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Upon contact with water, under a variety of conditions,
Ceo spontaneously forms a stable aggregate with nanoscale
dimensions (d = 25—500 nm), termed here “nano-Cg".
The color, hydrophobicity, and reactivity of individual Cg
are substantially altered in this aggregate form. Herein, we
provide conclusive lines of evidence demonstrating that
in solution these aggregates are crystalline in order and
remain as underivatized Cg throughout the formation/
stabilization process that can later be chemically reversed.
Particle size can be affected by formation parameters
such as rates and the pH of the water addition. Once formed,
nano-Cgy remains stable in solution at or below ionic
strengths of 0.05 / for months. In addition to demonstrating
aggregate formation and stability over a wide range of
conditions, results suggest that prokaryotic exposure to nano-
Ceo at relatively low concentrations is inhibitory, indicated
by lack of growth (=0.4 ppm) and decreased aerobic
respiration rates (4 ppm). This work demonstrates the fact
that the environmental fate, distribution, and biological
risk associated with this important class of engineered
nanomaterials will require a model that addresses not only
the properties of bulk Cg but also that of the aggregate
form generated in aqueous media.

Introduction

Over the past 20 years, carbon fullerenes have been exten-
sively studied; their unique properties make them ideal
candidates for widespread applications in areas as diverse
as drug delivery and energy conversion (I—7). As industrial
scale production of fullerenes approaches reality (Frontier
Carbon Corporation estimates production of ~10 tons of
fullerene per year, as Cg, by 2007), it is not surprising that
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little is known about the potential impact of fullerenes on
natural systems (8). For example, current OSHA guidelines
for handling and disposal of Cg follow the MSDS of simple
carbon black. Furthermore, recent studies by Sayes et al. (9)
and Oberdorster (10) have demonstrated that fullerenes, as
Cgo in an aggregate form, can elicit a biological response at
relatively low concentrations (<1 ppm). Such findings take
on additional significance as fullerenes have been found in
particulate matter emitted from coal-fired power plants (11).
The purpose of this research is to begin assessing fullerene
behavior in the natural environment. More specifically, we
begin to assess Cgy as it comes into contact with water,
observing the form(s) these materials may take and consider
the ecological risk associated with exposure.

Carbon-60 (Cg), the prototypical carbon-based nano-
particle, is arguably the most well-studied engineered
nanomaterial to date. In particular, the low solubility of Cgo
in polar solvents such as water (<10~ mg/L) is well-accepted
(12—14). However, as demonstrated by this study and others,
direct solubility is not the most relevant measure of the
availability of fullerenes in water-based systems (15—19).
Upon contact with water through several different exposure
methods, Ce forms a water-stable, colloidal aggregate referred
to here as “nano-Cg” to reflect that the aggregates are
composed of Cg with reported diameters from ~5 to 500 nm
(18—20). These aggregates allow for concentrations up to
100 mg/L, which is ~11 orders of magnitude more than the
estimated molecular solubility (12— 14). Though this material
has been the subject of some study over the past decade,
questions concerning the formation, composition, and
stability of nano-Cg remain unresolved (16, 18—21).

The early interest in aggregate forms of fullerenes,
particularly nano-Cg, was motivated by their applications
in technologies, particularly those that require fullerenes in
water (16—18). Nano-Csy has shown little promise in this
regard, as typical concentrations (<100 ppm) are far below
the 10 000—100 000 ppm levels that are achievable when the
carbon cage is intentionally altered to include polar func-
tionalities (22—27). Still, such aggregate generation through
unintentional exposure of fullerenes to water is possible,
and the amounts generated may be significant for ecological
effects (<100 ppm). Other lipophilic organic molecules, which
might be analogous to Cg, have significant ecological impact
in aqueous systems at concentrations of 1—10 ppm (28).

