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ABSTRACT

The effects of four types of fullerene compounds (C g, Co—OH, Cso—COOH, C4p—NH,) were examined on two model microorganisms ( Escherichia
coli W3110 and Shewanella oneidensis MR-1). Positively charged C g—NH, at concentrations as low as 10 mg/L inhibited growth and reduced
substrate uptake for both microorganisms. Scanning electron microscopy (SEM) revealed damage to cellular structures. Neutrally charged C 60
and Cg—OH had mild negative effects on  S. oneidensis MR-1, whereas the negatively charged C —COOH did not affect either microorganism’s
growth. The effect of fullerene compounds on global metabolism was further investigated using [3- 13C]L-lactate isotopic labeling, which tracks
perturbations to metabolic reaction rates in bacteria by examining the change in the isotopic labeling pattern in the resulting metabolites

(often amino acids). =2 The 13C isotopomer analysis from all fullerene-exposed cultures revealed no significant differences in isotopomer
distributions from unstressed cells. This result indicates that microbial central metabolism is robust to environmental stress inflicted by

fullerene nanoparticles. In addition, although C  g—NH, compounds caused mechanical stress on the cell wall or membrane, both S. oneidensis
MR-1 and E. coli W3110 can efficiently alleviate such stress by cell aggregation and precipitation of the toxic nanoparticles. The results
presented here favor the hypothesis that fullerenes cause more membrane stress 46 than perturbation to energy metabolism. 7

Introduction. Nanotechnology is being applied to a diverse still quite controversial. Early studies have indicated that a
array of products, including cosmetics, printer toners, cloth- repeating subchronic topical dose of fullerenes on mouse skin
ing, electronics, and even drug delivery vehicles. With this for up to 24 weeks is noncarcinogeafcThe Ames assay
explosion in applications, it is important to address concerns, also indicates that the fullerene is not mutagenic and of no
either legitimate or exaggerated, about the potential toxic toxicological significancé? Yet, recently, fullerenes have
effects of nanoparticles both in the environment and for been suggested to be carcinotd%i€and genotoxic, although
medical applications (for review see Col¥iand Ne?). only upon photosensitizatidi:18In addition, Go derivatives
Carbon nanomaterial8;*? such as fullerenes and nanotubes, have demonstrated superoxide dismutase mimetic properties;
have been the most extensively used nanoparticles due tdhey can also generate free radiéd# and can be photo-
their unique and superior physical and chemical properties, sensitized and mutageriit'®In contrast, others indicate that
including large surface areas, high electrical conductivity, fullerenes have avid reactivity with free oxidative radicals,
and excellent mechanical strength. Fullerenes, also calied C acting as radical scavengers and antioxidants indtéadf 24

or buckyballs, and other fullerene derivatives, are the most |n general, water-soluble fullerenes are cytotdXie

well studied and most commonly used carbon nanomaterials.\hich can be attenuated by surface derivatizatfdtowever,
Recently, fullerenes were investigated as potential microbi- a recent report demonstrated the Opposite resllssikovic
cides; other potential in vivo applications were explored as et al28 suggested that the trace amount of THF in the
well. However, the toxicological definition for fullerene is  fyllerene toxicity studies was responsible for the cytotoxicity.
It has also been shown that cationic fullerenes are moderately
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Figure 1. Schematics for the isotopic approach of investigating
cellular global metabolism vi&C labeling pattern in amino acids.
Labeling patterns of metabolites were used to evaluate the perturba-
tion of central carbon metabolism in this study.

Figure 2. Cgo fullerene derivatives used in this study. The
bacterial growtH;3? more specifically that anionic fullerene  fullerene-COOH derivative carries negative charges in solution,

