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Abstract

Carbon nanotubes (CNTSs) are important materials in advanced industries. It is a concern that
pulmonary exposure to CNTs may induce carcinogenic responses. It has been recently reported
that CNTSs scavenge ROS though non-carbon fibers generate ROS. A comprehensive evaluation of
ROS scavenging using various kinds of CNTs has not been demonstrated well. The present work
specifically investigates ROS scavenging capabilities with a series of CNTs and their derivatives
that were physically treated, and with the number of commercially available CNTs. CNT
concentrations were controlled at 0.2 through 0.6 wt%. The ROS scavenging rate was measured
by ESR with DMPO. Interestingly, the ROS scavenging rate was not only influenced by physical
treatments, but was also dependent on individual manufacturing methods. Ratio of CNTSs to
DMPO/ hydrogen peroxide is a key parameter to obtain appropriate ROS quenching results for
comparison of CNTs. The present results suggest that dangling bonds are not a sole factor for
scavenging, and electron transfer on the CNT surface is not clearly determined to be the sole
mechanism to explain ROS scavenging.

1. Introduction

Carbon nanotubes (CNTS) are expected to have broad potential to materialize new and
prominent technologies over the next decades [1-3], and CNT hybrid materials with the
other carbon groups and/or doped elements are also under development [4]. For instance, a
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specific rubber composite of CNTs is being successfully commercialized, which
significantly increases recovery from oil wells [5] and may significantly impact the global
energy market. For another instance, particular types of CNTs exhibit super conductivity
without addition of other elements [6]. These results will accelerate the product development
with CNTs further.

It is critically important to evaluate the material safety and develop appropriate in-use
regulations for CNTs and nano carbon materials prior to the major industrialization. There
are many reports on the evaluation of CNT safety which discuss the similarity to asbestos in
shape and suggest that CNTs may exhibit asbestos-like carcinogenicity [7]. It has been
proposed that conventional approaches be employed using physicochemical characteristics
and in vitro or in vivo assays to evaluate toxicity of nanoparticles [8]. Maynard et al. [9]
summarized the early stage studies on nanotechnology and occupational health following
intensive discussions of possible adverse effects of CNTs [10-15]. The first systematic
evaluation on CNT toxicity was reported by Shvedova et al. [16] followed by an inhalation
[17] and bolus instillation [18, 19, 20] studies. CNTs were demonstrated to induce fibrosis
and granulomatous lesions at relatively low exposure doses. In addition, CNT-induced
mesothelioma was reported at higher doses after installation into the abdomen or scrotum of
rodents [21, 22]. Results suggest that inflammation of the mesothelial lining is dependent on
the length of CNTSs [23].

It is essentially required to utilize physicochemical properties of materials to reinforce the
conventional toxicological evaluations. However, it has been recently argued whether those
conventional methods are applicable for fibril materials such as CNTs because bolus
instillation and inhalation evaluation results do not correspond with in vitro tests (as
discussed at the annual conference of Society of Toxicology Mar. 2012 in San Francisco
[24]). Results of reactive oxygen species (ROS) measurement appear to correspond with
CNT in vitro results. Shvedova et al. [25] conducted examination of free radical generation
after exposure of HaCaT cells to Single-Walled CNTs (SWCNTS) using electron spin
resonance (ESR) spin trapping. Fenoglio et al. [26] discussed the relationship between ROS
and biological evaluations. The current spin trapping method is pursued using indirect
measurement with a spin adduct that forms the stable amine-oxide radical and relatively-
long-lived free radicals. The adduct gives a measurable hyperfine coupling constant of spin,
and the concentration of free radical is obtained analyzing area of the ESR signal spectrum.
Measurement of HO and HO,, free radicals with nitrones (the N-oxide of an imine) was
proposed by Harbor et al. [27]. Among various spin trapping compounds, 5, 5-dimethyl-1-
pyrroline-N-oxide (DMPOQ) is often used for biological radical spin trapping because it
dissolves into aqueous solution well with selectivity of radical molecules captured [28]. The
author, nevertheless, addressed the limitations of DMPO. Shvedova et al. [25] likewise
discussed the issue that ferrous irons associated with SWCNTSs can cause the decomposition
of hydrogen peroxide or alkoxyl radicals from lipid peroxide, since the unpurified SWCNTs
used in that study contained up to 30% iron residue. They concluded that raw SWCNTSs
have a relatively high risk potential to induce inflammatory lesion at their manufacturing
places. Murray et al. [29] reported thereafter that the OH radical generation was mostly
caused by the iron residue via the Fenton reaction. Furthermore, Porter et al. [18]
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demonstrated that purified Multi-Walled CNTs (MWCNTS) scavenge OH radicals generated
by the Fenton reaction and do not generate ROS in an acellular system containing hydrogen

