BEWARE of C-60

Start your research on embryo toxicity of C-60. C-60 binds and deforms
nucleotides. A large scale association for nanoparticle C-60 uncovers mechanism
of nanotoxicity disrupting the native conformations of DNA and RNA - start there
and go forth. And remember this is a form of graphene as well which is 3 times
harder than diamond and 100 times harder then steel. ~ It does not come out like
they said either. ~ If anyone even looks at the research on nano then you can see
that nano and pico metallics or particulates does not release, and translocates
throughout the whole body. He who has eyes to see let them see and he who has
ears to hear let them. The rest ~ C-60 and Al await you. - Tony

Cso, otherwise known as “bucky balls” or “Buckminster fullerenes”, have been
proposed for use in fuel cells, groundwater remediation, cosmetics and drug
delivery. The lack of solubility of Cgg in water has limited its research in biological
systems

In our studies, embryo exposure to fullerenes elicited increased mortality,
sublethal malformations and increased cellular death. Studies in an embryonic
mammalian model (mouse) also report severe morphological malformations and
increased mortality when exposed to Cg in utero. All carbon fullerenes tested in
our system produced deleterious effects to the developing fin regions indicative
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of signaling perturbation during early development. C¢y, and Cyg elicited similar
responses, indicating the small difference in size does not significantly affect the
toxic potential of these materials.

When you see what DAARPA wants --it is an update version of Elon Musk’s neural
thread, but instead of a surgical implant now you just guzzle this carbon 60. And
it goes into the head and activates the network --the scientist here talks about
your brain interfacing with data now you have a better connection to get to the
cloud which is Al (artificial intelligence). Chemtrails above you are the cloud they
collect and store data. Study this and make it abundantly clear to your
congregation and to the christian ( believers) that this is going to take them over if
they are (not so nice of a word) remain ignorant of this.

Tony

| am going to cover this thoroughly in the Targeting message that is coming. But
for now | have included research links here as well as the research Tony shared on
it too.

Remember:

Matt.10:16 - Behold, | send you forth as sheep in the midst of wolves: be ye
therefore wise as serpents, and harmless as doves.

The wolves are bearing their teeth and we need to be aware of what they are up
to.

https://www.youtube.com/watch?v=cPgPz6NbtdA

https://www.researchgate.net/publication/23140919 In vivo evaluation of car

bon fullerene toxicity using embryonic zebrafish

http://europepmc.org/articles/PMC2186061

https://en.wikipedia.org/wiki/Fullerene

TONY’S RESEARCH BELOW:
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Tony’s website:

http://augmentinforce.50webs.com/

Page 3 of 3


http://augmentinforce.50webs.com/

Downl oaded from https://academn c. oup. conml nar/articl e-abstract/40/ 16/ 7622/ 1031989

by guest

7622-7632 Nucleic Acids Research, 2012, Vol. 40, No. 16
doi:10.1093 nar|gks517

Published online 1 June 2012

A large-scale association study for nanoparticle C60
uncovers mechanisms of nanotoxicity disrupting the
native conformations of DNA/RNA

Xue Xu', Xia Wang', Yan Li?, Yonghua Wang'* and Ling Yang?®

'Center of Bioinformatics, College of Life Science, Northwest A&F University, Yangling, Shaanxi 712100, China,
2School of Chemical Engineering, Dalian University of Technology, Dalian 116024, Liaoning and ®Laboratory of

Pharmaceutical Resource Discovery, Dalian Institute of Chemical Physics, Chinese Academy of Sciences,

Dalian 116023, China

Received April 3, 2012; Revised May 5, 2012; Accepted May 9, 2012

ABSTRACT

Nano-scale particles have attracted a lot of atten-
tion for its potential use in medical studies, in par-
ticular for the diagnostic and therapeutic purposes.
However, the toxicity and other side effects caused
by the undesired interaction between nanoparticles
and DNA/RNA are not clear. To address this
problem, a model to evaluate the general rules gov-
erning how nanoparticles interact with DNA/RNA is
demanded. Here by, use of an examination of 2254
native nucleotides with molecular dynamics simula-
tion and thermodynamic analysis, we demonstrate
how the DNA/RNA native structures are disrupted
by the fullerene (C60) in a physiological condition.
The nanoparticle was found to bind with the minor
grooves of double-stranded DNA and trigger un-
winding and disrupting of the DNA helix, which indi-
cates C60 can potentially inhibit the DNA replication
and induce potential side effects. In contrast to that
of DNA, C60 only binds to the major grooves of RNA
helix, which stabilizes the RNA structure or trans-
forms the configuration from stretch to curl. This
finding sheds new light on how C60 inhibits
reverse transcription as HIV replicates. In addition,
the binding of C60 stabilizes the structures of RNA
riboswitch, indicating that C60 might regulate
the gene expression. The binding energies of C60
with different genomic fragments varies in the
range of —56 to —10kcal mol~', which further
verifies the role of nanoparticle in DNA/RNA
damage. Our findings reveal a general mode by
which C60 causes DNA/RNA damage or other

toxic effects at a systematic level, suggesting it
should be cautious to handle these nanomaterials
in various medical applications.

INTRODUCTION

Without a doubt, nanotoxicology has to mature as a
scientific discipline to enable the widespread application
of nanoparticles (1). Despite the early acceptance and
rapid progress of nanoparticle toxicity assessments, the
potential toxic mechanisms of interactions between the
nanoparticles and the biological systems have not yet
been fully elucidated. Studies on the interactions of the
nanoparticles and proteins/nucleic acids may provide
guidance for understanding the basic questions in
nanotoxicology.

Most of the studies have so far focused on changes in
the protein structure or local or global changes in protein
dynamics upon binding to nanoparticles. Single-walled
carbon nanotubes (SWNTs) are found to plug into the
hydrophobic core of protein WW domains to disrupt
and block the active sites, which finally leads to the loss
of the original function of protein (2). Similar effects have
also been observed with the irreversible gold nanoparticles
(AuNP)-induced conformational changes of human ubi-
quitin (hUbq) protein (3). Separately, it is also shown in
our recent work that fullerene C60 adsorbs onto the
cell-membrane P-glycoprotein through hydrophobic inter-
actions, but the stability and secondary structure of the
protein are barely affected (4). Also, we note the strong
association of C60 molecules with ion channels, enzyme
and antibodies where the binding depends on the particle
size and native protein structures (5).

Despite the extensive studies in the nanoparticle—
protein hybrids, to date, the ‘substantive nature’ of the
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effects of nanoparticles on nucleic acids has only been
partially clarified. The nano studies are limited by the
fact that researchers mainly focus on the hybrids of
carbon nanotubes with DNA sequences in most cases.
For example, poly(GT) DNA sequences are shown to be
rolled up onto SWNTs to form stable barrels, which
results in structures analogous to the well-known protein
B-sheet motifs (6). Through molecular simulation (MD)
studies, single-stranded DNA (ssDNA) has been found
to form right-handed helical wraps around the outside
of SWNTs, dependent on both the DNA sequence and
the SWNT chirality (7). In our previous work, we also
found the unique wrapping behaviors of chiral and
armchair SWNTs by DNA dinucleotides that display
base flipping, local dynamic stability of structure and con-
formational shifting (8). The resulting structural destabil-
ization and deformation of the DNA sequences imply that
the nanomolecules probably exert certain toxic effects in
organisms, which is very different from the traditional
large-scale materials.

The molecular recognition features of carbon nanotubes
with DNA are somewhat clarified at the moment; while
for another carbon nanomaterial C60, one of the most
important nano-drug carriers, its interaction mechanism
with DNA/RNA are still illusive. Indeed, a pioneering
study has found that C60 binds tightly to DNA and
speculated that this association may negatively impact
the self-repairing process of the double-stranded DNA
(dsDNA) (9). Nonetheless, several fundamental questions
still remain unclear due to the restrictions associated with
the earlier disadvanced computing facilities. For example,
whether RNA hybridizes to C60? What is the structural
basis for the DNA/RNA recognition of C60 particle?
Could the native structures of DNA/RNA be disrupted
by C60 binding? Do the hybrids of DNA/RNA with
C60 bear any biological relevance that leads to the poten-
tial nanotoxicity?

In this study, we report the static and dynamic bindings
of DNA/RNA to C60 by using geometry-based algorithm
and molecular dynamics (MDs) simulations, and find that
the nanomolecule enables to disrupt the native conform-
ations of these fragments. Further thermodynamic
analysis verifies our results, and explains the specific
hybrids between C60 and nucleotide fragments from the
energy aspect.

MATERIALS AND METHODS
Preparation of structure-based test set

To investigate the binding properties of C60 with nucleo-
tides, a total of 2254 animal and bacteria nucleotide
samples were selected from the Nucleic Acid Database
(NDB) to achieve the most extensive sampling (http://ndb
server.rutgers.edu/index.html, accession time: February 23,
2012), which consisted of four sets of crystal structures,
including ligand—-DNA/RNA complexes and free DNA/
RNA structures. A nucleic acid fragment was selected ac-
cording to the following criteria: (i) selecting the structure
without artificial mutations (e.g. PDB codes 1CS7, 1PUY
and 265D) or cleavages (e.g. PDB codes 1F6C, 1P24 and
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2F1I) around the binding site where C60 binds based on the
geometry-based algorithm and (ii) deleting the ssDNA (e.g.
PDB codes 1G6D, 1QYK and 382D). Finally, 589 ligand—
DNA complexes yielded a total number of 313 cases, while
432 ligand—RNA complexes formed a set of 230 cases. For
the 767 free-DNA fragments and 466 free-RNA fragments,
193 and 166 cases were generated according to the above
selection criteria, respectively (the PDB codes for the
selected structures can be seen in Supplementary Data).
All these structures were manually inspected using VMD
1.9.1 (10) and PyMOL v1.4 (http://www.pymol.org/).

Binding modes and dynamics of nucleotides

Geometry-based algorithm (11) was applied to identify the
binding modes of C60 with the nucleic acid strands that
were treated as rigid bodies. This method employed three-
dimensional transformations driven by local feature
matching, and spatial pattern detection techniques, such
as the geometric hashing and pose clustering, to yield good
molecular shape complementarity with high efficiency.
After the fast transformational search, the best geometric
fit obtained the highest scores (~5000), while the low
scores (~500) exhibited poor matches. For the complexes
in our work, the clustering root mean square deviation
(RMSD) was 4 A. The 5 lowest binding energy matches
for each complex were selected and analyzed visually.

To analyze the dynamics of nucleotides under physio-
logical conditions, each complex was further simulated
with MD using the GROMACS 4.5.1 MD package (12)
on a simulation time scale of 70 ns. These structures were
solvated in triclinic boxes with box vectors of ~10 A
length. The systems were energy minimized, followed by
a relaxation for 400 ps, with positional restraints on the
DNA/RNA atoms by using a force constant of
k =1000kJmol 'nm—>. The CHARMM27 force field
(13) with CMAP corrections (14) was used for the
nucleic acid and SPC/E for the water model (15). All simu-
lations were performed in the NPT ensemble. The tem-
perature was kept constant by Nose-Hoover
temperature coupling at 7= 300 K, with a coupling time
of T,=0.5 ps (16). The pressure was coupled to a
Parrinello-Rahman with 7}, = 4 ps and an isotropic com-
pressibility of 4.5 x 10 >bar ™" in the x, y and z directions
(17). All bonds were constrained with the LINCS algo-
rithm (18). Electrostatic interactions were calculated expli-
citly at a distance smaller than 10A; long-range
electrostatic interactions were calculated by particle
mesh Ewald method, with a grid spacing of 0.12nm and
fourth order B-spline interpolation (19). Structures were
written out every 10 ps for subsequent analysis.

Calculation of binding affinity

The calculation of binding free energies for the C60-DNA
and C60-RNA complexes was evaluated using MM-
GBSA (molecular mechanics general Borned surface
area) method (20,21). This approach employed molecular
mechanics, generalized Born model and solvent accessibil-
ity method to elicit the free energy from the structural
information circumventing the computational complexity
of the free-energy simulations. It was parametrized within
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the additivity approximation (22) wherein the net free-
energy change was treated as a sum of a comprehensive
set of individual energy components, each with a physical
basis. Briefly, in the MM-GBSA approach, the C60-
DNA/RNA binding free energy (AGhpinging) for each
snapshot was estimated as

AGbinding = [Gcomplex] - [GDNA/RNA] - [GC60] (1)

The free energy of each of the above terms was
calculated from

AGio = AEv+AGgoy — TAS )

where Eyv is the molecular mechanics energy of the
molecule expressed as the sum of the internal energy
(bonds, angles and dihedrals) (Ej,), the electrostatic
energy (Ege) and van der Waals (E.qw) terms. For the
unique nanoparticle C60, its E;,, and FEg. equal to 0
kcalmol™!. G, accounts for the solvation energy,
which can be divided into the polar and nonpolar parts.
Obtaining the solvation free energy (Gson) from an
implicit description of the solvent as a continuum is ad-
vantageous because it affords a solvation potential that is
only a function of the solute’s geometry, as discussed and
implemented by Srinivasan et al. (23). As reported by our
previous studies (8), the contribution of the entropy (74S)
was negligible because the difference of 74S was very
small considering the similarity of the systems.

