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he reactivity of Cq fullerene nano-

particles is influenced by the size

and aggregation state of these
particles."? Environmental media are likely
to influence the degree of aggregation?
with potential implications that extend to
the bioavailability and toxicity of these
materials. The ever-increasing use of
fullerenes in commercial products and
applications has raised concerns over the
potential consequence of environmental
and human exposure.>~° These concerns
stem from the increasing use of Cq, their in-
evitable release into the water bodies, and
their photosensitivity which is responsible
for the production of reactive oxygen spe-
cies (ROS) such as singlet oxygen ('0,) and
electron-donor-mediated superoxide
(0,*7), which in turn could be a precursor
to Fenton-like reactions in the presence of
transient metals (e.g., Fe3*), leading to the
formation of hydroxyl radicals, and thereby
induce in vitro and (or) in vivo oxidative
stress.>~8 '0, and O,*~ have been shown
to oxidize organic compounds,®~"" inacti-
vate viruses, and indiscriminately kill cells by
means of compromising their membrane
integrity, damaging DNA and other inter-
nal organelles, and disrupting cell signaling
pathways.'271

With a reported solubility of 1.3 X 107"

pg/L in water, individual molecules of Cgo
are not typically present in water.'® Rather,
Ceo tends to form aggregates (referred to as
nCgo, where n is the number of single Cq
cages in an aggregate). Depending on the
mode of preparation,'’ the structure of
these aggregates may range from crystal-
line to fractal. Thus, in addition to differ-
ences attributable to residual impurities in-
troduced in the preparation of nCg,'® the
mode of nCe, preparation may yield differ-
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ABSTRACT Properties of nanomaterial suspensions are typically summarized by average values for the

purposes of characterizing these materials and interpreting experimental results. We show in this work that the

heterogeneity in aqueous suspensions of fullerene Csy aggregates (nCs,) must be taken into account for the

purposes of predicting nanomaterial transport, exposure, and biological activity. The production of reactive oxygen

species (ROS), microbial inactivation, and the mobility of the aggregates of the nCy in a silicate porous medium

all increased as suspensions were fractionated to enrich with smaller aggregates by progressive membrane

filtration. These size-dependent differences are attributed to an increasing degree of hydroxylation of nCys

aggregates with decreasing size. As the quantity and influence of these more reactive fractions may increase

with time, experiments evaluating fullerene transport and toxicity end points must take into account the evolution

and heterogeneity of fullerene suspensions.
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ent physical characteristics of nCgy suspen-
sions. Procedures, including sonication, that
are employed to disperse or break up ini-
tial fullerene powder for preparation of
stable suspensions have been observed to
modify the surface chemistry of Cy. Labille
et al. have shown Fourier transform infrared
(FT-IR) absorption at wavelengths consis-
tent with C—0O stretching after sonication,
pointing to the hydroxylation of fullerene
due to the suspension mechanism.'® Struc-
tural and chemical differences in nCgy trans-
late to differences in reactivity. Colloidal
aggregates (nCe) of fullerene in water
(aqu/nCsgp) have been reported to produce
little to no detectable ROS,>2%?' despite hav-
ing a quantum yield near unity, whereas poly-
hydroxylated fullerene (fullerol, (Cso(OH),4)),%
a known ROS generator in aqueous
suspensions,®'%23 possesses a quantum yield
that is nearly an order of magnitude smaller.
It is reasonable to conclude that varying con-
ditions of sonication will also produce vary-
ing degrees of hydroxylated Cq, with proper-
ties approaching those of fullerol.
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TABLE 1. Characteristics of nCy, Fractions and a Fullerol Suspension®

total carbon
fullerene suspension concn (mg/L) dp (nm) d; (nm)
nCg bulk, no filtration 215.0 373.0 £ 355 391.2 £ 1728
nCg 800 nm permeate 5.4 2789 = 23.7 236.6 = 145.8
nCgy 450 nm permeate 1.8 198.5 £ 24.5 145.5 * 46.2
nCg 50 nm permeate 1.2 37983 263 +18.7
nCgo(OH),4 bulk, no filtration 3.7 291.7 + 28.1

