Entrapment in Biologically Synthesized Silica

DOI: 10.1002/smll.200700725

SmG" R

I Silica immobilization
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This work demonstrates a new approach for building bioinorganic inter-

faces by integrating biologically derived silica with single-walled carbon
nanotubes to create a conductive matrix for immobilization of enzymes.
Such a strategy not only allows simple integration into biodevices but
presents an opportunity to intimately interface an enzyme and manifest
direct electron transfer features. Biologically synthesized silica/carbon
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nanotube/enzyme composites are evaluated electrochemically and charac-
terized by means of X-ray photoelectron spectroscopy. Voltammetry of
the composites displayed stable oxidation and reduction peaks at an
optimal potential close to that of the FAD/FADH, cofactor of immobi-
lized glucose oxidase. The immobilized enzyme is stable for a period of
one month and retains catalytic activity for the oxidation of glucose. It is
demonstrated that the resulting composite can be successfully integrated
into functional bioelectrodes for biosensor and biofuel cell applications.

1. Introduction

Direct bio-electrocatalysis of redox enzymes has attract-
ed increasing attention for the development of the next gen-
eration of electronic nanoscale biomaterials and devices for
industrial, clinical, environmental, space exploration, and
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defense applications.'>! The fusion of electrocatalysis with
biology, for example, facilitates the development and com-
mercialization of disposable biochips with near perfect se-
lectivity for a given target analyte.[*”] Efficient communica-
tion between enzyme and electrode can also aid the devel-
opment of biofuel cells with high power output."*” Direct
electron transfer (DET) between an enzyme and an elec-
trode provides the most potential for miniaturization and
high power output because the requirement for complex
electron mediators is negated. In addition, an enzyme-elec-
trode based on DET theoretically functions at a potential
range that is close to the redox potential of the enzyme
itself. Immobilization of enzymes for DET, however, has
proven to be problematic as accessibility of the enzyme
redox center and hence efficient transfer of electrons to the
electrode is limited.

Glucose oxidase (GOx) is a widely studied enzyme, par-
ticularly with respect to DET, and as such provides a suit-
able model system applicable to the development of biosen-
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sors and biofuel cells.”! GOx is a stable enzyme with high
catalytic activity and an inexpensive substrate source; utiliz-
ing glucose as a widely available fuel. In aqueous solution at
physiological pH, the redox potential of FAD/FADH, at the
enzyme active site is negative and therefore well suited to
operation at the anode of a biofuel cell.”*'¥ The optimal
redox potential of FAD/FADH,, however, is only achieved
under DET as employing redox mediators for anodic pro-
cesses such as glucose oxidation requires the use of a redox
potential that is more positive than that of the enzyme
active site. This leads to additional overpotential to facilitate
charge transfer from the enzyme to the mediator and results
in a decrease in the cell voltage. Several limitations there-
fore must be addressed for the successful application of
GOx in direct bio-electrocatalysis. The FAD/FADH, redox
center of GOx is located deep within the apoenzyme (ap-
proximately 13 A) and hence the electron-transfer rate be-
tween the active site of glucose oxidase and the electrode
surface is inherently slow.®'™?l QOver recent years, efforts
have been made to reduce the electron-tunneling distance
between GOx and the electrode using different promot-
ers.**™1% ] Ope strategy is to incorporate the enzyme into
an electrically conductive matrix such as carbon nanotubes
(CNTs), which potentially reduces the distance from the
redox center of GOx to the CNTs, which then act as a mi-
croelectrode surface.' We have previously demonstrated
the ability of multi-walled CNTs to be used as an efficient
conductivity matrix for DET between the active site of
GOx and a carbon electrode, indicating that CNTs success-
fully orientate the enzyme active site and redox-active co-
factor with respect to the electrode surface. The resulting
electron-transfer rate constant of approximately 2.4 s! indi-
cated that the heterogeneous DET process was significantly
greater than previously observed for unmodified electrodes.
The three-dimensional network of electronically conductive
CNT significantly increases the surface area for enzyme im-
mobilization and provides an electronic circuit as a series of
“nanowires” for the enzyme.**!"! The work reported herein
utilizes single-walled CNTs in place of multi-walled CNTs
owing to their superior electron-transfer properties.

