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On the Direct Electron Transfer, Sensing, and Enzyme Activity in the
Glucose Oxidase/Carbon Nanotubes System
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ABSTRACT: The signal transduction and enzyme activity were
investigated in biosensors based on the glucose oxidase (GOx)
and carbon nanotubes (CNT) embedded in a bioadhesive film
of chitosan (CHIT). The voltammetric studies showed that,
regardless of CHIT matrix, the GOx adsorbed on CNT yielding
a pair of surface-confined current peaks at —0.48 V. The anodic
peak did not increase in the presence of glucose in an O,-free
solution indicating the lack of direct electron transfer (DET)
between the enzymatically active GOx and CNT. The
voltammetric peaks were due to the redox of enzyme cofactor
flavin adenine dinucleotide (FAD), which was not the part of
active enzyme. The presented data suggest that DET may not be
happening for any type of GOx/CNT-based sensor. The
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biosensor was sensitive to glucose in air-equilibrated solutions indicating the O,-mediated enzymatic oxidation of glucose.
The signal transduction relied on the net drop in a biosensor current that was caused by a decrease in a 4-e~ O, reduction current
and an increase in a 2-e~ H,0, reduction current. The enzyme assays showed that CNT nearly doubled the retention of GOx in
a biosensor while decreasing the average enzymatic activity of retained enzyme by a factor of 4—S. Such inhibition should be
considered when using a protein-assisted solubilization of CNT in water for biomedical applications. The proposed analytical
protocols can be also applied to study the effects of nanoparticles on proteins in assessing the health risks associated with the use

of nanomaterials.

he direct electron transfer (DET) between the active
redox enzymes and conductive nanomaterials is important
for the development of electrochemical devices for sensing and
energy conversion. In particular, the DET-based detection is
central to the advancement of mediatorless biosensors, i.e.,
devices that do not require any extra reagents in a sample to
detect the enzyme’s substrate. However, the DET is not a
common phenomenon. This is in part because the redox active
centers of enzymes are often shielded from the electrodes by a
glycoprotein coat preventing the efficient electron tunneling.
In the past decade, the DET has been reported in the case of
electrodes based on the enzyme glucose oxidase (GOx) and
carbon nanotubes (CNT).'™® It has been explained by
hypothesizing that either a CNT plug into a GOx molecule
or GOx partially unfolds facilitating the electrical contact
between the enzyme’s cofactor flavin adenine dinucleotide
(FAD) and CNT.'™>?"** The DET-based electrochemical
glucose sensing at GOx/CNT-based electrodes has also been
debated with arguments on both sides of the issue depending
on the specifics of the experiments.'®™>
The present study focuses on the role of DET in glucose
sensing at a GOx/CNT hybrid that was embedded in a
bioadhesive film of polysaccharide chitosan (CHIT) on the
electrode surface. The CHIT provided a biocompatible, inert,
and protective matrix for GOx and served as an effective
dispersant for CNT.**75 The interactions between the GOx
and CNT in the CHIT matrix and aqueous solutions were also
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probed. The three aspects of the GOx/CNT system were
studied including (i) the role of reactions relevant to the
electrochemical glucose sensing in the generation of current
flowing through a GOx/CNT-based biosensor, (2) the effect of
CNT on the retention and enzymatic activity of GOx in CHIT
films, and (3) the enzymatic activity of GOx in aqueous
suspensions of CNT. The enzyme retention and activity were
analyzed using the newly developed internally calibrated
electrochemical continuous enzyme assay (ICECEA).>® The
assay relied on the quantification of enzyme activity via
enzyme-free calibration in one short continuous experiment.

B EXPERIMENTAL SECTION

Reagents. The glucose oxidase (GOx, from Aspergillus niger,
E.C. 1.1.3.4, 210 units mg™") and chitosan (CHIT, MW ~1 X
10° Da, 80% deacetylation) were purchased from Sigma-
Aldrich. The flavin adenine dinucleotide (FAD) was from Alfa
Aesar (A14495). The different batches of multiwalled carbon
nanotubes (CNT, synthesized via chemical vapor deposition,
~95% nominal purity) were purchased from Nanolab
(Brighton, MA) and used as received. The CNT had a
diameter of 15 + 5 nm and length of 1—5 ym. Other chemicals
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including the NaH,PO,-H,0, Na,HPO,-H,0, HCI, and NaOH
were purchased from Fisher. The 0.10 wt % chitosan (CHIT)
solutions were prepared by dissolving chitosan flakes in hot
(80—9S °C) aqueous solutions of 0.050 M HC], cooling to
room temperature, adjusting the pH to ~4.5 with NaOH
solution, and filtering with a 0.45-um Millex-HA syringe filter.
A glucose stock solution (1.0 M) was prepared in pH 7.40
phosphate buffer (0.050 M) and was allowed to mutarotate for
24 h at room temperature before use. The suspensions of CNT
(1.0 mg mL™") were prepared in 0.10 wt % CHIT solutions by
20-min sonication. All solutions were prepared using 18-MQ-
cm deionized water that was purified with a Barnstead
NANOpure cartridge system. They were stored in a refrigerator
(~4 °C) when not in use.