A, (nm?) D, PDI pH  ORP(mV) Ko
23634 + 10401 196 =005 0467 48 382+3 059
1768 + 504 176 £005 0218 45 312%+3 0022

681 = 50 154+017 0221 42 3137

27+5 214+030 0271 40  311*4

0382 63 285*3 nm®

“All values are means =-95% confidence interval (n = 3) with the exception of image analysis results (number of aggregates = 100); d, is hydrodynamic diameter of
fullerene aggregates measured by DLS (n = 3); d; is the mean diameter of a random sample of 100 aggregates from the TEM images; A, is the projected area; D, is the two-
dimensional fractal dimension determined from TEM images of aggregates (n = 100); PDI is polydispersivity index of the aggregates; ORP is oxidation —reduction poten-
tial of the suspensions; and K is toluene/water partition coefficient of the aggregates. "Not measurable: the concentration of Csy in toluene was below detection limit by HPLC

(ie., 15 wg/L).

Variations in suspension characteristics and reactiv-
ity such as these may be responsible in part for the va-
riety of biological responses reported in the literature to
date. For example, inhibition of both Gram-negative
and Gram-positive bacteria via respiratory chain arrest
and growth inhibition attributed to the production of
ROS has been reported,?*?> while other studies reported
that nCy itself exerts bacterial inhibition independent
of ROS production.? These differences in the literature
are augmented by anecdotal reports of variability in Cgo
toxicity as a function of the age or storage conditions
of stock suspensions.

However, variability between suspensions is com-
pounded by the fact that a given suspension of nCe is
itself heterogeneous, known to consist of aggregates of
varying size and shapes. The current work character-
izes this heterogeneity, documents the wide range of
chemical and biological activity of different fractions of
nCg, and underscores the difficulty that this variability
imposes in interpreting data on fullerene transport and
bioactivity. We explore differences in size, surface
chemistry, and structural density of nCg, aggregates
fractionated through membrane filtration and the asso-
ciated differences in ROS production and subsequent
impacts on microbial receptors.
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Figure 1. Attachment efficiency of fullerene aggregates onto silica sur-
faces and electrophoretic mobility (EPM) of fullerene aggregates in water.
All values are means +=95% confidence interval (n = 3).
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RESULTS AND DISCUSSION

Characteristics of the Fullerene Suspensions. Characteris-
tics of the suspensions including hydrodynamic di-
ameter (dp) as measured by dynamic light scattering
(DLS), polydispersivity index (PDI), total carbon (TC)
concentration, and the toluene/water partition coef-
ficient (Kiy) are summarized in Table 1 and Figure 1.
Fractionation of aggregate suspensions was per-
formed by using membrane filtration. In general,
the physicochemical properties of the initial bulk
suspension were not representative of the individual
fractions. Figure S1 (Supporting Information) shows
the particle size distributions of various size fractions
used in this study. Oxidation—reduction potential
(ORP) and pH of the suspensions decreased with se-
quentially smaller fractions produced by membrane
filtration while the absolute value of electrophoretic
mobility (EPM) increased. A higher EPM is consis-
tent with a higher degree of hydroxylation and lower
affinity for an organic phase such as toluene. It is
therefore useful to compare the properties of the
nCep fractions with those of fullerol aggregates,
which were smaller and more hydrophilic (as quanti-
fied by Kiy) than those of the bulk nCsy suspension.
A greater degree of hydroxylation and a correspond-
ing increase in surface charge (as evidenced by EPM)
also suggest that greater charge stabilization should
reduce the attachment efficiency of these particles
to a negatively charged collector in a porous me-
dium (silica beads) based on the classical
Derjaguin—Landau—Verwey—Overbeek (DLVO)
theory.?’2% Indeed, the affinity between the collec-
tor surface and the aggregates, as represented by
the attachment efficiency, decreased with aggregate
size (Figure 1). However, the difference in the EPMs
alone would not suffice to explain the difference in «
by simply reasoning that an increase in surface po-
tential (which is reflected in EPM) would increase the
electric double layer (EDL) interaction and thus lead
to higher stability. After all, the zeta potentials of all
four species are fairly high (from 30.5 mV to 41 mV
as calculated from the EPM). As the zeta potential of
the glass bead surface is also higher than 30 mV,
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Limits in TEM resolution may be the source of
the higher fractal dimension calculated for the
smallest size fraction (i.e., nCsp < 50 nm).
Reactive Oxygen Species Production of the Fullerene
Suspensions. Superoxide production in the sus-
pensions under ultraviolet (UV) irradiation
was negligible in suspensions as measured
by the reduction of XTT (2,3-bis(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide). This was anticipated due to
the lack of an electron donor required to pro-
duce the intermediate C4, radical. However,
singlet oxygen production was detected in all

