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Single-wall carbon nanotubes (SWCNTs) are widely used in biological applications. In biological systems, proteins readily adsorb to SWCNTs.
However, little is known about the effects of proteins on the physicochemical properties of SWCNTSs, such as their redox reaction. In this study, we
measured the absorption and Raman spectra of SWCNTSs dispersed in the presence of proteins such as bovine serum albumin to observe the redox
reaction of the protein-adsorbed SWCNTs. The adsorbed proteins suppressed the redox reaction by forming thick and dense layers around the
SWCNTs. Our findings are useful for understanding the behaviors of SWCNTs in biological systems. © 2018 The Japan Society of Applied Physics

arbon nanotubes are a type of nanoparticles that have

been utilized for various applications on the basis of

their unique chemical, mechanical, optical, and elec-
trical properties.'™ In particular, a number of studies have
attempted a variety of biological applications, including bio-
imaging,>® biosensing,” and drug transport.>® The carbon
nanotubes have been reported to induce oxidative stress in
cells and proteins;'*!! these reactions occur in biological
systems through the redox reactions of the carbon nanotubes.
Thus, clarification of the carbon nanotube reactivity in terms
of their redox reactions in the presence of proteins is required
to understand the physicochemical properties and biological
impacts of carbon nanotubes in biological systems.

In general, the redox reactions of carbon nanotubes are
altered by adsorbed solutes. Some surfactants, such as sodium
deoxycholate and sodium dodecylbenzene sulfonate (SDBS),
have been reported to substantially reduce the reactivity
through the formation of thick and dense adsorbed layers
around the carbon nanotubes.'%! In contrast, sodium dodecyl
sulfate (SDS), which is a common surfactant, allows the redox
reaction to occur owing to the sparse layer it forms around
the carbon nanotubes.'® The thickness and density of the
adsorbed layers are thus important factors for determining the
reactivity of carbon nanotubes in aqueous solutions.

In biological systems, the aromatic surfaces of carbon
nanotubes do not remain exposed to the solvent; that is, car-
bon nanotubes interact with proteins through van der Waals,
hydrophobic, and z—z interactions between the sidewalls of
the carbon nanotubes and the amino acid residues of the
proteins.!*!® The aromatic surfaces of the carbon nanotubes
are therefore readily and nonspecifically coated by proteins,
leading to the formation of protein layers called the protein
corona.'” Accordingly, the protein layers potentially affect
the redox reactions of the carbon nanotubes, as was observed
for surfactant solutions. However, little is known about the
effects of adsorbed proteins on the redox reactions of carbon
nanotubes.

In this work, we focused on the redox reaction of protein-
adsorbed single-wall carbon nanotubes (SWCNTSs) using
bovine serum albumin (BSA) as a model protein. It was
reported that the dispersion efficiency of the SWCNTSs using
BSA is affected by the pH-dependent conformational changes
of BSA.?” In addition, a previous thermodynamic study

showed that the adsorption capacity of BSA onto SWCNTs
increases with increasing temperature and decreasing pH
from neutral to acidic.?’ Despite such reports, it remains
unclear how BSA molecules affect the redox reactions of
the SWCNTSs. In this study, the redox reaction was induced
by changing the pH on the basis of the O,,H*/H,0 couple.
SDS was used as a control dispersant, and the redox reaction
was observed by absorption and Raman spectroscopies. This
is the first report of proteins suppressing the redox reaction of
SWCNTs more effectively than SDS, which is an indication
of the thick and dense layer formed by proteins around the
SWCNT surfaces; such adsorbed layers are even retained in
solid form.

SWCNTs produced by the high-pressure catalytic CO
decomposition (HiPco) process were dispersed at a concen-
tration of 0.2mg/mL in the presence of 2.0 mg/mL BSA or
2.0mg/mL SDS by ultrasonication for 60 min at 18 °C and
ca. 2W/cm2, followed by ultracentrifugation (210,000g for
30min at 25°C). The BSA-dispersed SWCNT (SWCNT-
BSA) and SDS-dispersed SWCNT (SWCNT-SDS) samples
were collected from the supernatants and examined by
absorption and Raman spectroscopies to characterize the
SWCNT dispersion; note that absorption and Raman spectra
were mainly used to determine the dispersibility and redox
reaction of the semiconducting and metallic SWCNTs, re-
spectively (see also the online supplementary data at http://
stacks.iop.org/APEX/11/075101/mmedia for details of mate-
rials and methods).?>?%