The crux of bio-electrocatalysis, however, is the develop-
ment of enzyme-immobilization techniques that provide
continuous electron transfer from the enzyme to the elec-
trode, whilst maintaining high catalytic activity and enzyme
stability. The majority of methods for enzyme immobiliza-
tion utilize an inert support that serves no further specific
catalytic function. When the immobilization support is an
electrode or transducer surface, highly integrated functional
enzymatic systems can be realized. Recent studies have
demonstrated the remarkable versatility of a biomimetic sil-
icification reaction as a means of enzyme immobiliza-
tion.">1°! Biosilicification is a rapid ambient precipitation of
silica mediated by a biological catalyst. A wide variety of
peptides and proteins can catalyze the precipitation of silica
and become encapsulated as the silica matrix forms."” The
reaction provides an efficient method for enzyme immobili-
zation and provides significant mechanical stability to the
resulting silica matrix. Lysozyme, for example, catalyzes the
formation of silica particles when mixed with a silicic acid
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precursor. The process is a one-step procedure and addition-
al enzymes added during the reaction become entrained and
retain a high level of catalytic activity."® Initial studies dem-
onstrated that the technique was successful for immobilizing
enzymes directly at a surface with retention of catalytic ac-
tivity, but extension of the application to bio-electrocatalysis
has not yet been demonstrated."” This work describes an
approach to create a bio—nano interface suitable for direct
electrochemistry of enzymes. Direct bio-electrocatalysis of
glucose oxidation is demonstrated by entrapping GOx in a
silica/CNT composite obtained through lysozyme-catalyzed
synthesis of silica.

2. Results and Discussion

Biocatalytic precipitation of silica composites containing
GOx, were prepared on Toray carbon paper (TP), with and
without the addition of CNT. Lysozyme provided the scaf-
fold for silica formation and binds to the carbon-electrode
surface by physical adsorption, negating any requirement
for chemical modification or pretreatment of the TP. The
morphology of the resulting silica precipitate was investigat-
ed by scanning electron microscopy (SEM). The filaments
of TP were clearly visible by SEM (Figure 1a) and following
the silicification reaction, a surface-coated layer of silica can
be clearly differentiated from the uncoated fibers. The sur-
face morphology of the TP appears more coarse, although
still uniform, indicating that the silicification reaction occur-
red homogeneously on the surface (Figure 1b). The majority
of the silica forms as a network of fused particles in agree-
ment with previous studies (Figure 1c)."”! The presence of
CNT embedded within the silica matrix is also evident (Fig-
ure 1d).

X-ray photoelectron spectroscopy (XPS) was used to an-
alyze the chemistry of the silica composite. XPS is a power-
ful technique allowing estimation of the elemental and
chemical composition of the upper 10 nm of a surface and
has been demonstrated as an effective tool to quantify pro-
tein immobilized or adsorbed during enzyme immobiliza-
tion.”! The surface elemental composition and bonding
with respect to Cls, Ols, N1s and Si2p core level spectra
were determined at a surface depth of approximately 10
and 2 nm (Table 1). TP alone, with or without CNT, exhibits
the same elemental compositions with ~2% oxygen, irre-
spective of sampling depth. Initially, the formation of silica
resulting from reaction of lysozyme with hydrolyzed tetra-
methylorthosilicate (TMOS) was analyzed as a control
sample and was found to exhibit a significant increase in Si
and N, as expected. The complete functional samples (i.e.,
silica on TP containing GOx and CNT) were composed of
~5% N and ~15% Si, confirming the presence of both the
enzyme and a silica matrix. However, in the absence of
CNT, a lower N signal (0.6%) and relatively higher Si and
O signals were observed, suggesting either a lower degree
of enzyme immobilization or a more complete coverage of
GOx by silica that blocks the encapsulated enzyme from
XPS analysis. No changes in composition with depth were
observed for any of the samples.
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Figure 1. SEM micrographs of carbon paper electrodes coated with a) lysozyme and b) silica at low mag-

nifications and c—d) at high magnifications.

XPS was also used to determine O/C and N/C ratios in
an effort to obtain protein fingerprints for lysozyme and
GOx. Analysis of soluble solutions of GOx and lysozyme,
however, showed an O/C ratio of approximately 0.3 for
both proteins, making distinction between the two diffi-
cult. In addition, the O/C ratios for composites containing
silica were much higher owing to the excess of silica
(SiO,). The N/C ratio may therefore be a more appropri-
ate measure of the interaction of enzyme chemistry at the
surface. The N/C ratio predicted by the polypeptide se-
quences is much larger for lysozyme (0.24) than for GOx
(0.13). For samples containing both GOx and lysozyme, an
N/C ratio of 0.12 is very close to that of GOx alone, which
may indicate that the majority of enzyme detected by XPS
is GOx. In comparison, in a GOx-free control, the ratio is

small

much larger (0.18) as would
be expected for lysozyme
alone.