RESULTS AND DISCUSSION

It is known that DNA/RNA fragments possess complex
structural features such as high density charge and helix
chiral geometry, and do not present a single and
well-defined binding site. For the nanoparticle C60, this
unique molecule shapes like a hollow sphere and behaves
chemically and physically as electron-deficient alkenes,
thus probably eliminating more interferences from the
nucleic acid specificity and identifying their potential
targets. In addition, for most of the successful drugs tar-
geting the nucleic acids, they are organic molecules such as
the aromatic and heterocyclic compounds, which enable
to form noncovalent or covalent interactions in the
grooves with different sequence selectivity. This is over-
whelmingly favorable for C60 to interact with the nucleic
acids due to its benzene-derived ring structure. Indeed,
previous studies have already shown the unique carbon
nanotube—DNA hybridization modes with an emphasis
on the structural deformation of nucleotides (6-8).
However, it is still unclear whether and how C60 binds
to DNA/RNA, and do the hybrids produce serious toxic
effects on nucleotides?

Static hybridization of C60 with DNA

To address this, we begin our study by simulating the
binding of C60 with the dsDNAs derived from the
ligand—DNA crystal structures that show the representa-
tive properties of nucleotide segments. Figure 1A shows
205 interactions of C60 with the base pair guanine and
cytosine (C60-guanine—cytosine; C60GC), in which 118
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(48.0%) involve three consecutive GC base pairs
(C60GCs3). Of the 129 complexes, where the binding sites
of C60 contain the base pair adenine and thymine (AT),
there are only 42 structures (17.1%) encompassing three
consecutive AT base pairs (C60AT3) (Figure 1A). These
results indicate that C60 selectively binds to the GC base
pair compared with the AT base pair.

Further analysis shows that C60 has varying degrees of
groove preference for different sequences (Figure 1A), i.e.
the C60GC; binding mode occurs far more often in the
minor grooves (41.1%), while the C60AT3 mode display a
higher preference for the major grooves (13.4%). More
strikingly, for those binding modes where the base pairs
GC and AT coexist, i.e. C60GC-GC-AT, C60GC-AT-GC,
C60AT-GC-AT and C60AT-AT-GC, the C60 molecule is
found to bind to the DNA segments with the same pref-
erence for the major grooves as the C60AT; mode, which
indicates a significant role of the base pair AT in
determining the groove binding specificity of C60.

The binding of ligand probably alters the native con-
formations of free nucleotide fragments, thus leading to
certain changes in C60 binding modes. In order to elim-
inate this, we further collected 193 crystal structures of
free-dsDNA segments from NDB to analyze their inter-
actions with C60 and to compare the binding modes with
those of ligand-bound complexes. As shown in Figure 1B,
C60 shows the same preference for the C60GC; binding
mode (>36%), whereas the proportions of C60AT;
binding mode are still found to be very low (<18%), sup-
porting our idea that C60 has a strong tendency to bind to
the GC-rich regions of nucleotides. Also, the hybrids of
C60 molecule with the three consecutive GC or AT base
pairs of free-dsDNA segments are found to display
the same preference for the minor or major grooves
(77.1 and 66.7%, respectively). Screening of the free-
DNA segments obviously vouches for the accuracy of
our modes, and meanwhile, reveals the potential C60
binding targets of interest for biological and pharmaco-
logical activity.

Consequently, the above observations raise a question
of why C60 prefers to hybrid with the GC5 sequences in
the minor grooves. In fact, it has been reported that the
GC-rich regions of nucleotides have a strong tendency to
be minor groove wide (width>5A), while the AT-rich
DNA tend to be minor groove narrowing (width <5A)
(24), which suggests the sequence dependence of minor
groove width. As C60 molecule shapes like a hollow
sphere with a diameter of 7.0 A, larger than the minor
groove width of AT-rich regions, it is thus reasonable to
believe that this nanoparticle tends to bind to the wider
minor grooves along the GC sequences.

To further investigate the binding preference of C60, we
select four representative systems from the C60GC3 and
C60AT3 binding modes to estimate their binding free
energies, respectively (Table 1). It is worth to note that
since the C60 in our systems carries no charge, the contri-
bution of the electrostatic energy is neglected. The results
show that the systems in the C60GC3 mode have much
lower G (nearly 6kcalmol™') than those in the
C60AT3 binding modes, indicating the more favorable
interactions of the C60 molecule with the GC-rich
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Figure 1. Static hybridization characteristics of C60-DNA/RNA complexes. (A and B) show percentages of nucleotide sequences derived from the
ligand-DNA and free-DNA crystal structures that hybrid with C60 in the GC:GC:GC, GC:GC:AT, GC:AT:GC, AT:AT:GC and AT:AT:AT
regions, respectively. (C and D) show those from ligand-RNA and free-RNA structures that hybrid with C60 in the GC:GC:GC, GC:GC:AU,
AU:AU:GC, GC:AU:GC and AU:AU:AU regions, respectively. Blue color represents the total percentages of C60-DNA/RNA recognition; cyan the
percentages of minor groove recognition; red the percentages of major groove recognition, respectively.

Table 1. Calculation of binding free energy for static hybridization of C60 with DNA/RNA

Nucleic acid Binding sites System E,qw Goly Giot

Mean (kcalmol™") Standard Mean (kcalmol™") Standard Mean (kcalmol™") Standard

deviation deviation deviation

DNA GC:GC:GC 11H1 —33.51 5.07 7.89 0.96 —25.62 2.57
461D -32.90 2.01 7.43 0.87 —25.47 1.86

AT:AT:AT 2V3L —14.80 1.79 5.04 0.94 -9.76 1.33

432D —-32.49 2.59 8.99 0.81 —23.50 2.12

RNA GC:GC:GC 1F79 —33.39 6.37 15.87 2.02 —17.52 5.04
1KD4 —10.73 1.33 4.16 0.85 —6.56 1.01

GC:GC:AU 1F71 —36.43 3.86 15.32 1.59 -21.10 2.90

1Y99 —48.60 2.77 21.28 2.18 —27.33 2.47

GC:AU:GC 3NJT —11.61 1.84 4.88 0.78 —6.73 1.34

2NOK —33.53 6.56 14.89 2.44 —18.63 4.51

AU:AU:GC ILNT —34.22 3.45 18.40 2.94 —15.82 2.25

2KUO —26.45 2.52 10.69 1.09 —15.76 1.90

AU:AU:AU 1YYO —36.55 5.95 15.54 2.55 -21.01 3.88

3549 —33.85 2.44 12.17 0.88 —21.68 1.95

regions of DNA. This thus further explains why C60 compared to its minor groove (3.3 A) (25), we expect
prefers for the minor grooves of the GC sequences to that the depth of the RNA grooves greatly impacts the

some extent. accommodation of C60, and finally leads to the extremely
. L . high tendency of C60 hybrids for the major grooves.

Static hybridization of C60 with RNA To further evaluate the binding tendency of RNA, we

Next, we have investigated the molecular recognition choose two representative. C60-RNA  complexes from

features of RNA after the hybridization. As shown in  ¢€ach of the modes to calculate their binding energies.
Figure 1C, C60 prefers for the GC-rich regions of RNA, The data in Table 1 show that the binding energies vary

especially the GC-GC-AU sequences that contain ~2.6— considerably with different base sequences. The systems in
9.8 times the number of AT-rich sequences. Most strik-  the C60GC-GC-AU mode have binding energies of
ingly, the nano molecule C60 binds only to the major ~ —24kcalmol™". While for the systems containing two
groove sites of RNA, and no association has been or three AU base pairs, the changes in sequences give
observed at the minor groove sites in our simulations, as relatively larger increases in the Giop, 3-9kcalmol™'.
shown by the blank cyan plots in Figure 1C. Since the For systems in the C60GC-GC-GC and C60GC-AU-GC
major groove of RNA (129 A) is much deeper modes, the binding energies become more positive than

Downl oaded from https://academn c. oup. conml nar/articl e-abstract/40/ 16/ 7622/ 1031989
by guest
on 06 June 2018



7626 Nucleic Acids Research, 2012, Vol. 40, No. 16

those of the systems in the C60GC-GC-AU mode
(12 kcal mol™"). Since lower binding affinities imply more
stable binding of the ligands, the analysis of binding
affinity of the C60-RNA complexes provides strong
evidence for the preference of the nanoparticle for the
GC-GC-AU sequences of the nucleotides.

Finally, we select 166 free-RNA structures from the
NDB to enable the unbiased statistics. The results show
similar preferences for C60 to hybrid with RNA (46.8%
for the GC-GC-AU sequences) (Figure 1D). Moreover,
the nanomolecule is still found to only hybrid with the
major groove regions of RNA. These results confirm the
accuracy of our modes, and imply that the hybridization
features of C60 depend on the nature of the nucleotides.

Hybridization-induced structural changes in DNA/RNA

The above observations provide new insight into the rec-
ognition of DNA/RNA by C60. These models, however,
also reveal a lack of realistic circumstance for the C60
hybridization, and little consideration to the issue of the
dynamics of DNA/RNA. Toward the next level of under-
standing, we thus investigated the hybridization-induced
structural changes of DNA/RNA using MD simulations.

DNA

dsDNA twist. The C60-induced twist on dsDNA is firstly
observed, which accounts for 17% of the total C60-DNA
dynamic interaction systems (e.g. PDB codes 1XRW,
1CYZ, 1QSX, 378D and 245D). As shown in Figure 2A
(PDB code 1XRW), the C60 molecule is initially located at
the GC:GC binding site where the minor groove of the
DNA faces the nanomolecule surface. After 1-2ns, the
C60 slides along a linear path, parallel to the DNA axis,
with distance of ~8 A to the neighboring AT:GC site, and
sticks to the site for the rest of the simulation time
(50-60ns) (Figure 2B). During the process, significant
conformational changes of the DNA sequence occur,
showing an anti-clockwise twist of the nucleotide along
its helix-parallel axis (~40°) with respect to its initial
position.

Figure 2. Interactions of C60 with dsDNA in the IXRW system.
(A) The binding of C60 to the DNA at GC:GC binding site, and
(B) shows the sliding of the nanoparticle to the GC:AT site. The
arrows show the sliding directions of the C60 molecule and the
rotation direction of the DNA fragment.
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Comparison of the MD trajectory with the static
C60-DNA hybridization mode reveals a difference
between the initial identified site of C60 (the GC:GC:AT
binding region obtained from the geometry-based algo-
rithm) and its final stabilized site (the AT:GC binding
region obtained from the MD simulation). This interesting
change might be similar to the process of food intake by
mouth (initial) and then digestion in stomach (final).
Detailed analysis of the final stabilized sites for all the
C60-DNA systems is given in Section ‘Statistical
analysis of dynamic hybridization”.

Evidently, these sequences in the sliding-induced twist
mode share a unique binding region that is composed of
two successive GC:GC or AT:AT base pairs and the fol-
lowing AT:GC base pairs. In fact, the above analysis of
static hybridization has described the direct binding of
C60 with the GC:GC or AT:AT sites on the basis of the
geometric fit. Such hybrid, however, exhibits an unstable
state in the MD simulations due to the asymmetry of the
GC or AT repeats, and thus causes the sliding of the C60
molecule and the subsequent conformational changes of
the dsDNA fragments.

dsDNA unwinding. Another intriguing finding is that the
binding of C60 has high probability for triggering the ini-
tiation of DNA unwinding, accounting for 32.1% of the
total systems. For example, C60 interacts with the GC:AT
site. of DNA through hydrophobic interactions in the
initial 4ns (Figure 3A). Then, the nanomolecule slides
along the DNA helix to the neighboring base pairs
GC:GC with a distance of 6 A, and stays in the location
for ~45ns (Figure 3B). Due to the dynamic instability
induced by the C60 binding, the nanomolecule slides
rapidly back to the AT:GC site again. Almost immedi-
ately, the AT:AT sequence in the 3’-terminal undergoes
a torsion deformation involving the outward tilting of
T1 and T2 (~100°) and the rotation of A7 and AS8
(~30°), which finally leads to the partial unwinding of
the DNA fragment (Figure 3C).

Two types of DNA sequence properties that correlate
with the unwinding mode are identified in this section:
(i) For the AT:AT:(GC); sequences, such as the structures
with the PDB codes of 1CP8, 1QCH and 2D55, C60 ini-
tially binds to the AT:GC site, and then slides to the third
GC base pair. After return to the AT:GC site, the binding
site is forced to unwind. (ii) For the GC:GC:AT:AT(GC)
sequences, such as the structures with the PDB codes of
115V and 1MPT, C60 interacts with the GC:GC region in
the first 3 ns and subsequently slides along the DNA helix
to the neighboring AT:AT or AT:GC sites. After a tran-
sient pause (~5-15ns), the small molecule relocates at the
GC:GC region, and finally induces the partial unwinding
of this site.

