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The effects of ionic liquids (ILs) on the catalytic activity of enzymes were studied by approaches of
electrochemistry and quantum chemistry calculation in this work. Three types of ILs, namely, [bmpyri]BF,,
[bmpyrro]BF,, and [bmim]BF,, were selected to address the effects of different types of ILs on the
electrocatalytic activity of glucose oxidase (GOx) toward the oxidation of glucose. ILs and GOx were assembled
on the surface of an electrode via single-walled carbon nanotubes (SWNTs) and poly(sodium 4-styrenesulfonate)
(PSS) utilizing the electrostatic interaction. Spectroscopic results indicated that ILs did not affect the
conformation of the enzyme. The cyclic voltammetric results showed that the electrocatalytic activity of
the GOXx—IL—PSS—SWNTs/GC electrode was lower than that of the GOx—SWNTs/GC electrode. The
characteristic kinetic constants of the enzymatic reaction were evaluated from the cyclic voltammograms
under a substrate-saturated condition. The values of the characteristic rate constant obtained at each IL-
containing enzyme electrode were lower than those obtained at the GOx—SWNTs/GC electrode and decreased
following the sequence of SWNTs > [bmpyri] > [bmpyrro] > [bmim]. The theoretical calculations combined
with experiments were employed to address the interaction between the ILs and SWNTSs, showing that the
presence of IL on the surface of SWNTs could significantly affect the electrical transfer properties of the
nanotube and led to the decrease of the electrocatalytic activity of the GOx—IL—PSS—SWNTs/GC electrode.
These results indicate that the nature of ILs is the main factor, which affects the electrocatalytic activity of
the GOx—IL—PSS—SWNTs/GC electrodes toward the oxidation of glucose. The results of this study are
directly relevant for those applications where ILs are employed in the form of thin films supported on solid
surfaces, such as the designing of the related biosensor, microelectronic devices in the ILs-containing system,

and so forth.

1. Introduction

Tonic liquids (ILs), which are composed solely of an organic
cation and an organic or inorganic anion, have been exploited
for use in various fields,'™ " including in electrochemistry,
synthetic chemistry, catalysis, polymerization, and so forth. In
particular, the application of ILs in the area of electrochemistry
has received tremendous attention in the past few years.>12716
For example, ILs have already been shown to offer advantages
in electrochemical studies when used as either the solvent or
electrolyte or both. The wide potential window (5—6 V)*!?
makes it possible to electrodeposit various metals at potentials
that cannot be obtained in aqueous electrolyte solutions.'” The
high ionic conductive nature of ILs eliminates the need for
supporting electrolyte, simplifying the electrochemical measure-
ments.'® Specific capacitance, good stability, and wide potential
window also make ILs attractive as electrolytes for capacitor
applications."”

Recently, the application of ILs in the field of biocatalysis
and biosensor fabrication has attracted considerable atten-
tion.®11:14.2073% Compared with those observed in other organic
solvents, enzymes in ILs have presented enhanced activity,
stability, and selectivity as well as better recoverability and
recyclability.?*3373% However, the results of these studies cannot
be compared directly with each other because they were obtained
under different conditions. Moreover, some contradicting results
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even existed.?*? In addition, though the complex interactions
between ILs and proteins/enzymes have been studied, under-
standing is not yet complete and does not provide a basis for
predicting the activity and stability of enzymes in ILs.

Considering these, we have conducted a systematic study on
the effects of ILs on the electrochemical characteristics of heme-
containing proteins/enzymes.*> Our goal is to elucidate effects
of ILs on the kinetics of enzymatic reaction and to predict the
catalytic performance of enzyme in different types of ILs. In
our recent work, we have investigated the oxidation of glucose
catalyzed by glucose oxidase (GOx) under a substrate-saturated
condition in the mixture of 1-butyl-3-methylimidazolium tet-
rafluoroborate ([bmim]BF,) and phosphate buffer solution
(PBS).*!' The results demonstrated that the catalytic current
decreased with the increase of the content of IL in buffer. The
key factor of causing the decrease of the catalytic current is the
reduction in the diffusion rate of the mediator and the substrate,
which results from the increase in the solution viscosity after
the addition of the IL. To further understand the effects of ILs
on the catalytic activity of enzymes and to eliminate the effect
of the solution viscosity on the catalytic current, in this work,
we immobilized ILs and enzyme on the surface of electrode
via SWNTs. The GOx is again chosen as a model for its
stability, its ability to be immobilized on the electrode surface,
and its electrical communication with the electrode surface.*>*
Three types of ILs, namely, 1-butyl-3-methylpyridinium tet-
rafluoroborate ([bmpyri]BF,), 1-butyl-1-methylpyrrolidinium

© 2009 American Chemical Society

Published on Web 09/11/2009



13366 J. Phys. Chem. B, Vol. 113, No. 40, 2009

Wu et al.