High resolution Cls and
Ols spectra of each sample
were obtained and deconvo-
luted wusing conventional
curve fitting (Figure2) and
quantitative results were cal-
culated (Table 2). The Cls
spectrum of GOx has three
main peaks corresponding to
the following bonds: aliphat-
ic C*H-CH (284.8¢V) that
may have originated from
surface contamination, oxy-
drilic C*-OH and amidic
N-C*H-CO (286.6¢eV), and
N-CH-C*=0  (288.3¢V),
where the respective carbon
species are marked by an
asterisk. The analysis of the
binding energies of the Nls
(400.2eV) and two peaks
for Ols (532 and 533.2¢eV)
confirmed that these ele-
ments are attributable to the
enzyme component. The Cls spectrum of lysozyme also has
major peaks due to C-C and C-H carbon (284.8 eV), and
higher binding energy peaks at 285.8 and 288.2 eV that are
attributed to the C*-N and —C*O-NH- or —C*OO- carbon,
respectively. Smaller peaks at 284.2 and 286.6eV are
thought to be due to contamination during preparation, but
did not interfere with the chemical analysis.

High-resolution Cl's spectrum of the silica composite
(containing lysozyme, GOx and CNT) contains features of
both pure enzyme samples, that is, a dominant peak at
286.6 eV that corresponds to the spectra for GOx and a sec-
ondary signal at 285.8 eV that corresponds to the primary
peak in the spectra of lysozyme. A background signal of
Si—C was detected in all samples. High-resolution Ols spec-
tra for pure enzymes and the silica composite all exhibit

Table 1. XPS elemental quantitative results. Values shown are represented as a percentage of the total. TP is Toray Carbon Paper.

Sample Depth C1s 01s Si2p N1s 0/C N/C N/O
[nm] [%] [%] [%] [%]

TP 10 97.1 2.9
2 97.6 2.4

TP and CNT 10 97.6 2.4
2 98.5 1.5

TP and silica 10 46.5 35.9 9.1 8.5 0.77 0.18 0.24
2 45.7 35.5 10.3 8.5

TP/silica/GOx 10 36.9 48.5 14.0 0.6 1.31 0.02 0.01
2 37.2 49.1 13.8 0.7

TP/silica/GOx/CNT 10 39.5 42.5 13.1 4.9 1.08 0.12 0.11
2 35.4 45.6 14.0 5.1

GOx 68.1 23.1 8.8 0.34 0.13 0.38

Lysozyme 65.2 19.1 15.7 0.29 0.24 0.82
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investigated in the absence
of glucose (i.e., no catalytic
turnover). Two types of
carbon electrodes (screen-
printed and TP) showed sim-

ilar behavior. The cyclic vol-

Figure 2. XPS spectra of a) soluble GOx, b) soluble lysozyme, and c) silica composites with entrapped
GOx and CNT.

Table 2. C1s and O1s deconvolution results of XPS analysis. Values shown are represented as a percentage of the total.

C-Si, C=CCC, CG-H C-NH,, CO-NH, C*-C-N, C*-C-0 N-C*H-C=0, C*-OH CN, C*-0-C=0 N-CH-*C=0, 0-C*=00-C 0=C Si-0,

Binding energy  284.2 284.8 285.8 286.6 287.2 288.2 531.9533.2534.1
GOx 27.1 57.4 15.5 23.8 76.2
Lysozyme 12.3 13.9 38.8 35.0 78.7 21.3
TP and silica 5.1 13.9 32.6 8.3 20.6 19.4 20.5 79.5
TP/silica/GOx/CNT 2.8 10.3 14.1 47.6 12.8 12.4 6.0 63.6 29.4
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tammograms of GOx/CNT modified carbon electrodes
(Figure 3, curve 2) show that a pair of well-defined redox
peaks (reduction and oxidation) was observed. The formal

E/mV

—-800

1/pA

_o5 J

Figure 3. Cyclic voltammogram of GOx modified electrodes. Line 1:
GOx in silica; Line 2: GOx and CNT in silica. (Electrolyte described in
text, scan rate is 20 mVs™.)

