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Engineered nanomaterials are a promising new set of materials with exciting properties that
promise a broad range of applications. However, concerns about their potential toxic effects
are one of the primary factors slowing down their use and application in biomedicine [1].
Perhaps the foremost of proposed mechanisms for how nanomaterials may induce harmful
effects is by oxidative damage to biomolecules [2, 3], yet studies in this area generally
demonstrate a lack of molecular level understanding.

In particular this has been the case for

single-wall carbon nanotubes (SWCNTs), a family of prototypical nanomaterials with welldefined molecular structures, that have been one of the most extensively studied
nanomaterials with regard to their toxic effects. The potential toxic effects of SWCNTs have
been a topic of substantial interest and many contradictory observations have been reported [47]

, yet there is often a perception that SWCNTs are highly toxic. We attempt to establish well-1-
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controlled in vitro systems to quantitatively examine the effect of SWCNT on biomolecules.
Ultrasonication is a process that has been shown to damage DNA bases [8-10] through the
production of hydroxyl radicals ( OH), hydrogen atoms (H ), hydrogen peroxide (H2O2), and
superoxide radicals (O2 ) [8, 11]. During ultrasonication, the driven cavitation, expansion and
implosion of bubbles, can generate extremely high temperatures and can split water molecules
into OH and H . Hydroxyl radicals can react with H to form H2O2, or directly interact with
other molecules. This process is similar to oxidative stress-induced damage in cells, albeit at
substantially more intense conditions. Ultrasonication is also used to suspend carbon
nanotubes (CNTs) in the presence of single-stranded DNA (ssDNA) oligomers [12, 13].
However, the extent to which this process damages the DNA bases and thus could impact the
non-covalent interactions of ssDNA sequences with CNTs is unknown; ultrasonication has
also been shown to damage and shorten the SWCNTs themselves [14-16]. An understanding of
how SWCNTs impact oxidatively induced DNA damage under the highly reactive conditions
of ultrasonication may yield insights into the redox properties of SWCNTs, how they may
interact in cellular environments with electron pathways critical to healthy cell functioning,
and the extent to which SWCNT potentiate oxidative stress. In this work, we have used highsensitivity mass spectrometry analysis to quantify ultrasonication-induced DNA damage in
(ATT)14 and (GT)20 oligomers in the presence and absence of SWCNTs. We have quantified a
range of DNA base lesions derived from reductive [2,6-diamino-4-hydroxy-5formamidopyrimidine (FapyGua) and 4,6-diamino-5-formamidopyrimidine (FapyAde)] and
oxidative [(8-hydroxyguanine (8-OH-Gua) and 5-hydroxy-5-methylhydantoin (5-OH-5MeHyd)] transformation of the initial OH-adduct radicals. We find that the overall level of
accumulated DNA damage is reduced in the presence of SWCNTs, suggesting a protective
effect of the SWCNTs. We cannot exclude the possibility of generation of the aforementioned
radical species and H2O2 by SWCNTs, but we maintain that the overall effect of SWCNT
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must be scavenging rather than generation of these species in order to be consistent with the
observed decrease in DNA lesions in the presence of SWCNTs. As shown by by others in the
literature [17-18], SWCNTs do not generate detectable levels of OH, H , O2 and H2O2 unless
under the condition of UV light irradiation. Our data also show that DNA base lesions formed
by the reductive pathway from the initial OH-adduct radicals are preferentially decreased as
compared to those formed by the oxidative pathway. Lesion formation under these conditions
has also been quantified in the presence and absence of dimethyl sulfoxide (DMSO), a wellknown scavenger of OH, to elucidate the molecular basis for the SWCNT effects.
Ultrasonication of the (ATT)14 and (GT)20 oligomers for 1 h produced substantial, and
statistically significant, increased levels for all of the lesions tested (see Figure 1), in
accordance with previous findings that ultrasonication substantially damages DNA [8, 9]. The
lesion levels typically increased nearly an order of magnitude from the un-sonicated control
