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ABSTRACT: An electrochemical enzyme biosensor with
electronically type-sorted (metallic and semiconducting) single-
walled carbon nanotubes (SWNTs) for use in aqueous media is
presented. This research investigates how the electronic types of
SWNTs influence the amperometric response of enzyme
biosensors. To conduct a clear evaluation, a simple layer-by-
layer process based on a plasma-polymerized nano thin film
(PPF) was adopted because a PPF is an inactive matrix that can
form a well-defined nanostructure composed of SWNTs and
enzyme. For a biosensor with the glucose oxidase (GOx) enzyme in the presence of oxygen, the response of a metallic SWNT-
GOx electrode was 2 times larger than that of a semiconducting SWNT-GOx electrode. In contrast, in the absence of oxygen, the
response of the semiconducting SWNT-GOx electrode was retained, whereas that of the metallic SWNT-GOx electrode was
significantly reduced. This indicates that direct electron transfer occurred with the semiconducting SWNT-GOx electrode,
whereas the metallic SWNT-GOx electrode was dominated by a hydrogen peroxide pathway caused by an enzymatic reaction.
For a biosensor with the glucose dehydrogenase (GDH; oxygen-independent catalysis) enzyme, the response of the
semiconducting SWNT-GDH electrode was 4 times larger than that of the metallic SWNT-GDH electrode. Electrochemical
impedance spectroscopy was used to show that the semiconducting SWNT network has less resistance for electron transfer than
the metallic SWNT network. Therefore, it was concluded that semiconducting SWNTs are more suitable than metallic SWNTs
for electrochemical enzyme biosensors in terms of direct electron transfer as a detection mechanism. This study makes a valuable
contribution toward the development of electrochemical biosensors that employ sorted SWNTs and various enzymes.

KEYWORDS: electronic type-sorted carbon nanotubes, plasma-polymerized film, amperometric biosensor, glucose oxidase,
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■ INTRODUCTION

The advent of single-walled carbon nanotubes (SWNTs) has
led to many new technical developments and applications due
to their unique electronic properties, special geometry (high
surface area-to-volume ratio), high mechanical strength, and
chemical stability. SWNTs are conceptually thought to be the
result of folding single graphene sheets into carbon cylinders.
The directional variety of the folding (so-called chirality) causes
electrically heterogeneous properties, that is, metallic SWNTs
(mSWNTs) and semiconducting SWNTs (sSWNTs).1,2 The
as-produced SWNTs are typically a mixture of approximately
one-third metallic and two-thirds semiconducting. The
electronic density of states in sSWNTs exhibits a band gap
near the Fermi level and near-infrared absorption. The
conductance and valence bands in mSWNTs overlap each
other, and mSWNTs exhibit high conductivity. Beyond
electrical conductivity, mSWNTs and sSWNTs also differ in
many other properties, such as chemical reactivity and the
adsorption of molecules.1

A method of sorting SWNTs according to their electrical
properties has been developed, and electronically homogeneous
SWNTs (i.e., mSWNTs and sSWNTs) have been successfully
harvested. One of the most useful procedures with regard to

reproducibility and extension to mass production is a
postproduction separation method known as density gradient
ultracentrifugation (DGU), which was developed by Hersam
and co-workers.3,4 There have been reports on the applications
of electronically homogeneous SWNTs.1,2 Transparent con-
ductive films with mSWNTs exhibited a more stable and lower
sheet resistance than those with sSWNTs and unsorted (as-
produced) SWNTs.5−7 In contrast, a thin-film field effect
transistor with sSWNTs had higher drive currents and a larger
on/off current ratio than the mSWNT and unsorted SWNT
counterparts.3,4,8 The small on/off ratio of mSWNTs is
considered to be due to the charge transport being dominated
by metallic pathways. Only sSWNTs are applicable for phonic
devices because of their energy band gap corresponding to the
near-infrared region.9−11 Thus, chemical sensors with sSWNTs
as an active material (detection element) exhibit higher
performance than those with unsorted SWNTs.12,13 It has
also been reported that devices with specific chirality (n,m)-
enriched SWNTs demonstrate more advantages.14−16
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Electrochemical (amperometric) biosensors with biospecific
enzyme reactions have become an active research area because
of their wide application, such as in medicine, environmental
studies, agriculture, and fermentation.17,18 There have been
many reports of electrochemical enzyme-based biosensors that
employ SWNTs.19−23 The typical structure of an SWNT-based
electrochemical biosensor involves a combination of bioma-
cromolecules (e.g., enzymes) and SWNTs in the vicinity of the
electrode (electron collector).19−25 Biosensors function in an
aqueous phase; therefore, the inherent insolubility and
hydrophobicity of SWNTs has posed a significant challenge
to their solution-phase manipulation. The approach to
overcome this problem is the noncovalent chemical function-
alization of SWNTs with functional polymers (e.g., poly-
ethylenimine,26,27 polythiophene,28 and polyvinylpyridine29).
Subsequent processes, such as immobilization of the redox sites
and enzymes facilitate high performance. However, most
electrochemical enzyme biosensors have employed electroni-
cally heterogeneous (unsorted) SWNTs, and less work has
been conducted on an electrochemical enzyme-base biosensor
with electronically type-sorted SWNTs. This article addresses
how electronically type-sorted SWNTs affect the performance
of electrochemical enzyme biosensors.
We have reported a biosensor based on a plasma-

polymerized thin film (PPF) and/or plasma modification with
SWNTs.22,23 PPFs were prepared in a glow discharge under a
monomer vapor phase, which resulted in the direct deposition
of a thin film on a substrate. Direct plasma modification of
SWNTs can change their hydrophobicity to hydrophilicity,
while not significantly altering their electrical properties.
Consequently, the working electrode of the biosensor exhibited
excellent performance, due to excellent electrochemical contact
between the reaction center of the enzyme and the SWNT
layer.22,23