Net fluorescence increase rate (A.U./secimg TC)

10
Bulk
| |

Fullerene, C;,

Figure 2. Singlet oxygen production of various fullerene suspen-
sions (TC = 1 mg/L). All values are means =95% confidence inter-

val (n = 3).

relatively high attachment efficiencies such as that
observed in the ‘Bulk’ species would not be expected
from a simple DLVO model. In addition, assuming
all the species were of the same surface potential,
the classical DLVO theory predicts that higher at-
tachment efficiency for the smaller particles due to
decreased EDL interaction, which is not observed in
the data. Such evidence would further support the
argument that DLVO theory alone would not suc-
cessfully explain the results here. We believe that it
is the difference in hydrophilicity/hydrophobicity
between aggregates of different sizes that contrib-
ute significantly to the difference in their affinities
towards the surface. The smaller particles/aggre-
gates were more hydrophilic than their larger coun-
terparts and thus had a higher affinity toward the
water phase than toward the solid phase as com-
pared to that of the larger particles, which is re-
flected by the lower attachment efficiency of the
smaller fractionated particles/aggregates. Such an
increase in stability for the more hydrophilic par-
ticles may also be explained by the additional repul-
sive 'hydration’ or ‘structural’ forces the origin of
which is still unclear.

The structural properties of fullerene aggregates
measured by transmission electron microscopy (TEM)
are summarized in Table 1 and shown in Figure S2 (Sup-
porting Information). The mean diameters as calcu-
lated from TEM image analysis (dy) were statistically in-
distinguishable from diameters obtained by DLS and
are also consistent with trends in projected areas of ag-
gregates (A,). As shown in Figure S2, the fractal dimen-
sion of aggregates projected in two-dimension space
(D) in the bulk nCeo corresponds to a more dense ar-
rangement (higher two-dimensional fractal dimension,
D,) than that calculated from fractionated aggregates.

www.acsnano.org
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samples as measured by fluorescence of SOSG
(singlet oxygen sensor green) (Figure 2). In
agreement with previous reports,®? the net
increase in fluorescence (calculated as the dif-
ference of the observed value from the sus-
pensions and that observed in ultrapure wa-
ter and normalized per mass of carbon
present) was very low in the bulk suspension
without membrane filtration by this method. How-
ever, as the size of aggregates decreases, the frac-
tion of Cgo on the surface of the aggregates in-
creases, and in at least the <800 nm and <450 nm
fractions, the density of aggregates as expressed by
D, decreases. These factors lead to a decrease in
triplet—triplet annihilation and quenching by
ground state Cq in the aggregate that allow for
greater singlet oxygen production. For similar
reasons,®?? singlet oxygen generation of fullerol ag-
gregates was also much higher than that of the bulk
nCeo. The similarities in the ROS production by the
smaller aggregates and that of the fullerol suspen-
sion, combined with the lower attachment efficien-
cies of the smaller fractions (Figure 1), higher EPM
(i.e., (-potentials), and structural data (Table 1), all
point to a greater degree of hydroxylation per Cg as
fractionation proceeds to the smaller sizes (Table 2
shows p values for this hypothesis). As a result, sin-
glet oxygen production in the smallest fraction (<50
nm) was approximately 10 times greater than that
of the bulk nCy, suspension. However, ROS produc-
tion of the smallest fraction was even higher than
that of the fullerol suspension (dp = 291.7 nm). This
latter observation may reflect an optimum level of