It is known that Okazaki fragments are newly
synthesized DNA fragments that are formed on the
lagging template strand during the DNA replication,
and are short molecules of ssDNA between 100 and
200nt long in eukaryotes (26). Since our results show
the unwinding mode of DNA fragments when hybridized
with C60, it is reasonable to speculate that the binding of
C60 molecule could inhibit the DNA discontinuous
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Figure 3. Interactions of C60 with dsDNA in the 1CP8 system. (A and B) show the binding of C60 to the DNA at AT:GC binding site, and the
subsequent sliding to the GC:GC site, respectively. (C) The unwinding of the dsDNA fragment. The arrows show the sliding directions of the C60

molecule.

replication by disrupting the structures of Okazaki frag-
ments and lagging the strand template. This thus should
raise great concerns about the introduction of
nanoparticles in the therapeutic fields.

dsDNA stability. Evidence from MD simulations (e.g.
PDB codes 108D, 1AMD, IMTG, IN37, 1RQY,
2ADW, 2GWA and 3GSK) shows that the binding of
C60 has little or no effects on the conformations of
DNA fragments involving the AT:GC:GC(AT) sequences,
which accounts for 32% of the total C60-DNA
complexes. Figure 4 shows that the C60 molecule intercal-
ates into the AT:GC base pairs with the plane of the
aromatic nucleotide bases oriented parallel to the surface
of the nanotube, and maintains such binding mode
through the entire 70ns simulation. Since the n-—=
stacking interactions of C60 with the DNA fragment con-
tribute most to the complex stability, and this type of dir-
ectional force is comparable in strength to hydrogen
bonding and can, in some case, be a decisive intermolecu-
lar force, we believe that the strong stacking is the key to
this phenomenon, in which the nucleic acid fragment
maintains its rigidity upon the binding of C60.

Indeed, among the main DNA binding modes, intercal-
ation is proposed to be the most common way through
which small and rigid aromatic molecules recognize the
DNA (27). However, since the binding of intercalators
to DNA depends basically on m-stacking and electrostatic
interactions, most of the ligands possess less sequence spe-
cificity, which is a major obstacle to the target recognition.
In this section, we have found the DNA—C60 interactions
and the resulting intercalation structure is dependent on
both the DNA sequence and the C60 structure. This
points to the possibility of selecting C60 for specific
DNA sequence recognition.

G-quadruplex disruption. DNA is polymorphic, and can
adopt diverse structures other than the Watson—Crick
duplex when actively participating in the replication,
transcription, recombination and damage repair (28).
Of particular interest are guanine-rich regions, which
present a non-canonical four-stranded topology, called
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the G-quadruplex. Such architecture involved in the
3’-overhang of telomeres of human chromosomes
enables to block the catalytic reaction of the telomerase,
a relevant target in oncology.

Figure 5A shows an example of the hybrid of C60 with
the G-quadruplex DNA fragment in the wide groove (PDB
code: 2JT7). The nanomolecule remains stable with no
significant changes in orientation during the entire simula-
tion (Figure 5D). In contrast, the bases T6 and T1 of the
DNA fragment exhibit large tilts (~90°) due to the attrac-
tion of C60-induced n—n stacking (Figure 5B), and finally
form a ‘sandwich’ state with the nanomolecule, i.e. the
C60 is clipped between T1 and T6 (Figure 5C). Scanning
of all the trajectories in the G-quadruplex disruption mode
confirms our results, and suggests that C60 enables to bind
into the hydrophobic grooves of the G-quadruplex in a
sidewise approach, but also stacks on the surface of the
terminal quartet in an external mode. Despite the target
disparity of C60, all the structures of G-quadruplex DNA
fragments display great deformation after hybridization,
which accounts for 9.2% of the total systems.

It is known that in normal somatic cells, telomere length
decreases at each round of division and consequently these
cells have a finite lifetime. While in human tumor cells, the
reverse transcriptase enzyme telomerase is activated to
maintain the telomere length so that tumor cells are effect-
ively immortalized (29). Since the formation of a
G-quadruplex structure at the 3’-end of telomeric DNA
effectively hinders the telomerase from adding further
repeats, we speculate that C60 that disrupts the
G-quadruplex could activate the telomerase by facilitating
its access to the telomeres and could therefore induce po-
tential side effects of therapeutic treatments when C60 was
used as anticancer drug carriers.

RNA

RNA curling. After being perceived for a long time merely
as an intermediate between DNA (the depository of the
genetic information) and proteins (the macromolecules
that work inside a cell), RNA now is the center of atten-
tion in biomedical research. RNA’s boost in fame is
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partially attributable to the discovery of its role in being
an integral part of many biological processes.

In this section, we find a structural transition of RNA
between two states, the RNA stretch state and the RNA
curling state, and such transition only exists in the HIV
trans-activating region (TAR) RNA fragments (e.g. PDB
codes: AKX, 1ARJ, 1LV], 1QD3 and 1UTS, accounting

Figure 4. Binding of C60 to the dsSDNA at GC:AT binding site in the
108D system.

for 9.5% of the total). The dynamics of the stretch—
curling transition, monitored using time-dependent
changes in RMSD of the RNA, shows that the molecules
undergo specific transitions at ~10ns, and spend a sub-
stantial fraction of time (~60ns) in the curling state
(Figure 6D). Since the transition involves the formation
of intersubunit contacts, we take the TAR RNA in the
1AKX system as an example to dissect the transition.

Upon the binding of C60, the two bases A22 and U23
capture the nanomolecule via m—n stacking interactions
and remain constant during the entire simulation
(Figure 6A). This event accompanies the significant fluc-
tuation of A35 as evidenced by its large rotation of angle
(CB-CG-CD-CE) from —180° to ~180° (Figure 6B and
E). Subsequently, the G33 in the middle of the stem
region has tilted by ~50° (CD-ND-CA-CB) to form
n-stacking with the C60 molecule (Figure 6C). Coupled
with the significant conformational change of G33, the
loop region is forced to undergo the upward curling
and maintain the state for ~30ns as evidenced by the
torsional rigidity of G33 and A35 (from ~40ns to
~60ns) (Figure 6E).

Indeed, the interaction between positive transcription
elongation factor complex b (P-TEFb), Tat protein and
TAR is a key step in the transactivation process of HIV-1,
and TAR RNA is shown to exhibit specificity to P-TEFb—
Tat-TAR complex formation (30,31), which implies the
major role of TAR RNA molecule in assembling a regu-
latory switch in HIV replication. Thus, we speculate that
the structural changes of the TAR RNA induced by C60
could disrupt the structural association of the RNA
molecule with its protein partners, resulting in inhibiting
the HIV reverse transcription and repressing the expres-
sion of HIV.

Riboswitch stabilization. Riboswitches have been reported
to be capable of binding cellular metabolites using a
diverse array of secondary and tertiary structures to
modulate the gene expression (32). Results of the MD
simulations (e.g. PDB codes: 2HOK, 2HOM, 3NPB,
2YDH and 2GIS, accounting for 19.5% of the total)
show that the C60 molecule presents a similar binding
mode as those of riboswitch substrates, and enables to
stabilize the conformations of riboswitches.

100K systes

Distance (A)

0 10 20 30 40 50 60 70
Time (ns)

Figure 5. Interactions of C60 with G-quadruplex DNA in the 2JT7 system. (A-C) show the conformational changes of G-quadruplex with the
binding of C60. (D) shows the time evolutions of the distance between the G-quadruplex DNA fragment and C60.
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Figure 6. Interactions of C60 with double-stranded RNA in the IAKX system. (A—C) show the conformational changes of dsRNA with the binding
of C60. (D) The RMSD of dsRNA versus simulation time in the AKX and 2AU4 systems. (E) reveals the time-dependent rotation of G33 and A35
about the (CD-ND-CA-CB) and (CB-CG-CD-CE) dihedral angles, respectively.

For example, the SAM-I riboswitch is based around an
elaborated four way helical junction (PDB code: 3NPB).
Several nucleic acids (notably C48, G79 and Al111) in the
P1 and P3 helices, and the intervening J1/2 and J3/J4
joining regions of the junction interact with the C60
molecule thus creating a ligand binding pocket
(Figure 7A). This nanomolecule constantly sticks to this
binding site during the entire simulation (Figure 7B).
More interestingly, in the presence of C60, the riboswitch
is found to engage in the same conformation as the
binding of substrate S-adenosylmethionine, thereby
probably maintaining the folding of the expression
platform (33). Since the conformations of the expression
platform direct the transcriptional or translational
controls, the C60 has great potential to be a new type of
riboswitch substrate to regulate the gene expression.

dsRNA stabilization. 1t is commonly accepted that mo-
lecular recognition and formation of the noncovalent
complex are driven by non-specific interactions and
sequence-specific structural features along the major
groove of RNA (28). Figure 8A shows that the C60
molecule locates at the major grooves of RNA and
displays a modest selectivity for G-rich regions involving
at least four G bases (e.g. PDB codes: 1BYJ, 1EI2, 2JUK,
2FCX and 1FYD), which accounts for 35.6% of the
total systems. Once the binding sites have been identified,
the C60 molecule rapidly slides along the major groove
(Figure 8C). At ~25 ns, this molecule turns out of
the groove to form a relatively stable complex through
hydrophobic interactions via its hydrophobic surface
and the end of the RNA strand (Figure 8B).
Interestingly, during the whole MD simulations, we do
not observe evident conformational changes of the RNA
fragments.

Since DNA with high GC content is more stable than
DNA with low GC content (34), it is possible that the
G-rich RNA sequences also adopt stable conformations
in spite of the interferences induced by the C60
hybridization. This indicates that the structural stability
of dsRNA relies on sequence specificity of nucleotides.
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Figure 7. (A) Interactions of C60 with riboswitch RNA in the 3NPB
system. (B) Time evolution of the distance between C60 and the
riboswitch RNA fragment in the 3NPB and 3F4G systems.

Statistical analysis of dynamic hybridization

In this section, we have statistically analyzed the final
stabilized sites of C60 in all the C60-dsDNA/dsRNA
dynamic interaction systems, and compared these sites
with the initial identified sites (Figure 1). Figure 9 shows
the four or three types of the hybridization modes of C60
with  DNA/RNA. For the C60-DNA hybrids, the
nanomolecule is significantly preferred over the GC:AT
sites  (40.8%). Although the specific recognition of
minor/major groove and the intercalation by C60 are
found in almost all DNA hybridization modes (GC:AT,
AT:AT and GC:GC), their preference in each can vary
dramatically. The GC:AT regions have a relatively high
percentage of 28.6% to form stronger hydrophobic inter-
actions with C60 in the minor grooves. Contrary to this,
the AT:AT and GC:GC regions have comparatively low
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minor groove-recognition percentages of 7%, but high
percentages of 13% to hybrid with C60 by intercalating.
In the case of the C60-RNA hybrids, GC:AU sites are
highly favored over GC:GC regions (56.2% versus
18.7%), and show a strong preference for the major
grooves.

These results show the substantial differences between
the final stabilized sites of C60 and its initial identified
sites, which suggest the sequence-specific changes in real-
istic physiological circumstances.

Binding energy analysis

The above sections have revealed the dynamic interactions
of DNA/RNA with C60, and indicated seven unique types
of nucleotide conformations. Such observations strongly
indicate that the different interaction interfaces and
binding specificity of nucleotides may be coupled to
binding energies with enormous disparities. To examine
the hypothesis, we have thus selected two representative

Time (ns)

Figure 8. (A) Interactions of C60 with double-stranded RNA in the
1BYJ system. (B) Time evolution of the distance between C60 and
US. (C) The time evolution of the distance between the base US and
the C60 molecule.

systems from each binding mode, and estimated their
binding free energies with C60, respectively.

The data in Table 2 show the much higher binding
affinities (~10kcalmol™") of nucleotides in the dsDNA/
riboswitch stabilization and G-quadruplex disruption
modes compared with those in the other hybridization
models. Indeed, the C60 is found to constantly stick to
the nucleotides and remain in the stable state through
the whole simulation time in the above three modes.
Under such condition, the surface of nanomolecule pro-
vides more spaces for the hybrids of DNA/RNA, there-
fore aggrandizing the vdW interaction (~43kcalmol™").
In contrast, the nucleotides in the dsDNA twist, dSSDNA
unwinding, dsRNA curling and dsRNA stability modes
display much weaker vdW energies (~30kcalmol™").
This is quite reasonable since the large and flexible move-
ment of these nucleotides enables to induce their less
favorable interactions with C60.

In addition, we notice that the C60 hybridization in all
cases is accompanied by the reduction of solvent accessible
surface area (SASA) due to the burial of large portions of
C60 surface through the stacking of DNA bases, thus
leading to a comparatively large, negative contribution
of the solvation free energies (G,oy) to the binding free
energy. Closer inspection reveals that the systems in the
dsDNA twist, dsDNA unwinding, dsRNA curling and
dsRNA stability modes have relatively smaller Gy,
(3-5kcalmol™") than those in the other binding modes.
Indeed, the C60 molecule has displayed different sliding
movements along the DNA/RNA axis in the above four
modes. Such unique motions probably significantly
decrease the SASA during the simulations, and thereby
lead to the smaller Gggy.