Investigation of the effectiveness of electrochemical bio-
sensors with electronically type-sorted SWNTs is considered to
be a challenging task. Our concern is that they may provide
only elusive results, partly because those biosensors work in
aqueous media unlike other electronic and photonic devices
that work in atmosphere. Therefore, we adopted a simple layer-
by-layer process based on PPFs, which is expected to be
suitable for achieving a solution to this issue because a PPF as
an inactive matrix provides a well-defined nanostructure that
involves the SWNTs and enzymes. Two enzymes were selected
as a benchmark, namely, glucose oxidase (GOx) and glucose
dehydrogenase (GDH). These are the most common enzymes
used as the biological component in electrochemical glucose
biosensors to assist diabetes mellitus patients to monitor their
daily sugar levels.

■ EXPERIMENTAL SECTION
Materials. Distilled water, potassium dihydrogen phosphate,

disodium hydrogen phosphate, D-glucose, ethanol, hydrogen peroxide,
ammonia, ascorbic acid, uric acid, acetaminophen, and acetonitrile
were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). GOx
obtained from Aspergillus niger (EC 1.1.3.4, type VII−S, 181 600 units
g−1, Sigma, St. Louis, MO) was used as an enzyme. NAD(P)-
dependent GDH from Bacillus sp. (EC 1.1.1.47) was purchased from
Wako (Osaka, Japan). NAD+ (oxidized form) was purchased from
Sigma (St. Louis, MO, USA). Electronically type-sorted SWNTs
(IsoNanotube-M and IsoNanotube-M) were purchased from Nano-
integris Inc. (Skokie, IL).3 The surfactant is the mixture of sodium
dodecyl sulfate and sodium cholate. The as-purchased solutions of
type-sorted SWNTs were concentrated to achieve the desired

concentration. The procedure for concentrating to achieve the desired
concentration is as follows. A solution (100 mL) of type-sorted
SWNTs (0.01 mg/mL) is attached to the evaporator. The solvent is
evaporated at reduced pressure so as to be 1 mL in volume. The
enrichment of concentration is available up to 1 mg/mL. When the
concentration surpasses 1 mg/mL, aggregation and bundling of
SWNT molecule occurs. Photographs of the electronically type-sorted
SWNT solutions in vials are shown in Figure S1 (Supporting
Information). Electronically type-sorted SWNTs were produced by
arc-discharge, and their diameters and lengths were 1.2−1.7 nm and
0.3−4 μm, respectively. All reagents were used without further
purification.

Fabrication Procedure. The electrochemical device as a working
electrode was fabricated using a layer-by-layer process. The device was
formed on a 0.15 mm thick glass substrate (ca. 50 × 50 mm2). All
metal layers were sputter-deposited and patterned using a masking
process. The glass slides used to make the thin film electrodes were
boiled in a hydrogen peroxide/ammonia/water solution (ca. 1:1:8 v/v)
for 1 h and then rinsed with water and acetone. Au thin films were
sputtered with a plasma generator (VEP-1000, Ulvac, Inc., Tokyo,
Japan). A 40 nm thick chromium intermediate layer was used to
promote adhesion of the gold layer. The dimensions of the opening
for the working electrode were 5 × 5 mm2.

The plasma generator was also used to deposit a 2 nm thick
acetonitrile PPF layer (first PPF layer) onto the sputtered Au electrode
at 150 W and under a pressure of 0.6 Pa. Aqueous solutions of the
sorted SWNTs containing 1% surfactant were used. The SWNT
solution (1 mg mL−1, optimized) was dropped onto the PPF surface
and dried in a vacuum oven. The thickness of the resulting sorted-
SWNT film was ca. 100 nm. Subsequently, the SWNT-adsorbed
surface was treated by acetonitrile plasma using the following
parameters: power, 100 W; flow rate, 15 mL min−1; pressure, 0.6
Pa; exposure time, 30 s (thickness < 1 nm). The role of this PPF is
surface modification than layer formation (polymerization). The
enzyme solution (5 μL) was then added by dropping an aliquot of
GOx (1820 units g−1) or GDH (2000 units g−1) in phosphate buffer
(20 mM, pH 7.4) onto the film. One hour later, the device was washed
with water. Finally, the enzyme-adsorbed surface was overcoated with
a 6 nm thick acetonitrile PPF layer (second layer). The deposition
parameters were as follows: power; 150 W, pressure; 0.6 Pa, exposure
time; 150 s. The devices were stored in a refrigerator at 4 °C until use.

