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Abstract: Semiconductor single-walled carbon nanotubes (SWNTs) have unique characteristics
owing to differences in the three-dimensional structure (chirality) expressed by the chiral index (n,m),
and many studies on the redox characteristics of chirality have been reported. In this study, we
investigated the relationship between the chirality of SWNTs and the oxidizing power of oxidants by
measuring the near-infrared (NIR) absorption spectra of two double-stranded DNA-SWNT complexes
with the addition of three oxidants with different oxidizing powers. A dispersion was prepared
by mixing 0.5 mg of SWNT powder with 1 mg/mL of DNA solution. Different concentrations of
hydrogen peroxide (H,O;), potassium hexachloroidylate (IV) (KIrClg), or potassium permanganate
(KMnO4) were added to the dispersion to induce oxidation. Thereafter, a catechin solution was
added to observe if the absorbance of the oxidized dispersion was restored by the reducing action
of the catechin. We found that the difference in the oxidizing power had a significant effect on the
detection sensitivity of the chiralities of the SWNTs. Furthermore, we revealed a detectable range of
oxidants with different oxidizing powers for each chirality.
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1. Introduction

Single-walled carbon nanotubes (SWNTs) are versatile nanomaterials with many
notable electronic and mechanical properties. They are expected to be integral to the
realization of a low-carbon society. As “green molecules”, they are also expected to cause
breakthroughs in the fields of biotechnology and energy supply systems. Unfortunately, the
hydrophobic nature of SWNTs severely limits their chemical, biochemical, and biological
applications. To separate the SWNT bundles, SWNT powder has been mixed with double-
stranded DNA (dsDNA) and sonicated under appropriate conditions to form a dsDNA-
SWNT complex in which the dsDNA molecules wrapped the SWNT surface [1-9].

SWNTs have a structure in which a graphene sheet is rolled into a cylindrical shape,
and they typically have a diameter of few nanometers. To form a seamless cylindrical
tube, it is necessary to take two of the hexagons in a graphene lattice and overlap them.
A vector connecting the centers of the two hexagons is represented by the chiral index
(n,m) (chirality), which denote the number of unit vectors along two directions in the
crystal lattice of graphene sheet. The chiral index determines the structure of a single-
walled carbon nanotube. Qin reported that the chiral index of SWNTs can be determined
accurately using nano-beam electron diffraction [10]. Recently, the responsiveness of ten
chiralities of SWNTs by increasing exposure time and measuring photoluminescence has
been reported [11].

SWNTs exhibit properties of metals and semiconductors by the difference in the
chirality. Semiconductor SWNTs have a unique diameter according to their chirality,
and the bandgap energy changes because of the unique band structure [12-21]. Many
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studies have been conducted to apply the chirality-dependent redox characteristics to
biosensors [22-34].

Knorr et al. measured the photoluminescence (PL) intensity of sodium dodecyl
sulfate (SDS)-SWNT complexes and investigated the correlation between the response
characteristics of six chiralities [(8,3), (7,5), (10,2), (7,6), (12,1), (10,3)] and the change in
oxidant (hypochlorite [NaOCl] or hydrogen peroxide [H,O5]) concentration. In their study,
they indicated that the degree of quenching was higher for NaOClI than for H,O; in all
chiralities, even though the molar concentration of the latter was higher than that of the
former (approximately 9 x 1076 M NaOCl vs. 7.9 x 10~> M H,O;). This result suggested
that NaOCl is a stronger oxidizing agent than HyO, [35]. Weisman et al. changed the pH
by adding HySO4 to SWNTs suspended in SDS and monitored the correlation between
the pH and fluorescence intensity. When the pH was gradually reduced from 8.0, the
emission intensities were quenched in order of the chiralities: (7,5), (8,3), and (6,5). This
phenomenon showed a difference in the sensitivity of chirality to oxidation [36]. Hamano
et al. investigated the optical response sensitivity of SWNT hybrids prepared by mixing
dsDNA and carboxymethyl cellulose (CMC). In that study, SWNT hybrids with different
mixing ratios were oxidized with HyO; followed by reduction with catechin, and the
absorption spectra were measured. They detected the optical properties of the SWNTs by
focusing on the (8,4)/(9,4)/(7,6) and (10,5)/(8,7) chiralities with large absorbance changes.
They showed that the optical response of SWNTs is highly dependent on the mixing ratio
of dsDNA and CMC [37]. Ishibashi et al. detected the antioxidant capacity of Japanese tea
and catechins by measuring both absorbance and PL. They also investigated the effect of
pH on the sensitivity of oxidation and reduction detection, showing that the (9,4) chirality
was the most sensitive to the catechin reduction reaction at an emission wavelength of
1000-1400 nm and a pH of 8.0 [38].

Zheng et al. found that electron transfer occurs readily between small-molecule redox
reagents and semiconducting carbon nanotubes. They identified a direct correlation be-
tween the bandgap of semiconductor nanotubes and their reduction potential, showing that
(6,5)-enriched SWNTs can be easily oxidized with potassium (IV) chloroiridate (K;IrClg)
as the oxidant, and they found that changes in the concentration affected the absorption
spectra [39]. However, they did not report on the KMnOy-induced redox action of SWNTs.

To our knowledge, no studies have considered the difference in the oxidizing powers
of oxidants to investigate the oxidation properties of SWNT chirality. In the current study,
we focused on the detection sensitivity of the chirality of SWNTs and oxidizing powers
of oxidants, measured the absorption spectra using oxidants with different oxidizing
powers, and investigated the effect of the difference in oxidizing power on the chirality.
The suspension was reduced with catechin after oxidation, and we verified the absorbance
was recovered by reduction. The oxidizing powers of the oxidizing agents used in this
study were —1 for HyO,, +4 for the Ir of KIrClg, and +7 for the Mn of KMnO,4. We also
specified the detectable concentration range of the oxidizing agents for each chirality.

From these results, we clarified that the change in absorbance differs depending on the
chirality, even at the same oxidant concentration. We found that the detection sensitivity
of chirality to detect oxidants depends on the oxidizing power. In other words, the (6,5)
chirality is suitable for oxidants with a high oxidizing power, and the (8,7) or (9,4) chirality
is suitable for detecting the concentration of oxidants with a low oxidizing power.