The absorption spectra of the SWCNT-BSA and SWCNT-
SDS samples are shown in Fig. 1(a), normalized to the
absorbance at 625nm, which is insensitive to their redox
reaction. The absorption peaks of the samples observed at
approximately 940-1350 and 625-940 nm are assigned to the
Si1 and Sy, optical transitions, respectively;> note that the
absorption peaks at longer wavelengths in the S;; optical
transition correspond to SWCNTs with larger diameters. The
peaks at approximately 400—-625 nm are assigned to the My,
optical transition.”” The SWCNTSs contained in both samples
were found to be highly dispersed because the spectra showed
fairly sharp peaks.”” The concentration of the dispersed
SWCNT-SDS sample was ca. 4 times higher than that of the
dispersed SWCNT-BSA sample, which was determined from
the absorbance at 625nm without normalization. The dif-
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Fig. 1. (a) Absorption spectra of SWCNT-BSA and SWCNT-SDS
samples normalized to the absorbance at 625 nm. (b) Raman spectra of
SWCNT-BSA and SWCNT-SDS samples with an excitation wavelength of
532 nm. The peak positions were determined by decomposition using fitting
by the Lorentzian function.

ferences in the respective peak positions between SWCNT-
SDS and SWCNT-BSA are due to the difference in the
dielectric constants in the vicinity of the SWCNTSs.?>2%
Specifically, BSA provides a more hydrophilic environment
than SDS in its interactions with the sidewalls of the
SWCNTs.

Figure 1(b) shows the Raman spectra of the SWCNT-BSA
and SWCNT-SDS samples in the radial breathing mode
(RBM). The spectra were measured after diluting the samples
to give identical concentrations of SWCNTSs. Note that the
excitation wavelength of 532 nm overlaps the optical transi-
tion of the metallic species in the SWCNTSs.?* The Raman
spectra can be decomposed into several components by
Lorentzian fitting, enabling the assignment of the peaks at
227, 236, 240, 260, 270, and 273cm™! to (9,6), (10,4),
(11,2), (8,5), (9,3), and (10, 1) SWCNTs,?”?® respectively,
corresponding to metallic species; the peak at 2900 cm™' was
assigned to (9,2) SWCNTs, corresponding to semiconduct-
ing species.”® Note that the Raman peaks observed at lower
wavenumbers correspond to SWCNTs with larger diameters
because the diameter of the SWCNTSs is expressed by d; =
248 /wrem,>” where d; (nm) and wrgy (cm™!') denote the
diameter and the Raman shift in the RBM, respectively, of a
SWCNT. Because the peak positions for the SWCNT-BSA
sample are the same as those for the SWCNT-SDS sample,
these dispersants nonselectively disperse every SWCNT.

075101-2

Note that weaker spectral intensities were observed for
SWCNT-SDS than for SWCNT-BSA in the absorption and
Raman spectra, especially for the SWCNTs with larger diam-
eters [Fig. 1(a)]. This phenomenon can be explained by the
effect on SWCNT oxidation in aqueous solution through the
redox chemistry of the O,,H*/H,O couple.’>*" Note that
SWCNTs with larger diameters have a tendency to be more
readily oxidized owing to their narrow band gaps.’*3" In
fact, the peak intensities of the SWCNT-SDS sample were
reported to be restored by the addition of sodium deoxy-
cholate, which has the ability to exclude dissolved oxygen
molecules from the sidewalls of the SWCNTSs,'? thereby
reinforcing the above interpretation. Thus, BSA molecules
were found to effectively suppress the redox reaction of
SWCNTs. We will show the suppression of the SWCNT
redox reaction by BSA in detail, referring to the results of a
systematic experiment described below.