Specifically, research presented herein addresses out-
standing questions and expands upon what is currently
known about the composition, formation, stability, and
potential biological effects of nano-Csy. We provide original
information concerning the physical and chemical structure
of nano-Cg directly in water using 3C NMR, cryogenic
transmission electron microscopy (cryo-TEM), and electron
diffraction. These analyses demonstrate that nano-Cg is an
ordered crystal structure comprised of underivatized Cgo. We
found that the size and stability of these materials are affected
by the conditions of formation, which include the rate of
water addition and solution pH. Once the nano-Cg aggregates
are formed, the stability is variable, depending on the ionic
strength of the solution. A bacterial (Gram-positive and Gram-
negative) response to these particles was studied and
compared with similar concentrations of a soluble derivative
as Ceo(OH)22-24 and a negative control lacking fullerenes.
Results suggest that exposure to nano-Cg at relatively low
concentrations is inhibitory, indicated by lack of growth and
decreased aerobicrespiration rates. This is, to our knowledge,
the first examination of the response of bacteria to nano-Ce.
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Materials and Methods

Chemicals. Cg (99.9% purified through sublimation), *C-
enriched Cg (25% of carbon labeled, 99.5% pure), and
Cg0(OH),2-24 (prepared through a brominated intermediate;
29) were purchased from the Materials Electronics Research
Corporation (Tucson, AZ). All water used was ultra-purified
to >18 Q (Millipore Synergy system).

Nano-Ce Preparation. As large volumes of solutions were
used throughout the study, a reproducible and relatively
simple preparation of nano-Cs was modified from Deguchi
etal. (19) as follows. Approximately 100 mg of Cgo was added
to 4 L of previously unopened tertrahydrofuran (THF)
(spectroanalyzed, >99.99%, Fisher Scientific) and sparged
with N, to remove oxygen. Upon resealing the THF—Cg
mixture, the solution was left for 24 h stirring at ambient
temperature, allowing it to become saturated with soluble
Ceo (9 mg/L solubility in THF) (19). Upon saturation, the
solution was then vacuum filtered through a 0.22 yum nylon
membrane (Osmotics Corp.), resulting in a transparent
solution with a pink hue, which was sparged with N, and
stored in the dark for later use. The Ceo-saturated THF solution
was added (250 mL) to a 2 L wide mouth Erlenmeyer flask
and stirred rapidly. To this solution, ultrapure water (250
ml) at pH 5 (the pH of the water taken directly from the
Milli-Q system) was added at 500 mL/min to the stirring
THEF. Mixing experiments were done similarly except by
varying the rate of water addition (1000, 500, 250, 125, 63, 31,
and 10 mL/min). The role pH in the formation processes
was evaluated by carefully adjusting the pH of the water
added (500 mL/min) with dilute NaOH or HCI. As the water
was added, the mixed solution changed from a pink to a
transparent yellow solution. Using a rotary evaporator (Buchi
Rotovap system), the mixed solution was gently heated (75—
80 °C), collecting the more volatile THF. To ensure a
consistent level of THF removal from solution, a stepwise
evaporating procedure was used as follows. Starting with 1
L total volume (1:1, water:THF), approximately 550 mL was
evaporated and collected. The remaining yellow solution was
diluted with 100 mL of water. The solution was then
evaporated again to 450 mL and then diluted with 100 mL
of water. Finally, the solution was evaporated again to the
final volume of 500 mL. This solution was transferred and
left to cool overnight at room temperature. The solution was
then vacuum filtered (0.22 um cellulose acetate, Corning Inc.)
into a 500 mL sterile container and stored in the dark. To
concentrate the suspensions, a protein concentrating cen-
trifugal cartridge was used with a 30 000 MWCO (Amicon
Ultra 15, Millipore). A total of 10 mL of suspension was added
to each cartridge and centrifuged for 15 min at 5000 rpm.
After each time, the approximately 500 uL of concentrated
solution remained in the receptacle, which was diluted with
10 mL of the original suspension and centrifuged as
mentioned until the desired concentration was reached.