peroxide. Fenoglio et al. [26, 30, 31] conducted ROS-ESR measurement of CNTs by several
methods and concluded that purified MWCNTSs quench OH radicals.

The present study aims to evaluate ROS generation by number of CNTs and verifies the
assumption that surface morphology of CNTs affects ROS scavenging potential. In addition,
we evaluated the importance of the CNT to DMPO/hydrogen peroxide ratio to obtain
appropriate scavenging rates.

2 Materials and Methods

2.1. Materials

Seventeen kinds of CNTs were prepared and titanium dioxide was used as a reference. As
shown in Table 1, Group A consists of a cup-stack type of MWCNTSs (cs-CNTs) and their
derivatives. Particular CNTs identified as CS1 of Group A were the pivotal ones in the
present study and were prepared and characterized intensively. CNTSs identified as CS2
through CS5 were prepared to investigate effects of surface morphological changes. CS2
was prepared by annealing at 2800°C in inert gas atmosphere. CS3 and CS4 were chopped
by machines to shorten the length. CS5 was rubbed to de-bulk the agglomerated CS1
mechanically so that the outer surfaces were damaged significantly. CS4-PT and CS5-PT
were deposited with platinum (20 wt%) after annealing at 2800 °C. Figure 1 shows a
transmission electron micrograph of CS1 and CS5-PT. As CS1 has a lot of dangling bonds
on the surface in comparison with usual CNTSs, it was assumed that physical treatments
might give quantitative differences by significantly causing morphological changes as
suggested by Fubuni et al. [32]. Group B consists of commercially available MWCNTSs.
This group was designed to compare the dependence on manufacturing processes of CNTSs.
CT1 and CT1-N were synthesized to evaluate nitrogen-doping effects only.

2.2 Measuring method

First of all, dispersibility of the prepared CNTs was tested to avoid agglomeration during the
ESR measurements. All CNTs were reasonably dispersed in a DMPO and hydrogen
peroxide solution with surfactant after sonication, with no clumping by CNT agglomeration
in the pipet or the measuring cell of ESR equipment observed.

The generation and scavenging of radical oxygen species by CNTs were measured at room
temperature by ESR (JES-FA200, JEOL) using DMPO as the spin trapping agent. ESR
settings were: frequency 9415.404 MHz, power 0.998 mW, field center 335 mT, sweep time
2 min., width +/- 5 mT, and modulation frequency 100 kHz. Fresh frozen DMPO (Dojindo
Laboratories, Kumamoto Japan) was thawed at room temperature and diluted to 100 mM
with ultrapure water. Hydrogen peroxide (hydrogen peroxide 30%, Wako Pure Chemical
Industries, Ltd. Japan) was diluted to 1 mM. Ferrous chloride (Iron (1) Chloride
Tetrahydrate, Wako Pure Chemical Industries, Ltd. Japan) was dissolved into ultrapure
water at 0.1 mM. Titanium dioxide (Evonik Degussa P25) and CNTSs listed in Tables 1-A
and 1-B were dispersed into aqueous solution made of 16 mg surfactant (Sodium Dodecyl
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Benzensulfonate, Kanto Chemical Co., Inc. Japan) and 10 ml ultrapure water. ROS
generation by CNTs was measured with the mixed solution (Mixture A) consisting of 0.1 ml
of each solution of DMPO, surfactant, hydrogen peroxide and CNTs and the addition of
ultrapure water for a total volume of 5 ml. Scavenging ROS generated by Fenton reaction
was measured with the mixed solution (Mixture B) consisting of 0.1 ml of each solution of
DMPO, ferrous chloride, hydrogen peroxide and CNTs, and ultrapure water for a total
volume of 5 ml. CNT concentration was determined by weight in the total volume of 5ml.
The blank solution was made with the ultrapure water instead the CNT solution. Each
suspension was dispersed by sonication. All of measuring samples were prepared just before
ESR measurement to avoid any change over time. Each sample was measured five or more
times repeatedly and averaged after elimination of the highest and lowest values.

