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ABSTRACT

The cytotoxic and antibacterial properties of nCg;, a buckminsterfullerene water suspension, have been attributed to photocatalytically generated
reactive oxygen species (ROS). However, in this work, nelther ROS production nor ROS-mediated damage is found in nCg-exposed bacteria.
Furthermore, the colorimetric methods used to evaluate ROS production and damage are confounded by interactions between nCs and the
reagents, yielding faise positives, Instead, we propose that nCy; exerts ROS-independent oxidative stress, thus reconciling conflicting results

in the literature.

Fullerenes have yet to find widespread commercial applica-
tion, but their increasing availability and decreasing cost
augurs the environmental dispersal of fullerene-containing
products. The most environmentally relevant form of the
prototypical fullerene, Cg (i.e., buckminsterfullerene), is
proposed (o be the fullerene water suspension nCg,!? which
can be formed in water either through extensive stirring of
Cso powder or via an organic solvent. nCg can be toxic to
mammalian cell lines,*% water fleas (Daphnia magna),’
several types of fish,%'% and bacteria.2'"" However, the
toxicity mechanisms have not been unequivocally discerned,
which hinders the rational development of appropriate
mitigation and remediation approaches.

The most researched and publicized mechanism for nC
toxicity for eukaryotic cells is the presumed (photocatalytic)
production of reactive oxygen species (ROS).+510.14.15
Fullerenes have been shown to cleave double-stranded DNA
upon exposure to light,'® although this depends on the type
of fullerene derivative.'"” Markers of lipid peroxidation in
fish brain tissue and human cell lines, a sign of ROS damage,
were noted after exposure to nCep**'% but another study
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using bacterial phospholipid fatty acid analysis (PLEA)
showed that, while lipid composition does change, there was
no evidence of lipid peroxidation,® The involvement of ROS
in the death of mammalian cell lines has also been inferred
using ROS-detecting dyes, such as the redox sensitive
dihydroxyrhodamine (DHR), and ROS-damage detecting
assays;>!? this conflicts with other publications showing that
nCeo does not produce ROS. 202

in this study, we aim to clarify the role of ROS in the
antibacterial activity of nCe and propose a hypothesis to
rationalize the seemingly incongruous data in the literature.
Using nCso prepared using tetrahydrofuran {THF) as a
transitional solvent,” we look for ROS production and ROS-
mediated damage in bacteria. The results show that (1) there
is no ROS production nor ROS-mediated damage and (2) a
number of the colorimetric assays for ROS production and
ROS-mediated damage are interfered with by nCeo, leading
to false positives. We posit an alternate hypothesis that nCeg
behaves as an oxidant and exerts ROS-independent oxidative
stress.

Monitoring Photocatalytic ROS Production, The pho-
tocatalytic ROS production of nCg in the bacterial growth
medium was evaluated using two methods: by measuring
oxygen consumption by the ROS-trapping agent furfuryl
alcohol (FFA)?! and by monitoring the color change of 2,3-
bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car-
boxanilide (XTT) due to reduction by superoxide (O0") to



Table 1. Four Methods 1o Detect ROS Production Due to nCg

detection method

FFA

XTT

hydreethidine HDCIFDA

Oy consumption increase

absorbance increase

fluorescence increase fluorescence increase

treatment over control (%) over contrel (%) over control (%) over control (%)
nCgo alone 191+ 15 105 + 16 187 + 14 346 4 120«
E. coli +nCg - - 70 4 12° 268 + 20
E. eoli + Hz0y - - - 75 £ 3
B. subtilis + nCs - - 46 & 3* 198 + 9*
B. subtilis + HoOq - - 159 £ 11*
“ Results are shown as a percent increase over a negative control after exposure to nCgy with or without bacterial cells. ¥ indicates a statistically significant

difference at 0=0.05. ¢ In the cell-free control of HaDCFDA, ar aliguot of dye was simply added 10 the dye-only control, so the increase in fluorescence
of the dye-only control relative to the samples with cells can be partially attributed 10 a higher concentration of the dye.

XTT-formazan.? In the FFA method, glass vials containing
100 mM FFA (Sigma-Aldrich, St. Louts, MO} and 0.72 mg/L.
nCq in minimal Davis medium (MD)," including a foil-
wrapped negative control, were exposed to UV radiation (Li-
Cor 1800 spectroradiometer, total irradiance of 13.6 W/m?
with a spectrum ranging from 310 to 400 nm) for 1—10 h
at 22 °C in an EMS UV/Cryo chamber (Hatfield, PA).
Consumption of oxygen, reflecting the amount of ROS (O~
and '0,) produced was measured using a ThermoOrion 830A
polarographic oxygen sensor (Thermo Fisher Scientific, Inc.,
Waltham, MA). For the XTT method, samples containing
3.6 mg/L nCg, 100 #M XTT, and MD in 10 mL flasks were
exposed 1o the UV source for 30 h and ther monitored for
a change in absorbance at 470 nm using an Ultrospec
2100pro UV/visible spectrophotometer (Amersham Bio-
sciences, Pittsburgh, PA), which was indicative of superoxide
production.