TABLE 2. Relationship between Size of Fullerene
Aggregates and Transport through Porous Media and ROS
Production (All Values Are Means =95% Confidence
Interval)

nanoparticle attachment efficiency, o ROS production (au/s/mg TC)

0.52 = 0.09

0.25 = 0.07 (p < 0.01)°
0.08 = 0.04 (p < 0.01)
0.01 = 0.0 (p < 0.005)°

nCeq in the bulk
nCgo < 800 nm
nCeo < 450 nm
nCg < 50 nm

54+03
18.1 %= 1.1(p <0.01)°
315 = 14(p <0.01)°
56.3 + 2.3 (p < 0.005)

“The p value compared to the bulk aggregates.
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TABLE 3. Inactivation of E. coli K12 and MS2
Bacteriophage by nCe, Suspensions of Different Size
Fractions (All Fractions Had Equal Concentrations of Cg
As Measured by Total Carbon (1 mg/L))

inactivation, log (Ny/N,)

sample MS2 bacteriophage E. coli K12
A. control under UV-A irradiation =215 £0.15 —0.00 £ 0.00
B. nCs << 800 nm under UV-A irradiation ~ —0.20 = 0.05 —1.87 =039
C. nCgp << 800 nm in the dark —0.03 = 0.00 —0.39 = 0.00
D. nCsy << 450 nm under UV-A irradiation  —1.25 = 0.10 —273 +0.21
E. nCsy << 450 nm in the dark —0.04 = 0.00 —0.42 +0.00
F. nCsy << 50 nm under UV-A irradiation —3.87 = 0.27 —4.45 +0.32
G. nCg << 50 nm in the dark —0.03 = 0.00 —0.60 = 0.02

hydroxylation of the Cg, with respect to ROS forma-
tion. Derivatization of the Cgo cage reduces the quan-
tum yield. The high degree of hydroxylation of fulle-
rol is calculated to reduce the quantum yield of
fullerol by an order of magnitude compared with un-
derivatized Cgo. However, derivatization also en-
hances the affinity of the Cy, for the aqueous phase
and results in an aggregate structure that enhances
ROS generation due to reduced triplet—triplet inter-
actions. Partial hydroxylation of the Cg in the small-
est size class may be adequate to alter size and struc-
ture of aggregates, but with less impact on the
quantum yield of the Cq.

ROS-Mediated Disinfection by the Fullerene Suspensions under
Ultraviolet (UV) Irradiation. We have observed that condi-
tions favoring ROS production by fullerol suspensions
lead to inactivation of viruses.>'2 Thus, viral inactivation
may also serve as an indicator of ROS generation. Table
3 shows the inactivation of Escherichia coli K12 and
MS2 bacteriophage under the following conditions: (1)
UV-A alone, (2) aqu/nCe (<50, <450, and <800 nm) +
UV-A, and (3) aqu/nCg, (<50, <450, and <800 nm) +
dark. A 60 min exposure to UV irradiation had negligible
effect on the viability of E. coli K12, whereas significant
inactivation was observed in the presence of UV-A-
sensitized aqu/nCe. At the end of 1 h UV irradiation,
>4 log inactivation of E. coli K12 occurred in the pres-
ence of aqu/nCsy (<50 nm) compared with approxi-
mately 2.5 log inactivation in the presence of larger ag-
gregates. While MS2 inactivation did not occur in the
dark, a small degree of inactivation of its host bacteria
in the dark suggests that C¢o may damage bacteria via
a ROS-independent pathway, such as direct oxidation
and that this latter pathway may be less size-
dependent. Enhanced MS2 inactivation was observed
in the presence of UV-sensitized aqu/nCqg in the small-
est fraction, achieving >3.5 log inactivation at the end
of irradiation. Under UV irradiation, trends in E. coli K12
inactivation in the presence of nCq fractions paralleled
those for MS2, with the highest inactivation occurring in
the <50 nm fraction. We speculate that the higher de-
grees of inactivation of E. coli K12 compared with MS2
are due to the presence of a large number of target sites