SmG" R

group FAD of the GOx. The peak separations from 24 to
50 mV at a scan rate of 10-100 mV s~ ' indicate that the het-
erogeneous pseudoreversible electron-transfer process was
fast. The calculated electron-transfer rate constant of 2.6s~ ',
is comparable to that previously reported for nanotube-
modified electrodes and significantly greater than the mag-
nitude reported for self-assembled monolayer electrodes.”?!

The ability of glucose oxidase to simultaneously undergo
DET with the electrode and retain its catalytic activity was
confirmed by demonstrating the catalytic activity of the im-
mobilized GOx/CNT in the presence and absence of glucose
(Figure 5). It was further confirmed by a standard non-elec-
trochemical activity assay during stability studies of the im-
mobilized enzyme, through the manifestation of its catalytic
activity over a period of time (Figure 6). Figure 5 presents
cyclic voltammetry observations of the redox transforma-
tions of FAD/FADH, associated with the active site of GOx
immobilized in the CNT/silica matrix. In the presence of
glucose, the anodic and cathodic peaks are shifted signifi-
cantly towards oxidative current values. This peak shift is as
a direct result of enzyme activity and can be explained by

redox potential is 406 mV at a 250 mvs™

pH6.2 versus Ag/AgCl,
which is close to the redox
potential of the FAD/FADH,
cofactor in the enzyme. The
redox peaks can be attribut-
ed to the redox reaction at
the active site of GOx immo-
bilized on the surface of the
electrode. Control experi-
ments in the absence of

401

E -E7/mV

I
L
L

Ao,
[e=]

-0.5

W _40]

pc

E _-E°/mV

k=2.6s"

-80"

silica, which rely on nonspe-
cific binding of GOx to TP,
exhibit no electrochemical
activity. In the presence of
CNT but without silica in the
matrix, DET has been suc-
cessfully demonstrated."™ Such experiments, however, rely
on a material set where the CNT phase is synthesized di-
rectly on the TP matrix. Control experiments show no
redox peaks in the absence of the CNT, despite the presence
of GOx (Figure 3, curve 1) suggesting that electrical contact
between the redox center of GOx and the carbon electrode
is provided by close proximity of the CNT, serving as a
matrix of nanowires within the silica film. This hypothesis
was validated by XPS analysis, which confirmed the co-im-
mobilization of GOx with CNT inside the silica matrix. The
intensity of the anodic and cathodic peak currents increases
with increasing scan rate (Figure 4a). In addition, there is a
linear proportionality between the anodic and cathodic
peak currents as the scan rate ranges from 40 to 250 mV's ™/,
a typical characteristic of thin protein film electrochemical
behavior (Figure 4b). The electrochemical characteristics in-
dicate that the reaction is not a diffusion-controlled process
and the redox peaks are from the surface-bound prosthetic
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Logv/Vs™

Figure 4. a) Cyclic voltammograms of GOx and CNT in silica showing effect of increasing scan rate from
40 to 250 mV s™ and b) the corresponding Laviron plot.

Figure 5. Cyclic voltammograms of GOx and CNT in silica in the
absence (Line 1) and presence (Line 2) of 40 mM glucose at a scan
rate of 20 mV s™.
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tion may therefore provide
an opportunity to develop
enzyme-based DET systems
that can withstand continu-
ous operation over a time
frame that has not yet been
realized.

4 5 6 7 8 9 10 0
pH

Figure 6. Effect of silica immobilization upon the pH profile (a) and stability (b) of immobilized GOx.
Key: soluble GOx (¢); soluble GOx and CNT (e); GOx immobilized in silica (O); GOx and CNT immobi-
lized in silica (@). Linear regression lines were calculated using GraphPad Prism (v3.03).

an enzyme-activity-induced decrease in oxygen at the sur-
face of the GOx-modified electrode.