Measurements. Atomic force microscopy (AFM) was conducted
in tapping mode in the ambient atmosphere using a commercial AFM
system (NanoScope IIIaAFM Dimension 3000 stage system, Nihon
Veeco KK, Tokyo, Japan). The scanning tip was equipped with an
alternating current (AC) mode supersharp chip (Nanosensors Inc.,
Neuchatel, Switzerland). A scanning rate of 0.6 Hz was employed.
AFM system software was used to analyze the image data and calculate
defined features, such as the root-mean-square roughness values (Rrms)
and the maximum z-range values (Rmax). Electrochemical measure-
ments ( cyclic voltammetry (CV) and fixed potential) were performed
with an electrochemical analyzer (ALS Instruments, 701A West
Lafayette, IN) using a three-electrode configuration. Reference (Ag/
AgCl, RE-1C) and counter (platinum wire) electrodes were purchased
from Bioanalytical Systems Inc. Electrochemical measurements were
conducted in a 5 mL vessel at ambient temperature (20 °C) using a
phosphate buffer (20 mM, pH 7.4) as the supporting electrolyte. For
GDH, 0.5 mM NAD+ was added. To prepare samples at designated
concentrations, stock glucose solutions of 2.5, 25, or 250 mM were
successively added. Electrochemical measurements were performed at
least four times. Electrochemical impedance spectroscopy (EIS) was
conducted in the frequency range of 100 mHz to 100 kHz at a direct
current potential of 0.25 V and an AC perturbation of 5 mV. The
electrolyte was pH 7.0, 20 mM phosphate buffer solution containing
10 mM K3[Fe(CN6)]/K4[Fe(CN)6] (1:1, v/v).

■ RESULTS AND DISCUSSION

Optimization of Amperometric Biosensor with Type-
Sorted SWNTs. The amperometric biosensor based on type-
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sorted SWNTs and PPFs has a sandwich-like structure of PPF/
GOx/SWNT/PPF/Au (SWNT-GOx electrode), and was
fabricated using the layer-by-layer process shown in Figure
1A. The first PPF layer on the Au electrode acts as a scaffold for
the formation of the SWNT layer. An SWNT layer cannot be
obtained without the first PPF layer.23 The method used for
immobilization of the SWNTs on the electrode surface is to
place a droplet of SWNT solution onto the electrode surface
and allow it to evaporate. The utilization of surfactants for
dispersion29,30 can separate the bundles of SWNTs so that
individual SWNTs can be obtained in solution. The surfactant
is not only indispensable for dispersion but also versatile from a
practical aspect to produce good surface properties.31 Layers of
type-sorted SWNT solutions containing surfactant had
homogeneous surfaces compared with that prepared using a
surfactant-free SWNT solution in Figure S2 (Supporting
Information). The amount of SWNT loading was controlled
according to the concentration of the SWNT solution. The
loading of type-sorted SWNTs and GOx enzyme is a trade-off
with regard to the contact area between them and the
expression of SWNT functionality. Details for optimization of
the resulting current are presented in Figure S3 (Supporting
Information). Figure 1B,C shows AFM images of the surfaces
of the type-sorted SWNT layers produced by drop-casting.
SWNT networks were observed for both mSWNT and sSWNT
surfaces. Although no distinct differences in alignment or
uniformity were observed, the size of the sSWNT network was
denser than that of the mSWNT network. This is related to the
resulting sensor performance, as discussed in the following
section.
Schmidtke and co-workers30 reported that the surfactant

sodium cholate is suitable for dispersing a relatively large
surface area of SWNTs, but the hydrophobic naphthenic

groups block the electronic signal. Bao and co-workers14

reported that the postproduction separation method suffers
from a low yield and difficulty in removal of the insulating
sorting reagent. As a solution, we propose PPF modification of
the surface of the sorted SWNT layer. An acetonitrile PPF
modification period of 30 s, which corresponds to a thickness of
ca. 1 nm, provides a highly nitrogen-rich surface (N/C ratio
>0.2) investigated by X-ray photoelectron spectroscopy (XPS)
measurements (Figure S4, Supporting Information). The
effectiveness of the acetonitrile plasma modification was
confirmed by CV in the presence and absence of glucose, as
shown in Figure S5 (Supporting Information). The response of
the SWNT-GOx electrode fabricated with acetonitrile plasma
modification was several times larger than that without this
step. Furthermore, higher sensitivity could be obtained than
that with the SWNT electrode fabricated by the surfactant-free
procedure (Figure S3); the surfactants play an important role
for the better sensor performance. The reasons why acetonitrile
plasma modification is effective are considered to be (i) the
high-energy plasma changes the hydrophobic environment of
the SWNTs and surfactant to a hydrophilic environment, and
(ii) acetonitrile plasma modification results in a nitrogen-rich
surface with positively charged (amino) groups,32 which
enables a dense loading of the negatively charged GOx
(isoelectric point, pI = 4.2). In spite of importance of PPF
modification, the role of SWNT still remains. This is supported
by the fact that the response of GOx-PPF electrode (PPF/
GOx/SWNT/PPF/Au) is 16-fold larger than that of GOx-PPF
electrode containing no SWNT (PPF/GOx/PPF/Au).32