3. Results and Discussion

The effect of surfactant on the ESR signal is shown in Figure 2. The results show OH radical
quenching was proportional to the concentration of surfactant present. Thus, the surfactant
concentration was kept constant throughout further experiments. Figure 3 shows a typical
ESR spectrum of ROS generation by the Fenton reaction and quenching by CNTs. CNTs
and TiO, in the absence of ferrous chloride did not produce ROS (Figure 3(A)). Figure 3(B)
shows the spectra that indicate radical quenching by CNTs. OH radicals generated by the
Fenton reaction between FeCl, and hydrogen peroxide were apparently quenched by CNTs
in a concentration dependent manner.

Figure 4(A) and 4(B) show the scavenging rates for various CNTs at concentrations of 0.2,
0.4 and 0.6 wt%, and those normalized figures by CNT weight concentrations, respectively.
The scavenging rate was calculated in comparison to the blank. Figure 4(A) clearly shows
that radical quench ability depends on the particular CNT tested. CA1 and CA2 were
obtained from the same manufacturer but exhibited different dispersibilities in media. They
did not quench OH radicals, but enhanced OH radical generation when compared to the
blank. CA3 behaves as an OH radical scavenger at low concentrations, but generates
radicals at the highest CNT concentration. As CA4 through CA6 were produced from the
similar process but did not generate OH radicals, it suggests that CA1 through CA3 included
something reacting with FeCl,. CB1-T, according to the manufacturer, was a reduced bulk
volume product of CB1 using glue. However, as CB1-T behaved differently, the glue or the
gluing process lowered OH radical quenching at the low concentration. CT1-N was the same
as CT1 but nitrogen-doped. Nitrogen doping reduced quenching. These results suggest that
different CNTs exhibit different surface activity. Thus, each product must be evaluated
individually in terms of occupational health and environmental safety. Figure 4(B)
specifically tells us that balance between CNTs and DMPO/hydrogen peroxide has to be
considered carefully when conducting ROS evaluations. Scavenging rate may reach almost
100% at the lowest concentration of CNTs but quenching per weight decreases at the higher
CNT concentration

The relationship between CNT surface morphology and OH radical quenching was
evaluated using CS1 and its derivatives. Figure 5 shows results normalized by the individual
specific surface area. It demonstrates that surface morphology has a small effect on OH
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radical quenching as does addition of Pt, i.e., augmentation of quenching. Since platinum
catalyzes hydrogen peroxide, synergetic decomposition of OH radicals may occur. Figure 5
suggests that the shortest CNT (CS4) exhibited the lowest scavenging rate, and that radical
quenching corresponds to length in addition to the surface properties. Meanwhile the
graphitization that increases crystallinity and decreases the number of dangling bonds
apparently affected quenching. DAL, double-walled CNTSs, were also strong ROS quenchers
(Figure 4). Further investigation is necessary to determine the role of electron charge
transfer on the CNT surface with and without dangling bonds.