SCHEME 1: Schematic Illustration of the Processes of Immobilization of ILs and GOx on the Surface of SWNTs by
Using Layer-by-Layer Deposition Taking Advantage of the Electrostatic Adsorption between SWNTs, PSS, ILs, and GOx

P
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tetrafluoroborate ([bmpyrro]BF,), and [bmim]BF,, were selected
to study the effects of different types of ILs on the catalytic
system. The characteristic kinetic constants for the enzymatic
reaction were evaluated by the use of cyclic voltammetry. The
effects of ILs on these characteristic rate constants were
discussed by approaches of electrochemistry and quantum
chemistry calculation.

2. Experimental Section

2.1. Chemicals. GOx (EC 1.1.3.4, from Aspergillus niger,
~200 U/mg, Sigma), 3-D-glucose (Sigma), [bmpyri]BF, (99%,
Alfa Aesar), [bmpyrro]BF; (98%, Alfa Aesar), [bmim]BF,
(98+%, Alfa Aesar), and ferrocenecarboxylic acid (FcA, 97%,
Aldrich) were used as received. Poly(sodium 4-styrenesulfonate)
(PSS, 30 wt % solution in water, MW ~70 000, Aldrich) and
poly(dimethyldiallylammonium chloride) (PDDA, 20 wt % in
water, MW 100 000—200 000, Aldrich) were diluted to 5% with
water before use. SWNTs (<2 nm in diameter, Shenzhen
Nanotech Port, Shenzhen, China) were treated following the
procedures reported previously.** All other chemicals were of
analytical grade. All solutions were prepared with double-
distilled water. PBS (0.1 M, pH 8.2) was made up from
Na,HPO, and NaH,PO,. The glucose stock solution was allowed
to mutarotate for at least 24 h before use.

2.2. Assembly of ILs and GOx on the Electrode Surface.
ILs and GOx were assembled layer-by-layer on the surface of
SWNTs by taking advantage of the electrostatic interaction of
these components (SWNTs, PSS, ILs, and GOx) involved in
the electrode fabrication. Several experimental parameters were
optimized to obtain the best voltammetric response. Typically,
1 mg of SWNTs was dispersed in 1 mL of CTAB (cetyltri-
methylammonium bromide) aqueous solution (1 wt %) with the
aid of ultrasonication forming a 1 mg/mL SWNTs suspension.
When SWNTs were sonicated and incubated in the solution,
the CTAB molecules were adsorbed on the surface of SWNTs
through hydrophobic interactions creating a distribution of
positive charges on the SWNT surface. These charges prevent
the SWNT aggregation and induce their suspension in water.
Afterward, the CTAB-coated SWNTs were collected by cen-
trifugation at 18 000 rpm for 30 min. The supernatant was
removed, and the SWNTSs (hereafter, unless otherwise specified,
the SWNTs are referred to CTAB-coated SWNTs) were thor-
oughly washed at least thrice with water to remove the loosely
adsorbed CTAB. To fabricate the SWNTs/GC electrode, 2 mg
of SWNTs was dispersed in 1 mL of water to give a 2 mg/mL
SWNT suspension. Then, 2 uL of the suspension was cast onto

GOx

the surface of the pretreated glassy carbon electrode®® (GC, 3
mm in diameter, CH Instruments) with a microsyringe, and the
solvent (water) was allowed to evaporate at ambient temperature
before use.

To assemble ILs and GOx on the surface of the SWNTs/GC
electrode, the electrode was first immersed in PSS solution (5
wt %) for 30 min to obtain a negatively charged surface (step
a, Scheme 1). The resulting PSS—SWNTSs/GC electrode was
thoroughly rinsed with water to remove the loosely adsorbed
PSS. Then, the electrode was incubated in [bmim]BF, aqueous
solution (1 mM) for 20 min resulting in the [bmim]—PSS—
SWNTs/GC electrode (step b, Scheme 1). The surface charge
of the [bmim]—PSS—SWNTSs/GC electrode was turned to be
positive due to the adsorption of the [bmim] cation. After rinsing
with water, the electrode was used for assembling GOx by
incubating it in GOx solution (5 mg/mL in PBS solution, pH
8.2) at 4 °C for 1 h (step ¢, Scheme 1). GOx is negatively
charged in pH 8.2 PBS since the isoelectric point of the enzyme
is ~4.2.% Therefore, the enzyme can be easily assembled on
the surface of the [bmim]—PSS—SWNTs/GC electrode forming
the GOx—[bmim]—PSS—SWNTs/GC electrode. After being
thoroughly rinsed with water, the electrode was ready to be used
for catalytic oxidation of glucose (step f, Scheme 1). The
electrode was stored at 4 °C when not in use. The total amount
of GOx (I'g, in mol) deposited on the electrode surface was
estimated from the change of the concentration of GOx in
solution before and after adsorption. The concentration of GOx
was determined spectrophotometrically using an extinction
coefficient of 1.41 x 10* M~! cm™! for GOx at 450 nm.*® A
molecular weight of about 186 000 g/mol for GOx was used
for calculation.*®