derivatives (carboxyfullerene) affect Gram positive bacteria the fullerene-NH;" derivative is positively charged. Thegserinol
(such asStreptococcus pyogendsit have no affect on Gram ~ (7OH) is neutral.
negative bacteria (such Escherichia colj at concentrations
up to 500 mg/L“ The strong cytotoxicity of cationic fullerene  pounds: E. coli W3110, a human related enterobacterium
compounds (e.g., ammonium or other amino acid-derivatized and Shewanella oneidensR-1, an environmentally im-
fullerene) has been shown in many microorganigis3s portant bacterium with versatile metabolifn.
It has also been shown that the presence of light-induced Materials and Methods. (1) Nanoparticle Preparation.
reactive oxygen species (ROS) enhance fullerene antimicro-Sublimed C60 fullerene (purity 99.95%) was purchased
bial activity1® The current hypothesized nanotoxicity mech- from MER. The carbon multiwall carbon nano-onions
anisms include suppression of energy metabolism (e.g., TCA(MWCNOs) used in this study were produced using a
cycle)? oxidative damage to crucial proteins and enzymes, modified direct-current electric-arc discharge metfg8The
and increased membrane permeability, causing its rufitbre. multiadduct Go serinol (Go—OH).34° carboxylic acid
Since mechanisms of cytotoxicity obtained from animal/ (Ceo—COOH)# and amine (G—NH)*? derivatives were
human cell models may not be compatible with microbial synthesized using Bingel chemistfjin brief, G derivatives
models, the exact molecular mechanisms for the inhibition were prepared by dissolving 50 mg (0.069 mmol) @f
of bacterial growth are still not fully understood. Further- 250 mL of anhydrous toluene. To this solution, the malonate
more, the majority of nanoparticle antibacterial experiments derivative, CBj, and DBU were added sequentially. The
were not performed at the molecular and metabolic levels, solution was stirred at room temperature overnight to help
which are central for bacterial survival and proliferation.  ensure the desired degree of functionalization. Toluene was
In an attempt to mechanistically study the cellular and removed under reduced pressure to give the crude products,
biomolecular machineries affected by fullerenes and to which were purified by column chromatography. After sol-
determine the effect of nanoparticles on central carbon andvent removal, the purified solids were dried overnight. This
energy metabolism, we examined the perturbation of meta-gave the desired & derivatives. Matrix-assisted laser de-
bolic flux distributions of cells treated with fullerene sorption ionization time-of-flight mass spectrometry (MALDI-
compounds (Figure 1). A metabolic flux distribution is a map TOF MS) was used to verify the products. The protecting
of the rates of metabolic reactions in the cell. When cells groups of the & derivatives were then removed using
are exposed to environmental stresses, changes in genestablished deprotection procedures to give the water-soluble
regulation and protein function may lead to altered activities fullerene compounds (Figure 2).
of cellular enzymes and thus metabolic flux distribution.  (2) Tracer Experiments. Shewanella oneidensl¢R-1
Using tracer experiments, such global metabolic responsesand Escherichia coliW3110 were cultured in minimal
(comprising hundreds of enzymatic reactions) can be deter-medium?#* The medium was supplied with 30 mM (98%
mined by changes in the labeling pattern of cellular [3-*°C]L-lactate) (Cambridge Isotope, USA) as the sole
metabolites:? In this study, we fed bacterid®C]lactate and carbon source to support cell growth. The inoculum was
measured the isotopomer distribution in amino acids from prepared in LB medium, which was grown overnight. This
fullerene-exposed cell populations to give insight into culture was inoculated into the minimal medium with a
whether the toxicity of the fullerrene affects an organism’s 0.09% inoculation volume. BotB. oneidensignd E. coli
entire metabolome (change of the metabolic pathway or were cultured in shake flasks at 3G (at 200 rpm in dark).
fluxes). Two Gram negative bacteria were used as model The fullerene compounds §§ Cso—OH, Cso0—COOH, and
organisms to study the nanotoxicity of the fullerene com- C60-NH,) were added to the medium to different final
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concentrations (from 1 to 80 mg/L) before the exponential
phase (Ol = 0.09-0.10). The culture’s optical density
at a wavelength of 600 nm (QR) was measured in a
spectrophotometer (DU640, Beckman Instruments, Palo Alto,
CA) every 2-3 h. The carbon source (lactate) concentrations
at each time point were determined using an enzyme test kit
(r-Biopharm Inc., Darmstadt, Germany).