Particle Stability. Stability of these suspensions was
evaluated at different ionic strengths over time. A nano-Cg
suspension prepared with water at pH 5 added at 500 mL/
min was subdivided and prepared at different ionic strength
(D) by the addition of NaCl. A range of ionic strengths (0.7,
0.1, 0.05, 0.01, 0.001 ) from approximately seawater (0.7 I)
to groundwater (0.01 J) and below was investigated. Particle
stability and size was evaluated over time with dynamic light
scattering (ZetaPALs, Brookhaven Instruments Corporation,
Holtsville, NY).

Concentration Determination. The concentrations of Ce
in THF, toluene, and hexane were determined from the
absorption spectrum. The concentration of Cg as a nanoscale
suspension in water was determined through a two-step
destabilization—extraction process as follows: One volume
of water with suspended nano-Ce particles was destabilized
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with 2/5 volume 0.1 M Mg(ClO4), and extracted with one
volume toluene (as a separate phase), in which molecular
Ceo is soluble at 2.8 mg/mL (12). When compared to other
oxidizing agents tested, Mg(ClO4), provided consistent
destabilization of nano-Cg over a range of pH values (5—9),
allowing for a high extraction efficiencies (94—101%). If no
destabilizing agent was used, extraction efficiencies were low
(=10%). The two-phase system was sealed and vigorously
mixed for 30 min. After extraction into the organic phase was
complete, the water portion of the system was frozen in a
dry ice bath allowing for removal of the toluene portion
containing the dissolved Cg. HPLC analysis was performed
on toluene solutions. Cg eluted at 5.6 min (4.6 x 250 mm
Cosmosil PYE column, 1 mL/min toluene mobile phase) with
characteristic Cgp absorption peaks at 336, 407, 540, and 595
nm observed. The 5.6 min Cg peak from the extraction
consistently represented >98% of the total chromatograph
peak integration (30). This procedure was verified though
the use of a gravimetric procedure, using a microbalance,
evaporating 2 mL of a 100 mg/L concentrated suspension
determining the weight of suspended nano-Cs in water.

Characterization. All reported UV/Vis absorption spectra
were taken within a range of 190—800 nm (Varian Cary 5000
UV—Vis—NIR, at 0.5 nm intervals) at room temperature and
corrected for the appropriate solvent background. A 100 mg/L
nano-Cg suspension prepared with 3C-enriched Ce (25%)
in D,O was analyzed using a 500 MHz NMR (Bruker Avance,
Germany) with a broadband observe probe. The experiment
used a 30° 3C pulse, 2.36-s FID with proton decoupling, and
5-srelaxation delay with proton decoupling taking 7680 scans
over 15.7 h. Proton decoupling was used to narrow and to
detect any '3C signals from proton-containing species that
might be present. The FID was processed with 5 Hz of line
broadening to further increase signal-to-noise ratio. The
chemical shift scale of this sample, dissolved in D,0, is relative
to the trimethylsilyl group defined as 0 ppm in (CH3)3Si—
CD,—CD,—COONa dissolved in D,O. Average { potential of
the particles in solutions was measured using a ZetaPALS
(Brookhaven Instruments Corporation) at room temperature.
Particle size and shape were analyzed by two methods:
dynamic light scattering (DLS) using a ZetaPALS and
transmission electron microscopy, the latter of which
provided dimensional information. Two types of transmission
electron microscope images were taken. First, traditional
dried images were prepared by evaporating two drops of
concentrated suspension on a 400 mesh carbon-coated
copper grid and imaged with a JEOL FasTEM 2010 transmis-
sion electron microscope at 100 kV. The microscope camera
length was calibrated using an aluminum standard. In
addition, flash-frozen suspensions were imaged with a
transmission electron microscope outfitted with a cryogenic
sample holder JEOL FasTEM 2010). To aid in these image
analyses, Image Pro software was used.