2. Results

Figure 1 shows a conceptual diagram of the experiment. The dsDNA-(6,5)-enriched
SWNT and dsDNA-HiPco SWNT suspensions were oxidized with HyO,, KyIrClg, or
KMnOjy and then reduced with catechin to detect changes in the NIR-absorbance spectra.
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Figure 1. Conceptual diagram of experiment.

Figure 2a—c show examples of the changes in the NIR-absorbance spectra for the
dsDNA-(6,5)-enriched SWNT complex oxidized with the HyO,, K;IrClg, or KMnOy, and

then reduced with the catechin solution.

As shown in Figure 2a, when the H,O, with a concentration of 9.8 mM was added
to the dsDNA-(6,5)-enriched SWNT complex, the absorbance decreased by only 0.13%,
relative to the initial state. When the catechin solution was added, the absorbance further
decreased by 0.73%. Even when the H,O; concentration was increased to 98 mM, the
changes due to the addition of the HyO, and catechin were slight (0.72% and 1.27%,
respectively; see Figure S1 in Supplementary Materials). This result suggests that the HyO,

concentration does not significantly impact the absorbance of the complex.
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Figure 2. NIR-absorbance spectra of the dsDNA-(6,5)-enriched SWNT complex during redox with (a)
H,0, and catechin, (b) KyIrClg and catechin, and (¢) KMnOy and catechin. The data are presented as
the average of three independent experiments.

Figure 2b shows the absorption spectra when K,IrClg with a concentration of 2.0 uM
was added. The absorbance decreased by 23.3% with the addition of the KyIrClg and
recovered by 31.0% with the addition of the catechin solution. To investigate the detectable
range of the KyIrClg in the dsDNA-(6,5)-enriched SWNT complex, the absorbance was
measured at different concentrations. The detectable range was found to be 0.5-5.0 uM.

Figure 2c shows the absorption spectra when the KMnO, was added at a concentration
of 0.5 uM. The absorbance decreased by 23.9% with the addition of the KMnO, and
recovered by 30.7% with the addition of the catechin solution. The detectable range of
KMnQy in the dsDNA-(6,5)-enriched SWNT complex was found to be 0.05-10.0 pM.

Figure 3a—c show examples of the changes in the NIR-absorbance spectra for the
dsDNA-HiPco SWNT complex oxidized with the HyO,, K;IrClg, or KMnO, and reduced
with the catechin solution.

HiPco SWNTs contain more than 10 types of chirality. Among them, we focused on
the (6,5) chirality with an absorbance peak near 990 nm, the (8,7) chirality with a peak near
1130 nm, and the (9,4) chirality with a peak near 1265 nm [20].

Focusing on the (6,5) chirality in Figure 3a, when the H,O, with a concentration of
9.8 mM was added to the dsDNA-HiPco SWNT complex, the absorbance decreased by only
2.3%. After adding the catechin solution, the absorbance slightly recovered to —1.0% from
the initial state. This result is similar to the behavior of the (6,5) chirality of the dsDNA-
(6,5)-enriched SWNT complex. On the other hand, the (8,7) and (9,4) chiralities showed a
remarkable magnitude of change in absorbance compared to the (6,5) chirality. This result
has been reported in a previous study [40]. The absorbance of the (8,7) chirality decreased
by 15.0% with the addition of the H,O, and recovered by 21.7% with the addition of the
catechin solution. The detectable range of the H,O; in the (8,7) chirality was 49 uM to
98 mM. The absorbance of the (9,4) chirality decreased by 7.40% with the addition of the
H,0O; and recovered by 7.07% with the addition of the catechin solution. The detectable
range of the H,O, for the (9,4) chirality was the same as that of the (8,7) chirality. The
difference in the magnitude of the change in absorbance of the H,O, indicates that the (8,7)
chirality is more sensitive than the (9,4) chirality.

Figure 3b shows the absorption spectra when the K;IrCls with a concentration of
1.0 uM was added. The absorbance of the (6,5) chirality decreased by 2.12% with the
addition of the K;IrCls and recovered by 0.39% with the addition of the catechin solution.
The detectable range of the K;IrClg with the (6,5) chirality was 0.1-10.0 uM. The absorbance
of the (8,7) chirality decreased by 9.2% by adding the KyIrCly and recovered by 15.3%
with the addition of the catechin solution. The detectable range of the K,IrClg with the
(8,7) chirality was 0.1-1.5 pM. The absorbance of the (9,4) chirality decreased by 4.18% by
adding the K,IrClg and recovered by 4.07% with the addition of the catechin solution. The
detectable range of the KyIrClg with the (9,4) chirality was 0.1-2.0 pM.
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Figure 3. NIR-absorbance spectra of the dsDNA-HiPco SWNT complex during redox with the (a)
H;,0; and catechin, (b) K;IrClg and catechin, and (¢) KMnOy and catechin. The data are presented as
the average of three independent experiments.

Figure 3c shows the absorption spectra when the KMnO, with a concentration of
0.1 uM was added. The absorbance of the (6,5) chirality decreased by 1.3% with the
addition of the KMnOy and recovered by 0.9% with the addition of the catechin solution.
The detectable range of the KMnOy in the (6,5) chirality was 0.025-1.0 uM. The absorbance
of the (8,7) chirality decreased by 14.7% after adding the KMnO, and recovered by 24.6%
with the addition of the catechin solution. The detectable range of the KMnOy in the (8,7)
chirality was 0.025-0.1 uM. The absorbance of the (9,4) chirality decreased by 15.7% by
adding the K,IrClg and recovered by 17.7% with the addition of the catechin solution. The
detectable range of the KMnOjy in the (9,4) chirality was 0.025-0.25 pM.
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Figure 4a—c show the change in the absorbance of the (6,5) chirality of the dsDNA-
(6,5)-enriched SWNT complex with respect to changes in the concentrations of the H,O,,
KoIrClg, or KMnQOy, respectively.
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Figure 4. Absorbance change for the dsDNA-(6,5)-enriched SWNT complex, relative to the initial
state, based on the concentration of (a) HyO,, (b) K;IrClg, and (¢) KMnO, added. The data are
presented as the average of three independent experiments.