We investigated the redox reaction of SWCNTs through
the O,,H*/H,0 couple in the pH range of 2-11 by adding
HCI or NaOH. As the proton concentration increased with
decreasing pH, the redox potential of the O,,H*/H,0 couple
increased,*?" which in turn caused electron withdrawal
from the SWCNTs, i.e., oxidation or hole doping of the
SWCNTSs.**3D The absorbance spectra of the SWCNT-BSA
and SWCNT-SDS samples are shown in Figs. 2(a) and 2(b),
respectively. All peak intensities in the S;; transition were
unambiguously attenuated at lower pH values, which is an
indication of SWCNT oxidation. Note that the peak inten-
sities of the SWCNT-BSA sample were better retained than
those of the SWCNT-SDS sample, even under acidic con-
ditions such as pH 3. The three major peaks in the S;; optical
transition were labeled peaks I, II, and III from the side of the
peak at longer wavelengths, as shown in Figs. 2(a) and 2(b).
Typically, peak I corresponds to (9,5), (8,7), and (10,5)
SWCNTs, peak I corresponds to (8,6) SWCNTs, and
peak III corresponds to (8,4), (7,6), and (9,4) SWCNTs.3?
Figures 2(c)-2(e) show the pH dependence of the three peak
intensities for the SWCNT-BSA and SWCNT-SDS samples.
The inflection points, i.e., midpoints, of the curves determined
from sigmoidal fits were approximately 2 pH units lower for
SWCNT-BSA than for SWCNT-SDS at all three wavelengths
(Table I). Thus, BSA clearly suppresses the oxidation of
the semiconducting SWCNTSs. In addition, the midpoints
followed the order peak I> peak II > peak Il (Table I),
which is consistent with the redox mechanism; specifically,
SWCNTs with a small S;; transition energy tend to have
electrons at higher energy levels in the valence band.’"
Furthermore, the fact that the attenuated peak intensities were
restored by the addition of NaOH also supports the redox
mechanism (see Fig. S1 in the online supplementary data
at http://stacks.iop.org/APEX/11/075101/mmedia). Neverthe-
less, there is still a possibility that the pH dependence of the
spectra is attributable to changes in the amount of adsorbed
BSA molecules. It has been reported that the adsorbability of
BSA onto SWCNTs is enhanced with decreasing pH from
neutral to acidic owing to the conformational changes of
BSA.2Y Another study also showed that the adsorption
capacity of BSA onto SWCNTs increased with decreasing
pH.ZI) However, if the amount of adsorbed BSA on the
SWCNTs had increased at acidic pH values in the present
system, the spectral intensities would have increased owing to

© 2018 The Japan Society of Applied Physics
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Fig. 2. pH dependence of the absorbance spectra of SWCNT-BSA (a) and SWCNT-SDS (b), which were normalized to the absorbance at 625 nm.
Normalized absorbances of SWCNT-BSA and SWCNT-SDS at peaks I (c), II (d), and III (e) as a function of pH.

Table I. Midpoints of the pH-dependent absorption of SWCNT-BSA and
SWCNT-SDS. The midpoints were determined from the sigmoidal fits
shown in Figs. 2(c)-2(e).

Sample Peak 1 Peak II Peak III
SWCNT-BSA 2.92 +0.04 2.80 +0.03 2.34+0.11
SWCNT-SDS 4.87 +0.05 4.66 + 0.06 4.61 +0.09

the exclusion of the dissolved oxygen molecules from the
sidewalls of the SWCNTSs, as mentioned above. The observed
attenuation of the spectral intensities is thus derived from the
redox reaction.

We also measured the Raman spectra of the SWCNT-BSA
and SWCNT-SDS samples with an excitation wavelength
of 532nm at different pH values to investigate the redox
reaction of the metallic SWCNTSs. Note that the absorption
spectra of the metallic SWCNTSs are generally insensitive to
the oxidation owing to a lack of their band gaps.?® Because
these spectra were obtained by the resonance Raman scatter-
ing of the SWCNTs, the spectral intensities were significantly
attenuated by the oxidation of the SWCNTSs.'??® The Raman
spectral intensities of the SWCNT-BSA and SWCNT-SDS
samples decreased with decreasing pH [Figs. 3(a) and 3(b)].
Importantly, the intensities of the SWCNTs with large diam-
eters, e.g., the (9,6) and (10,4) SWCNTs, more readily
decreased at acidic pH values than did the SWCNTs with
smaller diameters, e.g., the (9,3) and (9,2) SWCNTs. Thus,
the attenuation of the spectral intensities is clearly caused by
the oxidation of the metallic SWCNTs, and it is concluded
that BSA suppresses the oxidation of the metallic SWCNTSs.

075101-3

A similar trend was also observed in the Raman spectra with
an excitation wavelength of 785 nm for the semiconducting
SWCNTs (see Fig. S2 in the online supplementary data at
http://stacks.iop.org/APEX/11/075101/mmedia).