Furthermore, the sensor response increases while the loading
amount of SWNT increases in Figure S3. Therefore, the
function of SWNT is not only so important acting as a scaffold

Figure 1. (A) Schematic representation of the fabrication process for an amperometric biosensor based on electronically type-sorted mSWNTs and
sSWNTs, and PPF. (B, C) AFM images of the corresponding steps in (A). Horizontal scale: 10 × 10 μm (i), 1 × 1 μm (ii, iii). Vertical scale: 150 nm
(i) and 20 nm (ii, iii).
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to increasing the loading area but also as a functional material
to increasing the current (sensitivity).
Figure 1B,C shows AFM images of the GOx enzyme

molecules adsorbed onto the SWNT layer and onto the surface
of a sorted SWNT layer modified by PPF as a densely packed
two-dimensional array. This observation was similar to that
which we previously reported for a very flat PPF surface where
enzyme adsorption on the PPF surface follows a Langmuir
isotherm.33 Therefore, the plasma process is an effective
strategy as an enzyme-friendly platform for SWNT-based
electrochemical biosensors22,23 and can replace time-consuming
wet chemical procedures, such as that using polyethyleni-
mine.26,27 The final step was the overcoating of acetonitrile PPF
onto the immobilized GOx and SWNTs. The GOx adsorbed
on the surface was embedded and then immobilized within the
second acetonitrile PPF layer. Figure 1B,C shows that the final
sensing surface is very flat (Rrms < 3 nm). It was concluded that
this fabrication process provides a well-defined sorted SWNT-
enzyme complex for subsequent investigations.
Comparison of mSWNT and sSWNT for Amperometric

Biosensor with the GOx Enzyme. The influence of the
different electronic type SWNTs (mSWNTs or sSWNTs) on
the electrochemical response of a biosensor was investigated for
GOx, which is the most popular enzyme used in glucose
sensing. Two mechanisms can be considered for the current
response. One is the catalytic activity of the SWNTs24,25 toward
hydrogen peroxide generated by the enzymatic reaction; GOx
specifically catalyzes the oxidation of glucose as follows:

β‐ ‐ + ⎯ →⎯⎯ ‐ +D glucose O D gluconic acid H O2
GOx

2 2 (1)

and the SWNT catalyzes the reaction of hydrogen peroxide as
follows:

→ + ++ −H O 2H O 2e2 2 2 (2)

The Au anode receives electrons, and the current increases.
The other mechanism is direct electron transfer (DET) via the
SWNTs, and a possible mechanism is

β δ‐ ‐ + → ‐ +D glucose GOx(FAD) gluconolactone GOx(FADH )2

(3)

+ → + + +GOx(FADH ) 2M GOx(FAD) 2M 2H2 ox red
(4)

→ + −2M 2M 2ered ox (5)

where flavin adenine dinucleotide (FAD) is located in the
vicinity of the GOx reaction center, and M represents an
electron-transfer mediator. This process is dominated under
conditions of oxygen depletion. However, the DET process for
GOx proteins is rarely observed on a bare electrode because the
redox center of the enzyme is deeply embedded in a thick
insulating protein shell, and the spacing between the prosthetic
group (e.g., FAD) and the electrode surface generally exceeds
the critical electron-tunneling distance.
CV is a useful tool for fundamental evaluation of the

modified electrode. CV was performed to investigate how the
electronic type SWNT layer would affect the electrochemical
response of the enzyme electrode. The two mechanisms can be
distinguished whether the oxygen is present or absent. The
detection pathway is dominated by hydrogen peroxide route
when the oxygen is present, whereas it is done by electron
transport when the oxygen is absent. It can make sense to
measure the current at the specific potential of CVs under

oxygen presence or absence. Figure 2A shows CVs for the
mSWNT-GOx and sSWNT-GOx electrodes in the presence of

oxygen (air-saturated). At greater than +0.4 V, an increase in
the current due to glucose addition was observed (Figure 2A).
This is due to the oxidation of hydrogen peroxide generated by
the enzymatic reaction, which corresponds to eqs 1 and 2. In
this case, the SWNTs play a major role as a catalyst for the
generation of hydrogen peroxide. The response of the
mSWNT-GOx electrode was 2 times larger than that of the
sSWNT-GOx electrode, which is probably due to its greater
catalytic activity toward hydrogen peroxide generation, as
shown in Figure S6 (Supporting Information). These results
indicate a strong correlation between the mSWNT-GOx and
sSWNT-GOx electrodes by their responses to glucose and
hydrogen peroxide. Therefore, the detection mechanism in the
presence of oxygen is dominated by the diffusion (transport)
and oxidation of hydrogen peroxide generated by enzymatic
reaction.
Figure 2B shows CVs for the mSWNT-GOx and sSWNT-

GOx electrodes in the absence of oxygen (nitrogen-saturated).
The CV characteristics for the mSWNT-GOx electrode are
significantly different from those in the presence of oxygen
(Figure 2A). The response to glucose was significantly
decreased as shown in Figure 2C. In contrast, the CV profiles
for the sSWNT-GOx electrode in both the presence and the
absence of oxygen were similar, so that the response to glucose