If [bmim]BF, was replaced by [bmpyri]BF, and [bmpyrro]-
BF,, respectively, at step b (Scheme 1), the GOx—[bmpyri]—
PSS—SWNTs/GC and GOx—[bmpyrro] —PSS—SWNTs/GC elec-
trode could be fabricated. To further study the effect of ILs on
the oxidation of glucose catalyzed by GOx, the IL was also
replaced by PDDA to immobilize GOx (steps d and e, Scheme
1). The resulting electrode was denoted as the GOx—PDDA—
PSS—SWNTs/GC electrode.

2.3. Apparatus and Procedures. UV —vis absorption was
measured at a Cary 5000 UV—vis—NIR spectrophotometer
(Varian). The FTIR spectrum was recorded on a Nexus 670
FT—IR spectrophotometer (Nicolet Instruments) using a KBr
disk at a resolution of 4 cm™'. Circular dichroic (CD) measure-
ments were made on a JASCO model J-810 dichrograph (Japan
Spectroscopic Co. Ltd.) in a 1 cm quartz cuvette. The final
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Figure 1. FTIR spectra of the SWNTs (a), SWNTs adsorbed with
CTAB (b), SWNTs—PSS (¢), [bmim]—PSS—SWNTs (d),and GOx—[bmim]—
PSS—SWNTs (e).

spectra were the mean of ten accumulated scans and were
corrected for the unspecific dichroic absorbance of the medium.
The cyclic voltammetric experiments were performed with a
CHI 660B electrochemical workstation (CH Instruments). A
coiled Pt wire and a saturated calomel electrode (SCE) were
used as the counter electrode and the reference electrode,
respectively. The buffer (0.1 M PBS, pH 8.2) was purged with
high-purity nitrogen for at least 30 min prior to each measure-
ment, and a nitrogen environment was kept over solution to
protect the solution from oxygen. All electrochemical experi-
ments were performed at room temperature (22 £ 2 °C).

3. Results

3.1. Characterization of the Assembly Processes. After
CTAB adsorption, a layer of positive charges was created on
the surface of SWNTs. Therefore, polyanion PSS, positively
charged ILs, and negatively charged GOx (at pH 8.2) could be
assembled on the surface of SWNTs layer-by-layer based on
electrostatic interaction, and the GOx—ILs—PSS—SWNTs/GC
electrode was prepared. Those assembly processes were char-
acterized by FTIR spectroscopy.

As shown in Figure 1a, for purified SWNTs, the characteristic
vibration modes of the carbonyl group (~1640 cm™') and
hydroxyl group (~3450 cm™') are obvious, demonstrating that
SWNTs have been functionalized with carboxylic and carboxy-
late groups after treatment with acid.*’ The adsorption of CTAB
on the surface of SWNTSs results in the characteristic vibration
of —CH; and —CH,— (~2850 and ~2920 cm™!) in the IR
spectrum (Figure 1b). After the assembly of PSS, several new
peaks are found in Figure lc. These peaks, which appear at
~1180, 1130, 1040, 1010, 830, 680, and 620 cm™!, respectively,
are the characteristic FTIR features of PSS,® indicating that
PSS has been effectively assembled on the surface of SWNTs.
From the FTIR of [bmim]—PSS—SWNTs depicted in Figure
1d, the characteristic vibration of the imidazole ring is obvious.
These peaks appear at 3165, 1570, and 1465 cm™!. The peak
of 3120 cm™! results from the stretching vibration of =C—H,
and the peak at 1286 cm™! is from the stretching vibration of
C—N.* The peak of 1035 cm™! corresponds to vibration of the
B—F group.* Furthermore, the intensities of peaks of —CHj
and —CH,— presented in Figure 1d become even stronger than
those in Figure lc due to the contribution of the —CHj and
—CH,— group coming from [bmim]. The demonstration of
amide I (1640 cm™') and amide II (1573 cm™~')°*%! in the FTIR
spectrum of GOx—[bmim]—PSS—SWNTs (Figure le) indicates
that GOx has been successfully adsorbed on the SWNTs.
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Figure 2. Cyclic voltammetric responses of 0.5 mM FcA in 0.1 M
PBS (pH 8.2) at the bare GC (a), [bmim]—PSS—SWNTs/GC (b),
[bmpyrro] —PSS—SWNTSs/GC (c), [bmpyri] —PSS—SWNTs/GC (d), and
SWNTSs/GC electrode (e). The scan rate was 10 mV/s.