Electrochemical Measurements. The cyclic voltammo-
grams and amperograms were recorded by using a CHI 832B
workstation (CH Instruments, Inc.). The measurements were
performed in the three-electrode system. The 3.0-mm diameter
glassy carbon (GC) disc or 1.6-mm diameter Pt disc electrode
served as a working electrode, a platinum wire was used as an
auxiliary electrode, and Ag/AgCl/3MNaCl (BAS) served as a
reference electrode. The working electrodes were wet polished
on an Alpha A polishing cloth (Mark V Lab) with successively
smaller particles (0.3 and 0.05 ym diameter) of alumina. The
alumina slurry was removed from the electrode surface by 30-s
ultrasonications in methanol and water.

All experiments were performed at room temperature (21 +
1 °C) using a pH 7.40 phosphate buffer solution (0.050 M) as a
background electrolyte. The O,-free solutions were prepared by
purging them with high purity argon for 30 min and
maintaining an argon blanket above a solution during a
measurement. This reduced the oxygen concentration in a
solution to <5 uM as determined by an YSI dissolved oxygen
meter,””* Such low oxygen concentration did not support a
sustainable current due to the O,-mediated oxidation of glucose
by GOx. The experiments were repeated at least three times,
and the results are presented with relative standard deviation
(RSD).

Preparation of Film Electrodes. The film electrodes were
prepared by casting the following solutions on the electrode
surface: (A) 0.10 wt % CHIT solution containing GOx and (B)
0.10 wt % CHIT solution containing CNT (1.0 mg mL™"). The
well-adhering surface films were formed after evaporating water
for 2 h at room temperature. All films were cast on the surface
of a GC electrode with the exception of a film that was used to
record amperograms shown in Figure 4. It was cast on a Pt
electrode.

The CHIT-GOx/CNT film electrodes were prepared by
mixing together the 10.0-uL aliquots of solutions A and B (vide
supra). The initial enzyme load of the films was equal to 10 U
of GOx for the voltammetric and amperometric experiments
and 0.10, 0.30, 0.60, and 1.0 U for enzyme assays and
potentiometric measurements. The CHIT-GOx and CHIT/
CNT film electrodes were prepared by casting a 10.0-uL aliquot
of solution A and B, respectively, on the electrode surface. The
CHIT-FAD/CNT film electrodes were prepared by casting
10.0 4L of solution B, evaporating water, adding 10.0 uL of 10
mM FAD solution, and again evaporating water.

For the sake of brevity, the CHIT acronym will be omitted
from films’ abbreviated names. For example, instead of “CHIT-
GOx/CNT film” a shorter name “GOx/CNT film” will be used,
instead of “CHIT-GOx film” we will use “GOx film” etc. The
film electrodes were soaked in a stirred pH 7.40 phosphate
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buffer solution for 30 min before their first use. They were
rinsed with water, air-dried, and stored at 4 °C when not in use.

B RESULTS AND DISCUSSION

The electrochemical sensing of glucose at a GOx/CNT-based
biosensor may involve the following reactions:

GOx(FAD)NT + B-D-glucose

— GOx(FADH,)™T + D-glucono-1,5-lactone (1)
GOx(FADH,)™™" — GOx(FAD)*NT + 2H' + 2¢”  (2)
0, + 2H" + 2¢7(CNT)

— H,0, + 2H" + 2¢7(CNT)

— 2H,0 3)
GOx(FADH,)™™" + 0, - GOx(FAD)™"" + H,0, (4)
GOx(FAD) + B-D-glucose

— GOx(FADH,) + D-glucono-1,5-lactone (3)
GOx(FADH,) + O, — GOx(FAD) + H,0, (6)
H,0, + 2H' + 2¢7(CNT) — 2H,0 (7)

where the GOx(FAD)“NT and GOx(FAD) denote the enzyme
molecules that are within the electron tunneling distance from
CNT and those that are remote from the CNT, respectively.
The role of each of these reactions in the glucose detection at a
GOx/CNT-based biosensor was investigated.