(3) Isotopomer Analysis.lsotopomer analysis was per-
formed as described previoush/¢Briefly, 10 mL of culture
in the exponential phase (Q§ = 0.6-0.8) was harvested
and centrifuged at 100@0The cell pellets were suspend in
1 mL of sterile nanopure water and sonicated for 3 min with
a 3 s on/1 s off cycle. The protein from the resulting lysate
was precipitated using trichloroacetic acid. The protein pellet
was washed with cold acetone two times and then hydrolyzed
in 6 M HCI at 100°C for 24 h. Gas chromatographynass
spectrometry (GEMS) samples were prepared in 100
of tetrahydrofuran (THF) and 100L of N-(tert-butyldi-
methylsilyl)-N-methyl-trifluoroacetamide (Sigma-Aldrich,
USA). All samples were derivatized in a water bath at
65—80 °C for 1 h, producing tert-butyldimethlysilyl
(TBDMS) derivatives. One microliter of the derivatized
sample was injected into GEMS: a gas chromatograph
(Agilent, model HP6890) equipped with a DB5-MS column
(J&W Scientific, Falsom CA) and analyzed using a mass
spectrometer (Agilent, model 5973, Wilmington, DE). The
GC operation conditions are as follows: the GC column was
held at 150°C for 2 min, heated at 3C/min to 280°C,
heated at 20C/min to 300°C, and held for 5 min at that
temperaturé’ Unfragmented molecules, [M 571" for all
amino acids were clearly observed by MS in this study. M
is the total molecular mass of the derivatized hydrolysate
component, and 57 indicates the loss of 57 mass units, e.g.
a tert-butyl group. The natural abundance of isotopes,
including 13C (1.13%),'80 (0.20%),2°Si (4.70%), and’Si
(3.09%) (Si occurs in amino acids derivatized for gas
chromatography separation), change the mass isotopome
spectrum and were corrected using a published algorithm to
get final GC-MS data®® Fourteen amino acids were used
in this study (tryptophan, proline, isoleucine, arginine,
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Figure 3. The effect of Gy, Ceo—OH, and Go—COOH fullerene
compounds (neutral or anionic charge) Bncoli W3110 (a) and
S. oneidensi®MR-1 (b) growth: @, control, 0 mg/L;O, Cgo, 20
mg/L; A, Cso—OH, 20 mg/L;<, Ceo—OH, 80 mg/L;*, Cso— COOH,
20 mg/L; O, Cs—COOH, 80 mg/L.

' Results and Discussion.This study used two model
microorganismdE. coli W3110 andShewanella oneidensis
MR-1. E.coliis a human enterobacterium, which is also an
important industrial microorganism, whose phenotype is
vell-known. E.coliis the most widely used model bacterium
in research with its metabolic pathways best understood.
Shewanella oneidensigR-1 is one of the most environ-
mentally important bacteria with versatile metabolism mech-

glutamine, and asparagine mass peaks were not used due tgnisms, allowing it to survive in a natural environment.

their degradation during hydrolysis or due to the overlay of
their main MS peaks with other MS peaks).

(4) Light Microscopy and Scanning Electron Micros-
copy (SEM) Pictures.S. oneidensiandE. coli cultures in
the late exponential growth phase (G50.7—0.9) exposed
to nanoparticles were collected and directly observed under
light microscopy (LEICA DM4000B). Meanwhile, SEM
imaging was carried out as follow&:Samples were fixed
with 2% glutaradehyde in 0.1 M sodium cacodylate buffer
at pH 7.2 for an hour. Fixed samples were rinsed in buffer
and then immersed in secondary fixative (1% aqueous
osmium tetroxide in buffer) for 30 min. Dehydration of

Shewanella oneidensis useful for bioremediation of many
toxic compounds (such as chromium). Study of this strain
will give us insights on how the nanoparticles pose the
potential negative effect in the environment and microbial
ecosystem and how the environmental microorganism re-
sponds to the nanoparticle stresses.

We used minimal medium containing [3<]L-lactate to
grow both organisms and test the impact of fullerenes
(concentrations range from 0 to 80 mg/L) on their growth.
Since Gp is not soluble in water and cannot be uniformly
suspended in the culture solution, we only applied concentra-
tions less than 20 mg/L in the studies of nonderivatizegd C

sample was carried out through increasing concentrations ofOur results indicated that the addition of anionic fullerene

ethanol, further dried in critical point drier, and coated with
1.2 nm of iradium in a MED-020 sputter coater. Images were
collected with a Hitachi S-5000 field emission scanning
electron microscope, operated at 10 kV.
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(Ceo—COOH) and neutrally charged fullerene gfCand
Cso—OH) did not significantly inhibit (concentrations up to
80 mg/L)E. coliandS. oneidensigrowth (Figure 3). This
evidence is consistent with previous conclusions that fullerene