samples. The addition of DMSO significantly decreased the lesion levels produced during
ultrasonication. The decrease in lesion levels after DMSO addition was observed in
preliminary experiments to follow a dose-dependent trend with 1.0 % DMSO causing a
greater decrease than 0.1 % (data not shown). The presence of SWCNTs also significantly
decreased the lesion levels. The combined use of DMSO and SWCNTs had an additive
effect, reducing the lesion levels more significantly than either treatment alone. The
combination treatment decreased the lesions levels such that they were not significantly
greater than those of the un-sonicated controls.
Importantly, the lesions levels measured here were not high enough to substantially impact
the wrapping of DNA oligomers onto SWCNTs. In agreement with this finding, the presence
of DMSO during the sonication process to prepare ssDNA-wrapped SWCNTs had negligible
impact on nanotubes’ fluorescence quantum yield as compared to SWCNTs sonicated with
DNA but without DMSO (data not shown). One important trend observed is that the presence
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of SWCNTs caused a more significant decrease in the levels of the lesions formed by oneelectron reduction (FapyAde and FapyGua) of the intermediate OH-adduct radicals (see
Scheme 1 for proposed mechanism for the (GT)20 oligomers) as compared to one-electron
oxidation (8-OH-Gua) and reaction with oxygen followed by ring-reduction (5-OH-5MeHyd). This protective behavior of SWCNTs toward the oligomers differed from that
observed for DMSO for which there did not appear to be a difference in the impacts on
reductive and oxidative pathways for (ATT)14 oligomers (Table 1) although there did appear
to be a difference for (GT)20 oligomers (Table 2). When comparing the relative effects of
SWCNTs and DMSO, it is important to note that both were present at similar nominal
concentrations of 0.1% on a mass fraction basis in the test samples. SWCNTs were shown to
decrease all of the measured lesions, a result that likely stems from the capacity of the
SWCNTs to scavenge OH, in combination with their unique effects on reductive reaction
pathways (Scheme 1). Together, our results suggest that SWCNTs behave as OH scavengers
and/or as electron sinks. Our explanation for the mechanism of formation of products formed
by one-electron oxidation (8-OH-Gua) and one-electron reduction (FapyGua) of the OHadduct radical is given in Scheme 1. We propose that SWCNTs effectively act as electron
scavengers, and thereby decrease the chance of DNA lesion formation through the oneelectron reduction of the OH-adduct radical. In contrast, DMSO at the concentration used
reacts with OH with a diffusion-controlled reaction rate, before OH can react with a DNA
base, preventing the formation of the OH-adduct radical and thus product formation.
The fact that SWCNTs caused a decrease in oxidatively-induced DNA base damage
suggests that SWCNTs may actually mitigate oxidative damage to cellular macromolecules.
One related recent study on SWCNT toxicity with E. coli bacteria showed that SWCNTs
cause a depletion of antioxidant glutathione in the organisms in a time-dependent manner, and
that metallic SWCNTs had a greater impact than semiconducting SWCNTs likely as a result
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of their enhanced electrical conductivity properties [19]. It was not possible in the current
experiment to differentiate the impacts of the semiconducting and metallic SWCNTs on the
formation of the DNA base lesions. Overall, the SWCNTs showed a remarkable potential to
decrease the formation of oxidatively-induced lesions during the aggressive conditions
produced by ultrasonication. It remains to be determined to what extent the SWCNTs would
have similar effects in environments where the concentrations of free radicals are
substantially smaller such as within cells, and how SWCNTs may interact with various
cellular pathways or mitigate harmful oxidative stresses. Once inside a cell though, SWCNTs
may become a redox mediator and conserve the reductive power of the cell. While it is clear
that SWCNTs may mitigate the impacts of certain oxidative stresses in cells, their overall
impact may be nuanced and dependent on the cellular environment and the extent to which
the cell is under various stresses.
Experimental Section
We chose a well characterized SWCNT material, CoMoCAT, for this study. The chirality
distribution in CoMoCAT

