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ABSTRACT: A planar boron-doped diamond (BDD) electrode was treated with
KOH and functionalized with 3-aminopropyltriethoxysilane (APTES) to serve as a
biosensing platform for biomolecule immobilization with glucose oxidase (GOx) as a
test model. The free amino groups of GOx and APTES were cross-linked by
glutaraldehyde (X), a bifunctional chemical to form a stable enzyme layer (GOx-X-
APTES) on BDD. Micrographs obtained by scanning electron microscopy revealed
that a mesoporous structure uniformly covered the BDD surface. Cyclic voltammetry
of GOx immobilized showed a pair of well-defined redox peaks in neutral phosphate
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buffer solution, corresponding to the direct electron transfer of GOx. The apparent

heterogeneous electron transfer rate constant of the immobilized GOx was estimated to be 8.85 + 0.47 s™', considerably higher
than the literature reported values. The determination of glucose was carried out by amperometry at —0.40 V, and the developed
biosensor showed good reproducibility and stability with a detection limit of 20 M. Both ascorbic and uric acids at normal
physiological conditions did not provoke any signals. The dynamic range of glucose detection was further extended by covering
the enzyme electrode with a thin Nafion layer. The Nafion/GOx-X-APTES/BDD biosensor showed excellent stability, a
detection limit of 30 uM, a linear range between 35 M and 8 mM, and a dynamic range up to 14 mM. Such analytical
performances were compared favorably with other complicated sensing schemes using nanomaterials, redox polymers, and
nanowires. The APTES-functionalized BDD could be easily extended to immobilize other redox enzymes or proteins of interests.

D irect electron transfer (DET) of immobilized glucose
oxidase (GOx), possessing bioelectrocatalytic activity is a
prerequisite for applications as the third generation enzyme
biosensors and biofuel cells. However, the flavin adenine
dinucleotide (FAD) active redox center of GOx is deeply
embedded within a protective protein shell. Therefore, DET of
GOgx, like some other redox enzymes, is extremely difficult. As
an intensive research subject, several attempts with different
degrees of success have been reported to overcome the long
distance between the redox-active cofactor and the electrode
surface.'™® Nanomaterials such as carbon nanotubes"” and
graphene™* have been extensively used to modify the electrode
surface to promote DET. Attachment of mediators to the
enzyme surface or to a surrounding redox polymer is another
successful strategy.>® An elegant approach of bridging the
redox-active center of an enzyme and an electrode via gold
nanoparticles was reported and this scheme can be considered
as an electron-mediating two-electron “relay”.” Recently,
genetic modification of GOx with a free thiol group near its
active site was described.® This approach facilitates the site-
specific attachment of a maleimide-modified gold nanoparticle
to the enzyme, effecting direct electrical communication
between the conjugated enzyme and an electrode. In general,
the above-mentioned approaches involve complicated and high-
cost procedures, including chemical synthesis, genetic mod-
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ification, and/or reconstitution of native enzymes around
modified cofactors.

Boron-doped diamond (BDD) electrodes have inspired
considerable attention as an excellent functional material
compared to conventional carbon-based and metal electro-
des.”™"> BDD electrodes with different surface structures on
various substrates have been successfully synthesized by
chemical vapor deposition and are now commercially available.
The BDD surface is less vulnerable to surface fouling and
exhibits a wide potential window for important applications
that are impossible with conventional electrodes. With a low
background current, high reproducibility, excellent stability,
good biocompatibility, and amenability for functionalization,
BDD is a good sensing material for the fabrication of chemical
and biosensors. Metal complexes and metal oxides have been
decorated on diamond electrodes to improve the electro-
catalysis of metal compounds.”>~"* To date, only a few BDD-
based enzyme electrodes have been reported in the literature:
(i) a glucose biosensor developed by connecting glucose
oxidase (GOx) to BDD via ferrocene-based electron transfer
relays,'® (ii) peroxidase- and heme peptide-modified BDD
electrodes for sensing of hydrogen peroxide,'” (iii) an alcohol
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biosensor using BDD and alcohol dehydrogenase,18 (iv) a
tyrosinase-modified electrode for detection of estrogenic
phenol derivatives, and (v) GOx entrapment in an electro-
polymerized film on Pt nanoparticle modified BDD." Some
other BDD-based biosensors can be found from a recent
review.”