Electroactivity of the GOx/CNT System in O,-Free
Glucose Solutions (Reactions 1 and 2). The sequence of
reactions 1 and 2 represents the much sought-after
bioelectrocatalysis where GOx oxidizes glucose and is directly
recycled at the electrode surface with no need for any redox
mediator. The bioelectrocatalysis in the GOx/CNT system was
probed by using cyclic voltammetry. Figure 1A (line 1) shows a
typical cyclic voltammogram that was recorded at a GOx/CNT
film electrode in an O,-free phosphate buffer solution at pH
7.40. Such voltammograms displayed background/capacitive
currents that were dependent on a particular batch of CNT, but
they all had a common feature which was a pair of current
peaks at a formal (midpoint) potential of —0.48 + 0.01 V. The
symmetrical shape of the peaks and their proportionality to the
potential scan rate indicated that the electrode process involved
the redox species that were adsorbed on CNT. Apparently, the
presence of CHIT matrix did not prevent the GOx from
adsorbing on CNT. The control experiments with the film
electrodes containing either CNT or GOx yielded featureless
voltammograms (Figure 1, lines 2 and 3), which showed that
the presence of both GOx and CNT on the electrode surface
was necessary to observe the current peaks. The lack of
electroactivity in GOx films (line 3) argued against a notion®”
that chitosan chains act as the molecular wires enabling the
electron transfer between the GOx and the surface of the GC
electrode.

The control experiments with the FAD/CNT film electrodes
yielded a pair of current peaks (Figure 1B, line 1), which were
due to the surface-confined electrode process

FAD + 2H" + 2¢” < FADH, (8)
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Figure 1. Cyclic voltammograms recorded at (A) (1) GOx/CNT, (2)
CNT, and (3) GOx film electrodes, and (4) a bare glassy carbon
electrode; (B) (1) FAD/CNT; and (2) CNT film electrodes. All films
contained chitosan as an immobilization matrix. The voltammograms
were recorded in the O,-free pH 7.40 phosphate buffer solutions. Scan
rate, 50 mV s\,
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These peaks were located at the same formal potential (—0.48
V) as that recorded at the GOx/CNT film electrodes, which
indicated that the electroactivity of GOx/CNT films was due to
the redox of enzyme cofactor FAD.

Figure 2 shows that the addition of glucose to an O,-free
solution had no effect on the electroactivity of GOx/CNT
films, even at a very high glucose concentration (100 mM). The
lack of sensitivity to glucose clearly indicated that the current
peaks at —0.48 V were due to the electroactive FAD that was
not the part of enzymatically active GOX, i.e., reactions 1 and 2
were not taking place in the present GOx/CNT-based
biosensor. Similar lack of bioelectrocatalysis at electrodes
containing CNT and GOx has been recently reported.**~>*
The voltammetric data in Figure 2 are also in line with the
recent studies, which reported the loss of activity of GOx upon
its adsorption on the nanostructured surfaces including carbon
nanofibers.*>*' The loss of protein function has been correlated
with a high degree of GOx unfolding, increase of f-sheet and a
reduction of a-helical secondary structure, and unfavorable
orientation of the enzyme upon surface contact.*’

Electroactivity of the GOx/CNT System in O,-
Containing Solutions (Reactions 3 and 4). In the air-
equilibrated solutions, the current due to the reduction of O, at
CNT (Figure 3A, line 1, reaction 3) overlapped with the
current peaks at —0.48 V (Figure 34, line 2) complicating the
analysis. The control experiment showed that a CNT electrode
displayed a featureless voltammogram in the absence of both
0, and GOx in a solution (Figure 3A, line 3). In the air-
equilibrated solutions, a GOx/CNT film electrode yielded a
voltammogram 4 (Figure 3B), which was the superposition of
currents due to the reduction of O, (Figure 34, line 1) and the
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Figure 2. Cyclic voltammograms recorded at the GOx/CNT film
electrodes in the (A) (1) absence and (2) presence 0.60 mM glucose
and (B) (1) absence and (2) presence of 100 mM glucose in a
solution. All films contained chitosan as an immobilization matrix. The
voltammograms were recorded in the O,-free pH 7.40 phosphate
buffer solutions. Scan rate, 5.0 mV s~