[20]

, optical spectroscopy characterization of these SWCNTs, and

their non-covalent interaction with ssDNA have been well-documented [21, 22]. Two
representative DNA oligomers, (GT)20 and (ATT)14, were used. To prepare sonicated
oligomer samples, 1 mg of an oligomer was dissolved in 1 mL 0.1 mol/L NaCl solution
followed by ultrasonication. To obtain sonicated oligomers in the presence of SWCNTs, 1
mg of an oligomer in 1 mL 0.1 mol/L NaCl solution was first mixed with 1 mg of SWCNT
and ultrasonicated under identical conditions.

To separate the oligomers from the SWCNTs,

10 µL of 10 % (mass fraction) sodium deoxycholate solution was added to the oligomerSWCNT suspension and incubated for a few hours [12]. To collect the oligomer for analysis,
the sample was repeatedly ultracentrifuged until all SWCNTs were removed; samples without
SWCNTs were similarly centrifuged. The remaining clear supernatant was filtered with a
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MWCO 10 000 cellulose membrane filter to remove the salt and the surfactant by collecting
the oligomer on the membrane. To examine the effect of an OH scavenger, 0.1 % (mass
fraction) DMSO was added into the DNA samples before ultrasonication with and without
SWCNTs. For the control experiments, DNA samples without ultrasonication were used.
Gas chromatography/mass spectrometry (GC/MS) with isotope-dilution was used to
determine the levels of different oxidatively modified DNA bases in treated and untreated
(GT)20 and (ATT)14 oligomers [23-25]. Five independent samples were prepared for every
treatment. After additional washing steps, oligomer aliquots of 50 µg were prepared from
each sample and stable isotope-labeled analogues of the base lesions (8-OH-Gua-15N5,
FapyGua-13C,15N2, 5-OH-5-MeHyd-13C,15N2, and thymine glycol- d4 for (GT)20 oligomers,
and FapyAde-13C,15N2, 5-OH-5-MeHyd-13C, 15N2, and thymine glycol-d4 for (ATT)14
oligomers) were added to each sample. These samples were then dried under vacuum and
stored at 4 C prior to enzymatic digestion.
Two enzymes, E. coli Fpg and endonuclease III were used for digestion of oligomers.
Hydrolysis using these enzymes prevents artifactual formation of DNA lesions because it only
releases modified bases; consequently, there is no intact DNA base present during the
trimethylsilylation step (see below).[24] Digested samples were solubilized, lyophilized, and
then trimethylsilylated. GC/MS measurements were performed as previously described [21].
Trimethylsilyl derivatives of DNA lesions and their stable isotope-labeled analogues were
detected using electron ionization mass spectrometry in selected-ion-monitoring mode.
Quantification of DNA base lesions was determined using the signal area ratios from the
modified base of interest and its labeled analogue in conjunction with the known amount of
labeled analogue added to each sample. We identified and quantified FapyGua, 8-OH-Gua,
and 5-OH-5-MeHyd in the (GT)20 oligomers, and FapyAde and 5-OH-5-MeHyd in the
(ATT)14 oligomers. Thymine glycol could not be accurately quantified.
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Scheme 1

Figure 1. GC/MS DNA damage evaluation of oligomers sonicated in the presence or absence
of 0.1% DMSO and SWCNTs. Sonication time was 60 min. Two different oligomers were
used: (ATT)14 (upper) or (GT)20 (lower). The ratio of DNA lesions/106 DNA bases represents
the mean from five independent samples except for the DMSO only condition for (GT)20
oligomer for which four samples were analyzed. The uncertainties represent standard
deviations. Statistical analyses based on one-way ANOVA with posthoc Dunnett’s multiple
comparison test: * p value < 0.05; ** p value < 0.01; *** p value < 0.001.
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