The FTIR results also indicate that GOx can be effectively
assembled on the surface of SWNTs if [bmim] is replaced by
[bmpyri] or [bmpyrro] (the FTIR spectra were not shown here).
These results demonstrate that ILs and GOx can be effectively
assembled on the surface of SWNTs layer-by-layer.

3.2. Effects of ILs on the Voltammetric Characteristics
of FcA. In this investigation, FcA was used as a mediator for
the GOx catalyzing the oxidation of glucose. The effects of the
different ILs, which were immobilized on the surface of the
electrode, on the voltammetric response of FcA were presented
before the effects of these ILs on the enzymatic system were
studied.

The cyclic voltammogram of FcA (0.5 mM) at the bare GC
electrode is characterized by a couple of well-defined redox
peaks with the anodic and cathodic peak potentials of 320 and
260 mV, respectively (Figure 2a). The redox peaks exhibit
diffusion-controlled characteristics since both anodic and ca-
thodic peak currents increase linearly with the square root of
scan rates (not shown here), and moreover, the separation of
anodic and cathodic peak potential (AE,) is 60 mV, which is in
agreement with that expected by theory. The cyclic voltammo-
gram of FcA at the SWNTs/GC electrode also shows a couple
of redox peaks (Figure 2e). However, the anodic and cathodic
peak potentials shift to ~310 and ~265 mV (AE, = 55 mV),
respectively. The peak current at the SWNTs/GC electrode
increases significantly due to the enhancement of the effective
area of the electrode. After ILs were assembled on the sur-
face of SWNTs, the peak currents of the FcA/FcA™ couple
decrease comparing those obtained at the SWNTSs/GC electrode.
The peak currents decrease following the IL sequence of
[bmpyri] > [bmpyrro] > [bmim] (Figure 2b—d). However, the
values of AE, (54 & 3 mV) and the formal potential E” (290
£+ 5 mV) remain almost unchangeable compared with those
obtained at the SWNTs/GC electrode. Furthermore, peak
currents measured at each electrode increase linearly with the
square root of scan rates (not shown here). These results indicate
that the reaction of FcA/FcA™ is reversible and the electron
transfer process is fast at the surface of each electrode even in
the presence of ILs.

3.3. Effects of ILs on the Enzymatic Oxidation of Glucose.
The kinetics of the catalytic oxidation of glucose by GOx
employing FcA as a mediator has been characterized in our
earlier work.3 In the absence of the substrate, the mediator gives
rise to a one-electron reversible cyclic voltammetric wave. It
increases in height and progressively loses its chemical revers-
ibility upon addition of glucose. The increase of the peak height
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Figure 3. Electrocatalytic oxidation of 12 mM glucose at the
GOx—[bmim]—PSS—SWNTs/GC (b), GOx—[bmpyrro] —PSS—SWNTs/
GC (c¢), GOx—[bmpyri] —PSS—SWNTs/GC (d), and GOx—SWNTs/
GC electrode (e) in 0.1 M PBS (pH 8.2) in the presence of 0.5 mM
FcA as an electrochemical mediator. Curve (a) is the voltammetric
response of the GOx—[bmim]—PSS—SWNTs/GC electrode in 0.1 M
PBS (pH 8.2) containing 0.5 mM FcA. The scan rate was 10 mV/s.

is thus a measure of the kinetics of the overall catalytic reaction
from which the pertinent rate constants could be derived. In
this work, a similar approach is used for evaluating the effects
of the ILs on the kinetics of the oxidation of glucose catalyzed
by GOx, which is assembled on the surface of electrode via
ILs and PSS. It is important to examine whether or not the
assembled enzyme affects the electrochemical reversibility of
the mediator at the electrode. Optimal efficiency of the catalysis
is reached when the mediator couple remains electrochemistry
reversible in the potential scan rate range of interest. The
fulfillment of these conditions also simplifies the procedures of
derivation of the catalysis kinetics from the experimental data.

A typical cyclic voltammogram of FcA (0.5 mM) at the
GOx—[bmim]—PSS—SWNTs/GC electrode is presented in
Figure 3a, which is characterized by a couple of redox peaks
with the anodic and cathodic peak potential of 320 and 260
mV. The value of AE, is 60 mV, and the peak currents
increase linearly with the square root of scan rates, indicating
FcA/FcA™ undergoes a one-electron reversible redox reaction
at the enzyme-assembled electrode surface. This conclusion
is the same as that obtained in Section 3.2, suggesting that
the presence of GOx on the surface of the electrode does
not affect the electrochemical characteristics of the mediator.
Similar results are obtained when [bmim] is replaced by
[bmpyrro] or [bmpyri].