As shown above, BSA molecules more pronouncedly
suppress the SWCNT oxidation caused by the Op,H*/H,0O
couple than do SDS molecules through their adsorption onto
the sidewalls of the SWCNTSs. Importantly, the absorption
spectral intensities of the SWCNT-SDS sample were altered
by the addition of BSA (see Fig. S3 in the online sup-
plementary data at http://stacks.iop.org/APEX/11/075101/
mmedia), which is an indication of the adsorption of BSA
onto the SWCNTs. This result supports the suggestion that
BSA has a higher affinity for the sidewalls of the SWCNTs
than does SDS. The generality of such an effect on the
suppression of oxidation was confirmed by using other
oxidants, i.e., NaCIO and K,IrClg (see Fig. S4 in the online
supplementary data at http://stacks.iop.org/APEX/11/075101/
mmedia). The molecular size of BSA is approximately
5nm,*® so the layers of BSA adsorbed on the SWCNTs
appear to be sufficient to prevent electron transfer. It was also
reported that BSA molecules accumulated on the SWCNT
surface layer by layer.>¥ We thus concluded that BSA has a
significantly high affinity for the SWCNTs and hence forms
thick and dense adsorbed layers on the SWCNTs in the same
way as some kinds of surfactants, such as sodium deoxy-
cholate and SDBS,'>!® which suppress the redox reaction
of the SWCNTs. If the surfaces of the SWCNT-BSA had
remained exposed to the solvent like that of the SWCNT-
SDS, they would have been oxidized more readily than what

© 2018 The Japan Society of Applied Physics
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Fig. 3. Raman spectra of SWCNT-BSA (a) and SWCNT-SDS (b) with an
excitation of wavelength of 532 nm as a function of pH.

was observed. In addition, this suppression of SWCNT oxi-
dation through the O, H*/H,0 couple was observed in other
systems that used other proteins, such as hen egg white
lysozyme and chicken egg ovalbumin (see Fig. S5 in the
online supplementary data at http://stacks.iop.org/APEX/11/
075101/mmedia).

Proteins adsorbed more strongly to the SWCNTs than did
SDS, forming stable adsorbed layers. To further confirm the
high stability of protein adsorption on the SWCNTs, we
examined the tolerance of the SWCNT-BSA sample to
bundling, which was induced on a membrane by suction
filtration to form a thin film; this approach is based on the
concept that a dispersant with a higher affinity to SWCNTs
leads to a higher dispersibility of the SWCNTs, even in a
thin film. We also used SDBS-dispersed SWCNT (SWCNT-
SDBS) as a control sample in this experiment; SDBS was
reported to suppress the redox reaction because of its higher
affinity to SWCNTs.!? Films of SWCNT-BSA, SWCNT-
SDS, and SWCNT-SDBS were fabricated as follows. Briefly,
the SWCNT-BSA, SWCNT-SDS, or SWCNT-SDBS com-
plex was mixed in a 1 : 1 ratio with methanol to induce the
association of the SWCNT complexes, where these disper-
sants themselves did not aggregate, and the mixture was
subjected to suction filtration to form a film on a poly-
carbonate membrane. We assumed that methanol insignif-
icantly alters the affinities of proteins for the SWCNTs
because proteins moderately retain their secondary structures
in 50% methanol;*> specifically, methanol induces negligible
additional adsorption or desorption of proteins under this
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condition. The absorption spectrum of the SWCNT-BSA film
on a quartz glass substrate showed sharper peaks than those
of the SWCNT-SDS and SWCNT-SDBS in the S;; and S;;
transitions, even as a thin film (Fig. 4), which is an indication
of the dispersion of SWCNT-BSA and the bundling of
SWCNT-SDS and SWCNT-SDBS in the thin film.?? Thus, it
was confirmed that the BSA molecules form highly stable
adsorbed layers around the SWCNTSs in aqueous solutions
and even in the thin film; such a high affinity of the BSA
molecules for the SWCNTSs accounts for the strong suppres-
sion of SWCNT oxidation exhibited by BSA.

In conclusion, we demonstrated that proteins highly
disperse SWCNTs in aqueous systems and even in solid sys-
tems. Such high affinities of proteins for SWCNTSs suppress
the redox reaction of SWCNTSs in aqueous solutions. The
significant effects of proteins on SWCNTs are attributable to
the thick and dense adsorbed layers formed by the proteins
on the sidewalls of SWCNTSs. These findings suggest that
SWCNTs taken into biological systems undergo a reduc-
tion in reactivity in terms of their redox reaction through
nonselective protein adsorption onto the SWCNTs. Thus,
proteins can potentially deactivate the biological impacts
of SWCNTs such as toxicity and the inflammatory effect
through the adsorption reaction.
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