Figure 2. CV profiles for the GOx biosensor with (A) mSWNTs and
(B) sSWNTs in the presence and absence of oxygen. Sweep rate: 50
mV s−1. Glucose concentration: 0, 10, 48 mM. pH 7.4 phosphate
buffer solution. (C) Comparison of sorted SWNT-GOx biosensor
responses to 48 mM glucose in the presence and absence of oxygen at
+0.6 V. (D) Nyquist plots and the equivalent electrical circuit (inset)
from EIS measurements of biosensors with sorted SWNTs.
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was almost unchanged. In the CV profile for the sSWNT-GOx
electrode in the absence of oxygen, the anodic and cathodic
peaks were at 0.249 V (= Epa) and 0.128 V (= Epc), respectively,
and the peak-to-peak separation (ΔEp) was 0.121 V. These
values were exactly the same as that for the sSWNT-GOx
electrode in the presence of oxygen. In contrast, those peaks
were not observed for the mSWNT-GOx or the unsorted
SWNT-GOx electrodes. Additionally, those also were not
observed for sSWNT-GOx electrode by less sSWNT loading
(0.01 and 0.2 mg/mL) shown in Figure S3 (Supporting
Information). The reason for these results has yet to be
clarified, and the details of electron-transfer mechanism will be
the next step; however, we speculate that it may be attributed to
a redox potential produced by the electronically homogeneous
sSWNT “network”. Then, this network with electronically
homogeneous SWNT easily form the conduction “band”, which
paves the easy way for electron-transfer route. To test this
hypothesis, the characteristics of the redox reaction process
were investigated by varying the scan rate. Figure S7
(Supporting Information) shows an increase in the linearity
with the scan rate from 10 to 300 mV s−1, which indicates that
the redox reaction is a surface-controlled electrochemical
process and that the redox signals originate from GOx
immobilized on the sSWNT layer. Using the Laviron
equation,34 the electron-transfer rate constant (ks) of the
sSWNT-GOx electrode was calculated to be 3.0 s−1, which is
slightly better than that of other SWNT-based electrodes for
DET (0.335 and 1.736 s−1). The electroactive protein density
(Γ, mol cm−2) of the GOx/sSWNT electrode could be
estimated using the following equation:37

ν= Γ
I

n F A
RT4p

2 2

(6)

where Ip is the peak current, A is the electrode area, F is the
Faraday constant, R is the gas constant, T is the temperature, n
is the number of electrons being transferred, and ν is the scan
rate. The surface coverage of electroactive GOx is calculated to
be 1.7 × 10−9 mol cm−2, which is slightly larger than that of the
unsorted and functionalized SWNT/GOx electrode (7.1 ×
10−10 mol cm−2) reported by Yan et al.26 The surface coverage
of GOx on the flat PPF was estimated to be 1.6 × 10−12 mol
cm−2, in which GOx is a densely packed monolayer with the
shape of a compact ellipsoid with approximate dimensions of
12.2 × 8.3 nm2 (empirically determined using AFM).33 This
indicates that the procedure involving PPF leads to a
substantially higher surface coverage of enzyme. On the basis
of measurements with a varied scan rate, the overall sensing
mechanism of the sSWNT-GOx electrode suggests the
possibility of DET represented by eqs 3−5. In addition, the
similarity of the CV profiles with glucose addition to those for
the SWNT/GOx electrode with DET supports our hypoth-
esis.38

Electrochemical impedance spectroscopy (EIS) is a highly
effective method used to probe the surface features of an
electrode. EIS was conducted to investigate the electron-
transfer properties of the mSWNT-GOx and sSWNT-GOx
electrodes. Figure 2D shows typical impedance spectra, in the
form of Nyquist plots, for biosensors with these electrodes. The
small semicircular domain at high frequencies corresponds to
an electron-transfer limited process, and the straight line at low
frequencies corresponds to a diffusion process. The Randles
equivalent circuit (Figure 2D, inset) was selected to fit the
impedance data, where Rs is the solution resistance, Ret is the

electron transfer resistance, W is the Warburg impedance, and
Cdl is the double-layer capacitance. All data are summarized in
Table S1 (Supporting Information). Calculated from the
diameter of the semicircular domain in the Nyquist plot, the
sSWNT-GOx electrode exhibited an Ret value of 0.93 kΩ,
which was much smaller than that of the mSWNT-GOx
electrode (Ret = 3.6 kΩ). Because of XPS data (Figure S4),
there is no possibility that the mSWNTs adsorb more
surfactant than sSWNTs, and that is the reason for the reduced
conductivity; amount of sodium due to the surfactant (ratio of
Na 1s/C 1s) was similar between mSWNT and sSWNT layer.
The EIS data are not consistent with the electrical properties of
the bulk SWNTs but that of SWNT network. Therefore, the
electron transport to the sensing electrode with the hopping
process is more easily achieved in the sSWNT network than in
the mSWNT network.
Furthermore, sSWNT networks could form only when