Upon the addition of glucose (12 mM), the anodic currents
increase greatly at a potential of the oxidation of FcA, and a
steady-state electrocatalytic plateau is observed (Figure 3b); in
the meanwhile, the cathodic peak disappears completely. This
is a typical characteristic for a steady-state electrocatalytic
reaction. The catalytic process consists of the following sequence
of reactions>

FcA = FcA" + ¢ (1)

k
GOx(FAD) + glucoseé GOx(FAD) - glucose (2)
k.

k
GOx(FAD) - glucose — GOx(FADH,) +

glucono-d-lactone  (3)
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k
GOx(FADH,) + 2FcA" — GOX(FAD) + 2FcA  (4)

where GOx(FAD) and GOx(FADH,) represent the oxidized and
reduced form of GOx, respectively, and GOx(FAD)-glucose is
the enzyme—substrate complex.

Figure 3c—e shows the electrocatalytic activity of the
GOx—[bmpyrro] —PSS—SWNTSs/GC (c), GOx—[bmpyri]—PSS—
SWNTs/GC (d), and GOx—SWNTs/GC electrode (e), respec-
tively, toward the oxidation of glucose (12 mM). At each
electrode, a steady-state voltammetric response is reached. The
catalytic current (i) increases with the glucose concentration
and levels off above 8 mM, showing a Michaelis—Menten
characteristic (Figure 4). The limiting steady-state i., increases
following the sequence of [bmim] < [bmpyrro] < [bmpyri] <
SWNTs. Therefore, the concentration of substrate used in this
work (12 mM) can confirm that the electrocatalytic reactions
are proceeded under a substrate-saturated condition.

For the catalytic system of enzyme immobilized on the
electrode and mediator dissolved in solution, the expression of
ica Obtained from the cyclic voltammograms can be given in
eq 553

i

T 2FkIy oy | 2FTg\k, |k g

cat

1 1 1 1(1 1 1

where F is Faraday constant; ['g (in mol) is the total amount of
GOx at the electrode surface; cy is the concentration of the
mediator in solution; and cg is the concentration of substrate
(glucose) in solution. The expression of keq 1S kiea = kiko/ (k-
+ k;). The limiting steady current is dependent on the
concentration of substrate and mediator and their associated
kinetic constants. For each enzyme electrode, the magnitude of
ica, checked at various glucose concentrations and amounts of
enzyme on the electrode surface, was independent of the scan
rate as predicted by the theory.

Once the amount of enzyme (I'g) on the electrode surface is
known, the characteristic rate constant of the catalytic system
can be derived from the cyclic voltammograms using the
expression given in eq 5. The value of I'y on the electrode
surface was determined spectrophotometrically from the change
of the concentration of GOx in solution before and after
adsorption on the surface of the electrode (see Experimental
Section) and listed in Table 1. According to eq 5, at each glucose

30
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Figure 4. Dependence of the electrocatalytic current on the concentra-
tion of glucose obtained at the GOx—SWNTSs/GC (a), GOx—[bmpyri]—
PSS—SWNTs/GC (b), GOx—[bmpyrro] —PSS—SWNTs/GC (c), and
GOx—[bmim]—PSS-SWNTs/GC electrode (d).
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TABLE 1: Characteristic Rate Constants of Glucose Oxidation Catalyzed by GOx Immobilized on the Electrode Surface via

ILs Using Dissolved FcA as Mediator”

electrodes Tt (mol) ks M1 s™h ky (s krea M1 s7h
GOx—SWNTs/GC (2.854+0.54) x 10713 (3.78 £0.51) x 10° 7175+ 14.3 (1.49 £ 0.32) x 10*
GOx—[bmpyri] —PSS—SWNTs/GC (3.46 £ 0.46) x 10713 (1.35 £0.23) x 10° 1220+ 11.3 (8.84 4 0.43) x 10°
GOx—[bmpyrro] —PSS—SWNTs/GC (3.624+0.38) x 10713 (9.91 £ 0.62) x 10* 105.0 £9.1 (7.03 £ 0.35) x 10°
GOx—[bmim]—PSS—SWNTs/GC (4.144£028) x 10713 (6.81 £ 0.56) x 10* 919+ 6.5 (4.11 £ 0.26) x 10°
GOx—PDDA—PSS—SWNTs/GC (3.124£037) x 10713 (3.42 £ 0.48) x 10° 723.1 £ 11.6 (1.24 £0.31) x 10*
GOx dissolved in solution with - - 750 1.1 x 10*

0, as mediator”

@ Each value is an average of three measurements at each electrode. ® The value is from ref 54.
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Figure 5. Double reciprocal plots of 1/i, against 1/cy (A, at fixed concentration of glucose of 12 mM) and 1/, against 1/cg (B, at fixed concentration
of mediator of 0.5 mM) for GOx—PSS—SWNTs/GC (a), GOx—[bmpyrro]—PSS—SWNTs/GC (b), GOx—[bmpyri] —PSS—SWNTs/GC (c), and

GOx—[bmim]—PSS—SWNTs/GC electrode (d).

