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ABSTRACT: A versatile matrix was fabricated and utilized as
a universal interface for the construction of enzyme-based
biosensors. This matrix was formed on the gold electrode via
combining self-assembled monolayer of 2,3-dimercaptosuc-
cinic acid with gold nanoparticles. Gold nanoparticles were
electrochemically deposited. Electrochemistry of three redox
enzymes (catalase, glucose oxidase, and horseradish perox-
idase) was investigated on such a matrix. The electrocatalytic
monitoring of hydrogen peroxide and glucose was conducted
on this matrix after being coated with those enzymes. On them
the monitoring of hydrogen peroxide and glucose shows rapid

enzymes on a universal matrix for catalytic reactions
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response times, wide linear working ranges, low detection limits, and high enzymatic affinities. This matrix is thus a versatile and
suitable platform to develop highly sensitive enzyme-based biosensors.
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B INTRODUCTION

Developing versatile and simple matrixes have been paid
extensive attention in past decades in that these matrixes are
perfect interfaces to immobilize biomolecules (e.g, DNA,
enzymes, proteins) and eventually to construct highly sensitive
biosensors.™'! Self-assembled monolayer-based interfaces have
been widely utilized as they provide highly ordered molecular
assemblies and they are convenient, flexible, and simple
systems.*”"” Moreover, the formation of these monolayers is
highly reproducible and reliable. In this way interfacial
properties will be altered, resulting in artificially built
environments at micrometer to nanometer scales. In these
environments, biological activities of biomolecules (e.g., direct
electron-transfer process and electrocatalytic ability) can be
achieved.* """ In most cases, these layers act as binders to
connect substrate electrodes with biomolecules. Furthermore,
the biological activity (e.g, the electron-transfer rate) of
biomolecules is designable as required by controlling the
orientation and density of biomolecules via altering the types
and the number of self-assembled monolayers.*"”
Combination of self-assembled monolayers of thiols with
nanomaterials has been widely accepted as a standard method
to build matrixes for the immobilization of biomolecules.
Various nanomaterials such as metal nanoparticles, carbon
nanotubes, graphene, silica nanoparticles, and other semi-
conductor nanoparticles (NPs) have been extensively
used."*™° Among them, gold nanoparticles have been paid
intensive attention”>>® because of the advantages of facile
control of their sizes and surfaces, easy synthesis protocols,
excellent catalytic ability, and their high biocompatibility.>”~>°
Different from flat planar electrodes, those matrixes constructed
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with self-assembled monolayers and nanomaterials always show
three-dimensional structures. On them direct electron-transfer
processes of redox enzymes as well as highly efficient catalytic
abilities of enzymes (e.g, for electrocatalytic monitoring of
small-sized biomolecules like hydrogen peroxide, and glucose)
have been achieved.®*° Because of deeply buried redox
centers inside enzymes, those activities are difficult to be
achieved on flat planar electrodes. However, those three-
dimensional matrixes make the orientation of enzymes possible
and the denaturation of enzymes difficult, resulting in the
realization of fast electron transfer of enzymes and their high
electrocatalytic activities. Therefore, they possess more features
than individual self-assembled monolayers of thiols as well as
nanoparticles-based interfaces/matrixes for the immobilization
of enzymes and other biomolecules. The disadvantage of those
matrixes is that sometimes the matrixes might introduce
interferences during the monitoring. In most cases, the matrixes
are applied only for the realization of a direct electron-transfer
process of one enzyme and its electrocatalytic activity.

Instead of the realization of direct electrochemistry of one
enzyme on one matrix, we concentrate on designing one
universal matrix for the achievement of direct electrochemistry
of different enzymes. In this paper, we pay special attention to
investigating the reduction behavior of different enzymes on
one matrix. Herein, we report a technology to fabricate a
versatile matrix that allows for the favorable immobilization of
enzymes and eventually provides a suitable platform for sensing
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Figure 1. SEM images of a bare gold electrode before (a) and after being coated with a self-assembled monolayer of DMSA (b) and after being
coated with gold nanoparticles and self-assembled monolayer of DMSA (c). Images (d), (e), and (f) are the matrix shown in (c) after being coated

with CAT, GOD, and HRP, respectively.