Surprisingly, further comparison of the C60-nucleotides
binding affinities in the initial identified sites with those in
the final stabilized sites demonstrates a 2-fold difference
(Table 2), which implies that the hybrid-induced dynamics
of nucleotides significantly affects the hybridization modes
of C60, quite similar to the food intake process from the
mouth to the stomach.

A 60 B 60
50 50 Mtotal
B major
)]
40 40
Mlintercalation
32 30 32 30
20 20
0GC:AT AT:AT GC:GC terminal 0 GC:AU GC:GC terminal

C60-DNA hybrid MD simulation

C60-RNA hybrid MD simulation

Figure 9. Dynamics hybridization characteristics of C60-DNA/RNA complexes. (A) shows the percentages of representative DNA sequences derived
from the MD simulations that hybrid with C60 in the GC:AT, AT:AT, GC:GC and terminal regions, respectively. (B) The percentages of repre-
sentative RNA sequences derived from the MD simulations that hybrid with C60 in the GC:AU, GC:GC and terminal regions, respectively.
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Table 2. Calculation of binding free energy for dynamics hybridization of C60 with DNA/RNA
Nucleic Binding modes Starting identified sites System Evaw Goolv Giot
acid
Mean Standard Mean Standard Mean Standard
(kcalmol™") deviation (kcalmol™') deviation (kcalmol™!) deviation
DNA dsDNA twist GC:GC:AT IXRW  —34.26 3.55 9.21 1.01 —25.05 3.03
AT:AT:AT 378D —39.50 5.13 7.93 1.13 —31.56 4.27
dsDNA unwinding GC:GC:AT 1CP8 —31.55 5.51 7.86 0.84 —23.69 5.35
GC:GC:AT 115V —30.88 1.91 8.19 0.93 —22.69 1.78
dsDNA stability AT:AT:GC 108D —40.60 2.52 7.85 0.57 —32.75 2.39
GC:GCAT 2ADW  —68.66 2.31 13.01 1.06 —55.65 2.23
G-quadruplex disruption - 2JT7 —51.38 3.16 10.89 1.07 —40.49 2.58
— 100K  —45.89 2.97 6.49 0.60 —39.40 2.82
RNA dsRNA curling GC:AU:GC IAKX —33.73 4.34 13.04 1.75 —20.69 3.32
GC:GC:GC 1ARJ  —55.98 3.21 21.17 1.78 —34.81 2.63
Stabilized riboswitch 3NPB  —65.34 2.68 18.08 1.00 —47.27 2.74
- 2GIS —66.74 4.07 17.36 1.08 —49.38 4.02
dsRNA stability GC:GC:AU 2A04 —31.82 1.89 15.27 1.56 —16.55 1.58
AUAU:GC 2JUK  —20.05 4.96 9.82 1.32 —10.23 3.95
CONCLUSIONS (8) The nucleotides in the dsDNA  stability,

In this study, we have investigated the static and dynamic
hybridization properties of C60 with DNA/RNA, and
analyzed the potential toxic effects of the nanomolecule.
Using statistical survey, MD simulations and thermo-
dynamic analyses, we have found that:

(1) In the C60-dsDNA hybrids, C60 prefers the minor
grooves of dsDNA involving three consecutive GC
base pairs (GC3), and the major grooves with three
consecutive AT base pairs (AT;). The presence of the
base pair AT in the binding sites plays a key role in
determining the groove binding specificity of C60.
In the C60—dsRNA hybrids, C60 prefers the GC-rich
regions of RNA, especially the GC-GC-AU se-
quences. More strikingly, the nanomolecule binds
only to the major groove regions of RNA.

The difference between the initial identified sites and
the final stabilized sites implies that C60 initially
binds to the initial identified sites of DNA/RNA to
induce the structural changes of the nucleotides, such
as DNA/RNA twist, unwinding and curling. Then,
the C60 molecule moves to the final stabilized sites,
which probably leads to potential toxic effects. This
is similar to the process of food intake by mouth
(initial) and then digestion in stomach (final).

C60 hybridization enables to trigger the initiation of
dsDNA unwinding, which probably inhibits the
DNA discontinuous replication.

C60 enables to disrupt the structure of G-quadruplex
DNA, and thereby provides a possibility to activate the
telomerase by facilitating its access to telomeres and in
this way promotes the proliferation of tumor cells.
C60 induces the conformational transition of HIV
TAR RNA sequences from the stretch state to the
curling state, which probably inhibits the HIV reverse
transcription and represses the expression of HIV.
C60 binds to the substrate-binding site of riboswitch
RNA, showing great potential to be a new type of
riboswitch substrate to regulate the gene expression.

2

(€)

4)

)

(6)

(7
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G-quadruplex disruption and stabilized riboswitch
modes display much higher binding affinities to
C60 than those in other modes, mainly due to the
significant movement of C60, such as sliding.
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Supplementary Data are available at NAR Online.
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ABSTRACT Atomistic molecular dynamics simulations are performed for up to 20 ns to monitor the formation and the stability
of complexes composed of single- or double-strand DNA molecules and Cgo in aqueous solution. Despite the hydrophobic
nature of Cg, our results show that fullerenes strongly bind to nucleotides. The binding energies are in the range —27 to —42
kcal/mol; by contrast, the binding energy of two fullerenes in aqueous solution is only —7.5 kcal/mol. We observe the
displacement of water molecules from the region between the nucleotides and the fullerenes and we attribute the large
favorable interaction energies to hydrophobic interactions. The features of the DNA-Cg, complexes depend on the nature of the
nucleotides: Cgo binds to double-strand DNA, either at the hydrophobic ends or at the minor groove of the nucleotide. Cgp binds
to single-strand DNA and deforms the nucleotides significantly. Unexpectedly, when the double-strand DNA is in the A-form,
fullerenes penetrate into the double helix from the end, form stable hybrids, and frustrate the hydrogen bonds between end-
group basepairs in the nucleotide. When the DNA molecule is damaged (specifically, a gap was created by removing a piece of
the nucleotide from one helix), fullerenes can stably occupy the damaged site. We speculate that this strong association may
negatively impact the self-repairing process of the double-strand DNA. Our results clearly indicate that the association between
Ceo and DNA is stronger and more favorable than that between two Cgo molecules in water. Therefore, our simulation results
suggest that Cgo molecules have potentially negative impact on the structure, stability, and biological functions of DNA

molecules.

INTRODUCTION

Several recent reports have highlighted the potentially haz-
ardous nature of nanomaterials (1-3). For example, it has
been shown that carbon nanotubes, arguably the best known
nanomaterials, can accumulate in the lungs of rats, and
possibly cause the development of granulomas in rats (4,5).
The nanomaterials we consider in this work are buckmin-
sterfullerenes (Cgp) (6,7), because they show several prom-
ising potential applications in biology and pharmacology
(8-11) and are regarded as one of the building blocks for
nanotechnology applications.

The interest in biological applications of Cg, as well as
that for possible applications in materials science and in other
disciplines, has been tempered by concerns that fullerenes
may exhibit adverse environmental and health impacts. Early
studies showed low toxicity for the Cgy molecule itself
(12,13). Pharmacokinetic studies with radio-labeled water-
soluble Cgo showed that after intravenous injection into mice
the compound quickly migrates through the body, accumu-
lates in the liver after a few hours (14), and is excreted, either
slowly or rapidly depending on the functionalization of the
Ceo surface (15). These and other studies suggested that
fullerene molecules do not exhibit short-term toxicity (16).
However, more recent studies suggest that fullerenes may
induce oxidative stress in the brain of juvenile largemouth
bass (17), and that certain types of C60 derivatives can be
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quite toxic in cell membrane (18), thus raising the specter of
significant negative health impacts from exposure to full-
erenes. It is widely believed that severely negative biological
outcomes (e.g., replication errors, self-repair mismatches,
abnormal functionalities, etc.) can occur when molecules
bind to DNA and impact its shape. Such outcomes have the
potential of leading to diseased conditions, including cancer.
DNA damage of this kind typically requires long times to
become detectable and, to the best of our knowledge, no
long-term toxicity study related to DNA damage has been
reported for fullerenes.

Fullerenes are known to be essentially insoluble in water.
However, their solubility can be increased (up to 2 mM)
through appropriate coatings (13) or by being suspended in
colloidal solution (19). A colloidal solution of uncoated Cg( in
water can be very stable (up to nine months) at room tem-
perature (20). Hence, it is useful to consider the exposure of
biological molecules, such as DNA, to fullerenes in aqueous
solutions. In this work, we are interested in investigating the
potential long-term toxic effects of fullerenes by understand-
ing how Cg, derivatives approach and interact with nucleic
acids. To this end, we performed molecular dynamics
simulations of aqueous DNA fragments in the presence of Cg.

SIMULATION METHODOLOGY

The double-helix DNA molecule used in our simulations
consists of 12 basepairs in the sequence of d[AGTCAGT-
CAGTC],. The length and sequence of the DNA molecule
was chosen as a balance between computational efficiency

doi: 10.1529/biophys;.105.064410
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and biological realism. In particular, a DNA chain of 12
basepairs shows most of the typical properties of a short
DNA segment, including a complete 360° rotation in the
double-helix in both the A- and B-forms and the ability to
spontaneously transition from its A-form to its B-form.
Although the simulation of longer chains is clearly desirable,
12 basepairs is approaching the current limit of feasibility for
performing multi-nanosecond, atomistically detailed simu-
lations of a DNA segment in an explicit aqueous solution.
We chose the sequence d[AGTCAGTCAGTC], because it
includes and repeats the whole four types of basepairs. The
rationale behind this choice consists in our desire to under-
stand if Cg( binds preferentially to one specific basepair.

DNA structures were obtained from the AMBER (21)
utility software. The head-to-tail length of the DNA is ~4 nm.
Single-strand DNA was obtained by taking one helix from the
double-strand B-DNA created. Damaged double-strand DNA
was obtained by removing a section of consecutive nucle-
otides from one helix of the undamaged B-DNA. The section
of nucleotide removed contains four bases, together with the
backbones connected to them. Resultant gap was of ~1.4 nm.
The dangling bonds in the DNA helix resulting from the
removal were saturated by hydrogen atoms. DNA and ful-
lerenes were solvated in 4500-6100 (depending on the system
size) TIP3P water molecules (22), within a cubic simulation
box of initial size 7 nm. In the simulation box, at least 1.2 nm
of water buffer separates the solute (DNA and Cg) surface
and the box boundaries in any simulation cell directions.
Periodic boundary conditions were applied in all three direc-
tions. Twenty-two Na® (11 Na™ for single-strand DNA sim-
ulations) counterions were added to electrically neutralize the
system. The simulations were performed in the NPT (constant
pressure, constant temperature) ensemble; hence, the size of
the simulation box is adjusted automatically during the course
of the simulation to maintain the pressure at 1 bar.

The potential model for DNA was the all-atom AMBER
force field, 1999 version (21). The sp2 carbon atoms in the
Cgo molecule were modeled as Lennard-Jones (LJ) particle
with ¢/k = 43.2 K and o = 0.34 nm (23). LJ interaction
parameters between different atoms were calculated by the
standard Lorentz-Berthelot combing rules. Lennard Jones
interactions were computed within a 0.9-nm spherical cutoff
without long-range corrections. TIP3P water model was
chosen based on previous simulation works (24,25). The
potential applied for Na* was the one built in AMBER. The
particle-mesh Ewald method with a fourth-order interpola-
tion was applied to evaluate electrostatic interactions. Initial
configurations were obtained by placing one, two, or three
Ceo molecules near the DNA molecule. The nearest initial
distance between the Cgy and DNA surfaces was ~0.7 nm,
which is within the LJ cutoff distance. The initial config-
urations permitted a clear separation between the fullerenes
and DNA strands at the beginning of the simulation, while
maintaining the simulation box size within a computationally
manageable size.
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Molecular dynamics simulations were performed within
the constant pressure (1 bar) and temperature (300 K) (26)
ensemble. The AMBER software package was employed to
integrate the equations of motion. Each simulation includes
5000 steps of energy minimization, 40 ps of solvent re-
laxation, five cycles (each cycle with 1500 steps of energy
minimization) of solutes relaxation, 20 ps of equilibration,
and 5-20 ns of production. A time step of 2 fs was used and
the structural configurations were saved every 2 ps for sub-
sequent analysis.