As shown in Figure 4a, no significant spectral change was observed when the H,O,
was added at the final concentrations of 98 and 9.8 mM. Figure 4b shows that a decrease
in the absorbance corresponding to the change in the KyIrCls concentration was detected
in the concentration range of 0.5-5.0 uM. Similarly, Figure 4c shows that a decrease in
absorbance corresponding to changes in the KMnO, concentration was detected in the
concentration range of 0.05-10.0 M. The absorbance change and wavelength peak shift of
the dsDNA-(6,5)-enriched SWNT complex during oxidation and reduction are shown in
Supplementary Materials Figures S2-54.
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Figure 5a—c show the change in the absorbance of the (6,5) chirality of the dsDNA-
HiPco SWNT complex with respect to changes in the concentration of the HyO,, K;IrClg,

or KMnQy, respectively.
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Figure 5. Absorbance change for the (6,5) chirality of the dSDNA-HiPco SWNT complex, relative to
the initial state, based on the concentration of the (a) H>O5, (b) KyIrClg, and (c) KMnOy. The data are
presented as the average of three independent experiments.

As shown in Figure 5a, the absorbance decreased by up to 3.0% when the H,O,
concentration was 98 uM, but no significant difference was observed in the range of 49 uM
to 98 mM. Figure 5b shows that a decrease in the absorbance corresponding to the change
in the K;IrClg concentration was detected in the range of 0.1-5.0 pM. Figure 5c indicates
that a decrease in the absorbance corresponding to the KMnOj, concentration was detected
in the range of 0.025-1.0 uM. The absorbance change and wavelength peak shift of the (6,5)
chirality of the dsDNA-HiPco SWNT complex during oxidation and reduction are shown
in Supplementary Materials Figures S5-57.
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Figure 6a—c show the change in the absorbance of the (8,7) chirality of the dsDNA-
HiPco SWNT complex with respect to the change in the concentration of the H,O,, K,IrClg,

or KMnQy, respectively.
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Figure 6. Absorbance change for the (8,7) chirality of the dSDNA-HiPco SWNT complex, relative to
the initial state, based on the concentration of the (a) H,O,, (b) K;IrClg, and (¢) KMnOy. The data are
presented as the average of three independent experiments.

As shown in Figure 6a, when the HyO, concentration changed from 49 uM to 9.8 mM,
the magnitude of change in the absorbance increased. However, the magnitude decreased
at 98 mM. Figure 6b shows a decrease in absorbance corresponding to an increase in
the KyIrClg concentration in the range of 0.1-1.5 pM. Figure 6¢ indicates a decrease in
the absorbance corresponding to an increase in the KMnOy concentration in the range
of 0.025-0.1 uM. The absorbance change and wavelength peak shift of the (8,7) chiral-
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ity of the dsDNA-HiPco SWNT complex during oxidation and reduction are shown in
Supplementary Materials Figures S8-510.

Figure 7a—c show the change in the absorbance of the (9,4) chirality of the dsDNA-
HiPco SWNT complex with respect to the change in the concentration of the HyO,, K;IrClg,
or KMnOQy, respectively.
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Figure 7. Absorbance change for the (9,4) chirality of the dSDNA-HiPco SWNT complex, relative to
the initial state, based on the concentration of the (a) H,O5, (b) KyIrClg, and (c) KMnOy. The data are
presented as the average of three independent experiments.

As shown in Figure 7a, when the H,O, concentration changed from 49 uM to 9.8 mM,
the magnitude of the change in absorbance increased. However, the magnitude decreased
at 98 mM. Figure 7b shows the decrease in the absorbance corresponding to an increase
in the KyIrClg concentration in the range of 0.1-2.0 M. Figure 7c indicates a decrease in
the absorbance corresponding to an increase in the KMnOy concentration in the range
of 0.025-0.25 uM. The absorbance change and wavelength peak shift of the (9,4) chiral-
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ity of the dsDNA-HiPco SWNT complex during oxidation and reduction are shown in
Supplementary Materials Figures S11-513.

3. Discussion

We found that changes in the HyO, concentration from 49 pM to 98 mM did not cause
a dramatic difference in the absorbance for any chirality. The (6,5) chirality in both the (6,5)-
enriched SWNT and HiPco SWNT complexes was less sensitive to the H,O,, which has a
low oxidizing power. Both the (8,7) and (9,4) chiralities responded sensitively to the HyO5.
When the H;O, concentration was 9.8 mM, the magnitude of the change in absorbance
was at a maximum for both chiralities, though the (8,7) chirality was more sensitive than
the (9,4) chirality. Because the (6,5) chirality was less sensitive to oxidation, it was possible
to detect oxidation over a wide range of concentrations for the K;IrCly and KMnOy, which
contain atoms with high oxidizing powers. On the other hand, because the (8,7) and (9,4)
chiralities were highly sensitive to oxidation, the peaks of the absorption spectra did not
appear at high concentrations, and the detectable range narrowed. Moreover, the detectable
range of the (8,7) chirality was narrower than that of the (9,4) chirality, as the (8,7) chirality
was more sensitive toward the KyIrClg and KMnOy.

Here, we focused on the oxidizing power, considering that oxidation reflects the
movement of electrons. The oxidizing power is the total number of electrons that an
atom either gains or loses to form a chemical bond with another atom. Each atom that
participates in an oxidation-reduction reaction is assigned an oxidizing power that reflects
its ability to acquire, donate, or share electrons. When an atom is in an oxidized state, the
oxidizing power becomes positive, and a larger value indicates a more electron-deficient
atom. On the contrary, when the atom is in a reduced state, it assumes a negative oxidizing
power, and a larger value indicates a more electron-rich atom. The oxidizing powers of the
oxidizing agents used in this study were —1 for the HyO,, +4 for the Ir of K;IrClg, and +7
for the Mn of KMnQOy.