Both the FFA and the XTT method indicate that no ROS
was produced by photoactivated nCg. FFA consumed
oxygen at similar rates when exposed to nCeo (10.9 + 1.6
mM O, consumed/min) and water (9.2 £+ 0.6 mM O,
consumed/min}, leading to a statistically insignificant increase
of 19.1 £ [5% (Table 1). When XTT was used specifically
1o detect superoxide radicals, samples with nCy increased
insignificantly in absorbance by 10.5 4 16%, or 2.1 £ 0.3
UA/min as compared to 1.9 3= 0.3 UA/min for the control.
However, the absence of ROS production in cell-free systems
does not preclude ROS-production in the presence of cells.
In theory, ROS could be produced as a result of nCyp contact
with some bacterial electron carriers or as an immune
response in the case of eukaryotes. Consequently, we
investigated ROS production in the presence of bacteria.

Monitoring ROS Production in the Presence of Bacte-
rial Cells. The bacteria Escherichia coli K12 (ATCC no.
25404) and Bacillus subtilis 168 (ATCC no. 31578) were
maintained and grown on Luria—Bertani (LB) medium, but
the experiments were performed in MD to avoid nCg
coagulation and precipitation by salts. Two dyes, 2/,7'-
dichlorodihydrefluorescein diacetate (H,DCFDA, Invitrogen,
Carlsbad, CA) and hydroethidine (HEt, Invitrogen), were
used per the manufacturer’s instruction to measure ROS in
and around the bacterial cells via increases in fluorescence
as measured using a VersaFluor fluorimeter (BioRad, Her-
cules, CA). According to the manufacturer, HEt, which has
blue fluorescence in the cytoplasm, is added at a final
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concentration of 100 uM to cells with or without 10 mg/L
nCg, and the dye is oxidized by superoxide to form an
ethidium compound that {fluoresces red when bound to
DNA.* H,DCFDA is nonfluorescent until it enters the cell,
whereupon it is cleaved by an esterase, which improves cell
retention and allows the compound to be oxidized (and
fluoresce) by most ROS species. The protocol for H.DCFDA
involved incubating the cells with 200 uM of dye for 30
min, then harvesting the exposed cells by centrifugation,
resuspending them in LB such that the intracellular esterases
could cleave the dye for 10 min, and finally exposing the
cells to 10 mg/l. nCs for another 1S5 min, Data were
interpreted relative to nCg-free controls with cells, except
for the nCgo-alone samples, which were compared to a dye-
only control,

In the presence of nCeg, both H,DCFDA and HE! increased
in fluorescence with or without cells (Table 1), suggesting
ROS production and contradicting results obtained with the
FFA and XTT ROS-detection methods described above.
However, upon closer examination, there are inconsistencies
in the behavier of HbDCFDA and HE: in the presence of
nCey. HoDCFDA fluoresced strongly in the presence of nCey
without cells, but it is not supposed to fluoresce until after
intracellular esterases cleave its acetale groups to free the
active site for reaction with oxidizing species. The dye should
not fluoresce without cells. Similarly, HEt should only
fluoresce when bound to DNA in the cell, but it also
flucresced in the cell-free control. Additionally, HEt is
presumed to be oxidized specifically by the superoxide
radical to form a Quorescent 2-hydroxyethidium cation,? but
the XTT results indicate no superoxide formation and the
addition of superoxide dismutase (which degrades superox-
ide) did not significantly lower the fluorescence (data not
shown).

Apparently, the use of dyes to detect ROS is fraught with
false positives due to the promiscuity of fluorescent dyes.2*
For example, HE! can be directly oxidized by heme pro-
teins,® and pyocyanin was hypothesized to directly oxidize
HyDCF without a ROS intermediate.® As shown by the cell-
free controls in this study, nCg oxidized the dyes directly,
without need for superoxide production to stimulate HEt nor
for the cleavage of the esterase group to allow H,DCFDA
to fluoresce. This leads to false positives of ROS production
by nCe, when in actuality nCgp itself is probably behaving
as the oxidant.
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Figure 1. Assesment of lipid peroxidation in E. coli exposed 1o
nCep through the formation of colored adducts between MDA and
TBA. (A) In the absence of cells, nCg formed a colored product
with TBA with increased absorption at 532 nm (dotted vertical line)
as well as at other wavelengths. (B) After centrifuging the cells to
remove most nCygy particles, £, coli incubated with nCyy showed
no increase in absorption at 332 nm compared Lo the negative
contrel, whereas the positive +-BOOH control exhibited increased
absorbance due to lipid peroxidation.