The present study demonstrates two major points. First, commercial CNTs have different
characteristics, depending on processing, which affect ROS quenching. Second, CNT
scavenging rate depends on the surface morphology, length and particles deposited on the
surface. In addition, since CNTs have high OH radical quench ability, concentration ratio
between CNTs and DMPO/ hydrogen peroxide has to be considered carefully in order to
obtain appropriate ROS results. The present ROS measuring method by ESR is simple and
reproducible but chemical reactions of CNTs with DMPO have to be reviewed.

4. Conclusion

Seventeen CNTSs at three concentrations were evaluated to determine their ROS generation
or scavenging rate. The majority of CNTSs tested quenched OH radicals. The scavenging rate
depended on individual characteristics determined by the CNT synthesis process and surface
morphology. CNTs from Group A demonstrate a dependence on surface morphology, which
supports the assumption discussed by Fenoglio et al. [30] and Fubini et al. [32]. On the other
hand, the OH radical degeneration reaction is far more complicated than predicted.
Parameters to describe CNT scavenging characteristics have to include not only metal
impurities but also surface morphology, such as the number of dangling bonds, length, and
deposition of particles. The results suggest necessity of the further investigation of the role
of impurities and CNT surface features in hydroxyl radical generation or scavenging.

Acknowledgement

We thank GSI Creos Corporation to provide the specific CNT samples and evaluate their properties. This work was
supported by a Grant-in-Aid for Specially Promoted Research from the Ministry of Education, Culture, Sports,
Science and Technology of Japan (MEXT) (No. 19002007) (ME), the Exotic Nanocarbon Project, Japan Regional
Innovation Strategy Program by the Excellence, JST (Japan Science and Technology Agency) (ME, ST, KT).

References

1. Endo, M.; Strano, MS.; Ajayan, PM. Potential applications of carbon nanotubes. In: Jorio, A.;
Dresselhaus, MS.; Dresselhaus, G., editors. Carbon Nanotubes: Advanced Topics in the Synthesys,
Structure, Properties and Applications, Topics in Applied Physics. Vol. 111. Springer-Verlag;
Berlin Heidelberg: 2008. p. 13-61.

2. Saito, Y. Handbook of Carbon Nanotubes and Graphene. The Fullerene, Nanotubes and Graphene
Research Society. , editor. Corona Publishing Co. Ltd.; Tokyo: 2011.

3. Van Noorden R. Nature. 2011; 469:14. [PubMed: 21209637]

4. Mayne M, Grobert N, Terrones M, Kamalakaran R, Riihle M, Kroto HW, Walton DRM. Chemical
Physics Letters. 2001; 338(2-3):101.

J Phys Conf Ser. Author manuscript; available in PMC 2015 August 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tsuruoka et al.

11.
12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.

30.

Page 6

. Deng F, Ito M, Noguchi T, Wang L, Ueki H, Niihara K, Kim YA, Endo M, Zheng QS. ACS Nano.

2011; 5:3858. [PubMed: 21476510]

. Shi W, Wang Z, Zhang Q, Zheng Y, leong C, He M, Lortz R, Cai Y, Wang N, Zhang T, Zhang H,

Tang Z, Sheng P, Muramatsu H, Kim YA, Endo M, Araujo PT, Dresselhaus MS. Scientific Reports.
2012; 2:625. DOI: 10.1038/srep00625. [PubMed: 22953046]

. The Royal Sciety. Nanoscience and nanotechnologies: opportunities and uncertainties. 2004 RS

Policy document 19/04.

. Oberdorster G, Maynard A, Donaldson K, Castranova V, Fitzpatrick J, Ausman K, Carter J, Karn B,

Kreyling W, Lai D, Olin S, Monteiro-Riviere N, Warheit D, Yang H. A report from the ILSI
Research Foundation/Risk Science Institute Nanomaterial Toxicity Screening Working Group.
Particle and Fibre Toxicology. 2005; 2:8. d0i:10.1186/1743-8977-2-8. [PubMed: 16209704]

. Maynard, AD.; Pui, DYH. Nanoparticles and Occupational Health. Springer; Netherlands: 2007.
10.