Microbial Assays. The ability of Gram-negative Escherichia
coli DH5a and Gram-positive Bacillus subtilis CB315 JH642
derivative; a facultative anaerobe capable of reducing nitrate
under anaerobic conditions (31)) to grow in the presence of
nano-Cg was studied at pH 7 using both a rich (Luria broth;
LB) and a minimal media (minimal Davis media with 10%
of the recommended potassium phosphate; MD) with glucose
as the carbon and electron source (1 g/L)) (32). For all
anaerobic experiments, KNO3; was used as an electron
acceptor. Cultures were incubated at a constant temperature
of 37 °C with and without the presence of light while shaking
(aerobic growth) or static in an anaerobic chamber (anaerobic
growth) (33). In triplicate, batch studies were inoculated with
fresh overnight cultures of bacteria to an OD at 600 nm of
0.002. Growth was monitored similarly at 600 nm in 24-h
increments and verified with plate counts (data not shown).
Different concentrations of nano-Ce (0.04, 0.4 mg/L 4 mg/



L) along with Ce(OH)2,-24 (5 mg/L) were compared to a
negative control that lacked any fullerene. Results were
reported simply as yes (+) growth occurred or no (—) growth
did not occur (Table 1). Aerobic respiration of both cultures
suspended in MD media (as described above) was monitored
via CO, production rates over time with a 10-chamber
respirometer (Columbus Instruments, Columbus, OH) at
room temperature (20—22 °C) (34). At mid-exponential phase,
the bottles were amended with a varying concentration of
nano-Cgp, Ceo(OH)22-24, o1 no fullerene as a negative control.
Results are presented as accumulative CO, production over
time.

Results

When exposed to water, Cg can form “hydrophilic” colloids
that are stable in water (9, 15—19). This form of Csy does not
extract appreciably back into a nonpolar solvent, such as
toluene, indicating that the process leading up to colloid
formation fundamentally alters the properties of the fullerene.
(Figure 1A). Ultraviolet visible (UV/Vis) analysis of these
yellow suspensions finds characteristic peaks of solvated Ce

A

in solution between 330 and 350 nm; however, an additional
broad 400—500 nm absorption is also apparent (Figure 1B)
(19, 21). This feature is characteristic of solid-state, crystalline
Ceo and arises from close electronic interactions among
adjacent Cgo molecules. Depending on the form and density
of Cg crystals, this absorbance has an initial appearance
between 450 and 600 nm (35, 36).

Molecular analysis of these crystal suspensions using high-
pressure liquid chromatography (HPLC), absorption spec-
troscopy, and NMR indicates that nano-Ce is comprised
predominantly of underivatized Cg. HPLC analysis was
completed after nano-Cg was briefly treated with a mild
oxidizing agent (e.g., 0.05 M Mg(ClO4),); destabilizing the
aggregates allowing for complete extraction into an organic
phase (toluene). Upon analysis, a single peak at 5.6 min,
which consistently represented >98% of the total chromato-
graph peak integration, was observed. This peak was identical
to fullerenes dissolved in toluene that had not been exposed
to water (one peak at 5.6 min (at 336 nm, 4.6 x 250 mm
Cosmosil PYE column, 1 mL/min toluene) with a charac-
teristic Cgp absorption spectra including peaks at 336, 407,
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FIGURE 1. Visual and spectral analysis of Cs dissolved or in colloidal form in various solvents. (A) Cs dissolved in toluene (top) does
not partition appreciably into water (bottom) (i). Cg dissolved in THF (ii). Water is added to the Cg/THF solution, resulting in a yellow
suspension of Cs nanoparticles (nano-Cg) (iii). THF can be evaporated, resulting in a water suspension of nano-Cg in only water (iv).
The nano-Cg in water (hottom) only very slowly dissolves into organic solvents such as toluene (top) (v); the addition of oxidant drives
the fullerenes back into the organic phase (vi). (B) UV/Vis analysis of Cs dissolved in toluene (top), in THF (middle), and in colloidal form

suspended in water (bottom).
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FIGURE 2. "C NMR spectrum of "*C-labeled (25%) nano-Cg
suspended in D;0. A single peak is observed at 146 ppm.

