao, N.; Wu, C. M.; Hsu, H. P.; Liu, C. C.; Luh, T. Y.; Chou, C. K.;
Lei, H. Y. Inhibition of the increased permeability of blood-
brain barrier in Escherichia coli-induced meningitis by car-
boxyfullerene. Fullerene Sci. Technol. 2001, 9, 307–320.

(27) Cho, M.; Lee, Y.; Chung, H.; Yoon, J. Inactivation of Escherichia
coli by photochemical reaction of ferrioxalate at slightly acidic
and near-neutral pHs. Appl. Environ. Microbiol. 2004, 70, 1129–
1134.

(28) Cho, M.; Chung, H.; Choi, W.; Yoon, J. Linear correlation between
inactivation of E. coli and OH radical concentration in TiO2

photocatalytic disinfection. Water Res. 2004, 38, 1069–1077.
(29) Laemmli, U. K.; Beguin, F.; Gujerkel, G. A factor preventing

major head protein of bacteriophage T4 from random aggrega-
tion. J. Mol. Biol. 1970, 47, 69–85.

(30) Ching, W. K.; Colussi, A. J.; Sun, H. J.; Nealson, K. H.; Hoffmann,
M. R. Escherichia coli disinfection by electrohydraulic discharges.
Environ. Sci. Technol. 2001, 35, 4139–4144.

(31) Khadre, M. A.; Yousef, A. E. Sporicidal action of ozone and
hydrogen peroxide: a comparative study. Int. J. Food Microbiol.
2001, 71, 131–138.

(32) Banks, J. G.; Board, R. G.; Carter, J.; Dodge, A. D. The cyto-toxic
and photodynamic inactivation of microorganisms by rose-
bengal. J. Appl. Bacteriol. 1985, 58, 391–400.

(33) Cho, M.; Yoon, J. Measurement of OH radical CT for inactivating
Cryptosporidium parvum using photo/ferrioxalate and photo/
TiO2 systems. J. Appl. Microbiol. 2008, 104, 759–766.

(34) Muraseccosuardi, P.; Gassmann, E.; Braun, A. M.; Oliveros, E.
Determination of the quantum yield of intersystem crossing of
rose-bengal. Helv. Chim. Acta 1987, 70, 1760–1773.

(35) Kim, Y. G. Collaborative effects of photobacterium CuZn
superoxide dismutase (SODs) and human AP endonuclease in
DNA repair and SOD-deficient Escherichia coli under oxidative
stress. Free Radical Biol. Med. 2004, 36, 173–179.

(36) Sichel, C.; Blanco, J.; Malato, S.; Fernandez-Ibanez, P. Effects
of experimental conditions on E. coli survival during solar
photocatalytic water disinfection. J. Photochem. Photobiol. A
2007, 189, 239–246.

(37) Nanduri, J.; Williams, S.; Aji, T.; Flanigan, T. P. Characterization
of an immunogenic glycocalyx on the surfaces of Cryptospo-
ridium parvum oocysts and sporozoites. Infect. Immun. 1999,
67, 2022–2024.

(38) Kutima, P. M.; Foegeding, P. M. Involvement of the spore coat
in germination of Bacillus cereus T spores. Appl. Environ.
Microbiol. 1987, 53, 47–52.

(39) Driks, A. Bacillus subtilis spore coat. Microbiol. Mol. Biol. Rev.
1999, 63, 1–20.

(40) Berg, J. M.; Tymoczko, J. L.; Stryer, L. Biochemistry, 6th ed.;
Freeman: New York, 2006.

7414 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 43, NO. 19, 2009



(41) Tsuchido, T.; Katsui, N.; Takeuchi, A.; Takano, M.; Shibasaki, I.
Destruction of the outer-membrane permeability barrier of
Escherichia coli by heat-treatment. Appl. Environ. Microbiol.
1985, 50, 298–303.

(42) Arana, I.; Santorum, P.; Muela, A.; Barcina, I. Chlorination and
ozonation of waste-water: comparative analysis of efficacy
through the effect on Escherichia coli membranes. J. Appl.
Microbiol. 1999, 86, 883–888.

(43) Nikaido, H. Transport across the bacterial outer-membrane.
J. Bioenerg. Biomembr. 1993, 25, 581–589.

(44) Elovitz, M. S.; von Gunten, U.; Kaiser, H. P. Hydroxyl radical/
ozone ratios during ozonation processes. II. The effect of
temperature, pH, alkalinity, and DOM properties. Ozone-Sci.
Eng. 2000, 22, 123–150.

(45) Montgomery, J. M. Water Treatment Principles and Design, A
Wiley Interscience Publication; John Wiley & Sons: New York,
1985.

ES901262Z

VOL. 43, NO. 19, 2009 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 7415