First, we compared the oxidizing power. Table 1 shows the relationship between the
oxidizing power and the magnitude of the change in absorbance for each chirality in the
dsDNA-SWNT complexes. We compared the concentrations of the oxidants required to
achieve relatively similar changes in the absorbance for each chirality. For example, the
H,0; (oxidizing power of —1) at a concentration of 9.8 mM reduced the absorbance in the
(6,5) chirality of the (6,5)-enriched SWNT by 0.13%, while the K,IrClg (oxidizing power of
+4) reduced it by 0.10% at a concentration of 0.5 uM. Both oxidizing agents reduced the
absorbance by approximately 0.1%, but the concentration of the H,O, was 1.9 x 10* times
higher than that of the KyIrCls. KMnOy (oxidizing power of +7) reduced the absorbance by
1.60% at a concentration of 0.05 uM. This magnitude of change was larger than that of the
H,0;, but no smaller change could be detected. Therefore, by comparing the absorbance
change in KMnOy at 0.05 M, the concentration of the H,O, was 1.9 x 10° times higher.
The concentration ratios of the oxidants for the other chiralities are shown in Table 1.
These results suggest that the difference in oxidizing power has a significant effect on the
absorbance of the SWNT chirality.
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Table 1. Relationship between the oxidizing power and absorbance change for each chirality. The upper part of the chirality
column shows the concentration of the added oxidant, and the lower part shows the change in absorbance at that time,
relative to the initial state. The data are presented as the average of three independent experiments.

Oxidizing Power -1 +4 +7 Concentration Ratio of Oxidizing Power
Chirality (H20,) (K»IrClg) (KMnO4)  H,0,/K,IrCly H,0,/KMnO; KIrCle/KMnO4
(6,5) 4 5
(6,5)-enriched 9800 uM 0.5 uM 0.05 uM 19 x 10 1.9 x 10 10
Absorbance Change —0.13% —0.10% —1.60% - - -
(6,5) 4 5
HiPeo 9800 uM 1.0 uM 0.05 uM 0.98 x 10 1.9 x 10 20
Absorbance Change —2.30% —2.12% —1.90% - - -
87) 2 4
HiPeo 980 uM 1.50 uM 0.10 uM 6.5 x 10 0.98 x 10 15
Absorbance Change —14.7% —12.5% —14.7% - - -
(94) 3
HiPeo 98 uM 1.50 uM 0.05 uM 6.5 x 10 1.9x10 30
Absorbance Change —5.20% —5.35% —6.20% - - -

Next, we compared the sensitivity of the chirality to the concentration of the oxidant.
Figure 8a—c show the absorbance changes for each chirality when the same concentration
of oxidizing agent was added.

Neither the (6,5) chirality of (6,5)-enriched SWNT complex nor the (6,5) chirality of the
HiPco SWNT complex reacted much in 9.8 mM H,O,, while the (8,7) and (9,4) chiralities
responded sensitively. In the case of the 1.0 uM KyIrClg, the (6,5) chirality of the (6,5)-
enriched SWNT complex responded with similar sensitivity as the (8,7) chirality. In the case
of the KMnQy, the (8,7) and (9,4) chiralities reacted sensitively, even at a low concentration
of 0.1 uM. These results suggest that the change in the absorbance differs depending on the
chirality, even at the same oxidant concentration.

Finally, we examined the concentration range of the oxidants that each chirality could
detect. As shown in Supplementary Materials Figures S2 and S5, the (6,5) chirality of
(6,5)-enriched SWNT complex and the (6,5) chirality of HiPco SWNT complex showed
no significant change in the absorbance, even as the concentration of the H,O; increased,
thus they are not discussed here. As shown in Supplementary Materials Figures S8 and
S11, the concentration range of the H,O, that could be detected by both the (8,7) and (9,4)
chiralities was 49 uM to 98 mM.

The detectable ranges of the K,IrCly for the (6,5) chirality of the (6,5)-enriched SWNT
complex and the (6,5), (8,7), and (9,4) chiralities of the HiPco SWNT complex are shown
in Supplementary Materials Figures 53, 56, S9 and 512, respectively. The recovery of the
absorbance with the addition of the catechin solution is also shown in the same figures.
To specify the detectable range of the K;IrCly, the peak of the absorption spectra was
identified while increasing the concentration of the oxidant (Supplementary Materials
Figures 514-517).

The detectable ranges of the KMnOj for the (6,5) chirality of the (6,5)-enriched SWNT
complex and the (6,5), (8,7), and (9,4) chiralities of the HiPco SWNT complex, are shown
in Supplementary Materials Figures 54, S7, S10 and S13, respectively. The recovery of the
absorbance with the addition of the catechin solution is also shown in the same figures.
To specify the detectable range of the KMnQy, the peak of the absorption spectra was
identified while increasing the concentration of the oxidant (Supplementary Materials
Figures 518-521).

Figure 9a,b show the detectable range of the oxidant concentration for each chirality
revealed in this study.
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Figure 8. Change in the absorbance for each chirality with the addition of (a) 9.8 mM H,0O,, (b)
1.0 uM K;IrClg, and (c) 0.1 uM KMnOy. The data are presented as the average of three independent

experiments.
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Figure 9. Detectable concentration ranges of (a) HyO, and (b) K;IrCls and KMnOy for each chirality. The blue line shows
the detectable range of the (6,5) chirality of (6,5) -enriched SWNT complex. The green line, brown line, and purple line

indicate the detectable ran,

ge of the (6,5), (8,7), or (9,4) chirality of the HiPco SWNT complex, respectively.

Table 2 shows the peak shift in the absorption spectra of each chirality for the different
concentrations of oxidants.

Table 2. Absorption spectra peak shift for each chirality by the oxidant concentration. The data are presented as the average

of three independent experiments.