540, and 595 nm) (30, 37, 38) Additionally, '*C NMR analysis
indicates that Cg remains, within our ability to detect,
underivatized in these aggregates. '>*C NMR is quite sensitive
to derivatization, and fullerenes that have been chemically
altered show multiple peaks, often broadened depending on
the specificity of the chemistry (38—42). In the case of nano-
Cgo in aqueous suspensions, the spectrum shows only one
peak at 146 ppm (Figure 2), which is slightly shifted from
solid-state NMR of crystalline, bulk Cso which reports a single
peakat 143 ppm (40). Thermogravimetric analysis (TGA) and
mass spectroscopy of solids recovered from the suspensions
are consistent with these findings. The only non-fullerene
species present are <10% (w/w) organic molecules, found
as THF (data not shown). This is not surprising as the starting
powders of polycrystalline Cg are known to contain organic
molecules intercalated into its lattice, sometimes in relatively
high amounts (~10%) (43).

The surface chemistry of these aggregate species is of
great interest as it is this interface where the hydrophobic
fullerenes are in some way rendered hydrophilic. We
confirmed that the surfaces of these materials are charged
by performing electrophoretic mobility studies. In agreement
with prior studies, we find { potentials of —36 mV for a typical
suspension produced with water at pH 5 mixed at 500 mL/
min (I17—19). This weakly charged surface makes these
systems unstable in the presence of both weak oxidizing
agents and salts.

Two possible explanations could account for the surface
charge. It may be that, upon contact with water, pristine
fullerenes undergo a chemical reaction to create a small
population of partially oxidized, and hence more polar,
amphiphilic fullerenes that are able to stabilize the hydro-
phobic, underivatized core. Cg is a relatively reactive species;
its degradation by light and oxygen has been noted (44, 45).
In particular, one inefficient method to form partially
hydroxylated fullerenes relies on the introduction of THF/
Ceo solutions to water at high pH values (>12) (46). Such a
reaction may also proceed, albeit at lower yields, when THF/
Ceo solutions are introduced in neutral water. Alternatively,
Ceo is an excellent electron acceptor. Both Andrievsky et al.
(16) and Deguchi et al. (19) suggested that water itself may
form a donor—acceptor complex with Cg leading to a weakly
charged colloid (21). The latter seems a more reasonable
explanation based on the information provided by '*C NMR
analysis in Figure 2, which observes a slightly shifted, single
peak at 146 ppm, indicating I;, symmetry, which is reserved
for underivatized Cgy (47). In addition, this hypothesis is
strengthened by the extraction procedure, as the removal of
electrons from the surface via a mild oxidizing agent is
necessary to destabilize nano-Cs, allowing for virtually all
Cgo to be extracted into an organic phase (toluene). The role
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TABLE 1. Bacterial Response to Nano-Cg, under hoth Aerohic
and Anaerobic Conditions in Different Media?

Escherichia coli  Bacillus subtilis

media + fullerene aerobic anaerobic aerobic anaerobic

MD (negative control) + + + +
MD + 0.04 mg/L nano-Cgp  + + + +
MD + 0.4 mg/L nano-Cgo - - - -
MD + 4 mg/L nano-Cgg
MD +5 mg/L CGO(OH)24

LB(negative control)
LB + 2.5 mg/L nano-Cgg

2 MD is minimal Davis media defined in the Materials and Methods.
LB is Luria broth. Results shown as (+) indicate growth and as (—)
indicate no growth as measured by optical density at 600 nm. All results
reported were the same with or without light present.

F+ o+
++ 41
4+ o+
4+ o+

of associated organic molecules, such as THF, in the
stabilization process would seem to be minor, being that
similar suspensions can be made by simply rapidly stirring
solid Cg in water over time with no intermediate solvent
involved (48).