loading of sSWNT was optimized (1 mg/mL). For example,
sSWNT-GOx electrode by less amount of sSWNT loading
(0.01 mg/mL) showed the larger Ret (= 41 kΩ). The response
of the sSWNT-GOx electrode by small sSWNT loading
decreased with the oxygen depletion, suggesting the detection
pathway dominated by the hydrogen peroxide (Figure S8,
Supporting Information). In contrast, complete mSWNT
network could not be realized even though it was optimized.
One mg/mL is the maximum concentration for homogeneous
solution; the CV response increased while the concentration
increased up to 1 mg/mL shown in Figure S2. When the
concentration surpasses 1 mg/mL, aggregation and bundling of
SWNT molecule occurs. This situation is similar to surfactant-
free SWNT dispersing solution. When the sensor response of
more than 1 mg/mL SWNT suspension was fabricated, the
background current was too large; as a result, response to
glucose decreased (Figure S3, Supporting Information). In this
case, Rct was also increased. Again, the sensing mechanism of
the mSWNT-GOx having incomplete SWNT network is
determined by hydrogen peroxide pathway.
Additionally, the larger Cdl for the sSWNT-GOx electrode

than for mSWNT-GOx electrode suggests a correlation with
the larger background current (hysteresis) due to a large
double-layer capacitance in the CV profile for the sSWNT-GOx
electrode than that for the mSWNT-GOx electrode. The EIS
data also correspond to the CV data in terms of DET of the
sSWNT-GOx electrode.
In summary, SWNTs in an enzyme electrode act as both

conductor and catalyst. In the presence of oxygen, mSWNTs
and sSWNTs mainly function as a catalyst, and the response
(current) is attributed to the diffusion and oxidation of
hydrogen peroxide. In the absence of oxygen, the enzymatic
reaction proceeds through an oxygen-independent pathway. In
this case, electrons must transfer through the SWNTs to the
electron collector (Au anode). Electron transport through the
sSWNT network proceeds smoothly, whereas the mSWNT
network is an obstacle in comparison. Although the proposed
mechanism is hypothetic, the result can probably be applied to
oxidase enzyme. It is noteworthy that DET was realized by the
combination of PPF and sSWNT through a facile procedure.

Comparison of mSWNT and sSWNT for Amperometric
Biosensor with the GDH Enzyme. Although GOx is the
most common enzyme used as the biological component in
glucose biosensors, it has a drawback in that its enzymatic
reaction is strongly dependent on the concentration of
dissolved oxygen as an electron acceptor. In contrast, the
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enzymatic reaction of the GDH enzyme is independent of
dissolved oxygen. β-nicotinamide adenine dinucleotide
(NADH) is a cofactor for a large number (more than 300)
of NADH-dependent dehydrogenase enzymes. The NADH
cofactor is generally present outside the enzyme, unlike the
FAD cofactor of GOx, which is deeply embedded in a thick
insulating protein shell. Consequently, DET with the
dehydrogenase enzyme electrode is expected to be more easily
performed than with the oxidase enzyme counterpart. Here, we
investigate how the SWNT electronic type affects the
amperometric characteristics of a biosensor with NADH-
dependent GDH.
The sensing mechanism involves the peak at ca. +0.6 V due

to the oxidation of NADH caused by enzymatic reaction. The
sensor response is due to the following enzymatic reaction:

β δ‐ ‐ + ⎯ →⎯⎯⎯ ‐ ++D glucose NAD gluconolactone NADH
GDH

(7)

The substrate (glucose) and coenzyme (NAD+) were
simultaneously positioned in the vicinity of the active site of
the enzyme (GDH). NAD+ is a major electron acceptor in the
oxidation of glucose, and the nicotinamide ring of NAD+

accepts a hydrogen ion and two electrons, equivalent to a
hydride ion. The reduced form of this carrier generated by this
reaction is NADH, which can be electrochemically oxidized at a
polarized potential of ca. 0.6 V versus Ag/AgCl; that is, electron
transfer occurs at the anode via SWNTs as in the following
equation:

→ + ++ + −NADH NAD H 2e (8)

The fabrication procedure is similar to that with GOx, where
instead of GOx, a GDH solution was drop-cast onto the PPF-
modified SWNT layer. Details for the optimization process are
shown in Figure S9 (Supporting Information). It was confirmed
that the response of the sorted SWNT-GDH electrodes was
better than that of the unsorted SWNT-GDH electrodes.
Figure 3A,B shows CV profiles for the mSWNT-GDH and

sSWNT-GDH electrodes. Both electrodes showed an increase
in current with glucose addition. The increase in current at ca.
+0.6 V can be assigned to eqs 6 and 7.39 This peak for the
sSWNT-GDH electrode is more distinct than that for the
mSWNT-GDH electrode. The current of the sSWNT-GDH
electrode is 4 times larger than that of the mSWNT-GDH
counterpart (Figure 3A−C). The EIS spectra in Figure 3D
shows that the electron-transfer resistance of the enzyme
electrode with mSWNT (Ret = 1.5 kΩ) is larger than that with
sSWNT (Ret = 1.1 kΩ). Therefore, the EIS data have a strong
correlation with the sensing response in terms of DET. In
summary, sSWNT is more suitable than mSWNT for the
GDH-based biosensor.