The binding energy between one DNA and one Cg( mol-
ecule is defined as

AE = Epna+ Ceo Epna — EC(,O - AEdeform,

where Epna+cg, Epna, and EOC(,O represent the potential
energy of the bound DNA-Cg pair, the potential energy of
DNA in the bound pair, and the potential energy of the Cq in
the bound pair. In our calculations, it is necessary to account
for AEyeorm because significant deformations were observed
for DNA segments and thus AEgeomm 1S not negligible
compared to the total potential energy change. We define
AEdeform as

0
AEdeform = (EDNA - E?)NA) + (EC60 - Ecso) :

ESxa and EQ  represent the potential energy of DNA and
Ceo in their native conformations. We use the term ‘‘native
conformation’’ to refer to the state that a free DNA or Cg
takes when it is in the same solvent and ion environment but
with no association interaction force on it. We performed
very short simulations (200 ps for Cgo, B-DNA, ssDNA, and
damaged DNA, 10 ps for A-DNA because A-DNA tends to
convert into its B-form under the simulation solvent
conditions) of free DNA and Cgq in water with counterions
to calculate Efy, and EQ . We should point out that the
binding energy reported in this work is not free energy. Free-
energy calculations are preferable, but the tools available to
us for the systems of interest can be highly approximate
(such as the Poisson-Boltzmann/surface-area free-energy
estimation techniques in MMTSB, The Scripps Research
Institute) and we did not attempt to carry out such
calculation.

The potential energies were computed from the simulation
structures collected, using the software MMTSB. MMTSB
operates on the equilibrated structures of DNA and Cg
collected during molecular dynamics and invokes an in-
stantaneous potential energy calculation, employing the
AMBER package and its utilities. It reports the potential
energies of the molecules of interest, or of the associated
hybrids.

RESULTS AND DISCUSSION

Our results indicate that Cgy forms stable complexes with
aqueous DNA (Fig. 1). In our initial simulation configurations

Biophysical Journal 89(6) 3856—3862
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FIGURE 1 (a) A typical starting

40 T T T
AE=-30.2 kcal/mol

30+

simulation configuration for a Cgo mol-
ecule interacting with a double-strand
DNA molecule in aqueous solution.
Water molecules and Na™ ions in the
simulation cell are not shown for
clarity. During the course of the simu-
lation, Cgo approaches either the hy-
drophobic end (b and ¢) or the minor
groove (d and e) of the double-strand

DNA. Once energetically favorable
complexes are formed, fullerenes do
not leave their docking site for the
remainder of our simulations, suggest-

ing that stable complexes are formed.
Snapshots of final configurations are
reported in ¢ and e. The binding energy,
AE, for the Cgp-DNA hybrid is —30.2
or —35.7 kcal/mol for the structures
shown in ¢ and in e, respectively. By
comparison, the thermal fluctuations of
the system is in the order of 0.6 kcal/
mol (300 K) and the binding energy

t,ns

(d)

between two Cgy molecules in the same
simulation condition is AE = —7.5
kcal/mol. To visualize the progress of
the simulation, we report the distance
between the center of mass of the Cgg

molecule and that of one DNA end (defined as the center of mass of the DNA end basepairs C12—G13) as a function of simulation time (b). The same quantity
for the Cgy molecule and the minor groove site versus simulation time is shown in d. In both cases, it can be seen that after ~2 ns the fullerene is able to find
a docking site in the nucleotide. Once the Cgy molecule reaches the docking site, the hybrid remains stable for the remainder of the simulation.

Cgo and DNA are separated, with solvent molecules in
between. The first contact between the Cgo molecule and the
DNA typically occurs after 1-2 ns. Once the fullerenes
diffuse and bind with the nucleotides, Cs-DNA complexes
are formed and remain stable for up to 20 ns of the simula-
tions. Initially it appeared that the Cgy molecules are prone
to bind only to the free ends of the double-strand DNA.
However, extensive simulations indicate that association of
Ceo can also occur at the minor groove sites. No association
has been observed at the major groove sites in our simu-
lations. These observations are different from a recent exper-
imental observation, according to which a water-soluble (i.e.,
functionalized) Cg, derivative can interact strongly with
DNA, the major groove of the double-helix and phosphate
backbone acting as the binding sites (27). However, we
observe that the C¢( considered here is hydrophobic and not
hydrophilic.

We note that the free ends of the double-strand DNA
fragment are the explicit hydrophobic sites exposed in
solution, and this may favor the diffusion of hydrophobic
fullerenes toward their docking sites. The two free ends of
our double-strand DNA segment are constituted by either
A-T or G-C basepairs. We performed simulations with Cg
in proximity of both ends and did not notice appreciable
differences in the binding features. Careful calculation of the
binding energy AE reveals that the hybrid Cgo-DNA com-
plexes are energetically favorable compared to the unpaired
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molecules (the binding energy goes from AE = —35.9 kcal/
mol, for Cgy docked in the minor groove, to —30.4 kcal/mol,
for Cgo docked at the DNA ends). For comparison, the thermal
fluctuations under the simulation condition are in the magni-
tude of 0.6 kcal/mol (300 K). We also found that the
deformation energy of B-DNA is ~6.5 kcal/mol, which indi-
cates that the Cgqo-DNA association causes an energetically
unfavorable deformation in the DNA molecule. However,
the deformation energy of Cgo observed in simulations is
<C0.5 kcal/mol and so is negligible.

We also simulated the self-association of Cgy molecules in
the presence of DNA molecules in the same aqueous solu-
tion. The result is summarized in Fig. 2. In this simulation,
we placed two Cgo molecules and one B-DNA in the sim-
ulation box. Self-association between Cgn molecules was
observed at early stages during the simulation, with a binding
energy of AE = —7.5 kcal/mol. However, the stable con-
figuration obtained after 5 ns of simulation indicates that the
self-association between Cgo molecules did not prevent one
of the Cgy molecules from binding to one end of the DNA.
Both Cgp molecules migrated to the end of the DNA, with
one Cgo docked to the DNA end; the other Cgy remains
associated with the DNA-docked Cg.

Despite the large deformation energies discussed earlier,
visual observation of the simulation results suggests that the
overall shape of the double-strand DNA molecule is not
appreciably affected by the association of Cg, in agreement
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FIGURE 2  Self-association of Cgy molecules in the presence of a DNA
molecule. (a) The starting configuration of two Cgo molecules and a B-DNA
molecule. (b) The stabilized hybrid of Co-DNA after 5-ns simulation. One
Cep binds with an end of the DNA, while the other C¢q associates with it. The
binding energy between the two Cgy molecules is —7.5 kcal/mol. It can be
seen from the final configuration that the self-association of the two Cgg
molecules did not inhibit the binding between one Cgo and one hydrophobic
end of the DNA.

with experimental observations of DNA/fullerene derivative
hybrid materials (28). However, the impact on the DNA
structure is more pronounced when Cg, interacts with a
double-strand DNA fragment in the A-form (Fig. 3). DNA

AE=-41.9 keal/mol

AE=-36.9 kcal/mol
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fragments in their A-form differ from their B-form counter-
parts in that more hydrophobic contacting surfaces are
exposed at the end because of the open channel along the
axis. The nucleotide segment modeled in this work is ex-
pected to transform into the narrower B-form under the
solution conditions considered here (24,25). The simulation
started from initial conditions similar to those for Cgy/B-
DNA simulations (see Fig. 1) except the initial DNA struc-
ture was replaced by its A-form counterpart. Our results (Fig.
3 a) indicate that a Cgy molecule is able to penetrate into one
free end of an A-form DNA fragment. A closer look at the
basepairs being penetrated indicates that the hydrogen bonds
between them are disconnected. The Cgy molecule docked in
the DNA end is able to come in contact with the face of the
basepairs second from the end. The binding energy that
corresponds to this docking amounts to —41.9 kcal/mol. The
observed deformation energy of the A-DNA is ~—4.5 kcal/
mol. We observe that the deformation energy is negative,
while it was positive in our Cgo/B-DNA simulations. The
favorable deformation energy observed for A-DNA is due to
the transition of the nucleic acid to its more stable B-form.
Although it is known that the hydrogen bonds between the
end basepairs of a double-strand DNA may in some cases
break during the course of molecular simulation (24,25),
such bond breakage is temporary and recovered through
thermal fluctuations as the simulation proceeds. In contrast,
in our study, we find that the hydrogen-bond breakage encoun-
tered when a Cgn molecule docks into the end of the A-form

FIGURE 3  Deformation of an A-form DNA when it
interacts with Cgo molecules. (a) Two Cgq are associated
with the DNA molecule. One penetrates into the A1-T24
end of DNA, the other docked by the minor groove. This
figure is the snapshot after 10-ns simulation. (b) The stick
presentation of a. The docking of one Cgy molecule on the
minor groove perturbs the stacking of consecutive base-
pairs, resulting in an angle of ~20° between the basepair
planes that bite the Cgo molecule. (¢) The Cqy molecule
penetrates into the first end basepairs (A1-T24) of the
DNA and is able to contact with the second basepair
(G2-C23) from the end. This is indicated by the distance

d between the Cgy molecule and center-of-mass of the
second basepair as a function of simulation time. (d) The
Cgo molecule penetrating into one end of the DNA (Al-
T24) disrupts the hydrogen bonds of the end basepairs.
Here we show the length of one of the hydrogen bonds in
the end basepairs A1-T24, with (upper line) and without
1 (lower line) Cg docking into the DNA end. The hydrogen-
bond length is defined as the distance between one pair of
H-bonding atoms in the end basepairs.

20 . 15 .
15} 1
10
o
> 10 1 5
5
5t siniiidaad
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DNA, is not restored during the course of the simulation, and
appears to be permanent. The docked Cg—DNA complex is
very stable and the broken hydrogen bonds are not recon-
nected even after 10 ns of simulation (see Fig. 3 d).

In addition, we observe an appreciable deformation on the
basepair stacking angles of the A-form double-strand DNA
when the Cgy docks on its minor groove sites (Fig. 3 b).
Although the A-form DNA under our simulation condition
is expected to transform into its B-form with the stacking
planes between consecutive basepairs parallel to each other
(25), the docking of one Cgq into the minor groove induces
an angle of 20° between the basepair planes that bite the Cg.
The deformation of the nucleotide structure results in a
slightly greater binding energy (—36.9 kcal/mol) than that of
Ceo binding to the minor groove of a regular B DNA (—35.7
kcal/mol). Examining the structural details of Cgo/B-DNA
and Cgo/A-DNA hybrids more carefully, we see that the
binding of Cg( on the minor groove of A-DNA is somewhat
prohibited from fully relaxing into its B-form, as indicated
by the nonparallel basepairs in the region near to where Cg
docks. This allows the Cgy molecule to contact deeper, and
with a larger contact area into the A-DNA groove than it
does with a B-DNA (see Fig. 4).

As might be expected on the basis of the double-strand
DNA results, the docking of a Cgq into a flexible single-
strand DNA molecule causes significant deformations in the
DNA (Fig. 5 a). We started additional simulations by placing
three Cgo and one single-strand DNA in the simulation box.
After the system reaches equilibrium, we observe that all
the Cgo molecules in the system are essentially wrapped
by nucleotides. One end of the single-strand DNA bends
severely because of the two fullerenes docked inside. The
other end maintains a relatively native conformation because
no Cgp molecule binds to it. The Cgy docked in the central
region of the single-strand DNA induces significant struc-
tural deformations on the two basepairs it contacts. The
stacking of the base rings is completely deformed and the
bases contact the Cg in a face-on pattern. We speculate that
a sufficiently long single-strand DNA would completely wrap
a Cgo. However, we did not test this hypothesis, because of
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FIGURE 4 Complexes of Cgo in the minor groove, starting from the
B-DNA (@) and A-DNA (b) conformations. Cgo has more contact with DNA
starting from A-form than that from B-form, resulting in a slightly greater
(more negative) binding energy.

computing time limitations. The single-strand DNA and Cg
hybrids observed in this work are energetically favorable,
with binding energies in the range —27.7 to —39.3 kcal/mol,
depending on atomistic docking details. The deformation
energy computed for one single-strand DNA (Fig. 5) is ~5.1
kcal/mol. We noted that a free single-strand DNA is very
flexible and therefore can experience large deformation. That
helps to explain the relatively small deformation energy of
single-strand DNA, even though significant deformation is
seen in the ssSDNA-Cg hybrids.

We attribute the binding between the Cg, and DNA
molecules to the hydrophobic interaction between the Cg
and hydrophobic sites on the DNA. As indicated previously,
the binding energy being measured is not free energy, but
includes contributions from both free energy AG and en-
tropic term TAS. For nonpolar molecules in an aqueous
environment, the hydrophobic interaction is dominated by
entropy change. This is due to the high entropy decrease

FIGURE 5 (a) Binding of Cg with a single-strand
DNA. (b) Radial distribution of water molecules (O
atom) around the hydrophobic site (/ine with no peak)
and hydrophilic site (/ine with peak around r = 4) of
DNA after the formation of DNA-Cg, hybrid. Here the
hydrophobic site is defined as one of the carbon atoms
on the base ring of the binding end of the DNA; the
hydrophilic site is defined as one of the phosphorus
atoms along the sugar frame.