\\&) VOL. 4 = NO.9 = CHAE ET AL.

on the bacteria, such as lipopolysacchairdes, glycopro-
teins, and various amino acid residues that are suscep-
tible to damage by singlet oxygen. MS2 capsid proteins
are largely composed of reactive amino acids (for ex-
ample, histidine, tryptophan, and tyrosine), which are
also excellent targets for singlet oxygen. It is interest-
ing to note that MS2 inactivation by fractions larger
than 50 nm was lower than that observed in the pres-
ence of UV alone. This apparent protective effect of par-
ticles on MS2 may result from a decreased exposure to
UV, by hindered binding of MS2 with its host receptors,
or possibly scavenging of UV-sensitized radicals by the
nCeo.

Transmission electron micrographs of E. coli K12
and MS2 bacteriophage following exposure to differ-
ent size fractions of UV-sensitized aqu/nCg, for 60 min
showed no visible damage in the cases of the bulk with-
out membrane filtration (Figure 3a) and largest (<800
nm) fraction (Figure 3b). However, aggregates exposed
to the two smaller fractions (<450 and <50 nm)
showed compromised cell membrane integrity with
less definition of the outer membrane, perhaps due to
the release of cytoplasmic fluids (Figure 3c,d). Particles
of nCe were visible on the surface of the cell (Figure
3c1,c2) and in the peptidoglycan layer and an opening
of the cell membrane (see red arrows pointing the dam-
aged portion Figure 3d1,d2). These observations are
consistent with the inactivation results and singlet oxy-
gen generation in the two nCe fractions smaller than
450 nm. These images also highlight the possible role
of fullerene proximity in delivering the singlet oxygen
to biochemical moieties in the cell membrane and sub-
sequent inactivation. The cells had a normal appear-
ance in all samples where bacteria were exposed to nCs
fractions in the dark (Figure 3e). Figure 3f—h shows
qualitative effects of UV alone and UV-sensitized aqu/
nCgo on the MS2 capsid architecture. In the dark (Figure
3f), MS2 has a near spherical appearance, while numer-
ous irregularities appear following MS2 exposure to
UV alone (Figure 3g). Capsids were severely damaged
in the presence of aqu/nCg, after exposure to UV for 60
min (Figure 3h), and black circular spots are evident on
several capsids, concurrent with high rates of inactiva-
tion >3.5 log in the presence of <50 nm aqu/nCq ag-
gregates. These same conditions produced the highest
amount of singlet oxygen.

The hypothesized states of nCq present following
consecutive filtration steps are summarized in Figure
4. At each filtration step, aggregates larger than mem-
brane pore size are removed, selecting for an increas-
ingly hydroxylated population of less dense aggregates,
albeit at lower concentrations. This increasing hydroxy-
lation is likely the reason for the decreases in the attach-
ment coefficient and K, with decreasing aggregate
size. Moreover, we speculate that hydroxylation, per-
haps catalyzed by ROS production on the surface of the
nCgo, may lead to increasingly greater subdivision of

www.acsnano.org
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Figure 3. TEM images of E. coli K12 and MS2 bacteriophage in the fullerene suspensions. (a) E. coli K12 in aqu/nCs, (bulk) after 1 h UV ir-
radiation. (b) E. coli K12 in aqu/nCes, smaller than 800 nm after 1 h UV irradiation. (c1,c2) E. coli K12 in aqu/nCe, smaller than 450 nm af-
ter 1 h UV irradiation. (d1,d2) E. coli K12 in aqu/nCg, smaller than 50 nm after 1 h UV irradiation. (e1,e2) E. coli K12 in aqu/nCso smaller than
50 nm in the dark. (f) MS2 bacteriophage without nCs, in the dark after 1 h. (g) MS2 bacteriophage without nCe, after 1 h UV irradia-
tion. (h) MS2 bacteriophage in aqu/nCeo smaller than 50 nm after 1 h UV irradiation. All fractions had equal concentrations of Cq, as
measured by total carbon (1 mg/L).