3-Aminopropyltriethoxysilane (APTES) has been used as a
surface modification agent for immobilization of biomolecules
on various bioanalytical platforms.”’ Functionalization of
electrode surfaces by organic silane monolayers is of
importance for numerous applications ranging from molecular
electronics to chemical/biological sensing. However, the use of
APTES for immobilization of GOx on BDD to fabricate a
glucose biosensor has not been addressed.

This paper describes a simple procedure for stably
immobilizing GOx on the surface of the BDD electrode, and
realizing DET between the FAD center of GOx and the
electrode, by using APTES-glutaraldehyde conjugate as a
molecular wire to form electron tunnelling between the FAD
center and BDD. The DET features of the wired enzyme are
determined. Amperometric responses of the GOx electrode to
glucose are illustrated in both aerated and deaerated buffer
solution to address whether the signal response to glucose can
be attributed to DET (i.e., bioelectrocatalysis). The perform-
ance characteristics of the biosensor with respect to detection
limit, linearity, and electroactive interferences are presented and
discussed in detail, and the applicability of the biosensor to
detect human serum glucose is evaluated.

B EXPERIMENTAL SECTION

Chemicals and Materials. GOx (EC 1.1.3.4, Type X-S
from Aspergillusniger, G7141), D-glucose, 3-aminopropyltrie-
thoxysilane (APTES) (purity: 98%), glutaraldehyde (70%),
Nafion (5%), flavin adenine dinucleotide (FAD), ascorbic acid,
and uric acid were purchased from Sigma-Aldrich (St. Louis,
MO). Other remaining chemicals were obtained from
Sinopharm Chemical Reagent (Shanghai, China). All chemicals
were of analytical grade and used as received. Glucose solution
was prepared in a 0.01 M neutral phosphate buffered solution
(PBS, pH 7). The glucose solution was stored overnight at
room temperature (RT), while other solutions were freshly
prepared just before use. Deionized (DI) water obtained from a
Millipore water system was used throughout the experiment.
Purified nitrogen with purity of 99.99% was obtained from
Zhengzhou Keyi Industrial Gas (Zhengzhou, China).

Apparatus and Instrumentation. Scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDX),
and Fourier transform-infrared spectroscopy (FT-IR) were
used to evaluate the surface morphology, composition, and
structure of the electrodes prior to and after modification. A
Hitachi SEM (S-2600N, Tokyo, Japan) was used for topo-
graphical analysis of the electrodes. The SEM was equipped
with an EDX spectrometer (Inca-X-act LN2-free analytical
silicon drift detector, Oxford Instruments, U.K.). The SEM/
EDX system was operated with a high vacaum mode at 10—20
kV, emission current of 60—80 yA, and a working distance of
3—20 mm with tilt angle of 30° for elemental analysis. The
EDX has software with a database of reference spectra for
elemental analysis, compositional nanoanalysis, and mapping.
In order to improve the SEM imaging of the nonconducting
modifying layer, a very thin nanometric Au layer was sputtered
on the modified BDD surface using a Cressington Sputter
Coater Model 108 (Cressington Scientific Instruments,
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England, U.K.). Attenuated total reflectance FT-IR (ATR-FT-
IR) spectra were collected from 4000 to 600 cm™ for 64 scans
and 4 cm™! resolution, using a zinc selenide (ZnSe) crystal on a
Bruker Tensor 27 FT-IR spectrophotometer.

All electrochemical measurements were carried out at RT on
CHI 660C electrochemical workstation (Shanghai Chenhua
Instrument, CHI, China) with a three-electrode system: the
working electrode, Pt counter electrode, and a Ag/AgCl/KCl
(3 M) reference electrode. Unless otherwise indicated, all
electrochemical measurements were performed in the presence
of oxygen dissolved in a reaction mixture under ambient air.
For some specific experiments carried out in the nitrogen-
saturated or oxygen-saturated buffer, the reaction mixture was
bubbled with pure nitrogen or pure oxygen for 30 min just
before the experiments, and covered with a nitrogen or oxygen
blanket, respectively, and maintained above the liquid during
the course of the measurement.