The surface concentration of GOx within the silica
matrix (/) was calculated to be ~2.5x10"!"" mol cm 2,
which, assuming the average effective diameter of a single
GOx molecule to be ~6.0 nm, corresponds to a surface area
of ~4.2 cm?. The total amount of GOx immobilized (depos-
ited) on the electrode surface was 4.1x10~° mol, indicating
that less than 1% of the introduced GOx was electroactive
in terms of DET, in good agreement with previous stud-
ies.’”! The data suggests that the electrochemically active
GOx (2.5x10 " mol) forms a monomolecular electroactive
layer on the electrode surface. The high efficiency of the
biomimetic silicification reaction for the simultaneous en-
trapment of CNT and GOx at an electrode surface is attri-
buted to the mild immobilization conditions that minimize
enzyme denaturation and provides a stabilization effect for
the resulting composites. As such, we examined the stability
of the silica-entrapped GOx/CNT composite in respect to
catalytic activity. Enzyme activity of soluble GOx with glu-
cose was comparable in the presence or absence of CNT
(data not shown). Silica encapsulation of GOx provided an
immobilization efficiency of ~18% (17.9+1.9). The immo-
bilization efficiency of GOx in the presence of CNT was
slightly higher at ~25% (26.0+0.55) and was attributed to
nonspecific binding of GOx to the CNT that provides a pre-
liminary scaffold to stabilize the enzyme activity during sub-
sequent silica encapsulation.” The silica formation appears
to cause some initial inactivation of the enzyme because of
the alkaline reaction conditions. Silica immobilization of
GOx was not as high as has been observed for other en-
zymes and this is attributed to the loss of activity of GOx
upon disparate changes in pH. Silica formation from lyso-
zyme requires pH>7, whereas GOx has a pl of 4.2. Al-
though the silica formation reaction is rapid (<2 min), some
loss of enzyme activity upon rapid changes in local pH may
occur. The immobilized enzyme, however, retained its enzy-
matic activity and retains a pH activity profile comparable
to the native GOx suggesting that no significant catalytic
modification of the enzyme active site has occurred (Fig-
ure 6a). In addition, silica-immobilized GOX is stable when
stored at 25°C for up to one month. Soluble GOx undergoes
slow denaturation over time under the same conditions (Fig-
ure 6b). The enhanced stability provided by silica encapsula-
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In conclusion, we have
demonstrated the potential
to create bioinorganic func-
tional nanomaterials that
serve as a starting point for a variety of technology solu-
tions. Potential applications include sensor systems, actua-
tion devices and micropower sources. The immobilization of
GOx in a silica matrix, doped with CNT, was demonstrated
and supported efficient electrical conductivity. The high
electroactive surface area of the composite confirms the un-
derstanding that intimate contact between the enzyme mol-
ecule and electrode surface is a prerequisite for DET bio-
electrocatalysis.

The immobilization not only stabilized enzyme activity
over a period of at least one month but also facilitates medi-
ator-free DET coupled to the oxidation of glucose. The
method of co-immobilization of enzyme and CNT based on
a biomimetic silicification reaction demonstrates a number
of advantageous properties including excellent film-forming
ability, good adhesion, biocompatibility and bioelectrocata-
lytic properties. Enzyme immobilization with direct bioelec-
trocatalysis is widely applicable, for example, in mechanistic
studies of enzyme reactions in biological systems. Primarily,
however, the GOx electrode system demonstrated herein
based on DET provides significant simplification and appli-
cation to the design of an anode for biofuel cell applications.
The inherent change in electrochemistry of the system in
the presence and absence of glucose as substrate, however,
also provides a further opportunity to develop the system
for sensitive glucose detection and application in the field of
reagent-free glucose sensors.

4. Experimental Section

Materials: GOx from Aspergillus niger (EC1.1.3.4), tetra-
methyl orthosilicate (TMOS), 99%, lysozyme from chicken egg
white (EC3.2.1.17) and carboxylated single-walled carbon nano-
tubes were obtained from Sigma-Aldrich (St. Louis, MO). Toray
carbon paper TGPH-060, was obtained from E-TEK, K, Somerset,
NJ (now a division of BASF). Screen-printed electrodes were ob-
tained from Alderon Biosciences Inc. (Durham, NC). All other re-
agents and chemicals were of analytical grade and obtained
from standard commercial sources. Enzyme stock solutions were
prepared in 0.1 m phosphate buffer (pH 7.0). All other solutions
were prepared with deionized water and filtered before use.
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Preparation of the enzyme/CNT/silica composites: GOx and
CNT were immobilized on a screen-printed carbon electrode sur-
face and on TP by entrapment within a silica matrix using a
modification of immobilization methods described previous-
ly.1>1¢ For screen-printed carbon electrodes, lysozyme was non-
specifically adsorbed on the working carbon electrode surface by
soaking the surface in a solution of lysozyme (0.5 mL,
25 mgmL~") and the excess removed by washing with phos-
phate buffer (0.1 m, pH 8). A homogeneous GOx/CNT suspension
was prepared by sonicating CNT (2 mg) in phosphate buffer
(1 mL, 0.1 m, pH7) for 1 h. An aliquot (0.1 mL) of the CNT sus-
pension was then mixed with GOx (3 mg) and sonicated for a fur-
ther 20 min. The silica precipitation reaction mixture consisted
of phosphate buffer (0.7 mL, pH 8), TMOS (0.1 mL, 1 M in 1 mm
HCl) and GOx/CNT (0.1 mL in phosphate buffer, pH 7). The silica
precipitation mix (20 pL) was dropped onto the lysozyme-modi-
fied surface and incubated for 30 min at room temperature to
allow the silica to form. For the preparation of TP electrodes, the
lysozyme-modified TP (prewashed by sonication) was placed
into a minicolumn (prepared from microfuge filtration columns
(Qiagen, Inc. Valencia, CA) modified to accommodate a circle of
TP) and the precipitation mix was flowed through the minicol-
umn four times under gravity. Finally, both screen-printed carbon
electrodes and TP modified with CNT, GOx, and silica were
washed with water and dried before analysis.