H;0; Concentration K3IrClg Concentration KMnO,4 Concentration
Oxidant Chirality
49 uM 98 uM 196 uM 0.98 mM 0.98 mM 98 mM 0.5 uM 1.0 uM 2.0 uM 50 uM 0.1 uM 0.25 uM 0.5 uM 1.0 uM 50 uM
(6,5) enriched - - - - 0.0 0.0 —-0.3 -03 0.0 57 —-0.07 -2.0 —4.0 —63 —-16.7
(6,5) HiPco 0.0 0.0 0.3 —03 —02 0.0 0.0 0.0 —05 0.0 —0.5 0.0 0.0 27 -
(8,7) HiPco -15 -2.7 2.7 —438 —47 —45 -08 -37 -57 - —6.2 - - -
(9,4) HiPco 0.0 0.0 1.0 0.0 -02 —0.8 0.0 0.0 -2.0 - -05 -15

For the (6,5) chirality of the (6,5)-enriched SWNT complex, no peak shift was observed
when the H,O, was added. No significant peak shift was observed at low concentrations of
KIrClg up to 2.0 uM, but a peak shift toward the long-wavelength region was observed at
5.0 uM. As the KMnOy concentration increased, the peak shift toward the short-wavelength
region increased. The (6,5) chirality of the HiPco SWNT complex did not show a significant
peak shift for any oxidant, while the (8,7) chirality showed a significant peak shift in
proportion to the concentration of any oxidizing agent. This suggests that the (8,7) chirality
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is sensitive to any oxidizing agent. The (9,4) chirality did not show a significant peak shift
for any oxidant.

4. Materials and Methods

SWNTs manufactured using the high-pressure carbon monoxide (HiPco) synthesis
method were purchased from Raymor Industries Inc. (Boisbriand, QC, Canada). (6,5)-
enriched SWNT powder (No. 773735-250G), produced by the CoMoCAT synthesis method,
and dsDNA (deoxyribonucleic acid sodium salt from salmon testes, D1626) were purchased
from Sigma-Aldrich Co. LLC (St. Louis, MO, USA). HyO, (approx. 30%, 084-07441),
catechin (553-74471), and KyIrClg (99%, 77-6500) were purchased from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan). KMnOy solution (42000375) was obtained from
Hayashi Pure Chemical Ind. LTD. (Osaka, Japan).

A 1 mg/mL dsDNA solution was prepared with 10 mM tris (hydroxymethyl) amino
methane-HCI (tris-HCL) buffer (pH 7.9). To untangle the dsDNA molecules, the solution
was sonicated on ice in a bath-type ultrasonicator (80 W) for 90 min. Finally, the dssDNA
solution was gently shaken for 3 h. To prepare the dsDNA-HiPco SWNT complex, 0.5 mg
of the SWNT powder and 1 mL of the dsDNA stock solution were mixed and sonicated on
ice for 1.5 h using a probe-type sonicator (3 W, VCX130, Sonic & Materials, Inc., Newtown,
CT, USA). The supernatant of the prepared dsDNA-HiPco SWNT dispersion was extracted
by centrifuging at 17,360 x g for 3 h at 8 °C and then stored [41-43].

Thereafter, 0.5 mg of the (6,5)-enriched SWNT powder was suspended in 1 mL of the
dsDNA solution. The samples were sonicated using a probe-type sonicator (3 W) for 1.5 h,
followed by centrifugation at 17,360 x g for 3 h at 8 °C. The supernatant was collected as a
dsDNA-(6,5)-enriched SWNT suspension.

A near-infrared (NIR) spectrometer (SolidSpec-3700DUYV, Shimadzu Corporation,
Kyoto, Japan) was employed for absorbance measurements (700-1350 nm). For the NIR
measurements, 100 puL of the dsDNA-HiPco SWNT suspension and 880 pL of the tris-HCL
buffer solution were mixed in a cuvette, and the initial spectra were recorded. Subsequently,
10 uL of the HyO, diluted with sterilized water was added to the samples, followed by
incubation for 30 min at 21 °C. Similarly, 10 pL of one of two oxidants (K,IrClg or KMnQOy)
diluted with sterilized water was added to the samples, followed by incubation for 10 min
at 21 °C. The spectra of the mixed samples were then measured. Finally, 10 pL of the
catechin solution (final concentration 0.15 ng/mL) was added to the samples, and the
spectra were measured again after incubation for 10 min at 21 °C.

For the dsDNA-(6,5)-enriched SWNT suspensions, an ultraviolet-visible spectropho-
tometer (V-630, Jasco Corporation, Hachioji City, Tokyo, Japan) was employed for the
NIR spectra measurements (700-1350 nm). For this, 50 puL of the dsDNA-(6,5)-enriched
SWNT complex and 440 pL of a buffer solution (pH 7.9) were mixed in a cuvette, and the
initial spectra were recorded. Subsequently, 5 puL of the H,O, diluted with sterile water
was added to the samples and incubated for 30 min at 21 °C. Similarly, 5 uL of one of
two oxidants (KyIrClg or KMnQy) diluted with sterilized water was added to the samples
followed by incubation for 10 min at 21 °C. The spectra of the samples were then measured.
Finally, 5 pL of the catechin solution (final concentration 0.15 ng/mL) was added to the
samples, and the spectra were measured again after 10 min of incubation at 21 °C.

The final concentration of the oxidants was changed stepwise with H,O,, KyIrClg, or
KMnOy; in the range of 49 uM to 19.6 mM, 0.1-10 uM, and 0.025-2.0 uM, respectively, and
the spectra were detected at each step. Triplicate NIR measurements for each experiment
were recorded to verify the reproducibility.

5. Conclusions

This research suggests that a difference in the oxidizing power has a significant effect
on the absorbance of an SWNT chirality. The magnitude of the H,O, concentration did
not significantly affect the absorbance for any chirality. The (6,5) chirality of both the
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dsDNA-(6,5)-enriched SWNT and dsDNA-HiPco SWNT complexes are slightly sensitive
to HyO», but it was possible to detect high concentrations of K,IrClg and KMnOj.

The detectable range of the HyO, was the same for both the (8,7) and (9,4) chiralities
of the dsDNA-HiPco SWNT complex. However, the magnitude of the absorbance change
in the HyO,; indicates that the (8,7) chirality was more sensitive than the (9,4) chirality.
The (8,7) chirality was also more sensitive than the (9,4) chirality to the concentrations
of the KyIrCly and KMnOQy, so the detectable range was narrower than that of the (9,4)
chirality. Therefore, we determined that the magnitude of the change in absorbance differs
depending on the chirality, even at the same oxidant concentration.