Donaldson K, Aitken R, Tran L, Stone V, Duffin R, Forrest G, Alexander A. Toxicol Sci. 2006;
92:5. [PubMed: 16484287]

Warheit DB. Carbon. 2006; 44:1064.

Lison D, Muller J. Toxicol Sci. 2008; 101:179. [PubMed: 17897971]

Shvedova AA, Kisin ER, Porter D, Schulte P, Kagan VE, Fadeel B, Castranova V. Pharmacol
Ther. 2009; 121:192. [PubMed: 19103221]

Shvedova AA, Kagan VE. J Intern Med. 2010; 267:106. [PubMed: 20059647]

Pacurari M, Castranova V, Vallyathan V. J Toxicol Environ Health A. 2010; 73:378. [PubMed:
20155580]

Shvedova AA, Kisin ER, Mercer R, Murray AR, Johnson VJ, Potapovich Al, Tyurina YY,
Gorelick O, Arepalli S, Schwegler-Berry D, Hubbs AF, Antonini J, Evans DE, Ku BK, Ramsey D,
Maynard A, Kagan VE, Castranova V, Baron P. Am J Physiol Lung Cell Mol Physiol. 2005;
289:1L.698. [PubMed: 15951334]

Ma-Hock L, Treumann S, Strauss V, Brill S, Luizi F, Mertler M, Wiench K, Gamer AO, van
Ravenzwaay B, Landsiedel R. Toxicol Sci. 2009; 112:468. [PubMed: 19584127]

Porter DW, Hubbs AF, Mercer RR, Wu N, Wolfarth MG, Sriram K, Leonard S, Battelli L,
Schwegler-Berry D, Friend S, Andrew M, Chen BT, Tsuruoka S, Endo M, Castranova V.
Toxicology. 2010; 269:136. [PubMed: 19857541]

Mercer RR, Hubbes AF, Scabilloni JF, Wang L, Battelli LA, Schwegler-Berry D, Castranova V,
Porter DW. Particle and Fibre Toxicol. 2010; 7:28. doi:10.1186/1743-8977-7-28.

Muller J, Delos M, Panin N, Rabolli V, Huaux F, Lison D. Toxicol Sci. 2009; 110:442. [PubMed:
19429663]

Takagi A, Hirose A, Nishimura T, Fukumori N, Ogata A, Ohashi N, Kitajima S, Kanno J. J
Toxicol Sci. 2008; 33:105. [PubMed: 18303189]

Sakamoto Y, Nakae D, Fukumori N, Tayama K, Maekawa A, Imai K, Hirose A, Nishimura T,
Ohashi N, Ogata A. J Toxicol Sci. 2009; 34:65. [PubMed: 19182436]

Poland CA, Duffin R, Kinloch I, Maynard A, Wallace WAH, Seaton A, Stone V, Brown S,
MacNee W, Donaldson K. Nature Nanotechnology. 2008; 3:423.

Workshop session 2012 Chaired Elder A. State of the science and the future for predictive power
of in vitro and in vivo methods for nanomaterials toxicity testing; 51st Annial Meeting, Society of
Toxicology; San Francisco, CA. March 11-15, 2012;

Shvedova AA, Castranova V, Kisin ER, Schwegler-Berry D, Murray AR, Gandelsman VZ,
Maynard A, Baron P. J Toxicol Environ Health A. 2003; 66:1909. [PubMed: 14514433]
Fenoglio I, Aldieri E, Gazzano E, Cesano F, Colonna M, Scarano D, Mazzucco G, Attanasio A,
Yakoub Y, Lison D, Fubini B. Chem Res Toxicol. 2012; 25:74. [PubMed: 22128750]

Harbour JR, Chow V, Bolton JR. Can J Chem. 1974; 52:3549.

Kohno M. Dojin News. 2006; 117 www.dojindo.co.jp/letterj/117/index.html.