Nano Lett, Vol. 7, No. 3, 2007



10

Add C¢o-NH; particles

1

S
a
(]
0.1 .
0.01 ‘ -
12 22 32 42
Time (hours)
10
Add Cgo-NH; particles
1 .
(=3
3
a
(o]
0.1 b
0.01 T T
12 22 32 42
Time (hours)
30 -
] Add Cgo-NH; particles
=
£
S 20
-
£
c
[
[
c
o
© 10
3
I
(%]
<
-
0 T . . .
12 22 32 42 Figure 5. Images ofS. oneidensi$MR-1 exposed to g—NH,.

Micrographs were taken 40 min after addition of 10 mg/L
Cso—NH, to log phase cell cultures. Cell samples were fixed for
SEM images approximatel1 h after exposed to 20 mg/L

Time (hours)

Figure 4. Cg—NH; fullerene (cationic charge) affectel coli

W3110 growth (a),S. oneidensisMR-1 growth (b), andS. (_ZGO—NHz. (a) Precipitation ofS. oneidensi$/R-1 with nanopar-
oneidensisVR-1 lactate uptake (c). (a) and (b), 0 mg/L; O, 1 tlcle.s (A, no cells, G—NHa; B, no cells, no nanopatrticles; G,
mg/L; A, 10 mg/L;<, 20 mg/L; %, 40 mg/L;O, 80 mg/L. (c)®, oneidensisMR-1 cells at ORy 0.26, Go—NH. added; D,S.
0 mg/L; 00, 20 mg/L; A, 40 mg/L;O, 80 mg/L. oneidensisMR-1 at ODy 0.26, no nanoparticles). (b) Light

microscopy showed cell aggregation. (c) SEM &f oneidensis

. . MR-1 (no effect from NPs). (d) SEM of. oneidensisMR-1
and anionic fullerene compounds do not affect Gram-negative 5ggregation in the presence of;ENH,. (€) SEM ofS. oneidensis

bacterigt*° At high concentrationsX40 mg/L), Go—OH MR-1 in the presence of g—NH, (green arrow points to
only mildly slowedS. oneidensigrowth (not fork. coli) by nanoparticles). (f) SEM 08. oneidensi$/IR-1 in the presence of
reducing the growth rate 320%. On the other hand, the ~Cso—NH> aggregation (red arrow points to the damaged part of
positively charged &—NH: strongly inhibited the growth Lho?nigllzé(?r?esgxn:fglgg“ggrliagf' t?]r;e('iﬁlr)'js'MR'l cells (red arrow

of both microorganisms at concentrations as low as 10

mg/L. The cell growth was completely inhibited at high Cg—NH, stress, slower lactate consumption rates were also
concentration (80 mg/L). It is interesting that at various C  observed (Figure 4c).

concentrations (20 and 40 mg/LE, coliandS. oneidensis In order to further understand the cells’ response to
growth slowed after addition of nanoparticles and then nanoparticle stress, changes in bacterial morphology were
resumed their normal growth rate after certain period of lag examined with light microscopy and SEM. Bdh coli and
(several hours) (Figure 4a,b). For the slow growth under S. oneidensisaggregated after addition ofes&-NHa; no
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_ 1 — L the culture (measured by Qg), right after addition of a
3 | o 1 high concentration of g—NH> (Figure 4a,b). This evidence
Y .,,/'ﬂu/, supports previous observation that fullerene compounds
§ B g" (carboxyl-fullerene) intercalate into the cell wall and cell
2 06| T R membrane in some Gram-positive bactéfiaThe fullerene
8 . e 8.7 compounds might have caused the destruction of membrane
5 glycine, data  _.-" B . glycine, data . Lo . .
o4 | ,fg"’s b mtegrlty in bacteria. On thg other hand, bacterlg may produce
z e certain membrane proteins to strengthen its membrane
g /;,E—'ﬁ’g '5° Boundaries of isotopomer structure in response to nanoparticle stress to reduce its
2 021 -'fﬁfjff"’ measurement errors membrane’s permeabilit{?! We also observed that bacteria
3' ﬁﬁf' glycine, data (especially S. oneidensisMR-1) can efficiently remove

0 ; soluble Go—NH; at high concentration by adsorbing and

0 0.2 04 0.6 0.8 1

precipitating them from the supernatant of the culture (Figure
5a,e). After that, a normal growth rate and substrate uptake
rate were resumed (Figure 4b,c). The fact thabneidensis
MR-1 efficiently precipitates and absorbs the nanoparticles
makes this microorganism a potential bioremediation can-
didate for soluble cationic nanoparticle pollution.