Electrode Preparation and Enzyme Immobilization.
The BDD electrode (3 mm in diameter, 0.1% boron-doped
diamond) was purchased from Windsor Scientific (Slough,
Berkshire, U. K.) and used for enzyme immobilization. The
BDD was polished consecutively by using 0.3 and 0.05 pm
alumina powder and sonicated in ethanol and DI water,
respectively, for 5 min. The polished electrode was then dipped
in 1% KOH solution for 5 min to generate hydroxyl groups on
its surface. Three microliters of 2% APTES were drop-cast on
the BDD electrode, followed by immediate drop-casting of 2
uL of GOx (10 mg mL™") and 2 uL of glutaraldehyde (2%).
The cross-linked enzyme layer was dried at RT for 1 h and
washed with 0.01 M neutral PBS. To achieve a broad linearity
and a dynamic range for the glucose detection, the GOx-X-
APTES/BDD electrode was drop-cast with 3 uL of 0.5%
Nafion, and the resultant layer was dried at RT for 10 min and
washed extensively with 0.01 M PBS to form Nafion/GOx-X-
APTES/BDD. This procedure was also used for preparation of
a GOx-X-APTES-modified glassy carbon (GC) electrode (3
mm diameter, Shanghai Chenhua Instrument, CHI, China), an
X-APTES/BDD electrode, a GOx-X/BDD electrode, a GOx-
APTES/BDD electrode (i.e., enzyme electrode without cross-
linking with glutaraldehyde), an FAD-X-APTES/BDD elec-
trode, and a FAD-GOx-APTES electrode for comparisons.

Direct Electrochemistry of GOx and Analytical
Performance of the Enzyme Electrode. To investigate
the DET characteristics and the bioelectrocatalytic performance
of the immobilized GOx, the GOx-X-APTES/BDD electrode
with and without Nafion coating was subjected to cyclic
voltammetry (CV) experiments at various scan rates in neutral
PBS. The PBS was nitrogen-saturated, oxygen-saturated, or in
ambient air, and supplied without and with different
concentrations of glucose. Amperometry was also performed
at the applied potential of —0.4 V in both deaerated PBS and
PBS under ambient air and provoked with the successive
injections of glucose solution to investigate the bioelectroca-
talytic activity of GOx and the analytical performance of the
enzyme electrode.

B RESULTS AND DISCUSSION

Electrode Modification and Enzyme Immobilization.
It is challenging to functionalize BDD electrodes to improve
their analytical performance without sacrificing their ideal
characteristics. The BDD surface was covalently modified with
the functional molecule APTES, according to the procedures
depicted in Scheme 1. In the first step, the treatment of a BDD
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Scheme 1. Schematic Illustration for the Chemical Functionalization of the BDD Surface with APTES and GOx by

Glutaraldehyde Cross-Linking
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Figure 1. SEM micrographs of (A) pristine BDD; (B) APTES/BDD; (C) X-APTES/BDD with glutaraldehyde to cross-link the amino groups of
APTES, and (D) GOx-X-APTES/BDD with glutaraldehyde cross-linking. The white-dashed line in B represents the border between the APTES/

BDD (left side) and the pristine BDD (right side).

electrode with the KOH solution resulted in the formation of
hydroxyl groups on the BDD electrode. As OH groups can
react specifically with different silane derivatives,** drop casting
of APTES on the KOH-treated BDD surface introduced amine
groups to the BDD surface. Upon drop casting of the GOx
solution onto the BDD surface, the thereafter introduced
glutaraldehyde, a bifunctional chemical, is attacked on its
aldehydic carbons by the amino groups of APTES and the
amine groups of lysine and FAD of GOx, forming Schiff bases
(pink color). The Schiff base formation reaction covalently
cross-links GOx (including the FAD center) and APTES,
resulting in a stable enzyme layer with an observed pink color
on the surface of BDD.

ATR-FT-IR spectroscopy (Figure S-1 of the Supporting
Information) was used to confirm the chemical reactions on the
surface of the BDD electrode. For the bare BDD electrode, a
characteristic peak at 2858 cm™" for the B—C covalent bond is
present.”> When APTES, GOx, and glutaraldehyde were
dropped on the surface of the bare BDD electrode, new
spectral bands appeared. Bands at 1185 cm™ (OCH,CH,) and
1020 cm™" (Si—O—Si) are associated with the bound APTES,
which introduces amine groups to the BDD surface.”'
Functionalization of BDD with amine groups can serve as a
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platform for biomolecule immobilization. Several different
approaches have been described for the preparation of amine-
terminated BDD electrodes using NH; plasma treatment or
more intensive chemical treatment.”*** Of interest is the
hydroxyl groups generated on the oxidized BDD by electro-
chemical oxidation in sulfuric acid.*® The hydroxyl groups can
be modified with APTES for introduction of various
functionalities onto the BDD surface (e.g, tyrosinase can be
cross-linked with the amino group of APTES to form a
tyrosinase-modified BDD electrode).?® The treatment of BDD
with KOH to generate hydroxyl groups is a very effective and
rapid wet chemistry procedure.