concentration, a straight line with a slope of 1/2Fk;I'g can be
obtained upon plotting 1/i.,, against 1/cy (Figure 5A). By
plotting 1/ic,; against 1/c¢ at a fixed concentration of mediator
(0.5 mM), another straight line with the slope and intercept of
1/2FTgkyeq and 1/2(1/Fksl'gem + 1/FTgk,), respectively, can also
be obtained (Figure 5B). The characteristic kinetic constants of
the enzymatic catalytic system (k,, k3, and k.q) can be derived
from the values of these slopes and intercepts and are sum-
marized in Table 1. For comparison, the values of k.4 and &,
for a homogeneous enzyme system (GOx was dissolved in
solution) with O, as mediator are also listed in Table 1. It is
indicated that the values of the characteristic rate constant
obtained at the GOx—SWNTs/GC electrode are very close to
those determined in the homogeneous system, indicating GOx
immobilized on the surface of SWNTs is fully active. However,
those characteristic rate constants obtained at each IL-containing
enzyme electrode are lower than those obtained at the
GOx—SWNTSs/GC electrode; furthermore, the rate constants
decrease following the sequence of SWNTs > [bmpyri] >
[bmpyrro] > [bmim].

4. Discussion

There are several possible factors affecting the GOx enzy-
matic oxidation of glucose. As shown above and previously,>
GOx immobilized on the surface of SWNTs is fully active and
does not undergo denaturation. However, the presence of ILs
on the surface of the electrode may lead the assembled GOx to
denature since some organic reagents, including ILs, can change
the native integrity of enzyme molecules and cause them to
denature and lose the catalytic activity.

Usually, the enzymes’ stability is mainly dependent on the
type of the anion species of ILs.** ILs containing anions such
as BF,~, PFs~, and Ntf,” (Ntf, = bis(trifluormethylsulfonyl)im-

ide) render active enzymes, while NO;~, CF;CO, ", and CF;SO;~
inactivate enzymes.* CD spectraof GOx—[bmim]—PSS—SWNTs,
GOx—[bmpyrro] —~PSS—SWNTs, and GOx—[bmpyri]—PSS—
SWNTs composites were recorded, respectively, to make sure
GOx could still retain its native conformation after assembly
on SWNTs via ILs. These composites were incubated in PBS
(pH 8.2) for 2 h before CD spectra were recorded. The time
scale is enough for each electrochemical measurement. The CD
spectrum of GOX in solution was also recorded for comparison.
The spectra in the far-UV region (200—250 nm) correspond to
the peptide n — szt* electronic transition. The spectrum in this
region is sensitive to the changes of the conformation of the
enzyme.> The spectrum of GOX in solution in this region is
characterized by two negative peaks at ~210 and ~218 nm,
respectively (Figure 6A). These peaks almost remain invariable
after the enzyme was assembled on the surface of SWNTs via
ILs, indicating that the secondary structure and conformation
of the immobilized GOx are essentially the same as that of the
native one. Moreover, the spectra presented in Figure 6B show
that the CD spectra of GOx—[bmim]—PSS—SWNTs (black),
GOx—[bmpyrro] —PSS—SWNTs (red), and GOx—[bmpyri]—
PSS—SWNTs (blue) are also the same as that of GOx dissolved
in PBS (green). These results suggest that the microenvironment
of the active site of GOx on the IL-containing electrode surface
remains the same as that of the native one since no signals can
be observed in this region for a denatured GOx due to the
dissociation of FAD from the enzyme.*

The leakage of GOx molecules from the surface of the
electrode may be a possible reason for the decrease of i.,. The
stability of the electrode responses, which can be taken as a
measure of the persistency of the activity of the attached enzyme,
was studied by cyclic voltammetry and was found to be
remarkably good. The i, remains almost unchangeable even
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Figure 6. CD spectra of GOx—[bmim]—PSS—SWNTs (black), GOx—[bmpyrro] —PSS—SWNTs (red), and GOx—[bmpyri] —PSS—SWNTs (blue)
incubated in PBS (0.1 M, pH 8.2) and pure GOx dissolved in PBS (1 mg/mL, green) in the far-UV (A) and near-UV (B) region.

after the electrode is continuously scanned for 50 cycles (at scan
rate of 10 mV/s). If the enzyme electrodes were stored in PBS
buffer, the electrode response has ~0.2% decay per day,
indicating the storage stability is good. These characteristics
were not affected by the types of ILs. These results indicate
that the stability of the GOx is high, and the GOx molecules
do not leak from the surface of the electrode even in the presence
of ILs. Otherwise, the i., should gradually decrease with
continuous scanning. This conclusion is in good agreement with
that obtained from CD measurements.