Searching for ROS-Mediated Damage: The Lipid Per-
oxidation Assay. Lipid peroxidation, a signature of ROS
damage, can be detected by assaying for malondialdehyde
(MDA), an oxidized product of polyunsaturated fatty acids
for which there are established detection protocols, MDA
forms an adduct with thiobarbituric acid (TBA), resulting
in a pink product with increased absorbance at 532 nm.?’
This assay was utilized in the studies that encountered lipid
peroxidation in various eukaryotic systems.*>*0 T'o measure
MDA in E. coli, several protocols were consulted. 2 In
the established protocol, the cells are incubated with the
oxidizing agent of interest, the cell proteins are precipitated
wth trichloroacetic acid (TCA), and the supernatant is boiled
with TBA. Foilowing this protocol, the nCgq particies in the
cell suspension would be present during the TBA assay. To
ascertain whether nCg interfered with the assay, nCg without
cells was boiled with TBA as fully described below. A
wavelength scan of the mixture was compared to TBA -+ 5
#M MDA (Sigma-Aldrich) as a positive control and | mg/L
nCsy with no TBA as a negative control (Figure 1A). The
wavelength scan indicated that nCy formed a colored product
with TBA that lead to increased absorption at 532 nm. The
lipid peroxidation assay is predicated on the ability of TBA
to form a colored adduct with MDA, but it is well-established
that TBA can form adducts with other chemicals to yiekd
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yellow, orange, and pink products.’ Because of the ability
of nCe to interact with TBA and presumably oxidize it to
yield a similar color with the same absorption as the TBA-
MDA adduct, it is not possible to use this assay accurately,
and previous reports of lipid peroxidation using this test
should be re-evaluated,*5910

In an attempt to remove the interfering nCeo particles from
the assay, a slight deviation was made from the established
protocol. An exponentially growing culture of E. coli (ODyg0
= 0.2 in 10 mL MD without glucose) was exposed in
triplicate to either water as a negative control, 1 mM terr-
butylhydroperoxide (+-BOOH) as a positive controd, or nCeg
at 1 mg/L, and shaken for 1 h at 37 °C. The cells were
harvested by centrifugation at 5000g for 10 min and
resuspended in 0.5 mL MD without glucose; this step
removes the majority of the nCgg from the cell suspension.
Then 1 mL of [0% (wt/vol) TCA was added to the 0.5 mL
cell suspension, incubated at room temperature for 20 min,
and then centrifuged at 11,000g for 35 min. then 0.5 mL of
the supernatant was added to 0.5 mL of freshly prepared
1% 2-thiobarbituric acid (Sigma-Aldrich) in 0.1 M NaOH,
boiled for 10 min, cooled to room temperature overnight,
and assessed by spectrophotometer for absorbance at 532
nm (Figure 1B). Lipid peroxidation was only evident in the
positive +~BOOH conlrol; nCs did not result in lipid
peroxidation according 1o this assay.

Searching for ROS-Mediated Damage: Protein Oxida-
tion. Proteins, another cell component vulnerable to ROS
damage, can be evaluated for the formation of carbonyl
groups, hallmarks of protein oxidation, using an OxyBlot
protein oxidation detection kit (Chemicon, Millipore, Te-
mecula, CA). An exponential phase culture of E. coli was
exposed to 2 mg/l. nCs or water as a negative control at an
ODgo of 2.0 in [ mL of MD for ! h at 37 °C. The celis
were sonicated at 12 W for | min in PBS with 50 mM
dithiothreitol and [ Protease Inhibitor Cocktail tabiet (Roche
Applied Science, Indianapolis, IN) per 10 mL. After cen-
trifugation to remove cell debris, protein concentration was
determined using a Bradford assay (BioRad, Hercules, CA),
and the cell extract was assayed using the OxyBlot kit. In
the protocol, carbonyl groups are derivatized to 2,4-dinitro-
phenylhydrazone (DNP), the derivatized proteins are loaded
at an equal concentration onto a membrane, and the carbonyl
groups are detected via an immunoassay using the chemi-
luminescent agent SuperSignal West Pico chemiluminescent
substrate system (Pierce, Rockford, IL). The density of the
dot blot images were analyzed using a Molecular Dynamics
personal densitometer SI (Sunnyvale, CA) with ImageQuant
5.2 software.