SEM images show that the typical diamond microcrystalline
faceted grains with pronounced grain boundaries basically
disappeared with a modifying layer of APTES (Figure 1, panels
A and B). The APTES-modified BDD electrode shows a very
smooth and homogeneous silane layer that completely covers
the morphology and the characteristically faceted surface of
BDD. The presence of small, submicrometer-sized pores was
attributed to the drying process even when the drying was
performed in an ambient environment. If the APTES-modified
BDD surface was treated with glutaraldehyde without the
enzyme, surface topography significantly changed with
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increased roughness and porosity throughout the electrode
surface (Figure 1C). Such a result confirmed the cross-linking
of the amino group of APTES by glutaraldehyde (Figure 1C).
On the other hand, with the presence of GOx, the GOx-X-
APTES/BDD shows a mesoporous surface structure (Figure
1D), produced by cross-linking between APTES and GOx, as
well as GOx and GOx. The mesoporous structure should be
favorable for the permeation of glucose and other small
molecules, facilitating the catalytic reaction by the enzyme.

The changes in chemical compositions with the modification
were confirmed by EDX analysis. Three different spots at three
different magnifications were analyzed with data averaged. The
pristine BDD surface showed the following elements in weight
percent: C (96.28), O (3.41), and Si (0.30). Upon the
modification with the cross-linked enzyme and APTES layer,
the weight percent of Si and O increased to 1.25 (contributed
from APTES) and 33.69, respectively. The average nitrogen
percentage after the modification was 10.42, whereas the
carbon percentage decreased to 54.64.

The surface modification was also characterized by using a
CV technique. Figure 2 shows the cyclic voltammograms (CVs)
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Figure 2. CVs of (a) pristine BDD, (b) BDD treated with KOH (HO-
BDD), and (c) APTES-modified BDD (APTES/BDD) with K,Fe-
(CN)4 (5 mM) in KClI (1 M) as a redox probe. The scan rate is 0.1 V
s~ In all experiments, CVs were performed immediately after surface

pretreatment, thus avoiding the possible modification of consequent
surface functional groups by air exposure.

of the pristine BDD, BDD treated with KOH (HO-BDD), and
APTES-modified BDD (APTES/BDD) using K;Fe(CN); as a
redox probe. The pristine BDD exhibits a well-defined wave
with a peak-to-peak potential (AEp) of 77 mV. After KOH
treatment and silanization, the CV curve only shows a small
attenuation of the peak and insignificant changes in the AE,
value. Such a result attested that the silanization of the BDD
electrode did not adversely affect its electrical conductivity. The
active surface area of the pristine BDD, HO-BDD, and APTES/
BDD was estimated to be 0.080, 0.066, and 0.061 cm?
respectively, using the well-know Randles—Sevcik equation®”**
(see the Supporting Information). Notice also that Fe-
(CN)s* /3~ adsorbed strongly on the salinized BDD as
confirmed by the presence of a redox pair from its repeated
CVs when the electrode with adsorbed Fe(CN)¢*3 is placed
back into the blank PBS (Figure S-2 of the Supporting
Information). The observed effect could be attributed to the
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electrostatic attraction between Fe(CN)s*/3~ and protonated
amino groups.

Direct Electrochemistry and Bioelectrocatalysis of
GOx. GOx, one of most studied flavoenzymes, is identified
by the use of the imbedded enzymatic cofactor FAD. FAD is
electroactive and displays a two-electron two-proton redox
reaction as FAD + 2H"* + 2 e~ « FADH,. Glucose is oxidized
by GOx into D-glucono-1,5-lactone, where two protons and two
electrons are transferred from glucose to the GOx cofactor
FAD to become FADH,. If the FADH, can be oxidized back to
FAD, resulting in the turning over of GOx without utilization of
oxygen or electrochemical mediators, the process is termed as
bioelectrocatalysis or DET of GOx. As shown in Figure 3A, in
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Figure 3. CVs of (a) GOx-X-APTES/BDD, (b) Nafion/GOx-X-

APTES/BDD, (c) GOx-APTES/BDD without glutaraldehyde cross-

linking, (d) GOx-X/BDD, and (e) X-APTES/BDD electrodes running

in nitrogen-saturated 0.01 M PBS (pH 7.0). Scan rate: 0.5 V s™".