The coverage of the enzyme on the surface of the electrode
may also become a possible factor affecting the characteristic
rate constants of the catalytic system. The total amount of
enzyme presented at the electrode surface (I'g) was varied by
changing the concentration of the enzyme in the solution where
the electrode was incubated and the duration of its exposure to
the solution. As shown in the Experimental Section, this work
optimized these conditions. It was observed that, upon increasing
one or the other of these factors, the magnitude of i, reached
a limiting value indicating that the electrode surface then became
saturated in enzyme. Therefore, those factors, for which the
saturated amount of the enzyme on the electrode surface can
be reached, were selected to fabricate an enzyme electrode.

As presented in Table 1, the total amount of enzyme at
saturation is (2.85 4 0.54) x 107", (3.46 4 0.46) x 1071,
(3.62 £ 0.38) x 1073, and (4.14 £ 0.28) x 1073 mol for the
GOx—SWNTs/GC, GOx—[bmpyri] —PSS—SWNTs/GC, GOx—
[bmpyrro] —PSS—SWNTs/GC, and GOx—[bmim]—PSS—
SWNTs/GC electrode, respectively. These values correspond
to (2.38 £ 0.45) x 107'2, (2.16 £ 0.29) x 107'2, (2.01 £ 0.
21) x 1072, and (1.97 & 0.13) x 107'2 mol cm™2, respectively,
by considering the effective surface of each electrode. The
molecule of GOx is a compact ellipsoid whose size is 5.2 nm
x 6.0 nm x 7.7 nm.’*>7 However, the Stokes radius (4.3 nm)
is a reasonable value usually used for estimating the occupation
area of each GOx molecule (~58 nm?) since each molecule
may be assembled in various orientations and the assembly
process may proceed randomly.”® Therefore, the superficial
concentration of the enzyme corresponding to the saturation
monolayer should be ~2.86 x 107" mol cm™2. Although the
above size and surface area estimates are certainly approximate,
one can conclude that the surface of each electrode is covered
by a monolayer of close-packed enzyme units. Thus, the
coverage of GOx at each electrode cannot be a possible factor
inducing the decrease of the characteristic rate constants as
presented in Table 1.

Comparing with the GOx—SWNTs/GC electrode, a layer of
polyanion PSS is presented at each GOx—IL—PSS—SWNTs/

GC electrode as illustrated in the electrode fabrication process
(Scheme 1). This layer of PSS may increase the distance
between the substrate GC surface and redox species and thus
block the electron transfer leading to the decrease of the rate
constants of the catalytic system. However, the results depicted
in Figure 2 and Figure 3a demonstrated that FcA/FcA™ couple
underwent a one-electron reversible redox reaction even with
the presence of PSS and GOx at the surface of the electrode.
Therefore, the layer of PSS on the IL-containing electrode
surface does not obstruct the electron transfer of the redox
couple of FcA/FcA™ and is not a factor of causing the decrease
of rate constants as shown in Table 1.

To further verify this conclusion, ILs were replaced by
PDDA, a positively charged polyelectrolyte, to assemble GOx
on the electrode surface forming the GOx—PDDA—PSS—
SWNTSs/GC electrode (steps d and e, Scheme 1). The electro-
catalytic oxidation of glucose at the electrode was studied, and
the characteristic rate constants of this catalytic system were
determined using the same approach as that for the GOx—
SWNTs/GC and GOx—IL—PSS—SWNTs/GC electrodes. The
rate constants obtained at the electrode are also shown in Table
1, which indicates that the values of the characteristic rate
constants obtained at the electrode are similar to those derived
at the GOx—SWNTSs/GC electrode. However, they are higher
than those derived from the GOx—IL—PSS—SWNTs/GC elec-
trodes. These results further demonstrate that the layer of PSS
on the electrode surface cannot be a possible reason for causing
the decrease of characteristic rate constants of the catalytic
system.

After eliminating the above possible factors, we next consider
the effects of IL nature on the enzymatic oxidation of glucose.
To explain the effects better, the electrical properties of the
[bmpyri], [bmpyrro], and [bmim] on SWNTs were investigated
based on the quantum chemistry method. All the compounds
have been fully optimized using the DFT/B3LYP method with
the 6-31G* basis set and characterized by the calculations of
vibrational frequencies at the same level. The conductor-like
polarizable continuum model (CPCM)* was employed in these
calculations, and the dielectric constant of water at 298.15 K
(78.4) was used to simulate the aqueous environment. All the
theoretical calculations are carried out with the use of the
GAUSSIAN 03 program package® with the default convergence
criteria, and the frontier molecular orbital surfaces are visualized
using Gauss View.%! To simplify the calculation, we only
considered the interaction between the SWNTs and the IL
molecules.

The optimized molecule structures and atom-numbering of
[bmpyri], [bmpyrro], and [bmim] are depicted in Figure 7.
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Figure 7. Optimized molecule structure and atom-numbering of
[bmpyri], [bmpyrro], and [bmim].