the initial aggregates over time. This would result in an  fects (e.g., triplet—triplet annihilation) and results in
increase in the relative portion of these more reactive,  the increase of net ROS generation and greater micro-

small aggregates over time, which in turn would in- bial toxicity.
crease ROS production. By this mechanism, ROS pro- In summary, suspensions of nCe are far from homo-
duction by the nCyy dominates the self-quenching ef- geneous. Parameters obtained by averaging over the
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Figure 4. Schematic of the proposed mechanism for fullerene size-dependent effects on ROS production and microbial

toxicity.

mass of material in suspension, or those where large ag-
gregates dominate measurement (e.g., hydrodynamic
diameter determined by DLS), may not be accurate de-
scriptors of the behavior of these suspensions. Smaller
Ceo aggregates are hydroxylated to a greater degree,
imparting these aggregates with a greater affinity for
the aqueous phase, lower deposition rates, and higher

METHODS

Preparation and Characterization of Colloidal Fullerene Suspensions.
Fullerene (Cso, 99.9%) and hydroxylated fullerene (fullerol,
Cs0(OH)24) were purchased from MER (Tucson, AZ). A colloidal
suspension of fullerene (aqu/nCs) was prepared using a sonica-
tion method without any organic solvent.'” A total of 100 mg of
Ceo powder was added to 200 mL of ultrapure water (resistivity
>18.2 MQ) - cm and dissolved organic carbon concentration <30
ng/L) in a beaker. The mixture was then subjected to sonica-
tion (20 min (pulse on)/10 min (pulse off)) with a high-energy
probe (S-4000, Misonix, Qsonica, LLC, Newtown, CT) for 15 h in
the dark (applied energy was approximately 4.3 MJ). The result-
ant suspension was fractionated by successive filtration with
membranes having nominal pore sizes of 800 nm (Nylaflo, Pall
Life Sciences, Port Washington, NY), 450 nm (Nylaflo, Pall Life
Sciences, Port Washington, NY), and 50 nm (Isopore, Millipore,
Billerica, MA). Each membrane was rinsed with 200 mL of ultra-
pure water before use. Stock fullerol (Cso(OH),4) suspensions
were prepared by adding fullerol in powder form to ultrapure
water as described previously.'® Both fullerene and fullerol sus-
pensions were stored in a refrigerator at 4 °C before use. Total
carbon (TC) concentrations of the Cg and fullerol suspensions
were measured by a total organic carbon (TOC) analyzer (TOC-
5050A, Shimadzu, Columbia, MD). Oxidation—reduction poten-
tial (ORP) and pH of the fullerene suspensions were measured us-
ing ORP (Orion 9678BNWP, Thermo Scientific) and pH electrodes
with a benchtop pH meter (Accumet Excel XL20, Fisher Scien-
tific, Pittsburgh, PA). Particle size distribution by DLS at a 173°
angle and {-potential were measured by Zetasizer Nano (Malv-
ern Instrument, Bedford, MA).

Reactive Oxygen Species Measurement. Commonly used procedures
for measuring singlet oxygen and superoxide were employed
here. All samples were tested in triplicate within two weeks after
preparation. XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide) was obtained from Sigma-Aldrich

VOL. 4 = NO.9 = CHAE ET AL.

potentials for ROS production per mass of fullerene.
These differences translate into substantially greater
photosensitized toxicity of small fullerene aggregates
to bacteria and viruses. Thus, the performance and in-
terpretation of experiments evaluating fullerene trans-
port and toxicity must take into account the heteroge-
neity of these suspensions.