Figure 3. (A) Cyclic voltammograms recorded at (1) CNT film
electrode in air-equilibrated solution, (2) GOx/CNT film electrode in
O,-free solution, and (3) CNT film electrode in O,-free solution. (B)
Cyclic voltammograms recorded at GOx/CNT film electrode in air-
equilibrated solution containing (4) 0 and (5) 0.60 mM glucose. All
films contained chitosan as an immobilization matrix. Background
electrolyte, pH 7.40 phosphate buffer solution. Scan rate, S0 mV s~
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redox of FAD (Figure 3A, line 2). The alternative interpretation
of the voltammogram 4 based on the reversed reaction 2 and
forward reaction 4 lacked an experimental support. According
to these reactions, the cathodic and anodic peaks at —0.48 V
should increase and decrease, respectively, in the presence of
oxygen in a solution. However this was not observed based to
the integration of these peaks after a digital subtraction of
voltammograms that were recorded at GOx/CNT and CNT
film electrodes, respectively (Igoxcnt — Iont)- The oxygen had
no effect on the background-corrected cathodic and anodic
peaks at —0.48 V.

The addition of glucose to an air-equilibrated solution
resulted in the shift of the entire voltammogram 4 toward lower
cathodic currents (Figure 3B, line S). Again, the shift did not
affect the background-corrected current peaks at —0.48 V.
Therefore, the shift was ascribed to the decrease in O,
reduction current due to the depletion of O, in a biosensor
by the mediated enzymatic process (reactions S and 6).

Mediated Detection of Glucose at a GOx/CNT-Based
Biosensor (Reactions 5 and 6). The sequence of reactions 5
and 6 represents the mediated detection scheme where GOx
oxidizes glucose and is recycled by its natural redox mediator
oxygen. The existence of enzymatically active GOx molecules in
the GOx/CNT system was confirmed by the detection of H,O,
that was produced by the sequence of reactions S and 6. To this
end, the GOx/CNT film was cast on the surface of Pt electrode,
which has a good activity toward the oxidation of H,0O,. Figure
4 shows a current step (line 1), which is a response of Pt

100

200
Time (s)

400

Figure 4. Amperometric traces (E = 0.40 V) recorded at a Pt/GOx/
CNT film electrode during the addition of aliquots (1) 0.50 mM H,0,
at 200 s, (2a) 2.0 mM glucose at 200 s, and (2b) 10.0 mM glucose at
250 s. All films contained chitosan as an immobilization matrix.
Background electrolyte, air-equilibrated pH 7.40 phosphate buffer
(0.050 M).

electrode to the addition of H,O, to a stirred air-equilibrated
solution. The analogous current steps (lines 2a and 2b) were
recorded when the experiment was repeated by adding glucose
instead of H,O, to a solution.

The control experiment showed that glucose was not directly
oxidized at the Pt electrode under such conditions. Therefore,
the current steps 2a and 2b were due to the oxidation of H,O,
that was produced in the enzymatic process inside the surface
film. Apparently, the glucose added to a solution reacted with a
subset of enzymatically active GOx(FAD) molecules (reaction
S) yielding the reduced form of enzyme (GOx(FADH,)),
which was subsequently oxidized by O, (reaction 6) producing
the H,0,. The model of multilayer adsorption suggests that the
GOx molecules that retained their enzymatic activity toward
glucose were not directly adsorbed on CNT.
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Figures 3 (line 1) and S show that O, and H,0, were
reduced at CNT in the same potential window (<—0.1 V).

Potential (V)

Figure S. Cyclic voltammograms recorded at a CNT film electrode in
O,-free solution that contained (1) 0, (2) 0.2, (3) 1.0, and (4) 4.0 mM
H,0,. All films contained chitosan as an immobilization matrix.

Background electrolyte, pH 7.40 phosphate buffer. Scan rate, 50 mV
-1
s

Consequently, the O,-mediated glucose detection in such
potential window involved the reduction of both O, and H,0,
at a GOx/CNT-based biosensor. Therefore, the signal
transduction relied on the net current decrease (Figure 3B)
that was caused by the decrease in a current due to the 4-e~ O,
reduction (reaction 3) and an increase in the current due to the
2-e~ H,0, reduction (reaction 7).