Characterization of enzyme/CNT/silica composites: The sur-
face morphology of the GOx/CNT/Silica modified carbon electro-
des was visualized using a Hitachi (5-5200) SEM equipped with
an energy dispersive spectrometer. The microscope was operat-
ed at 10 kV for imaging. No conductive coatings or other treat-
ment were performed on the samples prior to SEM observations.
XPS spectra were acquired using a Kratos AXIS Ultra photoelec-
tron spectrometer using a monochromatic Al Ka source operating
at 300 W (base pressure: 2x10 ' Torr, operating pressure:
2x10~° Torr, 1 Torr=133.322 Pa). Charge compensation was ac-
complished using low-energy electrons. Standard operating con-
ditions for good charge compensation were —4.1 V bias voltage,
-1.0V filament voltage and a filament current of 2.1 A. The
sample surface survey was completed initially, followed by de-
termination of high-resolution spectra of Cls, O1s, Si2p, and
N1s for all samples. Take-off angles of 90° and 15° were select-
ed for angle resolved studies, corresponding to ~8-10 and
~2nm of the surface respectively. Data is presented as the
average of 1-2 samples at 3-4 areas per sample. A linear back-
ground of C1s, N1s, O1s and Si2p spectra was used. Quantifica-
tion-utilized sensitivity factors were provided by the manufactur-
er. All the spectra were charge referenced to the aliphatic carbon
at 285 eV. Curve fitting was carried out using individual peaks of
constrained width and shape. A 70% Gaussian, 30% Lorentzian
line shape was used for the curve fits.

Determination of GOx surface concentration: The surface con-
centration of GOx was calculated from the equation '=Q/nFA,
where [ is the surface concentration of GOx, Q is the charge ob-
tained from integration of the anodic peak, n is the number of
electrons per oxidation of GOx (FADH,) molecule, F is the Fara-
day constant, and A is the electrode surface area in contact with
the electrolyte (electrochemically accessible surface area,
EASA).24 EASA was calculated using the capacitance of the elec-
trode obtained from cyclic voltammetry in a potential region
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where no Faradic processes occur. In order to elucidate the
EASA the specific capacitance for carbonaceous material (CNT)
was assumed to be 20 pF cm % The EASA of the Si- and CNT-
modified carbon electrode was calculated to be 3.7 cm?.

Electrochemical measurements: Electrochemical measure-
ments were performed with a potentiostat/galvanostat (Prince-
ton Applied Research, Model 263A) in a three-electrode cell with
a 5 mL working volume and consisting of the silica/GOx/CNT
working electrode, a carbon counter electrode and an Ag/AgCl
reference electrode (Bioanalytical Systems Inc., Evansville, IN).
The electrolyte solution was composed of equal volumes of
phosphate buffer (0.1 m, pH 6.2) and KCl (0.1 m). Electrochemi-
cal experiments were carried out at 20+ 0.5°C. Cyclic voltammo-
grams were used to calculate the electron-transfer rate constant
using the method of Laviron.?"!

Determination of glucose oxidase activity: The enzymatic ac-
tivity of GOx was determined according to the supplier's quality-
control test procedure (Sigma-Aldrich) with dextrose as sub-
strate. For stability experiments, stock samples were incubated
at 25°C with shaking for 1 month. Aliquots were removed period-
ically for analysis of GOx activity. The pH profile of GOx was de-
termined using the same glucose oxidase assay adjusted to a
range of pH values with 1 m NaOH. The immobilization efficiency
(%) is calculated as a ratio of enzyme activity after immobiliza-
tion, relative to free enzyme under identical experimental condi-
tions.
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