Structures along with the Mulliken atomic charges for the non-
hydrogen atoms and partial selected hydrogen atoms with high
charge density for the three molecules in water are presented
in Figure 8. The optimized results reveal that the pyridine ring
in [bmpyri] and the imidazole ring in [bmim] are conjugated
and planar, while the pyrrolidine ring in [bmpyrro] is uncon-
jugated and is also not planar. The butyl group is almost vertical
to the heterocycle with a dihedral angle of —104.9, —82.9, and
—79.3° for [bmpyri], [bmpyrro], and [bmim], respectively. This
configuration of the butyl group favors the assembly of the
molecules at the surface of SWNTs since the steric exclusion
of the butyl group can be significantly decreased.

Localization of frontier molecular orbitals and the charge
distributions were employed to analyze interactions between
SWNTs and the assembled species and to explain the effects
of the assembled species on the electrical properties of SWNTSs.
The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) surfaces for [bmpyri],
[bmpyrro], and [bmim] are given in Figure 9. HOMO location
mostly distributes in the whole molecule for [bmpyri] and
[bmim], while HOMO location only distributes in the butyl in
[bmpyrro]. However, LUMO location in the three molecules
mostly distributes in the vicinity of the nitrogen atom, namely,
the pyridine, imidazole, and pyrrolidine ring, respectively. The
results indicate that the interaction between SWNTs and the
assembled species mainly takes place via the nitrogen atom,
and consequently, the charge transfer between SWNTSs and the
ILs occurs mainly at nitrogen.

It was reported that the charge transfer from SWNTs to
absorbed nitrogen or oxygen atom would enhance conductance
of SWNTs, while the charge transfer from the absorbed nitrogen
or oxygen atom to SWNTs would lead to the decrease of the
conductance of SWNTs.%2 From the calculated results, one can
find that the nitrogen atom in the [bmpyri] molecule carries
0.237 au positive charge, while that in [bmpyrro] and [bmim]
molecules carries —0.549 and —0.122 (—0.084) au negative
charge, respectively. These results suggest that the charge
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Figure 8. Mulliken atomic charge of all the non-hydrogen atoms and
partial selected hydrogen atoms for [bmpyri], [bmpyrro], and [bmim]
at the ground state in water.

transfer direction is from SWNTs to [bmpyri] in the case of
[bmpyri] —SWNTs and the charge transfer is from [bmpyrro]
(or [bmim]) to SWNTs in the case of [bmpyrro]—SWNTs and
[bmim]—SWNTs. Therefore, the conductance of [bmpyri]—
SWNTs would be higher than those for [bmpyrro] —SWNTs and
[bmim]—SWNTs. The changes in conductive characteristics of
SWNTs after assembly of different ILs will affect the electro-
catalytic activity of GOx—IL—PSS—SWNT/GC electrodes and
result in the change of the characteristic rate constants of glucose
oxidation as shown in Table 1.

The value of Ag, which is defined as the difference between
the highest positive and negative net charge, of [bmpyri],
[bmpyrro], and [bmim] is also an important factor affecting the
electrical transfer properties of [bmpyri]—SWNTs, [bmpyrro]—
SWNTs, and [bmim]—SWNTs. A high value of Ag will be of
benefit to electrical transfer and results in the high electrocata-
lytic activity. From Figure 8, the value of Ag for [bmpyri],
[bmpyrro], and [bmim] is 1.566, 1.288, and 1.205, respectively.
These results indicate that the electrocatalytic activity of
GOx—IL—PSS—SWNT/GC electrodes will decrease in the order
of [bmpyri], [bmpyrro], and [bmim], which is in good agreement
with the results depicted in Table 1. Therefore, the nature of
ILs significantly affects the electrocatalytic activity of GOx—IL—
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Figure 9. Highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) surfaces for [bmpyri], [bmpyrro],
and [bmim].

PSS—SWNT/GC electrodes toward the oxidation of glucose and
is a key factor governing the electrocatalytic activity of the
electrode.

5. Conclusions

The effects of ILs on the electrocatalytic activty of GOx
toward the oxidation of glucose have been studied with the use
of cyclic voltammetry and the theoretical calculation method.
Three types of ILs of [bmpyri]BF,, [bmpyrro]BF,, and
[bmim]BF, were selected to study the effects of different types
of ILs on the catalytic system. The characteristic kinetic
constants for the enzymatic reaction were evaluated from the
cyclic voltammograms, indicating that the values of these rate
constants decrease following the sequence of SWNTs > [bmpyri]
> [bmpyrro] > [bmim]. The results of theoretical calculations
showed that the presence of IL on the surface of SWNTs can
significantly affect the electrical transfer properties of the
nanotube and lead to the decrease of the electrocatalytic activity
of the GOx. Therefore, this work concludes that the nature of
ILs is a key factor of affecting the electrocatalytic activity of
GOx—IL—PSS—SWNT/GC electrodes toward the oxidation
of glucose.
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