Supplementary Materials: The following are available online. Figure S1: Absorption spectra of
dsDNA-(6,5)-Enriched SWNT Complex by HyO,; Figure S2: Absorbance rate of change and wave-
length peak shift of dsDNA-(6,5) enriched SWNT Complex by HyO,; Figure S3: Absorbance rate of
change and wavelength peak shift of dsSDNA-(6,5) enriched SWNT Complex by K,IrCly; Figure S4:
Absorbance rate of change and wavelength peak shift of dSDNA-(6,5) enriched SWNT Complex
by KMnOy; Figure S5: Absorbance rate of change and wavelength peak shift of dsDNA-HiPco
(6,5) SWNT Complex by H,O,; Figure S6: Absorbance rate of change and wavelength peak shift of
dsDNA-HiPco (6,5) SWNT Complex by K;IrClg; Figure S7: Absorbance rate of change and wave-
length peak shift of dsDNA-HiPco (6,5) SWNT Complex by KMnOy; Figure S8: Absorbance rate
of change and wavelength peak shift of dsDNA-HiPco (8,7) SWNT Complex by H,O,; Figure S9:
Absorbance rate of change and wavelength peak shift of dsSDNA-HiPco (8,7) SWNT Complex by
KyIrClg; Figure S10: Absorbance rate of change and wavelength peak shift of dsDNA-HiPco (8,7)
SWNT Complex by KMnOy; Figure S11: Absorbance rate of change and wavelength peak shift of
dsDNA-HiPco (9,4) SWNT Complex by H,O,; Figure S12: Absorbance rate of change and wave-
length peak shift of dsSDNA-HiPco (9,4) SWNT Complex by K;IrClg; Figure S13: Absorbance rate of
change and wavelength peak shift of dSDNA-HiPco (9,4) SWNT Complex by KMnOQy; Figure S14:
Absorbance spectra of dsDNA-dsDNA-enriched (6,5) SWNT Complex by K,IrClg; Figure S15: Ab-
sorbance spectra of dsDNA-HiPco (6,5) SWNT Complex by KyIrCly; Figure S16: Absorbance spectra
of dsDNA-HiPco (8,7) SWNT Complex by KyIrCls; Figure S17: Absorbance spectra of dsDNA-
HiPco (9,4) SWNT Complex by K,IrClg; Figure S18: Absorbance spectra of dsSDNA-(6,5) enriched
SWNT Complex by KMnOy; Figure S19: Absorbance spectra of dsDNA-HiPco (6,5) SWNT Complex
by KMnOy; Figure S20: Absorbance spectra of dsDNA-HiPco (8,7) SWNT Complex by KMnOy;
Figure S21: Absorbance spectra of dsDNA-HiPco (9,4) SWNT Complex by KMnOy

Author Contributions: Conceptualization, Y.M.; methodology, Y.M.; validation, Y.M.; formal analy-
sis, Y.M.; investigation, Y.M.; data curation, Y.M.; writing—original draft preparation, Y.M.; writing—
review and editing, Y.M.; supervision, K.U.; project administration, Y.M. and K.U. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available in the article or the
Supplementary Materials.

Acknowledgments: This work was supported by JST SICORP Grant Number JPMJSC19E1, Japan.
Conflicts of Interest: The authors declare there are no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

1. Nakashima, N.; Okuzono, S.; Murakami, H.; Nakai, T.; Yoshikawa, K. DNA dissolves single-walled carbon nanotubes in water.
Chem. Lett. 2003, 32, 456-457. [CrossRef]
2. Nakashima, N. Solubilization of single-walled carbon nanotubes with condensed aromatic compounds. Sci. Technol. Adv. Mater.

2006, 7, 609-616. [CrossRef]

3. Liu, Y.Q,; Gao, L.; Zheng, S.; Wang, Y.; Sun, J.; Kajiura, H.; Li, Y.; Noda, K. Debundling of single-walled carbon nanotubes by
using natural polyelectrolytes. Nanotechnology 2007, 18, 6. [CrossRef]
4. Umemura, K. Hybrids of Nucleic Acids and Carbon Nanotubes for Nanobiotechnology. Nanomaterials 2015, 5, 321-350. [CrossRef]

[PubMed]


http://doi.org/10.1246/cl.2003.456
http://doi.org/10.1016/j.stam.2006.08.004
http://doi.org/10.1088/0957-4484/18/36/365702
http://doi.org/10.3390/nano5010321
http://www.ncbi.nlm.nih.gov/pubmed/28347014

Molecules 2021, 26, 1091 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

O’Connell, M.J.; Boul, P; Ericson, L.M.; Huffman, C.; Wang, Y.H.; Haroz, E.; Kuper, C.; Tour, J.; Ausman, K.D.; Smalley, R.E.
Reversible water-solubilization of single-walled carbon nanotubes by polymer wrapping. Chem. Phys. Lett. 2001, 342, 265-271.
[CrossRef]

Star, A.; Stoddart, ].F,; Steuerman, D.; Diehl, M.; Boukai, A.; Wong, E.W,; Yang, X.; Chung, S.W.; Choi, H.; Heath, J.R. Preparation
and properties of polymer-wrapped single-walled carbon nanotubes. Angew. Chem. Int. Ed. 2001, 40, 1721-1725. [CrossRef]
Dieckmann, G.R.; Dalton, A.B.; Johnson, P.A.; Razal, J.; Chen, ].; Giordano, G.M.; Munoz, E.; Musselman, I.H.; Baughman, R.H.;
Draper, R K. Controlled assembly of carbon nanotubes by designed amphiphilic peptide helices. J. Am. Chem. Soc. 2003, 125,
1770-1777. [CrossRef]

Islam, M.E; Rojas, E.; Bergey, D.M.; Johnson, A.T.; Yodh, A.G. High weight fraction surfactant solubilization of single-wall carbon
nanotubes in water. Nano Lett. 2003, 3, 269-273. [CrossRef]