Sensor Performance. The previous sections presented the
optimization of the sensor fabrication process based on
mSWNTs and sSWNTs. The sensitivity of the mSWNT-GOx
electrode was better than that of the sSWNT-GOx electrode in
the presence of oxygen. The sensitivity of the sSWNT-GDH
electrode was better than that of the mSWNT-GDH counter-
part. Here, the sensor performance of the optimized device is
demonstrated. Amperometric measurements (time vs current)
are widely used to evaluate and analyze the performance of
glucose biosensors toward an increase in glucose concentration.
Figure 4A shows the steady-state amperometric response of the
fabricated mSWNT-GOx and sSWNT-GDH biosensors at +0.6
V versus Ag/AgCl. From the CV profiles in Figures 2 and 3, the
potential at +0.6 V is available for time-based measurement
with a fixed potential. A sequential increase in the glucose
concentration at regular intervals is observed, of which the
range of glucose concentrations can cover the physiological
range. The small background current (0.4−0.8 μA) compared
to the glucose response (3.6 and 15 μA at 1.4 mM glucose for
the mSWNT-GOx and sSWNT-GDH electrodes, respectively)
is a significant characteristic in the present results. This means
that there is no need to calibrate the baseline for the glucose
measurement. The detection limits (signal-to-noise (S/N) ratio
= 3) of the mSWNT-GOx and sSWNT-GDH electrodes were
20 and 7.1 μM, respectively, when the S/N ratio was 3. The
response time (95% to maximum response) was less than 7 s.
The effect of interfering compounds (ascorbic acid, uric acid,
and acetaminophen, Figure 4A) is negligible in the sensing
characteristics (Figure 4A, inset) for use in physiological
samples.
Figure 4B shows the current versus glucose concentration

based on the data from Figure 4A. The sensitivities determined
from the slopes for the sSWNT-GDH and mSWNT-GOx
electrodes were 45 μA mM−1 cm−2 (r = 0.991 in the linear
range of 0.25−2.5 mM) and 10 μA mM−1 cm−2 (r = 0.987 in
the linear range of 0.25−1.4 mM), respectively. As mentioned
in Supporting Information, Figure S4, kinetics for sensing
indicates a surface-controlled process. Then, the reaction at the
sensing surface is systematically discussed. We consider the
following reaction sequence.

→ + ⎯→⎯ → +S S E E S E P
k K k

bulk surface O O R
D M C

(9)

where kD denotes the rate constant for mass transport from
solution (bulk) to the sensing surface, KM denotes Michaelis
constant, kc denotes catalytic rate constant. S denotes substrate
(glucose), EO denotes oxidized enzyme, EOS denotes enzyme−
substrate complex, ER denotes reduced enzyme, and P denotes
product from S. The substrate is free to diffuse through the film
with a diffusion coefficient D, which is generally propositional

Figure 3. CV profiles for the GDH biosensor with (A) mSWNTs and
(B) sSWNTs. (A). Sweep rate: 50 mV s−1. Glucose concentration: 0,
10, 48 mM. pH 7.4 phosphate buffer solution. (C) Comparison of
sorted SWNT-GDH biosensor responses to 48 mM glucose. (D)
Nyquist plot of the GDH-biosensors with sorted SWNTs from EIS
measurements.
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kD. The diffusion of analyte molecules from bulk to sensing
surface via enzyme/SWNT/PPF layer can be represented as a
simple first-order diffusion equation based upon the Fick’s First
Law of Diffusion. The flux can be generated by application of a
potential step and thus be measured by chronocoulometry. The
relevant expression is as follows:40

=
−

J D
C C

d
bulk surface

(10)

where J is a flux of an analyte, Csurface is its local concentration
close to the electrode determined electrochemically, Cbulk is its
bulk concentration, D is its diffusion constant, and d is the
thickness of the diffucion layer. We have already estimated that
the D of substrate in the system involving nanothin PPF by
chlonocoulometry was 10−5−10−6 cm2/s.41 Several nanometer-
sized layer-by-layer structures of enzyme/SWNT/PPF elec-
trode are very open, and so we can neglect concentration
polarization of both substrate and SWNT within the enzyme
layer.42 Therefore, it can be assumed that the local
concentration of the analyte on the electrode is zero (Csurface
= 0). The measured flux will be proportional to the substrate
concentration as is usual in analytical chemistry. In fact, our
sensor and the other with SWNT show the linear relationship
in the range of lower concentration.
In contrast, saturation from linearity is observed at higher

(>20 mM) glucose concentrations, which represents a typical
characteristic of the Michaelis−Menten model. Since flux J is
proportional the concentration of substrate, kD surpasses kS.
This is a reaction-controlled step and can be applied to the
Michaelis−Menten analysis. The inset of Figure 4B shows a
Lineweaver−Burk plot (double reciprocal plot), from which the
apparent Michaelis−Menten activity (KM

app), as an indication of
the enzyme−substrate kinetics for the biosensor, can be
calculated as follows:

= +
I

K
I C I

1 1 1M
app

max max (11)

where I is the steady-state current, Imax is the maximum current
under stationary substrate conditions, KM

app denotes the
apparent Michaelis constant, and C is the glucose concen-
tration. The Imax and KM

app values were obtained from
extrapolation of the plot shown in the inset of Figure 4B.
KM
app for immobilized GOx and GDH were thus estimated to be