(St. Louis, MO). Singlet oxygen sensor green (SOSG) was pur-
chased from Molecular Probes-Invitrogen (Carlsbad, CA).3°

Transmission Electron Microscopy. High-magnification images of the
suspensions are obtained by TEM (FEI Tecnai G2 Twin, Hills-
boro, OR). Ten microliters of each sample was dropped on a lacey
carbon/Cu grid (300 mesh, Electron Microscopy Sciences,
Hatfield, PA) and dried in air before TEM measurement. Image
analysis of the TEM pictures obtained was performed by using
an Image-Pro version 4.5 (Media Cybernetics, Inc. Bethesda, MD).
MS2 bacteriophages were negatively stained with 2.5% phos-
photungstic acid (Fluka, Milwaukee, WI) prior to imaging.

Toluene— Water Partition Experiments. A toluene —water partition co-
efficient (Kw) was determined as the basis for quantifying the
relative affinity of these materials for the aqueous phase. The
ability to extract fullerene aggregates into toluene from an aque-
ous matrix was first evaluated. Briefly, 5 mL of each suspension
(TC = 5 mg/L) was placed in a glass vial containing 5 mL of ultra-
pure water with 20 mM KCl prior to the addition of 10 mL of tolu-
ene. Preliminary experiments optimized the concentration of
KCl, at which the extract of nCs, was enhanced, and volume ra-
tio between water and toluene (data not shown). Then, the vial
was vertically mixed overnight, and the supernatant containing
the fullerene was drawn for further analysis. Last, quantitative
analysis of fullerene was performed using a high-performance
liquid chromatograph (HPLC) (ProStar, Varian, Palo Alto, CA)
equipped with a Cosmosil Buckyprep column (Nacalai USA, Inc.,
San Diego, CA). The chromatographic separation was performed
in isocratic mode at a constant flow rate of 1 mL/min with a mo-
bile phase of 100% toluene at 285 nm UV wavelength. The K
was calculated by the following equation.

G
K = c (1)
w

www.acsnano.org



where G is the concentration of fullerene in toluene and C, is
the concentration of fullerene in water (TC = 5 mg/L).

Column Experiments. Transport of nCe, through porous media
was evaluated to quantify the relative affinity of each fraction
of these fullerenes for the medium. A chromatography column
(10 mm o.d. X 40 mm L, GE Health Care, Piscataway, NJ) packed
with spherical glass beads having nominal diameter of approxi-
mately 360 wm was used for this purpose. The background solu-
tion in this study was ultrapure water driven by a peristaltic
pump (Cole-Parmer Instrument Company, Chicago, IL) at a flow
rate of 0.96 mL/min as compared to the flow rate of 0.04 mL/min
of the fullerene suspension driven by a syringe pump (Harvard
Apparatus, Holliston, MA). To quantify the relative fullerene con-
centration, the UV absorbance of fullerene was continuously
measured by UV/vis spectrophotometer (UV—vis 2810, Hitachi,
Pleasanton, CA) at the wavelength of 198 nm, which is the maxi-
mum absorbance peak of the spectrum (198, 285, and 334 nm).
The influent concentration (C,) was measured without connect-
ing the column, while the effluent concentration (C) was mea-
sured for the suspension at the outlet from the column. The at-
tachment efficiency («) was then calculated as®'

2, in(<
“= s =7"(c)

where m, is the single-collector efficiency obtainable by using a
correlation equation developed based on the numerical solution
of the convective—diffusion equation governing the transport
phenomena in the column used;*? ¢ is the porosity of the po-
rous media, d. the diameter of the collector, and L the length of
the column. The attachment efficiency () indicates the probabil-
ity of attachment of a particle onto a collector surface (glass
bead) per collision.

Image Analysis for Two-Dimensional Fractal Dimension (D,) of Fullerene
Aggregates. The surface density of primary particles in a 2-D ob-
ject with a fractal dimension D, is given by>3

@

pld) < dy® x d27? €)
where d, is the characteristic size of the primary particles and dr
is the mean diameter of aggregates determined from TEM im-
ages. Defining this surface density as the surface area of particles
contained in the smallest circle containing the aggregate, we
can also write

_ Nody

(d)
P y;

“4)

where Ny is the number of primary particles in the aggregate.