Zheng, M.; Jagota, A.; Semke, E.D.; Diner, B.A.; McLean, R.S.; Lustig, S.R.; Richardson, R.E.; Tassi, N.G. DNA-assisted dispersion
and separation of carbon nanotubes. Nat. Mater. 2003, 2, 338-342. [CrossRef]

Qin, L.C. Determination of the chiral indices (n,m) of carbon nanotubes by electron diffraction. Phys. Chem. Chem. Phys. 2007, 9,
31-48. [CrossRef]

Matsukawa, Y.; Umemura, K. Chirality luminescent properties of single-walled carbon nanotubes during redox reactions. Opt.
Mater. 2021, 112, 110748. [CrossRef]

Zheng, M.; Jagota, A.; Strano, M.S.; Santos, A.P.; Barone, P; Chou, S.G.; Diner, B.A.; Dresselhaus, M.S.; McLean, R.S.; Onoa, G.B,;
et al. Structure-based carbon nanotube sorting by sequence-dependent DNA assembly. Science 2003, 302, 1545-1548. [CrossRef]
Bachilo, S.M.; Strano, M.S,; Kittrell, C.; Hauge, R.H.; Smalley, R.E.; Weisman, R.B. Structure-assigned optical spectra of single-
walled carbon nanotubes. Science 2002, 298, 2361-2366. [CrossRef]

Berciaud, S.; Cognet, L.; Poulin, P.; Weisman, R.B.; Lounis, B. Absorption spectroscopy of individual single-walled carbon
nanotubes. Nano Lett. 2007, 7, 1203-1207. [CrossRef] [PubMed]

O’Connell, M.].; Bachilo, 5S.M.; Huffman, C.B.; Moore, V.C.; Strano, M.S.; Haroz, E.H.; Rialon, K.L.; Boul, PJ.; Noon, W.H.; Kittrell,
C.; et al. Band gap fluorescence from individual single-walled carbon nanotubes. Science 2002, 297, 593-596. [CrossRef]
Yamamoto, Y.; Fujigaya, T.; Niidome, Y.; Nakashima, N. Fundamental properties of oligo double-stranded DNA /single-walled
carbon nanotube nanobiohybrids. Nanoscale 2010, 2, 1767-1772. [CrossRef]

Strano, M.S.; Huffman, C.B.; Moore, V.C.; O’Connell, M.].; Haroz, E.H.; Hubbard, J.; Miller, M.; Rialon, K.; Kittrell, C.; Ramesh,
S.; et al. Reversible, band-gap-selective protonation of single-walled carbon nanotubes in solution. J. Phys. Chem. B 2003, 107,
6979-6985. [CrossRef]

Lee, A.J.; Wang, X.Y.; Carlson, L.J.; Smyder, ].A.; Loesch, B.; Tu, X.M.; Zheng, M.; Krauss, T.D. Bright Fluorescence from Individual
Single-Walled Carbon Nanotubes. Nano Lett. 2011, 11, 1636-1640. [CrossRef]

Hamon, M.A; Sorci, G.A.; Sugar, M.A.; McVaugh, ].P.; Walker, T.D. Solution properties of single-walled carbon nanotubes. Abstr.
Pap. Am. Chem. Soc. 2005, 230, U3674.

Tu, X.M.; Manohar, S.; Jagota, A.; Zheng, M. DNA sequence motifs for structure-specific recognition and separation of carbon
nanotubes. Nature 2009, 460, 250-253. [CrossRef] [PubMed]

Tu, X.M.; Zheng, M. A DNA-Based Approach to the Carbon Nanotube Sorting Problem. Nano Res. 2008, 1, 185-194. [CrossRef]
Weisman, R.B.; Bachilo, S.M. Dependence of optical transition energies on structure for single-walled carbon nanotubes in
aqueous suspension: An empirical Kataura plot. Nano Lett. 2003, 3, 1235-1238. [CrossRef]

Choi, ].H.; Strano, M.S. Solvatochromism in single-walled carbon nanotubes. Appl. Phys. Lett. 2007, 90, 3. [CrossRef]

Polo, E.; Kruss, S. Impact of Redox-Active Molecules on the Fluorescence of Polymer-Wrapped Carbon Nanotubes. J. Phys. Chem.
C 2016, 120, 3061-3070. [CrossRef]

Hain, T.C.; Kroker, K; Stich, D.G.; Hertel, T. Influence of DNA conformation on the dispersion of SWNTs: Single-strand DNA vs.
hairpin DNA. Soft Matter 2012, 8, 2820-2823. [CrossRef]

Xu, Y.; Pehrsson, PE.; Chen, L.W.; Zhang, R.; Zhao, W. Double-stranded DNA single-walled carbon nanotube hybrids for optical
hydrogen peroxide and glucose sensing. J. Phys. Chem. C 2007, 111, 8638-8643. [CrossRef]

Tu, X.M.; Pehrsson, P.E.; Zhao, W. Redox reaction of DNA-Encased HiPco carbon nanotubes with hydrogen peroxide: A near
infrared optical sensitivity and kinetics study. J. Phys. Chem. C 2007, 111, 17227-17231. [CrossRef]

Zhao, W.; Song, C.H.; Pehrsson, P.E. Water-soluble and optically pH-sensitive single-walled carbon nanotubes from surface
modification. J. Am. Chem. Soc. 2002, 124, 12418-12419. [CrossRef]

Song, C.H.; Pehrsson, PE.; Zhao, W. Recoverable solution reaction of HiPco carbon nanotubes with hydrogen peroxide. J. Phys.
Chem. B 2005, 109, 21634-21639. [CrossRef]

Kruss, S.; Hilmer, A.].; Zhang, ].Q.; Reuel, N.F,; Mu, B.; Strano, M.S. Carbon nanotubes as optical biomedical sensors. Adv. Drug
Deliv. Rev. 2013, 65, 1933-1950. [CrossRef]