an oxygen-free solution, the CVs of the as-prepared GOx-X-
APTES/BDD and Nafion/GOx-X-APTES/BDD in neutral
PBS show a pair of well-defined redox peaks, indicating the
DET of GOx. For the GOx-X-APTES/BDD electrode, the
anodic peak potential (Epa) of the GOx electrochemical
reaction is —0.39 V, and the cathodic peak potential (EPC) is
—0.45 V, with a formal potential of about —0.42 V, in
agreement with the typical electrochemical characteristics of
GOx.>?° The cathodic peak is attributed to the reduction of
FAD to FADH,, while the anodic peak is due to the reversible
reoxidization of FADH, to FAD. With the modification of the
Nafion layer, the redox peak current of the enzyme FAD center
decreased slightly, accompanied by a slight increase of the AE;
value. As expected, the Nafion layer slightly slows down the
electron transfer rate of the GOx but does not significantly
block it. It should be noted that the cathodic current is
appreciably higher than the anodic current at low scan rates.
The rationale of such behavior was not clear, but one might
expect FAD to undergo a structural change (i.e., the oxidized
form is Planar versus the butterfly conformation for the reduced
form).*" Without the glutaraldehyde cross-linking step, electro-
static adsorption of GOx on APTES leads to a hardly
observable electrode FAD-FADH, redox reaction, indicating
that the glutaraldehyde cross-linking step not only stabilizes the
enzyme layer but also reduces the distance between the enzyme
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redox sites and sensing tips of BDD crystals, as shown in
Scheme 1. Similarly, without introduction of APTES, the
electrode FAD-FADH, redox reaction was hardly observable,
suggesting that APTES functioned as an electrical wire
connecting the GOx redox center to the BDD electrode.
APTES molecule has a size of 5—6 A, whose amino group may
be cross-linked with the amino groups of FAD and lysine of
GOx through glutaraldehyde. Stable immobilization of free
FAD molecules on APTES/BDD through glutaraldehyde cross-
linking was proved by stable redox peak current of FAD-
FADH, during repeated CV scanning (Figure S-3 of the
Supporting Information), indicating that FAD can be cross-
linked with APTES through glutaraldehyde. These results also
exclude the possibility that APTES or glutaraldehyde may cause
exposure or leakage of FAD from GOx. The GOx cofactor FAD
tightly binds to the apoenzyme. The dissociation constant of
GOx (i.e, FAD dissociates from holoenzyme forming
apoenzyme) is 1.3 X 107'° M, much smaller than that of D-
amino acid oxidase, whose dissociation constant is about 1.2 X
107 M.** On the other hand, the GOx-X-APTES/GC
electrode did not exhibit the redox peaks of GOx (data not
shown), suggesting that the surface morphology and/or the
chemical composition of the BDD contributes to the DET of
GOx for the GOx-modified BDD electrode. The catalytic
function of GOx depends not only on the flavin coenzyme but
also on other residues at the active site. The influence of the
enzyme environment on the chemically active residues is also
an important factor for the function. Proteins adsorb and may
polymerize on metal electrode surfaces.’®> As an example,
lysozyme adsorbed on gold electrodes produces surface-
induced conformational changes, which decrease as the polarity
of the surface increases.>* BDD presents an inert surface, which
is resistant to deactivation of activity of proteins/enzymes.*>
Modification of APTES greatly improves the hydrophilicity of
the BDD surface, a favorable factor for keeping the natural
conformation of GOx.