CNT Effect on the Retention and Activity of GOx in
CHIT Films. The retention and activity of GOx in CHIT films
were determined by using the internally calibrated electro-
chemical continuous enzyme assay (ICECEA). The assay
consisted of two phases, a calibration and actual assay phase,
which were performed consecutively in the same solution and
at the same working electrode. The activity unit (U) of GOx
was determined by measuring the initial rate of the overall
enzymatic reaction

B-D-glucose + O, + H,0 = gluconic acid + H,0,

©)
Under the condition of enzyme being a limiting reagent, the
initial rate is the measure of enzyme activity, which is defined as
the amount of enzyme’s substrate that is converted to a product
per unit time (1 U = umol min™'). The initial rate was
determined by measuring the increase in the concentration of
H,O, that was formed in reaction 9 over time. The assay
required three solutions: (A) f-p-glucose solution in a pH 7.40
phosphate buffer, (B) aqueous solution of H,0,, and (C)
aqueous solution of GOx. The ICECEA was performed at a
bare Pt electrode (Figure 6). After recording a baseline current
in a stirred solution A, the three aliquots of a solution B were
added (arrows “a”) in order to record the three current steps
that were used to calculate a calibration slope (CS). This was
followed by the addition of an aliquot of solution C or by
dipping a GOx or GOx/CNT film (arrow “b”), in order to
trigger the enzymatic reaction 9 and record a rising current—
time segment. The assay slope (AS) of this segment
represented the initial reaction rate. Dividing the assay slope
AS (uA s7') by the calibration slope CS (A uM™') and
multiplying by 60 (s min~") yielded the enzyme activity in U
L7
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http://pubs.acs.org/action/showImage?doi=10.1021/ac403250w&iName=master.img-004.png&w=132&h=130
http://pubs.acs.org/action/showImage?doi=10.1021/ac403250w&iName=master.img-005.png&w=139&h=141

Analytical Chemistry

b
E 0.08 |
=
C
L
5 0.041 \
(@) —
a
.
0.00 : : :
0 200 400 600
Time (s)

Figure 6. ICECEA current—time trace (E = 0.60 V) recorded at a bare
Pt electrode in a stirred solution of 10 mM f-p-glucose in pH 7.40
phosphate buffer (solution A). The arrows “a” indicate the moment of
addition of 20.0-xL aliquots of 2.0 mM H,0, (solution B). The arrow
“b” shows the moment when a GOx film was immersed in the
solution. The angled I—t segment is due to the oxidation of H,0, that

was produced in the enzymatic reaction 9.

The ICECEA provided a good accuracy (relative error < 3%)
and precision (RSD < 3%, N = 3) for the determination of
enzyme activity. The low relative error and RSD resulted from
the unique integration of enzyme-free calibration with actual
enzyme assay in one continuous experiment using the same
electrode and solution. This eliminated the need for trans-
ferring the electrodes between the calibration and assay
solutions providing a high degree of consistency between the
calibration and assay phases of individual runs.

The amount of GOx that was retained in a surface film was
expressed in terms of the enzyme activity units “U retained”.
The “U retained” were determined by subtracting the amount
of enzyme that leached from a film into a solution (“U
leached”) from the amount of enzyme that was initially loaded
into a surface film (“U loaded”). The “U loaded” were
calculated based on the known aliquot of GOx that was cast on
the electrode surface. The selected range of initial enzyme
loading was lower (0.10—1.0 U) than that used in the earlier
voltammetric experiments (10 U) in order to better discern the
effects of CNT on the activity of GOx. The amount of CNT in
each film was always the same (10.0 pg).

In order to determine the “U leached”, a GOx or GOx/CNT
film was soaked in a stirred buffer solution (1.00 mL) for 30
min. The 0.200-mL aliquot of this solution was then used as
solution C in the ICECEA analysis. The recorded assay slope
AS was multiplied by five to get a total number of “U leached”.
The activity of GOx in a film (“U active”) was determined by
dipping a GOx or GOx/CNT film in a stirred assay mixture
(solutions A + B) and recording the assay slope AS (Figure 6).
The control experiments showed that the assay slope was not
dependent on the increase in the rate of solution stirring, which
suggested that the concentration of glucose and oxygen were
sufficient to avoid diffusional limitations to the enzymatic
reaction in a surface film.