Zhao, E.H.; Ergul, B.; Zhao, W. Caffeine’s Antioxidant Potency Optically Sensed with Double-Stranded DNA-Encased Single-
Walled Carbon Nanotubes. |. Phys. Chem. B 2015, 119, 4068-4075. [CrossRef]

Umemura, K,; Ishibashi, Y.; Ito, M.; Homma, Y. Quantitative Detection of the Disappearance of the Antioxidant Ability of Catechin
by Near-Infrared Absorption and Near-Infrared Photoluminescence Spectra of Single-Walled Carbon Nanotubes. ACS Omega
2019, 4, 7750-7758. [CrossRef] [PubMed]


http://doi.org/10.1016/S0009-2614(01)00490-0
http://doi.org/10.1002/1521-3773(20010504)40:9&lt;1721::AID-ANIE17210&gt;3.0.CO;2-F
http://doi.org/10.1021/ja029084x
http://doi.org/10.1021/nl025924u
http://doi.org/10.1038/nmat877
http://doi.org/10.1039/B614121H
http://doi.org/10.1016/j.optmat.2020.110748
http://doi.org/10.1126/science.1091911
http://doi.org/10.1126/science.1078727
http://doi.org/10.1021/nl062933k
http://www.ncbi.nlm.nih.gov/pubmed/17385932
http://doi.org/10.1126/science.1072631
http://doi.org/10.1039/c0nr00145g
http://doi.org/10.1021/jp027664a
http://doi.org/10.1021/nl200077t
http://doi.org/10.1038/nature08116
http://www.ncbi.nlm.nih.gov/pubmed/19587767
http://doi.org/10.1007/s12274-008-8022-7
http://doi.org/10.1021/nl034428i
http://doi.org/10.1063/1.2745228
http://doi.org/10.1021/acs.jpcc.5b12183
http://doi.org/10.1039/c2sm07148g
http://doi.org/10.1021/jp0709611
http://doi.org/10.1021/jp075966c
http://doi.org/10.1021/ja027861n
http://doi.org/10.1021/jp053077o
http://doi.org/10.1016/j.addr.2013.07.015
http://doi.org/10.1021/acs.jpcb.5b08503
http://doi.org/10.1021/acsomega.9b00767
http://www.ncbi.nlm.nih.gov/pubmed/31459864

Molecules 2021, 26, 1091 17 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Jorio, A.; Santos, A.P,; Ribeiro, H.B.; Fantini, C.; Souza, M.; Vieira, ] PM.; Furtado, C.A.; Jiang, J.; Saito, R.; Balzano, L.; et al.
Quantifying carbon-nanotube species with resonance Raman scattering. Phys. Rev. B 2005, 72, 5. [CrossRef]

Kato, Y.; Inoue, A.; Niidome, Y.; Nakashima, N. Thermodynamics on Soluble Carbon Nanotubes: How Do DNA Molecules
Replace Surfactants on Carbon Nanotubes? Sci. Rep. 2012, 2, 7. [CrossRef]

Knorr, FJ.; Hung, W.C.; Wai, C.M. Aromatic Electron Acceptors Change the Chirality Dependence of Single-Walled Carbon
Nanotube Oxidation. Langmuir 2009, 25, 10417-10421. [CrossRef] [PubMed]

Weisman, R.B.; Bachilo, S.M.; Tsyboulski, D. Fluorescence spectroscopy of single-walled carbon nanotubes in aqueous suspension.
Appl. Phys. A-Mater. Sci. Process. 2004, 78, 1111-1116. [CrossRef]

Hamano, R.; Miyashiro, D.; Umemura, K. Study on optical response sensitivity in hybrid of single-walled carbon nanotubes
mixed with double-stranded DNA and carboxymethylcellulose. Opt. Mater. 2020, 109, 8. [CrossRef]

Ishibashi, Y.; Ito, M.; Homma, Y.; Umemura, K. Monitoring the antioxidant effects of catechin using single-walled carbon
nanotubes: Comparative analysis by near-infrared absorption and near-infrared photoluminescence. Colloid Surf. B-Biointerfaces
2018, 161, 139-146. [CrossRef]

Ming, Z.; Diner, B.A. Solution redox chemistry of carbon nanotubes. J. Am. Chem. Soc. 2004, 126, 15490-15494.

Matsukawa, Y.; Ohura, S.; Umemura, K. Differences in the response of the near-infrared absorbance spectra of single-walled
carbon nanotubes; Effects of chirality and wrapping polymers. Colloid Surf. B-Biointerfaces 2018, 172, 684-689. [CrossRef]
Hayashida, T.; Umemura, K. Surface morphology of hybrids of double-stranded DNA and single-walled carbon nanotubes
studied by atomic force microscopy. Colloid Surf. B-Biointerfaces 2013, 101, 49-54. [CrossRef] [PubMed]

Nii, D.; Hayashida, T.; Yamaguchi, Y.; Ikawa, S.; Shibata, T.; Umemura, K. Selective binding of single-stranded DNA-binding
proteins onto DNA molecules adsorbed on single-walled carbon nanotubes. Colloid Surf. B-Biointerfaces 2014, 121, 325-330.
[CrossRef] [PubMed]

Hayashida, T.; Kawashima, T.; Nii, D.; Ozasa, K.; Umemura, K. Kelvin Probe Force Microscopy of Single-walled Carbon
Nanotubes Modified with DNA or Poly(ethylene glycol). Chem. Lett. 2013, 42, 666—-668. [CrossRef]


http://doi.org/10.1103/PhysRevB.72.075207
http://doi.org/10.1038/srep00733
http://doi.org/10.1021/la901813t
http://www.ncbi.nlm.nih.gov/pubmed/19735124
http://doi.org/10.1007/s00339-003-2461-5
http://doi.org/10.1016/j.optmat.2020.110386
http://doi.org/10.1016/j.colsurfb.2017.10.055
http://doi.org/10.1016/j.colsurfb.2018.09.026
http://doi.org/10.1016/j.colsurfb.2012.06.018
http://www.ncbi.nlm.nih.gov/pubmed/22796771
http://doi.org/10.1016/j.colsurfb.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/24974776
http://doi.org/10.1246/cl.130121

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Conclusions 
	References