Considering a negligible amount of particle overlap, we ex-
press the total area of the projected aggregate and then com-
bine it with egs 3 and 4 as

ndy  x(dr\%
Aptot = rale Z(d_o) (5)
which gives
10919 Ap ot = Dslogye dr + B ©

A plot of A, o as a function of d that is determined by TEM on
log axes should therefore yield the 2-D fractal dimension (D) of
the projected aggregate, where D, and B are a slope and an in-
tercept of the log—log plot.

Detection of Reactive Oxygen Species from the Fullerene Suspensions.
SOSG was used to measure singlet oxygen ('0,) concentrations
in the fullerene suspensions.*® The fluorescence units (FSU) are
sample measurements compared against a control sample in the
dark used as a background (Modulus Single Tube 9200, Turner
Biosystems, Sunnyvale, CA). XTT reduction was employed to
measure the production of superoxide (O,°"). The reduction of
XTT results in an increase in optical density at 470 nm that can be
used to quantify the relative amount of superoxide present.3*3
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To study ROS production by the fullerene suspensions, experi-
ments were performed using 10 mL sample in a glass beaker (90
mm o.d. X 115 mm, H) with a water jacket connected to a recir-
culating water chiller for temperature control and submitted to
UV-A irradiation as described in the previous study.'® All experi-
ments were performed in triplicate. Student’s t test was used to
assess the significance of the results employing a 95% confi-
dence interval.

Evaluation of Bacterial and Viral Activity in the Fullerene Suspensions.
MS2 bacteriophage (American Type Culture Collection (ATCC)
15597-B1) and E. coli K12 (ATCC 25404) were used as model vi-
rus and bacteria, respectively, to investigate the size-dependent
toxic effects of aqueous nCe. In the experiments with viruses,
pure virus stock suspension free of bacterial debris and media
residue was obtained using the following procedure: First, MS2
was cultured on double-layer agar plate with E. coli (ATCC 15597)
as the host incubated at 37 °C. Next, the phages on the top
agar were extracted into 1X phosphate buffered saline (PBS,
pH 7.3) and precipitated using 10% polyethylene glycol (PEG
6000, Sigma Aldrich) at 4 °C for 1 h. The precipitated phages were
centrifuged at 10000g for 15 min at 4 °C, and the supernatant
was decanted and the pellet resuspended in PBS (1—2 mL per
100 mL) by overnight incubation at 4 °C. Further, the residual
bacterial debris and polyethylene glycol (PEG 6000) in the ph-
age suspension were removed by centrifugation at 50009 for 10
min at 4 °C and chloroform (1:1 sample-to-chloroform), respec-
tively. The phage containing aqueous phase was separated from
white organic phase by centrifugation at 5000g for 10 min at 4
°C. The suspension was furthermore concentrated by ultracen-
trifugation at 103 000g for 2.5 h at 12 °C, and the phage pellet
was resuspended in PBS. The viruses were counted in terms of
plaque forming units (PFU) that are between 30 and 150 per
plate. This procedure yielded an initial stock concentration of
1.1 X 10'? PFU/mL, where PFU is plaque-forming unit. The tar-
get concentration of phages in all of the test solutions is 1—1.2
X 108 PFU/mL. Exponential phase E. coli K12 grown in tryptone
broth at 37 °C were harvested by centrifugation at 5000g for 10
min at 4 °C and resuspended in PBS to obtain a stock suspension.
The initial concentration of bacteria in all test solutions is 1—1.5
X 108 CFU/mL. Only 30—150 CFU (colony-forming unit) from
each plate were used for counting. The test solutions consisted
of the following: (1) MS2 or E. coli K12 in 1.6 mM PBS (pH 7.3 ad-
justed) exposed to UV-A, (2) MS2 or E. coli K12 + nCq in 1.6
mM PBS exposed to UV-A, and (3) MS2 or E. coli K12 + nCqp in
1.6 mM PBS kept in the dark. Inactivation of MS2 and E. coli K12
by the fullerene aggregates was calculated by the following
equation.

Nt
Inactivation = log| —
No
where N; is the number of MS2 or E. coli K12 per mL after 60

min and Nj is the initial number of MS2 or E. coli K12 per mL at
time 0 min.
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