Another outstanding question about these aggregates has
been their structure in solution. Past work has shown that
both optical and microscopic analyses of the yellow suspen-
sions indicate the presence of dense aggregates of Cgy (18—
20), their form has been challenging to elucidate in solution.
Previous reports have first evaporated solutions to form dried
films and then used transmission electron microscopy to
visualize particles (19, 20). Whether the same particles are
present, in the same form and size, in the original solutions
was not tested.

Here, we use cryogenic techniques to form flash-frozen
suspensions of nano-Cg for imaging. This method is widely
used in biological systems and has been shown quite often
that with rapid freezing the tertiary and quaternary structure
of biological molecules remain unaffected (49—51). Trans-
mission electron micrographs of these suspensions are
compared to data from dried films (Figure 3A), revealing
identical size and morphology, as a large fraction of faceted
particles are apparent in the cryogenic suspensions. Under
these formation conditions (pH 5 water added at 500 mL/
min), nano-Cg exhibits a range of sizes, 100 nm + 10 nm for
these conditions, as well as shapes. Smaller aggregates are
typically circular in cross section, intermediate and large
particles are mostly rectangular, and the verylargest particles
often appear to be triangular (Figure 3B). These findings
provide direct evidence of particle integrity in suspension,
verifying previous studies which have relied on traditional
TEM analysis of dried aggregates (I8, 20). The particle
characteristics suggest that the aggregates are crystalline,
and we confirmed this using electron diffraction. SAED on
both single particles, as well as particle fields, yields strong
diffraction patterns (Figure 3A, inset). Indexing results on a
single particle diffraction pattern, taken along the (0001) axis,
are most consistent with a simple hexagonal unit cell (a =
9.4 A and c¢/a = 1.09).

We have found that nano-Cg, can form over a wide range
of mixing conditions and pH and is quite stable at ionic
strengths, at or below 0.05 I, for months. Andrievsky et al.
(21) suggested that pH was an important parameter for these
colloids because of the stability of the surface charge. We
found that for pH values between 3.75 and 10.25, nano-Ce
is formed and that, as the pH of the water is varied, a change
in the average particle size is observed. Higher pH values
result in smaller nano-Cg populations and lower pH values
give rise to larger particle populations (Figure 4A,C). In
addition, as the pH is increased and the average particle size
is smaller, a blue shift in the UV/Vis spectrum is observed
in the 330—350 nm range (Figure 4B).
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FIGURE 3. Electron microscopy and diffraction analysis of nano-Cg. (A) Transmission electron micrographs of dried (left) and flash-frozen
(right) samples of nano-Cg, reveal identical morphology including a large fraction of faceted particles. Electron diffraction on individual
particles (inset). (B) Particle size and shape distribution. Small aggregates are typically circular in cross section, intermediate and large
ones tending to be rectangular, and with a small fraction of triangular larger particles.

Similarly, we also observed that formation of these
particles can be affected by mixing processes involved (i.e.,
the rate of addition of the water during synthesis) (Figure 5).
By increasing or decreasing the rate of water addition, the
average particle size varies as observed via DLS and TEM
analysis (Figure 5A,C). As the rate of water addition is slowed,
average particle size clearly increases. Again, as the average
particle size decreases, a blue shift is observed in the 330—
350 range (Figure 5B). We note the similar findings by
Alargova et al. (18) based on the initial concentration of the
Cgo in the organic phase before the colloids are formed.