GC-MS data (control)

Figure 6. Isotopomer distribution in proteogenic amino acids of
S. oneidensiMR-1 cultured in [3!3C]L-lactate medium. The
GC—MS data include 14 amino acids ((M57)" and (M— 159)"
mass values) for all three nanoparticle-stressed experimen8o(
mg/L Ceo—OH; 0, 80 mg/L Go—COOH; , 20 mg/L Go—NHy), In previous studies with human cell lines, nanoparticles

which indicates the central metabolism pathways for producing found inhibi ity by i - ith
small molecules are not altered by the presence of nanoparticles WVE® found to inhibit enzyme activity by interacting wit

The dotted lines represent absolute varianeg@5) of measured  the hydrophobic cavity of certain enzymes and inducing
GC—MS data based on batch cultures. oxidative stress and thus have been investigated as thera-

peutic agents against enteric pathogeliThese redox-active
aggregation was observed in the presence of other fullerenenanoparticles may interact with a variety of essential enzymes
compounds. For example, uniformly distribu@doneidensis  related to energy and biosynthesis pathways, such as cyto-
MR-1 started to aggregate right after addition gH-ENH, chrome P450% cysteine and serine proteases, %ft.
at concentrations as low as 10 mg/L (Figure 5a,b). It has However, the influence of nanoparticles on microbial central
been reported previously that aggregationSofoneidensis ~ metabolism is poorly understood. To better understand the
MR-1 was associated with oxidative stress and aggregationmetabolic fluxes under nanoparticle influence, we adminis-
could be a protection mechanisfMoreover, for the cells  tered [3#°C]lactate as the sole carbon sourc&tmneidensis
that aggregated upon addition of nanoparticles, some cellsin order to monitor its growth under the effect of the
showed substantial damage (Figure-§3. The formation nanoparticles. The fraction dfC label in the resulting 14
of cell debris and the large amount of cell/nanoparticle amino acids was analyzed. These amino acids were synthe-
aggregates resulted in a sudden increase in the turbidity ofsized from the precursors in the central metabolic pathways

Table 1. Nanoparticle Effect on the Microbes

conclusions

references bacteria types

E. coli K12 and Shewanella

nanoparticles

this paper
our unpublished data
Chiron et al.5°

Tegos et al.1®

Tsao et al.*

Fontner et al.25

Mashino et al.30
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Ceo, CGO—OH, Cso—COOH, and
Ceo—NHz (0—80 mg/L)

gold (30 nm) (0—80 mg/L), carbon
onion, 10 mg/L

fullerene (~43 mg/L)

six functionalized C(60) with
hydrophilic or cationic groups
(10—100 uM)

the trimalonic acid derivative of
fullerene (50 mg/L)

underivatized Cgp and Cgo—OH
(up to 5 mg/L)

alkylated C(60)—bis(IV,N-dimethyl-
pyrrolidinium iodide)
derivatives (up to 100 mg/L)

oneidensis MR-1

E. coli K12 and S. oneidensis
MR-1

22 collection strains including
E. coli, B. subtilis, etc.

Gram-positive bacteria, Gram-
negative bacteria, and fungi

20 strains, Gram negative or
positive, including E. coli and
Streptococcus pyogenes

E. coli and B. subtilis

Gram-positive bacteria (S. aureus,
E. hirae, E. faecalis)

only C¢o—NHs had an acute
effect
no effect on both bacteria

no effect

in combination with white light,
cationic fullerenes were
highly active in killing all
tested microbes

damage to the cell membrane
in Gram-positive, but not
Gram-negative, bacteria
was observed

underivatized Cg at relatively
low concentrations is
inhibitory to prokaryotic
microorganisms, Cgo—OH
did not affect the growth

the fullerene derivatives
inhibited tested bacteria
growth effectively
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