small-sized biomolecules, hydrogen peroxide, and glucose. The
matrix was constructed by marrying self-assembly monolayers
with gold nanoparticles. Self-assembled monolayer was formed
on the gold electrode using 2,3-dimercaptosuccinic acid
(DMSA). Gold nanoparticles were in situ electrochemically
deposited. On such a matrix, electrochemistry of three
enzymes, catalase (CAT), glucose oxidase (GOD) and
horseradish peroxidase (HRP), was investigated. After immobi-
lization of those enzymes on the matrix, their electrocatalytic
activities toward the reduction/oxidation of hydrogen peroxide
and glucose were tested and compared.

B EXPERIMENTAL SECTION

Chemical and Solutions. CAT (>100 units mg™'), HRP (RZ-3,
250 units mg™"), GOD (>100 units mg™"), 3-mercapto-propionic acid
(MPA), 2-mercaptosuccinic acid (MSA), and DMSA were obtained
from Aladdin Regents Co. Ltd. (Shanghai, China) and used as-
received. Other chemicals were purchased from Sinopherm Chemical
Reagent Co. Ltd. (Shanghai, China). Hydrogen peroxide (H,0,)
solutions were prepared freshly prior to experiments.

Instruments. Scanning electron microscopy (SEM) was performed
with a Quanta 200 microscope (FEI Company, Eindhoven, The
Netherlands). Atomic force microscopic (AFM) images were recorded
on a Veeco Multimode Nanoscope V microscope (Veeco, Plainview,
NY, USA). Electrochemical experiments were conducted on a CHI
660C electrochemical workstation (Shanghai Chenhua Apparatus
Corporation, Shanghai, China) with a conventional three-electrode
system at room temperature. A platinum foil was used as the auxiliary
electrode and a saturated calomel electrode acted as the reference
electrode. The working electrode was either a bare gold disk electrode
(2.0 mm diameter) or a modified gold electrode.

Electrode Fabrication. The matrix (Au NPs/DMSA/Au) was
fabricated in the following way: (i) Cleaning the gold electrode in a
Piranha solution (concentrated H,SO, and H,O, with a volume ratio
of 3:1) (CAUTION: Piranha solution is quite corrosive, so please handle
this solution with extreme care); (ii) activating the electrode via cycling
in the potential range of 0—1.0 V at a scan rate of 0.1 Vs™' in 0.5 M
H,SO, for more than 10 cycles (until a reproducible cyclic

voltammogram is recorded); (iii) self-assembling of DMSA by
immersing the electrode in a freshly prepared 20 mM DMSA solution
for 12 h (to optimize the formation of the self-assembled monolayers
on the gold electrode, 20 mM MSA and MPA were applied as well);
(iv) depositing gold nanoparticles by applying —0.15 V on the
electrode for 90 s in 4 mg mL™! HAuCl, solution. For each step, the
electrode was washed carefully and copiously with water. The
immobilization of enzyme was done by drop-casting 4—10 uL of §
mg mL™! enzyme solutions on the surface of an Au NPs/DMSA/Au
electrode. These enzyme electrodes were stored in 0.1 M pH 7.4
phosphate buffer at 4 °C when they were not in use.

B RESULTS AND DISCUSSION

Figure 1a shows a SEM image of a clean gold electrode with a
view of the uneven surface. This is a typical SEM image of a
gold electrode after polishing and electrochemical treatments.
The surface (Figure 1b) becomes glossy after its coating with
DMSA. The cluster on the surface is due to the isolative DMSA
organic molecule layers. Figure 1c shows the SEM image of the
surface in Figure 1b but after electrochemical deposition of gold
nanoparticles. A deposition potential of —0.15 V and a
deposition time of 90 s were used. The gold nanoparticles
are round-shaped and well-separated with an average diameter
of about 40—80 nm. The surface is not fully covered by gold
nanoparticles and a three-dimensional structure is achieved.
This is due to favorable and continuous growth of gold
nanoparticles on the surface. This is actually a proof of
efficient/short conduction pathways for electron transfer during
deposition. On the other side, it is known that the surface
terminal groups (e.g., carboxyl, carbonyl, and hydroxyl groups)
of a self-assembled monolayer act as anchoring sites for
growing/depositing metal nanoparticles. Therefore, in our case,
the carboxyl terminal functional group in the DMSA is an
anchoring site for the growth of gold nanoparticles, providing
the pathway of electron transfer. Please note here that the size
of DMSA is much smaller than gold nanoparticles grew; more
works are definitely required by AFM or scanning tunneling
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Figure 2. Tapping mode AFM images of a bare gold electrode (a) before and after being coated with a self-assembled monolayer of DMSA (b) and
after being coated with gold nanoparticles and self-assembled monolayer of DMSA (c).