Over a range (0.7—0.001 D) of ionic strengths, which
includes approximately seawater (0.7) and groundwater (0.01)
values, the stability of a typical suspension of nano-Cg was
evaluated. Results indicate that ionic strengths at 0.05 I and
above increase the observed particle size; ionic strengths of
0.1 and 0.7 are high enough to precipitate the particles out
of solution after 72 and 48 h, respectively. However, at ionic
strengths of 0.001, 0.01, and 0.05 a considerable fraction of
the particles remain stable at concentrations up to 100 ppm
for at least 15 weeks (Figure 6). It should be noted that these
aggregation and stability experiments are not assumed to be
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FIGURE 4. Effect of pH during the synthesis of nano-Cg. (A) DLS average particle size (nm) value as a function of the pH of the water
added during formation. (B) UV/Vis absorption spectrums of suspensions made with pH 10.25, 7,5, and 3.75. Note the blue shift in the 330—350
nm region as the pH is increased. All spectra are offset with arbitrary adsorption units assigned. (C) Dried TEM images of these nano-Cg
suspensions: (i) Prepared at pH 3.75. (ii) Prepared at pH 5. (iii) Prepared at pH 7. (iv) Prepared at pH 10.25.

representative of a Cg release into a natural system, as they
are more fundamental in approach. The matrix of variables
tested does however provide a range of conditions within
those found in nature.

With this information about the physical structure,
chemical properties, and stability in hand, we examined the
biological effects of nano-Ce using two common bacteria.
Prokaryotic interactions with nano-Cg were evaluated using
the bacteria cultures: Gram-negative E. coli and Gram-
positive B. subtilis, both common, well-studied, soil species,
with basic differences in cell wall composition. Initial
experiments were designed to observe a bacterial response,
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indicated by growth or no growth, to nano-Cs in two different
types of media, one complex and one simple, under both
anaerobic and aerobic conditions (Table 1). Results show
that in the presence of nano-Cgsy above 0.4 mg/L no growth
for either culture is observed (under either anaerobic or
aerobic conditions) using a MD media (defined previously).
However, when a complex media such as LB was used, growth
was seen at nano-Cg concentrations at and below 2.5 mg/L.
Subsequent aerobic experiments studied carbon dioxide
production during aerobic respiration by these same cultures
after exposure to nano-Cg, during exponential growth in MD
media (Figure 7). Similar studies monitoring CO, production
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of the rate of water addition during the formation process. (B) UV/Vis absorption spectrums of suspensions. Note the blue shift in the
330350 nm region as the rate is increased. All spectra are offset with arbitrary adsorption units assigned. (C) Representative dried TEM
images of these nano-Cg suspensions: (i) Prepared at 1000 mL/min. (ii) Prepared at 500 mL/min. (iii) Prepared at 250 mL/min. (iv) Prepared

at 63 mL/min.

have been used as a tool in assessing microbial inhibition by
others (34, 52). Results presented in Figure 7 are a repre-
sentative response observed during a 10-chamber experiment
(in duplicate, 4 variables and 1 negative control simulta-
neously monitored with average values presented). All
experiments were repeated at least three times verifying the
trends observed. These results are consistent with the initial
findings that with the addition of nano-Csg, at moderately
low concentrations (4 mg/L), an adverse effect is observed,
indicated by the differential rates of CO. production over

time as compared to Cg(OH)2,—»4+ and a negative control
consisting of no fullerenes.

Discussion

As shown here and elsewhere, Cg upon contact with water
can form negatively charged colloids, nanoscale in dimension,
which are stable over time. Specific findings here present
strong evidence that in solution, nano-Ce is in fact crystalline
in order with a simple hexagonal unit cell, and not low density
amorphous aggregates, which are not large enough to settle
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under gravitational force alone. Furthermore, all composi-
tional analyses employed, particualrly *C NMR solution
analysis, indicate, that within the margin of error, these
colloids are comprised of underivatized Csp. These compo-
sitional findings, taken with the fact that an oxidizing agent
efficiently destabilizes the colloid allowing for toluene
extraction of underivatized Cg, support the hypothesis
suggested by others that a donor—acceptor complex with
water may be responsible for the surface charge by which
the colloids are stable (16, 18, 19).