AE=-27.7 kcal/mol 8
2 L
AE=-37.4 kcal/mol —
o)
1}b
0 i
0 4

AE=-39.3 keal/mol

Biophysical Journal 89(6) 3856—3862

r,A
(b)

12



Ceo Binds to and Deforms Nucleotides

3861

AE=-48.3 kcal/mol

FIGURE 6 Cg occupies the defect site of the DNA.
(a) Starting configuration of defected DNA and Cegp.
(b) The snapshot after 3.8-ns molecular dynamics
simulation. The defect site occupied by the Cgo
molecule corresponds to the vacancy left when
a section of the nucleotide was removed. The angles
of the basepair planes above and below the buckyball
were deformed after the Cgq molecule binds to the
defect. (¢) Distance between the center of mass of the

during water structural rearrangement for the nonpolar
solutes to disperse into the solvent (29). This is supported
by our structural analysis of water molecules surrounding the
binding sites in the nucleotide compared with a hydrophilic
site (Fig. 5 b). Water molecules are completely displaced
from the binding site after the docking process stabilizes.
Our contention that hydrophobic forces dominate agrees
with earlier observations according to which electrostatics
are not the driving force for the association between ful-
lerenes and nucleotides (30). Ideally, one could estimate the
entropic contribution to the binding process by analyzing the
system dynamics using techniques such as those of Smith
and co-workers (31,32). However, such analysis is nontrivial
and we did not attempt to estimate the entropic interactions.

The above described tendency of Cg, to bind and form
stable hybrids with the DNA segments led us to investigate
the behavior of Cg in proximity of a damaged nucleotide. In
this simulation, we removed a piece of nucleotide with the
length of four bases from the central part of one DNA strand.
The resulting double-strand DNA shows one defect gap in its
structure (Fig. 6). The width of the defect gap is ~1.4 nm.
Ceo has a diameter of ~1 nm. We find that when a Cg dif-
fuses near this structure it is rapidly attracted within the
defect and forms a stable hybrid with a binding energy of
—48.3 kcal/mol. The interaction between the DNA and Cg
deformed the stacking of the binding bases for Cg¢ to have a
face-on contact with them, as found in Cgg and single-strand
DNA simulations. The significant deformation of the bases
contacting the Cgy molecule results in a deformation energy
of 11.0 kcal/mol. The hybrid remains very stable during the
entire course of simulation. The results suggest that C fills
in the defect gap, and so thereby may impact the self-
repairing process of the damaged nucleotide by blocking the
repair sites.

CONCLUSIONS

In summary, we have shown, based on molecular dynamics
simulations, that Cgy can bind to nucleotides and form en-
ergetically stable hybrids in aqueous solution. The favorable

Cgo molecule and the center of mass of the bases right

t, ns above and below the Cgy molecule.

binding sites in double-strand DNA are the free ends and
minor grooves. The binding between Cgy and B-form
double-strand DNA does not affect the overall shape of the
DNA. In contrast, Cgy can penetrate into an A-form DNA
from the free end and permanently break the hydrogen bonds
between the end basepairs. Furthermore, the Cgy docked on
the minor groove of A-DNA deforms the stacking angles of
bases contacting it. Cgy binds strongly with single-strand
DNA and results in a significant deformation of the nu-
cleotides. In addition, we find that a C¢y molecule can readily
occupy a defect site in a double-strand DNA and form a
stable complex. The set of simulation results presented here
suggest the possibility that Cgo molecules may interfere with
the biological functions performed by DNA, and therefore
cause long-term negative side effects in living organisms.
However, additional studies are required to determine whether
the binding events observed in these simulations have in vivo
relevance.
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The Painful Truth About Omega 3 Fatty Acids

Contrary to popular opinion, omega 3 and 6 fatty acids are not the amazing
health items you’ve been told. | was just in the grocery store earlier today and
found the “top brand” of fish oil on sale for $56! Little do these sad consumers
know they are mostly being taken for a ride. How so? -A few months back | wrote
a similar article revealing the oxidative free radical damage and pre-
mature aging caused by omega 3 fatty acids. Not too many people were
happy to hear the painful truth that their favorite fish oil/krill oil supplement are
really just potential free radicals in a bottle.

The Painful Truth About Polyunsaturated Omega 3

Polyunsaturated omega 3 and 6 are potentially harmful to the body in
3 primary ways:

1. Through very rapid lipid peroxidation and free radical damage
2. Through the formation of pro-inflammatory prostaglandins
3. By forming trans-isomers and other ultra-unusual fatty acids

Polyunsaturated oils are the most susceptible to the oxidative
destruction of lipid peroxidation. Lipid peroxidation is the process of
oLl Rel i Il e EPOmega 6 and especially omega 3 cause very rapid
cellular breakdown to take place. Wonderful news if you would like
enormously high amounts of free radicals floating around inside off
. Bad news if you are interested in maintaining your health. Not only will
omega 3 fatty acids cause a rapid and substantial loss of vitamin E in
the body, omega 3 will rapidly oxidize, even before entering the blood
11O mega 3 consumption can result in liver spots on the skin
known as Lipofuscin, and this is especially true if vitamin E levels are
[e)A Omega 3 fatty acids do have anti-inflammatory effects in the body,
but these anti-inflammatory effects are short lived. And there may be
long term pro-inflammatory effects associated with their
consumption. Omega 3 works on what are called prostaglandins.
Prostaglandins are “messengers molecules” that play very substantial roles in the
pro-anti/inflammatory responses in the body.--Essentially omega 3 temporarily
blocks the conversion of PG2 prostaglandins. It is this class of prostaglandins
which are responsible for so many inflammatory processes that result in pain,
arthritis, autoimmune processes, migraine headaches, etc. In fact, omega 3
blocks the same prostaglandin pathway that aspirin blocks, seeming

to indicate that omega 3 has more of a drug like effect than a nutritive
effect in the body. The problem though with omega 3 and prostaglandins is
that it is the oxidized omega 3 fats in the body that work on the prostaglandins.

As we’ve already discussed, oxidation of omega 3 oils in the body is harmful
because they will result in high amounts of free radical formation, destruction




of cells and loss of vitamin E. The other damaging aspect of omega 3 occurs

when they are heated or oxidized. Omega 3 is a very heat and oxygen sensitive oil.
Heated omega 3 oils (such as in cooking fish, meat or nuts & seeds, or
any other source of omega 3, or the heat extraction process of fish oil)
results in the formation of trans-isomers or other unusual types of

Making Sense of It All

in the body everything functions in balance. Balance between dualism:

e Sympathetic/parasympathetic

e Anabolic/catabolic

e Water/Electrolyte

e Anti-infammatory/pro-inflammatory
e Glucogenic/ketogenic

e Acid/alkaline

o Anti-oxidants/free radicals

The cells of your body are no different. Your cell membranes are made up of both
saturated fats as well as polyunsaturated fatty acidsERIMGERGIUITVE
to work smoothly, there must be a balance. When the cells are too tight, too thick,
they become hardened and anaerobic. If the cell can’t be penetrated,
oxygen can’t be used efficiently and excess lactic acid gets produced,
leading to all sorts of problems. To simplify, Polyunsaturated omega 3
maintains the permeability of cells, with other nutrients such as Vitamins A and
D. When cells become too loose, the cell membranes fall apart causing
tremendous free radical formation. This is called dysaerobic
metabolic imbalance or catabolism. Sl g1t=Te k-1 a-1s]e Kedgle] [ (=] do] R=-E
ell as vitamin E maintains the proper stiffness of cells, preventing
{lelleNel=lgerqleENilelgl It makes sense to me that the people who will derive the
most benefits of omega 3 fatty acids will be those with anaerobic diseases. What
are some of the most common? [e£1glel=Ig=-Taial gl S =g o [ SR N g[S
explains why some of the most brilliant physicians like Emanuel
Revici and Johanna Budwig were so successful at treating cancer.
=fe) g RVEL=le Nelpp e ReR 1A [e[5. But the important point to remember is that
dysaerobic diseases/conditions will only be exacerbated by high amounts of
omega 3 oils. Should you take fish oil as a supplement? Personally I don’t use it
and don’t recommend it to everyone as a ‘one size fits all’ recommendation. |
might recommend omega 3 supplementation to some people in some instances,
but this is only if I know they have anaerobic imbalances.




Fullerenes shown to penetrate healthy skin

(Nanowerk Spotlight) Nanoparticles exhibit unique properties that make them
ideal for a wide-variety of applications. Also unique, and largely unknown,
are the interactions that occur between the biological environment
and nanoparticles. On the upside, the ability of quantum dots and fullerenes
to penetrate intact skin provides potential benefits for the development of
nanomaterial applications involving drug delivery. On the downside, this ability
poses potential risks associated with manufacturing and handling such
nanoparticles. A new study now confirms that fullerene-based peptides
can penetrate intact skin and that mechanical stressors, such as those
associated with a repetitive flexing motion, increase the rate at which
these particles traverse into the dermis. These results are important
for identifying external factors that increase the risks associated with
nanoparticle exposure during manufacturing or consumer processes.
Future assessments of nanoparticle safety should recognize and take into account
the effect that repetitive motion and mechanical stressors have on nanoparticle
interactions with the biological environment. Additionally, these results
could have profound implications for the development of nanoparticle use in
drug delivery, specifically in understanding mechanisms by which nanoparticles
penetrate intact skin "Our work investigates how a specific type of
nanoparticle, an amino acid-derivatized fullerene, interacts with the
biological environment both at the tissue and cellular levels" Jillian
Rouse, a student at the Center for Chemical Toxicology Research and
Pharmacokinetics (CCTRP) at North Carolina State University, explains to
Nanowerk. "It is important to identify those nanoparticles that can
penetrate intact skin and to determine the potential risk for toxicity
once the particles are in the body. Nanoparticles have the potential to
provide great scientific developments; however, if there are inherent biological
risks associated with their use, then safety evaluations need to be conducted.” "
Rouse is first author of a recent paper, titled "Effects of Mechanical Flexion on
the Penetration of Fullerene Amino Acid-Derivatized Peptide Nanoparticles
through Skin", that was published in the December 6, 2006 web edition of Nano
Letters. This study was funded by the Environmental Protection Agency, the
National Academies Keck Futures Initiative and the Robert A. Welch Foundation.
Rouse, Nancy Monteiro-Riviere, professor of investigative dermatology and
toxicology at NC State's College of Veterinary Medicine, and Dr. Andrew R.
Barron, professor of chemistry and materials science at Rice University are the
first to show the ability of fullerenes to penetrate intact skin and to
relate nanoparticle penetration to biomechanical stimuli. "Our work
was motivated by the discovery that mechanical stimuli applied during standard
physiological processes, such as walking, increase the penetration of
particles found in soil and result in a higher prevalence of
podoconiosis in the African rift valleys" says Rouse. "The ability of
normal biomechanical movements to increase nanoparticle
penetration solidifies the need for risk assessment, especially in
occupational settings where constant, repetitive motions are
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involved.” The researchers have previously reported the synthesis of
the phenylalanine-based fullerene amino acid, Bucky amino acid
(Baa), and the uptake and interaction of Baa with human epidermal
keratinocytes ("Fullerene-based amino acid nanoparticle interactions
with human epidermal keratinocytes"). The presence of the fullerene
substituent has a significant effect on the intracellular transport of peptides
containing Baa. The addition of a fullerene-derived amino acid to a
cationic peptide results in the peptide showing cellular uptake,
whereas the same peptide sequence in the absence of Baa shows no
transport across the cell membrane. The peptide sequence used is
based on on the nuclear localization sequence (NLS). After the NLS
sequence (Pro-Lys-Lys-Lys-Arg-Lys-Val) was completed, a Lys(Mtt) residue was
coupled to the end to allow attachment of the fluorescein isothiocyanate (FITC)
fluorescent marker. The individual Baa-Lys(FITC)-NLS particles measured ca.
3.5 nm in size. Because of its physiological and structural similarities to
human skin, porcine skin was used a model for human skin in this
study. To determine the effects of flexing on skin penetration, the dermatomed
skin was dosed with 20 pL of Baa-Lys-(FITC)-NLS in 1% PBS, and the dosed
areas were subsequently flexed for 60 or 90 min or left unflexed (control) to
investigate nanoparticle penetration.
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Carbon nanotubes introduced into the abdominal cavity of mice show
asbestos-like pathogenicity in a pilot study
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Abstract

Carbon nanotubes! have distinctive characteristicsz, but their needle-
like fibre shape has been compared to asbestoss, raising concerns that
idespread use of carbon nanotubes may lead to mesothelioma,
erzlgle=T o) Mg =R Il Tgle Kol Mua [N I8Igle[S caused by exposure to asbestos2. Here we
show that exposing the mesothelial lining of the body cavity of mice,
as a surrogate for the mesothelial lining of the chest cavity, to long
multiwalled carbon nanotubes results in asbestos-like, length-
dependent, pathogenic behaviour. This includes inflammation

and the formation of lesions known as granulomas. This is of
considerable importance, because research and business communities continue
to invest heavily in carbon nanotubes for a wide range of products2 under the
assumption that they are no more hazardous than graphite. Our results suggest
the need for further research and great caution before introducing such products
into the market if long-term harm is to be avoided.