The scan rate effect on the direct electrochemical reaction of
the immobilized GOx at the Nafion/GOx-X-APTES/BDD and
GOx-X-APTES/BDD electrode was investigated. The CVs at
the Nafion/GOx-X-APTES/BDD electrode are illustrated in
Figure 4A. The linear increase of cathodic peak current (I,)
and anodic peak current (Ipa) with increasing scan rate from 0.2
to 4.0 V s~' (as shown in Figure 4B) confirms excellent redox
reaction of the FAD/FADH, couple on BDD as a surface-
controlled electrochemical process. A similar result was
obtained for the GOx-X-APTES/BDD electrode (Figure S-4
of the Supporting Information). Such behavior can be
described by the well-known Laviron equation for determi-
nation of the cathodic transfer coefficient (@) and the
heterogeneous electron transfer rate constant (k).>” The linear
plots of E,, and E,, versus log v (v: scan rate) for the Nafion/
GOx-X-APTES/BDD are shown in the inset of Figure 4B,
where AEP > 200/n mV (n represents the number of electrons
per molecule oxidized or reduced; for GOx, n = 2). From the
slopes of E,, and E,. versus log v (0.073 and —0.074,
respectively), the value of @ can be determined to be 0.497.
Detailed information for the estimation is described in the
Supporting Information. Thereafter, the k value was calculated
from the Laviron equation (eq 1), by estimating at different
scan rates and taking the averaged value.
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Figure 4. (A) CVs of a Nafion/GOx-APTES BDD electrode in
nitrogen-saturated 0.01 M PBS (pH 7.0) at different scan rates ranging
from 0.1 to 4.3 Vs™%. (B) Plots of the CV peak current (Ip) versus the
scan rate (v). Inset in B: plots of the peak potential (E,) vs log v, when
AE, > 100 mV.

logk = alog(l — a) + (1 — a)loga — Iog(ﬂ)
nFv
a(l — a)nFAE,
2.3RT (1)

In eq 1, F, R, and T represent Faraday constant (96485.34 C
mol™'), gas constant (8.314 J mol™' K'), and absolute
temperature (K), respectively. For the direct electrochemistry
of the immobilized GOx, the k value was estimated to be 8.85 +
0.47 s™', considerably higher than the literature values observed
for GOx biosensors using carbon nanotubes (1.78 s™'; 1.61
s71)*” or gold nanoparticles (1.69 s™*).*

CVs of a Nafion/GOx-X-APTES/BDD electrode at the scan
rate of 0.3 V s™" in a blank PBS and a PBS containing 1 mM
glucose are shown in Figure SA. Both testing solutions were
deaerated by bubbling with N, for more than 30 min and then
maintaining a nitrogen blanket over the solution. With the
addition of glucose, the FAD reduction peak current decreased
obviously, accompanied by an obvious increase in the FADH
oxidation current. This result confirms the bioelectrocatalytic
activity of the electrical contacted GOx. In the presence of
glucose, glucose is oxidized by GOx in concurrence with the
biochemical reduction of the GOx FAD to FADH,. The
biochemical product FADH, can be oxidized back to FAD by

dx.doi.org/10.1021/ac501143e | Anal. Chem. 2014, 86, 4910—4918
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Figure 5. (A) CVs of a GOx-X-APTES/BDD electrode in (a)
nitrogen-saturated blank neutral PBS and (b) neutral PBS containing 1
mM glucose. Scan rate: 0.3 V's™\. (B) The amperometric response of a
GOx-X-APTES/BDD electrode to successive injections of 50 uM
glucose in oxygen-free neutral PBS at the applied potential of —0.40 V.
Inset in B: the plot of the amperometric response current versus
glucose concentration (Cyycose)-

the electrochemical reaction, resulting in the changes in the
GOx FAD redox peak currents, also the GOx turning over for
bio-oxidizing another glucose molecule.

Bioelectrocatalytic activity of the electrical contacted GOx
was also proved by amperometric glucose response. As the N,-
purged glucose solution was injected into the oxygen-free PBS,
a strong increase in the anodic current was observed when the
electrode was poised at —0.40 V (Figure SB). In the absence of
oxygen, the glucose response could only be attributed to
bioelectrocatalytic oxidation of glucose by the electrically
contacted GOx, whose FADH, is oxidized to FAD by the
underlying BDD electrode, resulting in the turning over of
GOgx. The linear range of the amperometric glucose response is
from 15 to 400 uM, and the dynamic range is up to 700 pM.
The lower detection limit is 10 #M (signal-to-noise ratio S/N =
3), and the response time is within S s. The bioelectrocatalytic
enzyme reaction to glucose follows the Michaelis—Menten
kinetics. A linear 1/I, versus 1/Cyycose PlOt (I and Cypycose
represents the amperometric response current and the glucose
concentration, respectively) was obtained with a regression
coefficient (R) value of 0.9996, and the apparent Michaelis—
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Menten constant was obtained to be 491 uM. To further
exclude a possible mechanism that the glucose response may be
due to FAD molecules leaked from GOx, control experiments
for the BDD electrode modified with APTES, GOx, and free
FAD molecules (absence of glutaraldehyde) were performed.
For this control electrode, although redox peaks from the
electrochemical redox reaction of free FAD molecules were
clearly observed in deaerated PBS, no obvious amperometric
signal toward glucose was observed with the absence of O,
(Figure S-S of the Supporting Information).