The dot optical densities of the nCgy exposed samples
revealed no increase compared 1o the negative controls,
indicating no increase in carbonyl groups in E. coli exposed
to nCqp (Figure 2). This indicates that there was no ROS-
mediated damage of the cytoplasmic proteins; cell membrane
proteins were not assayed as they were removed by centrifuga-
tion during the cell lysale preparation. If nCgy produced ROS,
these oxidative species should be able to enter the cell and
induce protein oxidation.™ Other studies that noted lipid
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Figure 2. Densitometric analysis of a dot blot detecting carbonyl groups in E. coli exposed to nCgq reveals no ROS damage to cytoplasmic

proteins,
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Figure 3. Oxidation—reduction potential (ORP) of nCy increases
with increasing concentration. The overall values suggest that nCg
is an oxidant.

peroxidation and other evidence of RQS-mediated damage
have also failed to detect protein oxidation.**® This assay
focused on carbonyl groups as indicators of ROS-mediated
damage, so the absence of carbonyl groups does not negate
other potential forms of oxidative stress.®

Evidence of nCy as an Oxidant. Past research has pro-
vided evidence of nCy exerting oxidative damage in eu-
karyotic cells but no solid evidence of nCg producing ROS.
nCe could behave as a direct oxidant, thus leading to
misleading results for various oxidative-damage assays and
interference with redox sensitive dyes. There is evidence of
other fulterenes mediating redox reactions.* % To investigate
this hypothesis, the oxidation-reduction potentials (ORP) of
nCy suspensions were measured using an ORP (Redox)
combination electrode with an UltraBasic benchtop pH meter
(Denver Instrument, Denver, CO). The samples were sparged
with nitrogen while the probe was allowed to equilibrate for
at least 10 min prior to reading; a positive ORP value (mV)
indicates an oxidizing compound. The ORP of nCy at various
concentrations in water, shown in Figure 3, indicates that
nCio is an oxidant. Besides direct readings of ORP, the ability
of nCg 10 oxidize ROS-detecting dyes is another indication
of its oxidizing capacity (Table 1),
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Reconciling the Data: A Hypothesis of the nCg Anti-
bacterial Mechanism. There are several picces of apparently
conflicting data in the literature and ir this study. First, ROS-
detection dyes, like the HDCFDA and HEt in this study
and DCFDA and DHR in other studies, indicate that ROS
are produced by nCe.>!® However, in this study, we
demonstrate that nCg interferes with the reliability of those
ROS-detecting dyes, with H;DCFDA fluorescing without
esterase-mediated cleavage of the diacetate group and HE!
fluorescing outside the cell. Other methods to detect ROS
using FFA or XTT in this and previous studies have revealed
no ROS production.?® Another piece of confusing data comes
from using the standard TBA-MDA method to identify lipid
peroxidation specific to ROS damage. This study showed
that nCyg interferes with the proper functioning of this assay,
leading us to question the involvement of ROS in other
studies that used this method.*>!® The lack of lipid peroxi-
dation (Figure IB) is corroborated by a phospholipid fatty
acid analysis (PLFA) of B. subtilis and Pseudomonas putida
cell membranes, which found changes in membrane com-
position but no oxidized lipids.'® Finally, an ROS-indepen-
dent toxicity mechanism is indicated by the lack of protein
oxidation in this and other studies, ' and the persistence of
antibacterial properties in the absence of light and oxygen
and thus photocatalytic ROS production.!'-'* Thus, ROS are
not a significant cause of the toxicity of nCg.3

There are several indicators {rom this and previous studies
that nCg exerts ROS-independent oxidative stress. ROS-
detecting systems, such as HyDCFDA and HEt, that depend
on reduction/oxidation of the dye would not function properly
as reporter molecules if nCgy itself is an oxidant. The FFA
method of ROS-detection circumvents possible interference
by nCg by measuring oxygen consumption in the medium;
XTT undergoes a reduction by superoxide, so it too is
impervious to false positives via oxidation, Both of these
methods indicate that nCg does not produce ROS, but the
behavior of the H;DCFDA and HEt indicate that oxidants
are present {Table 1). nCy itself is an oxidant (Figure 3),
and this property could lead to the toxicity observed. Future
research needs include looking for non-ROS-mediated oxida-
tive damage of the membrane proteins and lipids as well as
other supporting evidence for this hypothesis to improve our
understanding of the antibacterial mechanism of nCgp. This
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understanding could facilitate better control over nCey toxicity
in both applications and responses to accidental discharge
into the environment.

Previous analyses proposing that nCgp exerts toxicity via
ROS-production may have been confounded by direct
oxidation of the dyes by nCy, yielding false positives, and
may need to be revisited. In the past, carbon nanotubes have
been reported to interfere with a widely used (MTT) dye-
based cell viability assay,”® resulting in conflicting results
similar to those reported in this work, These papers siress
the need for caution and extensive controls when using
established assays with novel compounds, particularly na-
nomaterials. Overall, understanding the drawbacks and
potential hazards associated with nanomaterials like fullerenes
should result in more cost-efficient and savvy manufacture
and use of the materials as well as decreasing negative side
effects and public backlash.
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