Figure 3 Effect of fibre length on phagocytosis by peritoneal macrophages. b, Histological sections show incorporation of LFA (a, amow) leading to ‘rushated
hagacytosis', but SFA (b, see insed s sccessfly phagocytosed. ¢, Representative image of an FBGC after injection of LFA containing short raqments of fire (see
nse). d, Like LPA,NT,, s fads b rsteled phagocytois (-enythrocytes) , 1 conas, NTy,, canbe radly phagocylosd (se ise. £, FBGC s als
presentafer injectonof NT e et for itemazed ies) (PN, polymophonuclear edkocye L, ymphocte. A mages are shown at x 1,000 magnifction
With 8 i seale b,
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Carbon NanoTubes--will not be detected in water bodies using
currently available monitoring equipment and hence will not be
identified as a pollutant, were they to be present.
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1. Introduction

Since the U.S. National Nanotechnology Initiative,! toxicity studies on
nanomaterials attracted considerable interest and the term “nanotoxicology”
was coined likely to attract the attention to the potential dangers of nan-
otechnology.”? The first concerned material was [60 [fullerene (Cy,), which is
widely considered as the building block of nanotechnology, together with
carbons nanotubes (CNTs). The growing use of these two kinds of fullerenes
and their mass production raised concerns about their safety and environ-
mental impacts. In fact, research groups that pioneered fullerene studies
started to investigate Cg, toxicity since 1993, after the first method of pro-
duction in significant amount was available.

Available data provided by several international independent research
groups clearly show that pristine Cg, has no toxicity in a large panel of exper-
imental models. In contrast, CNT toxicity remains a matter of debate. This is
mainly related to the large heterogeneity of this carbon material family.
Anyway, it is to be expected that C,, and CNTs behave differently, because
C,, forms plastic crystals at ambient temperature, while CNTs form rigid enti-
ties, which has been soon compared to asbestos fibers.

Here we will summarize the relevant knowledge in the field. As a great
number of publications have been devoted to this subject (On November 29,
2011, key words “fuller* AND toxic*” and “nanotube AND toxic*” resulted
in 669 entries and 2474 entries, respectively, on Web of Science for the times-
pan 1993-32011), we cannot quote all of them in this chapter. We will
mainly focus on 2z vivo studies.

2. Toxicity Studies of [ 60 ]Fullerene
2.1. General considerations

When Cg, became available in significant amount in the early nineties it was
naively considered as a three-dimensional benzene, and researchers raised the
question about its safety. Preliminary experiments on Cg, toxicity were con-
ducted with a C,-benzene solution.* Of course benzene is highly toxic, and
it is not the appropriate solvent for studying the toxicity of C,. But since the
scientists working in the area of fullerenes were daily exposed to such Cg,-
solutions, this experiment was highly relevant. At the same time, the
discovery of the chemical reactivity of this intrinsically three-dimensional
molecule led researchers to look for possible biomedical applications.®> Soon
Cg, derivatives demonstrated many interesting potential biological applica-
tions, including DNA cleavage, HIV protease inhibition, photodynamic
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therapy, free radicals-scavenging as well as imaging and radiotherapy.>” Thus
it became important to investigate the toxicity and the iz vivo fate of Cy, and
derivatives. Besides, as underivatized and derivatized fullerenes are becoming
increasingly available, it is of great importance to assess their safety and envi-
ronmental impact.

Cy, 1s a dark-brown crystalline powder, which is not soluble in aqueous
media.'” Thus most authors resorted to its water-soluble derivatives in order
to investigate its toxicity as well as its biological effects. Other ways of solu-
bilization used the encapsulation or micro-encapsulation in carriers (such as
y-cyclodextrines, calixarenes or liposomes) or the addition of PVP, octanol,
Triton X or lecithin, Tweens and phospholipids.® However, it is obvious that
such modifications lead to different compounds with different properties.
Curiously, some studies seem to have missed this point. Besides some modi-
fications, sometimes even non-covalent interaction with a solubilizing agent
(like, for example, polyvinylpyrrolidone,' PVP, which forms a charge transfer
complex with fullerene), can have a considerable impact on the general
behavior of this fullerene.

In order to study the toxicity of pristine C,, several authors used highly
stable aqueous suspensions or molecular colloid systems of Cg, in water.
Similar molecular colloid systems can be prepared by using intermediate
organic solvents, notably THF. However, the molecular colloid resulting
complex can lead to surface modification and hence a different toxicological
profile.

On another hand, C, is an efficient singlet oxygen sensitizer under
light exposure.'? C, and derivatives can be then highly toxic through 'O,
formation.'®*

Thus, in this section we will first describe toxicity studies of unmodified
Cgo before considering the toxicity of its modified forms, including C, deriv-
atives. An additional subsection will be also devoted to the environmental
impact of Cg,.

2.2. Toxicity studies of pristine C,

In the course of the first toxicity study of pristine C,,* as mentioned earlier,
a Cyy-benzene solution was used to determine the effects of acute and sub-
chronic exposure of topically applied fullerene extracts on mouse skin. No
acute toxic effects on mouse skin epidermis were observed.*

One year later,"*C-labeled C,, was synthesized, suspended it in water, and
its uptake by cultured human keratinocytes was studied.'® Although the
authors did not prove the internalization of the fullerene inside the cells, they
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Figure 1.  Scanning electron microscopy (SEM) micrograph of a human leucocyte (A) trying
to engulf a Cy, crystal (B). Taken from Ref. 17, with permission of Taylor & Francis.

Figure 2. Transmission electron microcopy (TEM) micrograph of (B) a Cg, crystal inside
the cytoplasm of a human leucocyte (A = nucleus). (Inset) Electron diffraction was used to
characterize the Cy, crystal. Taken from Ref. 17, with permission of Taylor & Francis.
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did not observe any sign of acute toxicity. At the same time, the absence of
genetic toxicity of C,, was demonstrated by a Russian team by using the
somatic mosaicism model.'®

In 1995, it was proved, using hand-grinded Cy, that C,, can be internal-
ized by normal human phagocytes (Figures 1 and 2)'” without any sign of
acute toxicity, which confirmed the results described above.'®

In 1996, the absence of cytotoxic effects on cultured bovine alveolar
macrophages and HL-60-macrophages was confirmed and the etfects of Cg,
on the production by these cells of tumor necrosis factor and interleukin-8 as
well as on superoxide anion release were measured.'®

Also in 1996, the in vivo toxicity of this fullerene was studied after intra-
peritoneal injection to rodents of a highly concentrated aqueous suspension
of micronized C,, (100 mg,/ml) (Figure 3).!*2°

The amounts injected were very large (2.5 to 5.0 g/kg of body weight),
but no toxicity, either lethal or acute!’ or sub-acute,?® was observed.
Moreover this work clearly demonstrated that C,, can cross membrane barri-
ers in vivo (Figure 4).52° In spite of the induction of hypertrophy and
hyperplasia of hepatic stellate cells (HSCs) (Figure 4), the mouse liver struc-
ture remained normal and no fibrosis either sinusoidal or portal developed.*’
Fifty-six days after C-treatment, the number of HSC decreased without any
transformation into myofibroblast-like cells (MFCs),?! which may be attrib-
uted to the free radical-scavenging properties of C,,.>!

A

-~ ——

2okl x20068 0063 1.6U

Figure 3. SEM micrograph of the micronized C, aqueous suspension (100 mg,/ml) used

for in vivo toxicity studies of C,. Taken from Ref. 21, with permission of ACS Publications.
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Figure 4. TEM micrograph of a liver section from a C-treated mouse showing a liver fat
storing cell laden with Cy, crystals (arrows). Taken from Ref. 24, with permission of Taylor &
Francis.

Soon afterward, the absence of mutagenic effect of C, in a prokaryotic
in vitro test was confirmed using the Escherichin coli PQ37 strain and in an
cukaryotic iz vivo system on somatic wing cells of Drosophila melanogaster
larvae.?? In another way, an English group showed during the same period
that fungal can grow on C,,.?* At the same time, it was observed that C,, does
not induce interleukinl-f secretion in cultured human leukocytes** and for
the first time the reaction of C,, with vitamin A inside liver cells was
observed,?® which is the first Diels—Alder-like reaction ever observed iz vivo
to our knowledge (Scheme 1 and Figure 5).

A study conducted later in France on the microbial growth of 22 collec-
tion strains including E. coli (n = 5); Pseudomonas aeruginosa (n = 2);
Salmonella typhimurium (n = 6); Staphylococcus aureus (n = 2); Listeria
monocytogenes (n = 2) Enterococcus hirae (n = 1); Bacillus ceveus (n = 1);
Bacillus subtilis (n = 1); Bacillus pumilis (n = 1) and Candida albicans (n=1)
showed that C,, has no effect on the normal growth of these micro-organisms.*®

In 2005, the absence of acute and sub-acute toxicity was confirmed in
another species of rodents (Figures 5 and 6).?!
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Scheme 1. Iz vivo Diels—Alder-like reaction between Cg, and vitamin A occurring inside the
livers of Cg,-treated mice. Adapted from Ref. 25.

Figure 5. TEM micrograph showing Cj, crystals inside a vacuole of a Cy-treated rat liver
cell. Taken from Ref. 21, with permission of ACS Publications.
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Figure 6. TEM micrograph showing the dissolution of Cg, crystals inside the lipid droplets
of a Cy,-treated rat liver cell. Taken from Ref. 21, with permission of ACS Publications.

Morecover, the authors showed that C can be partly eliminated through
the bile ducts. They also observed that the iz vivo Diels—Alder-like reaction
leading to C,-retinyl adducts occurs in rats as was previously observed in
mice (Scheme 1 and Figure 7).2°

In 2006, the absence of toxicity in rodents was confirmed by a Japanese
group.” The authors used the same C,, aqueous suspension as that described
by Moussa et al."*?! and administered it orally as a single dose of 2 g/kg of
body weight to male and female Sprague Dawley rats. In all cases, no death
was observed in treated rats and the growths were normal. Thanks to a bac-
terial reverse mutation assay (Ames test) and to the chromosomal aberration
test in cultured Chinese hamster lung (CHL/TU) cells, the same group also
assessed the absence of genotoxicity.

All these studies performed on various experimental models by different
groups from different countries showed that pristine Cy, has neither acute nor
sub-acute toxicity. These studies used well-characterized pure C, suspended in
aqueous media, but other Cg, preparations can be used. Polar organic solvents
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Figure 7. Chromatographic profile of a hepatic extract from a C-treated rat showing
additional peaks (1 and 2) corresponding to C,-retinyl adducts. Taken from Ref. 21, with
permission of ACS Publications.

like THF can also lead to aqueous Cg-suspensions. On the other hand, Cg-
solutions can be prepared with solubilizing agents leading to charge-transfer
complexes such as C,-PVP.?® Such charge-transfer complexes formed in aque-
ous media usually exhibit either one or multiple coordinating nitrogen atoms,
depending on the concentration of the ligand and its ionization potential.*®
Then, a Cy,/PVP complex could bind to different receptors in biological media
resulting in different effects. In 1995, Satoh et al. studied the effects of acute and
short-term repeated application of a PVP-solution of fullerene C, (4 uM) on
agonist-induced responses in various tissues of Guinea pigs and rats. They
reported that sub-chronic exposure decreased responsiveness toward drug recep-
tors. This was the first study pointing out a possible negative effect of C,.*

As a matter of fact, the first real harmful effect of C,-PVP solutions was
observed in 1996 by Tsuchiya ¢t 2l. on mouse embryos in vitro as well as in
viv0.%° In vitro, it was observed that the incubation of C, with various PVP
concentrations inhibited cell differentiation and proliferation in a mouse mid-
brain but the effect was weaker than the vehicle controls. But iz vivoe, it
appeared that C,-PVP solutions strongly alter embryogenesis while PVP
alone has no effect.®® At the time, ignoring the strong interactions between
Cy, and PVD, which were still unknown, Tsuchiya et a/. attributed this harm-
ful effect to Cg,.% In fact, C,,-PVP complexes can cross the placental barrier
while PVP, which is also toxic z vitro, cannot. The authors wrote that this is
a “serious harmtul effect of C,,,” but, surprisingly, the media failed to notice,
perhaps because the production of fullerenes was still confidential.
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But the media did notice in 2004, when a study performed in the
Southern Methodist University in Dallas (Texas, USA) linked a fullerene
aqueous suspension (nano-Cg, aggregated water-soluble fullerenes or #Cy,)
to brain damage in fish.®! The same group carried on their study and they
concluded that nano-C is cytotoxic to human dermal fibroblasts (HDFs)
and human liver carcinoma (HepG2) cells at the 20 ppb level® which
is among the lowest known LC50 values for any organic compound.
This article made international headlines with coverage in a number of
newspapers.**3*

These headlines raised concerns about the alleged dangers of fullerenes
and nanotechnologies.* In particular; the safety of C,, and its environmental
innocuousness were seriously questioned. Probably because it permitted to
bypass the water insolubility of Cy,, the same 7C, preparation continued to
be used by a limited group of authors and it soon was reported that pristine
C,, might be very toxic in living systems such as bacteria, algae and fishes by
inducing oxidative stress,****and that C,, derivatives are less toxic than pris-
tine C,,, which was contrary to all previous studies.***