It was also found that that the formation process is
dynamic. Data presented here, along with a recent study by
Alargova et al. (18), outline a number of variables, including
initial Cgo concentration, specific solvents involved, formation
kinetics, and chemistry of the water that play a role in the
formation process. In particular, we have found that there
is a distinct correlation between the rate of water addition
and aggregate size, as shown in Figure 5. It appears that the
formation of these aggregates is, in part, kinetically controlled
by the solution chemistry involved (i.e., as the rate of water

added was increased in the formation process, smaller sized
particles were consistently produced). Corresponding for-
mation under conditions of a slow water addition reveals
larger average particle populations. Additionally, we found
that over a range of pH values (3.75—10.25) nano-Cg was
formed and that the pH of the water did seem to influence
the process as the average particle size decreased with an
increase in pH.

Investigations of particle stability at relevant ionic strengths
revealed that these aggregates will not remain in solutions
simulating seawater or even brackish waters with ionic
strengths at or above 0.1 I. However, at ionic strengths below
this (0.05 I and below) an appreciable percentage (0.05 I) if
not all (0.01 and 0.001 I) of aggregates remain stable for 15
weeks. These results are important as potential long-term
stability is limited to aqueous systems at or below 0.05 I,
which includes most freshwater environments such as typical
groundwaters and surface waters. This study did not inves-
tigate other coagulating factors, such as protein, humic acids,
or sorption onto or within solid matrixes such as organic
matter and soil fractions, which may influence stability.

Bacterial systems employed in this study demonstrate a
response to nano-Cg at low concentrations. At relatively low
concentrations (=0.4 mg/L), nano-Cg in a minimal media
does induce a response by common Gram-positive and
Gram-negative cultures, indicated by the lack of growth in
a variety of basic conditions, including aerobic or anaerobic
conditions and with or without the presence of light (Table
1). However, complex media (LB) seemed to negate this
response by perhaps salting the fullerenes out of solution,
as shown here at higher ionic strengths in Figure 6 or through
coating the fullerenes with excess protein, which is a large
component of this particular media (as yeast extract).
Furthermore, these results were corroborated with respiration
studies (Figure 7) showing similar response at comparable
concentrations, as rates of CO, production decrease with
the introduction of nano-Cg during the exponential growth
phase. In addition, for both cultures, when exposed to similar
concentrations of a hydroxylated fullerene Cg(OH)2,-24 NO
significant response in bacterial respiration was observed,
confirmed by a negative control lacking fullerenes, suggesting
arelation in the surface chemistry of the fullerene molecules
to the biological activity. These initial data are the first
examination of a microbial response to nano-Cs and are
consistent with published data by Sayes et al. (9), which
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demonstrated nano-Cg toxicity to human dermal fibro-
blasts (HDF) diminishing with an increase in derivatization
(as hydroxylation).

In aqueous systems, nano-Cey behaves neither as an
individual molecule nor as a bulk solid. Moreover, chemical
properties of the aggregate, such as partition coefficients,
are distinct from individual Cso molecules. On the basis of
the predicted widespread use of Ce, this becomes a
particularly striking observation that deviates from that which
is expected for similar materials such as hydrophobic
polyaromatic hydrocarbons (PAHs). In this case, predictive
molecular properties such as partition coefficients (K,) and
solubility become inappropriate, with colloidal properties
such as size and surface chemistry becoming useful in
predicting behavior of these aggregates. Moreover, recent
reports by Lecoanet and Wiesner (53) studying the mobility
of suspended nanomaterials in porous media show that
similar Cey aggregates are capable of migrating through a
well-defined porous medium analogous to a sandy ground-
water aquifer.

This work clearly illustrates the limitations of the current
guidelines for the handling and disposal of Csy, which are
based entirely on the properties of bulk carbon black. Most
engineered nanomaterials, including Cg, are handled and
disposed according to guidelines established for their bulk
counterparts; these guidelines may need to be revisited.
Proactive characterization of the environmental chemistry
and associated ecological risk of engineered nanomaterials,
before their use is widespread, ensures an environmentally
sustainable, and socially beneficial nanotechnology industry.
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