8.2 and 8.1 mM, respectively, which are similar to those for
other SWNT-based biosensors.43−45 For GOx sensor, the 8.2
mM of KM

app is smaller than that of free GOx (33 mM43). This is
attributed to the affinity toward substrate of immobilized
enzyme being increased relative to that of free enzyme.43−45

For GDH sensor, the 8.1 mM of KM
app is similar to that of free

GDH (4.2−13 mM46,47), indicating that the affinity is not
changed. The large Imax (58 and 360 μA cm−2 for the GOx and
GDH electrodes, respectively) represents highly effective
electronic contact. From the known surface coverage of the
GOx/SWNT and GDH/SWNT units,48 the turnover rates for
electron transfer to the electrode were estimate to be
approximately 750 and 1300 s−1, respectively. These are close
to the turnover rates of native GOx (700 s−1)49 and GDH (430
s−1).47

Most of the SWNT/enzyme-based glucose biosensors show
too high sensitivity and are saturated at the cutoff value (∼4
mM) in physiological level.50,51 I think that this electrode is
useful for monitoring hypoglycemia in emergency medical care
or control in fermentation (under oxygen depletion). Addi-
tionally, this sensor also has the linear range at higher glucose
concentration range. For example, the sensitivity was 1.3 μA
mM−1 cm−2 (r = 0.981, the linear range of 4.9−20 mM). This
can cover the sugar level for diabetes. Moreover, the expansion
for dynamic range is possible with, for example, diffusion
control layer. Therefore, the sensor having the high sensitivity is
versatile.
The present sensors exhibited, at least, better performance

than sensors with unsorted SWNTs, as shown in Table S2
(Supporting Information). Thus, the utilization of sorted
SWNTs not only increases the sensitivity of the biosensor,
but also reduces the working potential. Finally, it was confirmed

Figure 4. (A) Time-current response for sequential glucose (G) addition at concentrations of 0, 0.25, 0.49, 0.73, 0.96, 1.4, 1.9, 2.3, 4.5, 6.7, 8.8, 13,
17, 25, 32, 39, and 45 mM. (inset) The effect of an interferent species (0.1 mM ascorbic acid; AA, 0.1 mM acetaminophen; AM, and 0.1 mM uric
acid; UA) on the response of sSWNT-GDH electrode. The concentrations of glucose (G) were sequentially 2.5 and 4.9 mM. The optimized
electrode structure for the mSWNT-GOx and sSWNT-GDH electrodes is shown in Figure 1. The polarization potential was +0.6 V vs Ag/AgCl with
an electrolyte of pH 7.4 20 mM phosphate buffer solution. (B) Calibration plot for glucose response using the data in A. The sensitivities of the
mSWNT-GOx and sSWNT-GDH electrodes were 10 μA mM−1 cm−2 (r = 0.987 in the linear range of 0.25−1.4 mM) and 45 μA mM−1 cm−2 (r =
0.991 in the linear range of 0.25−2.5 mM), respectively. Each point represents the average, and the vertical bars designate the standard deviation (n
= 4). (inset) Lineweaver−Burk plot for the mSWNT-GOx (Imax = 58 μA cm−2, KM

app = 8.2 mM) and sSWNT-GDH (Imax = 360 μA cm−2, KM
app = 8.1

mM) electrodes.
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that the electrochemical response of the devices that retained a
current response due to continuous polarization at +0.6 V in
the presence of 4.9 mM glucose was greater than 90% of the
initial current after 24 h, as shown in Figure S10 (Supporting
Information).

■ CONCLUSION
The effectiveness of electronically type-sorted SWNT electro-
chemical biosensors was demonstrated for the first time. The
aim of this research was to determine whether mSWNTs or
sSWNTs are suitable for specific amperometric biosensors. For
biosensors with enzyme GOx in the presence of oxygen, the
response of the mSWNT-GOx electrode was 2 times larger
than that of the sSWNT-GOx electrode. In contrast, without
oxygen, the response of the sSWNT-GOx electrode was
retained, whereas that of the mSWNT-GOx electrode was
significantly diminished. This indicates that DET proceeded
with the sSWNT-GOx electrode, whereas the mSWNT-GOx
electrode was dominated by the hydrogen peroxide route. For
biosensors with the GDH enzyme, the response with the
sSWNT-GDH electrode was 4 times larger than that with the
mSWNT-GDH electrode. EIS measurements showed that the
sSWNT network is less resistant to electron transfer than the
mSWNT network. It was concluded that sSWNTs are more
suitable than mSWNTs for an electrochemical enzyme
biosensor with regard to DET for the detection mechanism.
This is the first report that examines how different electronic
types of SWNTs affect the electrochemical response of enzyme
biosensors. The method presented here will be a significant
contribution toward the development of electrochemical
biosensors with electronically type-sorted SWNTs because
research involving SWNTs is one of the most active fields. It
can be easily extended to other biosensor devices that use other
enzymes and proteins. Future work should involve control of
other SWNT properties such as alignment, diameter, length,
and specific chilarity as well as the combination with redox
materials to achieve improved performance.
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