On the basis of such findings, efficient DET has been realized
simply by cross-linking of GOx and APTES with glutaraldehyde
on the BDD electrode. An outmost layer of Nafion film coated
on the enzyme membrane does not block the direct
electrochemical reaction of the GOx FAD center. This finding
was somewhat surprising because the redox-active cofactor
(FAD) of GOx is buried deeply within the protein core,
rendering it inaccessible for direct communication with the
electrode surface, which has been achieved by utilization of
nanomaterials'~*”* or surrounding redox polymers.>°

Oxygen Effect. At the ambient environment, most liquids
contain some amount of dissolved oxygen (<0.4 mM), which
may affect the DET reaction of GOx and the glucose sensing at
negative potentials. For DET of GOx FAD center, oxygen can
oxidize the GOx (FADH,), enabling the enzyme to be rapidly
turned over for an oxygen-catalyzed cathodic reaction.

For the Nafion/GOx-X-APTES/BDD and GOx-X-APTES/
BDD electrodes, oxygen exhibited strong catalytic activity
toward the reduction of GOx(FAD). Figure 6A compares the
CVs of a GOx-X-APTES/BDD electrode in oxygen-saturated,
air-saturated, and nitrogen-saturated PBS. A significant increase
of the cathodic peak current in the presence of dissolved
oxygen is accompanied with a decrease of the anodic peak
current, since O, will compete with the electrode for FADH,.
The mesoporous structure of the GOx-X-APTES layer, as
observed from the SEM images, allows the dissolved oxygen
molecules access to the immobilized GOx rapidly and
efficiently, accelerating the oxidation reaction of FADH, by
oxygen.

The CV signal responses of the Nafion/GOx-X-APTES/
BDD and GOx-X-APTES/BDD electrodes to increasing
concentrations of glucose were examined in air-saturated and
oxygen-saturated PBS. In the presence of oxygen, the cathodic
peak current for FAD reduction decreased with the increase of
glucose concentration. In contrast, the anodic wave increased as
the glucose concentration increased. Figure 6B shows the CVs
of a Nafion/GOx-X-APTES/BDD electrode in oxygen-
saturated PBS containing different concentrations of glucose.
The anodic peak at about —0.40 V became pronounced at the
glucose concentrations above 7 mM. Glucose competes with
the electrochemical step for FAD, therefore catalyzing the
electro-oxidation of FADH,, consistent with the CV exper-
imental results in deaerated PBS. This result again attested the
bioelectrocatalytic activity of the electrical contacted enzyme.
The significant decrease of the FAD reduction current should
also be contributed more or less by the consumption of O,
from the natural enzymatic glucose oxidation. Although the
GOx molecules are efliciently electrically wired by the
glutaraldehyde-APTES conjugate molecules (as a very high k
value has been determined), they can still keep their natural
enzymatic bioactivity. APTES and glutaraldehyde molecules are
small, biocompatible, and flexible and would not disrupt the
natural conformation of GOx.
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Figure 6. (A) CVs of a GOx-X-APTES/BDD electrode operated in
(a) oxygen free, (b) ambient air, and (c) oxygen saturated 0.01 M
neutral PBS. (B) CVs of a GOx-X-APTES/BDD electrode operated in
oxygen-saturated PBS at increasing glucose concentration (Cglucose) (0,
1,3, 5,7, and 10 mM). Scan rate: 0.1 V s™%,

Analytical Performance. The amperometric responses to
glucose were performed at —0.4 V, by successively injecting
glucose solution into the neutral PBS at ambient environment.
As illustrated in Figure 7A and Figure S-6 of the Supporting
Information, the GOx-X-APTES/BDD biosensor (curve a in
Figure 7A) showed a linear response range from 25 uM to 1.8
mM, with a dynamic range up to 3 mM and a detection limit of
20 M glucose (S/N = 3). Both ascorbic (0.1—1 mM) and uric
acids (0.2 mM) at normal physiological levels did not provoke
any signal responses. The linear range of glucose sensing is
broader than that in deaerated PBS (from 15 to 400 uM),
suggesting that oxygen is also involved in the biosensing
process. Such results were expected since oxygen can compete
with the electrode for the oxidation of FADH,, therefore
increasing the FAD turnover rate and the bioelectrocatalytic
activity of GOx. The consumption of oxygen by the natural
bioactivity of GOx for glucose oxidation will slightly decrease
the electro-reduction current of oxygen. The overpotential of
oxygen reduction at a BDD electrode is larger than that at a GC
electrode in acidic and alkaline solutions.”'® The X-APTES/
BDD prepared in this work exhibited a slight oxygen reduction
current at —0.4 V (Figure S-7 of the Supporting Information).