The assay data showed several trends. The “U retained”
increased proportionally with the increase in the initial enzyme
loading. The slopes of the linear plots of “U retained” vs “U
loaded” revealed that the retention of GOx was equal to 30%
(R*=0.865) and 55% (R*> = 0.971) in the GOx and GOx/CNT
films, respectively. The increase of enzyme retention in the
films containing CNT can be ascribed to the adsorption of
GOx on CNT. Such adsorption was also seen in the earlier
voltammetric studies (Figures 1 and 2), which showed the
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symmetrical surface-confined redox peaks in cyclic voltammo-
grams that were recorded at GOx/CNT film electrodes. The
CNT-enhanced enzyme retention in surface films further
strengthened the argument that CHIT matrix did not preclude
the strong interactions between the GOx and CNT.

The similar level of enzyme retention in CHIT films has
been observed before in the case of lactate oxidase (22%)*® and
glutamate oxidase (57%).* It has been also observed that the
retention can be as high as >99% when the enzyme is cross-
linked with CHIT by using the glutaric dialdehyde.*}

The ICECEA analysis also revealed that the “U active”
increased proportionally with the increase in both the “U
retained” and “U loaded”. Figure 7 shows the dependence of
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Figure 7. Enzymatic activity of GOx in CHIT films (red bars) and
CHIT/CNT films (black bars) that were loaded with different enzyme

units.

1.0

ratio “U active”/“U retained” vs “U loaded”. The main trend in
the data is that the average enzymatic activity of GOx dropped
in the presence of CNT in a film. The drop in the U ratio was
from 11% to 2% and from 22% to 5% in the case of the films
that were initially loaded with 0.10 and 1.0 U GO, respectively.
This negative impact of CNT on the activity of GOx correlates
with the voltammetric studies, which showed that the current
peaks at —0.48 V (Figure 1) were not due to the enzymatically
active GOx.

Activity of GOx in Aqueous Suspensions of CNT. The
impact of CNT suspensions on the activity of GOx in aqueous
solutions was investigated by monitoring the pH change during
the enzymatic reaction 9. According to this reaction, the pH of
a reaction mixture should decrease in time because of the
generation of gluconic acid. On the basis of the results of
enzyme assays, the expectation was that CNT would slow down
the rate of generation of gluconic acid in a solution.

Indeed, Figure 8 shows that the decrease in pH was slower in
the presence of CNT suspension in a solution (trace al) than
that in the absence of CNT (trace a). This was ascribed to the
slower production of gluconic acid due to the lower enzymatic
activity of GOx molecules interacting with CNT. The pH
decrease was not affected by the increase in the rate of solution
stirring indicating the lack of transport limitations during the
measurements. The difference in pH between the solutions
with and without CNT (ApH) was larger when the smaller
amount of GOx was dissolved in a solution. For example,
Figure 8 shows that the ApH at the end of the experiment was
~40% larger for 0.10 U (traces al and a) than for 1.0 U of GOx
(traces bl and b). Apparently, a larger relative fraction of GOx
molecules was negatively impacted by their interactions with
CNT in a solution containing less enzyme. In summary, the
voltammetric analysis, amperometric enzyme assays, and

dx.doi.org/10.1021/ac403250w | Anal. Chem. 2014, 86, 752—757
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Figure 8. pH change in a stirred solution containing (a) 0.10 U and
(b) 1.0 U of GOx after the addition of glucose (0.10 M) at 370 s. The
traces al and bl were recorded in the presence of CNT (5.0 mg) in
solutions a and b, respectively. Background electrolyte, 0.10 M KNO,
solution.

potentiometric measurements all showed that the GOx
displayed lower enzymatic activity in the presence of CNT.

B CONCLUSIONS

The DET was not the mechanistic basis for glucose sensing at a
GOx/CNT-based biosensor because no increase in the anodic
current was observed when glucose was added to a
deoxygenated solution. This indicated that GOx molecules
that were within the electron tunneling distance from CNT
were not enzymatically active toward glucose. The presented
data are consistent with the hypothesis that adsorption of GOx
on CNT affects the active conformation of the enzyme.***!
Indeed, such adsorption was seen in the enzymatic assays,
which showed that CNT nearly doubled the retention of GOx
in a biosensor. The enzyme assays and potentiometric
measurements also indicated that CNT significantly decreased
the average enzymatic activity of GOx. The GOx molecules that
remained active in the GOx/CNT system required O, to
mediate the enzymatic oxidation of glucose. Despite consid-
erable efforts, no DET-based commercial biosensors for glucose
have been developed thus far.
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