In fact the origin of these observations lay in the preparation of the #Cy,
suspensions used in these alarming studies. First fullerene powder was dis-
solved in THF. Then the resulting solution was mixed with water and the
organic solvent was evaporated, leading to a stable colloidal suspension of
nCy, clusters in water.*® But these clusters did not contain C,, and water only.
In 2005, using FTIR analysis, G. Andrievsky, the Ukrainian pioneer of bio-
logical applications of #C,,* and his group showed that organic groups
remained in #Cg, structures prepared using organic solvents, and that, in this
case, THF was present indeed.* So they assumed that “the reason of the
revealed negative effects should be explained by the presence in dispersions of
THEF and products of its modification, but not of fullerenes.” Independently,
Brant ez al.,* through electrokinetic studies, showed that THF was still pres-
ent in these clusters and asked for a reinterpretation of the previous toxicity
conclusions about THEF-prepared solutions. One year later, NMR studies
confirmed the presence of THE.*

A number of studies were performed to confirm or invalidate the
assumed toxicity of #C, clusters. It was demonstrated that gamma-irradiation
of THE /nC, resulted in a complete loss of its cytotoxic effect and even led
to its conversion to a cytoprotective agent,*’ and that avoiding the use of
THF during the preparation of nC,, suspensions prevented the toxic effects
observed with THF/C,,.>? In the same way, Jia ez #.5% a Chinese group, did
not observe any significant toxicity for Cy, up to a dose of 226 ug,/cm? on
alveolar macrophage cell lines after 6 h exposure. As we wrote above,
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Gharbi et al. had confirmed the absence of acute and sub-acute toxicity in
rodents.?! One year later, an Italian—French collaborative study explored the
inflammatory response of murine and human macrophage cells i vitro.>*
The authors showed that C,, does not stimulate the release of NO by
murine macrophages in culture and that this fullerene has no toxicity
against human macrophages. Furthermore, Brant ez #/.% showed that the
“nCy, produced via the different methods were unique from each other
with respect to size, morphology, charge, and hydrophobicity. The greatest
dissimilarities were observed between the #C, produced by extended mix-
ing in water alone and the »C,, produced by solvent exchange processes.”
So it was impossible to generalize nC,, properties, “particularly as they vary
in potential toxicity considerations”.*®

In 2007, the first author of a 2004 paper that reported that C,, was more
toxic than its derivatives,* claimed that #C60 has no lung toxicity in an
in vivo experimental model that is not consistent with the previously reported
in vitro effects.”® Surprisingly, this implicit error admission did not prevent
some toxicological reviews to continue to claim that C, is very toxic.*”

Anyway, it took three years to demonstrate that the observed deleterious
effects on survival and gene expression in larval zebrafish Danio rerio was due
to degradation by-products of THF: gas chromatography—mass spectrometry
detected THF oxidation products gamma-butyrolactone and tetrahydro-
2-furanol, so that the effects of THF treatments could result from gamma-
butyrolactone toxicity.”® The deleterious effects of degradation by-products
of THF were confirmed by others®! and the innocuousness of nCy, pre-
pared without THF was also illustrated with respect to human epidermal and
bacterial cells® and in the cases of the growth of Saccharomyces cerevisine or
E. coli.* Nevertheless studies using #C,, prepared with THF continued to be
published.®*¢°

2.3. Toxicity studies of C, derivatives

As to the fullerenes derivatives, whose potential of medicinal applications has
been extensively studied,’?*9#:6¢82 no general trend can be deduced. This is
obvious because in every case we deal with a new compound.®® As a matter of
fact, it has been shown in the case of daphnids that toxicity changes with
functionalization of the same core material (#C,). Functionalization
(hydroxylation and hydrogenation) significantly affected the production of
the toxicity biomarkers glutathione-S-transferase and catalase.®

To illustrate the range of behaviors as a function of functionalization, we
will consider the effects on the lifespan. Polyhydroxyfullerenes have beneficial
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and/or specific effects on model organisms representing four kingdoms,
including the green algae Peudokirchnerielln subcapitata, the plant
Arabidopsis thaliana, the fungus Aspergillus niger and the invertebrate
Ceriodaphnain dubin. In particular, the lifespan of Daphnia underwent an
extension of about 38%.%* In the same way, a carboxyfullerene SOD mimetic
extended the median lifespan of non-transgenic mice by 15%.% On the con-
trary, a tris carbonyl fullerene adduct (C,,[C(CO,H),],) induced premature
senescence in human epidermal keranocyte cells.*® In extreme cases, some Cy,
derivatives can be highly toxic.**

2.4. Environmental impact of C,

It could be feared that Cg, could impact the environment through the gen-
eration of oxygen reactive species (ROS) by the action of sunlight on #C, in
aqueous media. But in a recent review in which they insist on the fact that
nCy, is of low toxicity in fish,*” the authors emphasize that #Cg, generates
minimal reactive ROS.*® However, they draw the attention of the community
on the ability of #Cg, to affect the environmental fate. In particular, they
showed that mixtures of 17o-ethinylestradiol (EE2) and #Cg, decreases
bioavailability of EE2 in zebrafish, which indicates that EE2 associates with
nCg, and becomes unavailable to fish.*® This is another example of the asso-
ciation of #Cy, with co-contaminants,**! which could lead to persistence of
co-contaminants in the environment.

Moreover, a number of studies show that #C, undergoes photochemical
transformations under sunlight exposure (simulated or not) to yield unknown
compounds.””?® Such transformations, including breakdown of C,, cages,’
are an important factor controlling »C,, physical and chemical properties as
well as its fate and transport in the natural aqueous environment.

Furthermore, plants in aquatic systems” and worms in soils”® tend to
bioabsorb and accumulate C;, which also could influence the fate of C in
the environment.

Finally, in their review,*” the authors list a number of oxidative stress effects
on fish that they suggest as resulting from false positives but they conclude that
“Cg, may have important effects on environmental fate, transport, and bioavail-
ability of co-contaminants... similar to that observed for microplastics.”

2.5. Conclusion

This review shows that pristine C, has no acute or sub-acute toxicity in a
large variety of living organisms, from bacteria and fungal to human leuko-
cytes, and also in drosophila, mice, rats and guinea pigs.



Handbook of Carbon Nano Materials Downloaded from www.worldscientific.com
by KAINAN UNIVERSITY on 01/07/15. For personal use only.

Kolosnjaj-Tabi et al. 61

As to nCy, aggregates, the effects of THF oxidation by-products trapped
inside these aggregates has been recently thoroughly reviewed.*® The authors
state: “Future studies should acknowledge that current evidence indicates low
toxicity of nC(60) and refrain from citing articles that attribute toxicity in fish
to nC(60) based on methods shown to be compromised by experimental
artefacts”.®® Independently, another paper reached the same conclusions.®

While pristine Cg, is non-toxic, it has to be stressed that chemically —
cither covalently or non-covalently — modified fullerenes, can be toxic.
Furthermore, under light exposure, C, is an efficient singlet oxygen sensi-
tizer. Therefore, if pristine Cg, is absolutely non-toxic under dark conditions,
this is not the case under UV-visible irradiation in the presence of O,, where
fullerene molecules can be highly toxic through 'O, formation.

As to Cy,-preparations and Cg, derivatives devoted to biomedical applica-
tions, they have to undergo the same controls as every new drug.”

Finally, the general rules of Cy, toxicity are well known now:'*

1- Pristine C, is not toxic. But, of course, a certified toxicity study is still
needed.

2- C,, aggregates may convey toxic elements as any other aggregated mate-
rial.

3- In contrast with pristine C,, some of its derivatives, notably cationic ones
may be highly toxic.

3. Toxicity Studies of Carbon Nanotubes
3.1. General considerations

Pristine (unmodified) CNTs are hardly dispersible in water and biological
media. The tubes are often entangled and the ropes of single-walled CNTs
(SWNTs) are held together by van der Waals forces. Non-covalent or chemi-
cally covalent functionalization was widely used in order to enhance the
dispersion of CNTs in biological media.'”!

CNTs are a heterogeneous carbon family. The diameter of CNTs gener-
ally varies from 0.4 to 100 nm, while the length usually reaches several
102 Besides, raw CNT materials generally contains up to 30%
metal catalyst particles, mainly iron and nickel, and some amorphous carbon.
The most commonly used technique of purification is based on strong acid
treatments, which allows solubilization and removal of a large part of the
metallic impurities.'” However, such treatment generally result in cutting the
tubes in shorter pieces and in generating carboxylic functions at the tips and
around the sidewalls, where the curvatures of the tubes present a higher
strain.'%*

micrometers.
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Due to their asbestos-like structures, airborne CNTs!% might represent a
danger to people handling these materials on daily basis either by crossing
their skin barrier or entering and residing in their lungs. Thus early studies
concentrated on the exploration of CNT toxicity through classical routes of
exposure at work place.

As possible biomedical applications of CNTs have attracted considerable
attention, during the last decade, several studies were recently conducted on
the toxicity and the 7z vivo behaviour of these materials after enteral and par-
enteral administrations.

In this section, toxicity studies on CNTs will be reviewed as a function of
the exposure route.

3.2. In vitro studies of CNT toxicity

Many in vitro toxicity studies have been performed on different types of
CNTs, during last decade, but their results remain controversial.® Preliminary
investigations of the effects of CNTs on living cells showed that the toxicity
of these materials mainly depends on the type of CNTs, including the method
of production, impurities and purification process, lengths, aggregation
states, surface coatings and chemical modifications.!?® Moreover, CN'Ts may
interact with assay reagents and even dispersion agents, potentially resulting
in a secondary rather than primary toxicity.'*”'%

3.3. Toxicity studies related to the exposure at work place

Early in vivo studies were conducted in order to evaluate the safety of CNTs
at work place. The first study on the potential of CNTs to induce skin or eye
irritation was performed in 2001 by two classical dermatological tests.'*” No
irritation effect was observed in comparison to a CNT-free soot control
and it was concluded that “no special precautions have to be taken while
handling these nanostructures”.'® These results have been recently con-
firmed with SWCNTs and MWCNTs in two animal species, rabbits and
Guinea pigs.'?

In 2004, the physical nature of the aerosol formed from SWNTs during
mechanical agitation was evaluated.'! The authors also conducted a study in
which airborne and dermal exposure to SWNTs was evaluated while handling
unrefined material. Estimates of the airborne concentrations of CNT materi-
als generated during handling suggest that concentrations were very low (less
than 53 ug/m?®). In another way, glove deposits of SWNTs during handling
were estimated at between 0.2 mg and 6 mg per hand.'"!



Handbook of Carbon Nano Materials Downloaded from www.worldscientific.com
by KAINAN UNIVERSITY on 01/07/15. For personal use only.

Kolosnjaj-Tabi et al. 63

In the same year, two other studies were conducted in order to assess the
pulmonary toxicity of CNTs.!'#!3 The first study was performed on mice
after intra-tracheal instillation of three kinds of SWNTs raw and purified
HiPco and CarboLex CNTs.''? While the first material contains only iron
impurities, the third one contains nickel and yttrium impurities. CNTs were
dispersed by brief shearing and sonication in heat-inactivated mouse serum.
Mice were instilled with CNTs or carbon black or quartz particles used as
negative and positive controls, respectively. Seven and ninety days after this
single treatment, the animals were sacrificed for histopathological examina-
tion of the lungs. In the animals euthanized after seven days, all CNT
treatments induced dose-dependent epithelioid granulomas and, in some
cases, interstitial inflammation. These lesions were more pronounced in the
group euthanized after 90 days.!'? The lungs of carbon black—treated mice
were normal, whereas those treated with quartz high-doses revealed mild to
moderate inflammation. The authors concluded that, on an equal-weight
basis, if carbon nanotubes reach the lungs, they are much more toxic than car-
bon black and can be more toxic than quartz. According to the authors, these
results indicate that chronic inhalation of CNTs can be considered as a seri-
ous occupational health hazard.''?

The second study was conducted in rats after intra-tracheal instillation of
SWNTs produced by laser ablation and containing about 30% to 40% amor-
phous carbon (by weight) and 5% each of nickel and cobalt.'** As controls,
the authors used quartz, carbonyl iron and graphite particles as well as the
vehicle (1% Tween 80 — phosphate buftfered saline (PBS)). The effects on
lungs were then assessed by bronchoalveolar fluid (BALF) biomarkers analy-
sis and histopathological examination of tissue at 24 h, 1 week, 1 month and
3 months post-instillation. The authors observed a granulomatous reaction
similar to that observed in mice.''? As the series of multifocal granulomas
were non-uniform and as there were a lack of dose—response relationship and
a lack of lung toxicity by assessing BALF and cell proliferation parameters, the
authors concluded that the granulomatous reaction is a non-specific foreign
tissue body reaction.'?

The differences between the two studies may be attributed in part to
species differences (rat »s. mouse), but are more likely due to the differences
in the experimental designs.'"?

One year later, another group studied the effects of MWNTs after intra-
tracheal administration to rats.''* CNTs induced inflammatory and fibrotic
reactions and stimulated the production of TNF-o. Two months after admin-
istration, CNTs persisted in lungs and the lesions were characterized by the
formation of collagen-rich granulomas protruding in the bronchial lumen, in
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