The response range at the GOx-X-APTES/BDD biosensor is
comparable to 0.5—3.5 mM for GOx on reduced graphene
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Figure 7. (A) Amperometric spectra of (a) GOx-X-APTES/BDD and
(b) Nafion/GOx-X-APTES/BDD electrodes in response to successive
injections of 1 mM glucose in neutral PBS at the applied potential of
—0.40 V, under an ambient environment. Inset in A: the plot of the
amperometric response current at the Nafion/GOx-X-APTES/BDD
electrode versus glucose concentration (Cglumse). (B) The response
signal of a Nafion/GOx-X-APTES/BDD electrode poised at —0.40 V
to a human serum sample (40 yL) in blank neutral PBS (S mL) under
an ambient environment.

oxide and §old—palladium bimetallic nanoparticle-modified GC
electrodes.” In consideration of the range of normal blood
glucose (4.4—6.6 mM) and the diabetic blood glucose (up to
32 mM) concentrations, it would be more ideal for practical
applications to have an even broader range of dynamic
response. As shown in Figure 7A, the dynamic range was
noticeably improved by drop-casting a thin layer of Nafion on
the GOx-BDD surface. The linear range of glucose response at
the Nafion/GOx-X-APTES/BDD biosensor (curve b in Figure
7A) was from 35 uM to 8.0 mM, with a regression coefficient of
0.9983 and a lower detect limit of 30 uM (S/N = 3). The
response time was within S s, and the dynamic range was up to
14 mM of glucose concentration. At high glucose levels, the
Nafion film serves as a glucose-limiting membrane to prevent
the enzyme from reacting with the excessive glucose molecules.
Nafion film can also act as an anti-interference membrane to
prevent the diffusion of electro-active interferents and drug
metabolites to the electrode surface.

The Nafion/GOx-X-APTES/BDD electrode was reused for
over 100 repetitive injections of glucose at varying concen-
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tration (100 4uM to 1 mM). The response signals did not show
obvious diminishing after the detections, attesting the opera-
tional stability of the enzyme electrode. GOx is a very stable
and specific enzyme with operational and storage stability well-
documented in the literature. The covalent bonding between
APTES and BDD, the cross-linking step, and the Nafion
coating together, prevent the leaching/detaching of the
immobilized enzyme. In addition, our experimental data
confirmed that after 2 weeks of storage in sterilized PBS at 4
°C, the Nafion/GOx-X-APTES/BDD electrode retained its
original response sensitivity.

The biosensor was then evaluated for applications in
physiological human serum samples. The human serum sample
was obtained from the School Hospital of Zhengzhou
University. The biosensor was used to determine the glucose
level in the sample, and the matrix effect of the physiological
sample on the biosensor was investigated. For each
amperometric measurement, the blank neutral PBS (5 mL)
was spiked first with 100 uM of standard glucose, followed by
one injection of 40 uL of human serum, and finally with
another 100 yM of standard glucose (Figure 7B). The recovery
rate of the glucose level for the second standard injection is
104%, indicating that the physiological sample does not put an
obvious matrix effect on the biosensor. The Nafion film coated
on the surface of the biosensor should be able to improve the
antifouling effect of the enzyme electrode. The glucose level in
the human serum sample was determined to be 6.1 mM, falling
into the range for healthy people.

B CONCLUSIONS

In brief, this work demonstrates the feasible achievement of
efficient DET using a BDD electrode and a simple enzyme
immobilization procedure with GOx as a test model. To our
knowledge, this is the first time that DET of GOx based on
APTES and BDD has been demonstrated. The proposed
glucose biosensor can be prepared by a facile and rapid
procedure without expensive reagents and complicated experi-
ments. Physiological levels of interferents do not present any
signals at the glucose biosensor. This glucose biosensor is
stable, sensitive, precise, fast-responding, and exhibits a broad
linear range. It can work under both deaerated and aerated
environments. Human serum matrix does not affect the
performance of the biosensor. This approach holds great
promises for applications in third-generation biosensors or as
anodes in enzyme-based biofuel cells.
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