Murray AR, Kisin E, Leonard SS, Young SH, Kommineni C, Kagan VE, Castranova V, Shvedova
AA. Toxicology. 2009; 257:161. [PubMed: 19150385]

Fenoglio I, Tomatis M, Lison D, Muller J, Fonseca A, Nagy JB, Fubini B. Free Radic Biol Med.
2006; 40:1227. [PubMed: 16545691]

J Phys Conf Ser. Author manuscript; available in PMC 2015 August 21.


http://www.dojindo.co.jp/letterj/117/index.html

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Tsuruoka et al.

Page 7
31. Fenoglio I, Greco G, Tomatis M, Muller J, Raymundo-Pifiero E, Béguin F, Fonseca A, Nagy JB,

Lison D, Fubini B. Chem Res Toxicol. 2008; 21:1690. [PubMed: 18636755]
32. Fubini B, Fenoglio I, Tomatis M, Turci F. Nanomedicine. 2011; 6:899. [PubMed: 21793679]

J Phys Conf Ser. Author manuscript; available in PMC 2015 August 21.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Tsuruoka et al.

Figure 1.
Transmission electron micrograph: (A) cs-MWCNT (CS1), (B) platinum deposited cs-

MWCNT (CS5-PT); dots are Pt particles deposited on the CNT surface.
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Figure 2.
Interaction of surfactant to OH radical quench using Mixture B without CNTSs; The vertical

axis indicates that the normalized average intensity of the ESR signal was set at 1.00. The
deviation bars indicates standard deviations.
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Figure 3.
Typical ESR spectrum intensity of free radical adducts with DMPO using CS1; (A) OH

radicals generated by CNTs without FeCl,. (B) OH radicals generated by the Fenton
reaction with FeCl,. The more radicals were scavenged with the higher CNTs concentration.
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Figure 4.

Scavenge rate of OH radicals by various CNTs with concentration change: (A) Scavenge

rate at 0.2, 0.4 and 0.6 wt% of CNTSs. (B) Scavenge rate per unit CNT weight (0.2 wt%) at

0.2, 0.4 and 0.6 wt % of CNTs; OH radicals were generated by the Fenton reaction.
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Figure 5.
Scavenging rate of cs-CNT derivatives; scavenging rates at 0.2 wt% of CNT were

normalized by specific surface area measured by BET isotherm adsorption.
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CNTs  Description ssA? (m2g)
Cs1 Cup-Stack type MWCNT, diameters: outer = 80 ~ 100 nm, inner = 50 ~ 70 nm, length = 5 um ave., purity > 95wt% 49.0
CS2 Graphitized CS1 annealed at 2800 °C 495
CS3 Mechanically chopped CS1, average length = 1.5 ym 52.5
Cs4 Mechanically chopped CS1, average length = 1.0 ym 74.2
CS5 Mechanically de-bulked CS1, slightly shorter length than CS1 45.8

CS4-PT  Graphitized at 2800 °C of CS4 and deposited with Pt (20wt%) 57.1
CS5-PT  Graphitized at 2800 °C of CS5 and deposited with Pt (20wt%) 394

aSSA stands for specific surface area measured by BET isotherm adsorption method.
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Table 1-B

CNT properties used for ROS evaluations (Group B)

CNTs Propertiesa Making methods
Ave. outer diameter (nm)  Ave. Length (um)  Purity (wt%o)

DAl <15 N/A >95 CVDb
CAl 13~16 >1 > 95 CVDb
CA2 13~16 >1 > 05 CVDb
CA3 ~13 15 >90 CVDb
CA4 10~ 15 0.1~10 >90 CVDb
CAS5 0.7~70 10 > 95 CVDb
CA6 15 3 > 95 CVDb
CB1 40~90 4.gd 99 FeMC

CB1-T 40 ~90 4_gd 99 FeMC
CB2 80 N/A >99 FeMC

aProperties of manufactured CNTSs are from manufacturers’ specifications.
b . . .

Catalytic chemical vapor deposition
c .

Floating catalyst method

dThe measured length by scanning electron micrograph
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