microscope (STM) in liquid at early stages of the growth of
gold nanoparticles. The selection of thiol is discussed in a later
session. The surface in Figure 1c is rougher than those in Figure
la,b. For trapping enzymes such as CAT, GOD, and HRP, such
a rough surface, a so-called matrix shown in Figure 1, brings a
more active area to touch with enzymes, leading to their facile
and efficient electron-transfer processes.”' > Parts (d)—(f) of
Figure 1 show three example SEM images of such a matrix after
being coated with CAT (d), GOD (e), and HRP (f),
respectively. The SEM image of the matrix coated with CAT
(Figure 1d) shows that a smooth and close but transparent
membrane forms on the surface. Gold nanoparticles are vaguely
seen under the film in this case. When the electrode is coated
with GOD, scattered crystalline particles are clearly seen
(Figure 1le), instead of a thin and transparent membrane as
shown in Figure 1d. HRP layer coated on such an electrode
(Figure 1f) appears with some cracks. It is however much
smoother and thicker than that in Figure 1d. Thus, gold
nanoparticles underneath cannot be seen anymore. Although
these images (Figure 1d—f) in dry states do not give us any
information about the activities and conformation states of
these enzymes, they confirm their successful coating on such a
matrix.

Coating the gold electrode with self-assembled monolayer of
DMSA and gold nanoparticles was checked further with a
tapping mode atomic force microscope (AFM). For these
experiments, a 200 nm gold film was sputtered on a silicon
substrate and used as the electrode. As clearly seen from AFM
images in Figure 2a,b, the gold electrode surface (Figure 2a) is
pretty smooth, even after being coated with DMSA (Figure
2b). The big particle in Figure 2b is probably the cluster of
isolative DMSA organic molecules, the same as that observed in
the SEM image (Figure 1b). After electrochemical under-
potential deposition of gold nanoparticles, the surface becomes
rough and many round particles are seen (Figure 2c). These
nanoparticles are well-distributed over the surface, presenting a
three-dimensional structure. Their mean diameter is approx-
imately 60—80 nm, which is in good agreement with the SEM
results. Such a three-dimensional structure, so-named a matrix,
is promising to retain enzymes for a long period of time and to
improve their electrochemical activity.

The interface properties of such a matrix were investigated
using cyclic voltammetry. Redox couple of [Fe(CN),]*~4
were applied as the probes. Figure 3A shows representative
voltammograms on different electrodes, including a bare gold
electrode (Figure 3A-a), a DMSA-layer-coated gold electrode
(DMSA/Au, Figure 3A-b), and a DMSA/Au electrode coated
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Figure 3. Cyclic voltammograms (A) and Nyquist plots (B) of 1.0
mM Fe(CN)* on a bare gold electrode (a), a DMSA/Au
electrode (b), and an Au NPs/DMSA/Au electrode (c) in 0.1 M KCI
solution. The scan rate is 0.1 V s™'. The Nyquist plots were recorded
at open circuit potentials.

with gold nanoparticles (Au NPs/DMSA/Au, Figure 3A-c). On
a bare electrode, a pair of symmetric redox peaks with a peak
separation of 95 mV is seen. After the introduction of DMSA,
the peak separation enlarges to 390 mV. The peak currents of
both anodic and cathodic waves decrease remarkably, indicating
reduced electron-transfer rate of the redox reaction of
[Fe(CN)4]*/*". This indicates the formation of a self-
assembled monolayer of DMSA on the surface of the gold
electrode. Further deposition of gold nanoparticles on the
DMSA/Au electrode on the contrary leads to the values of peak
separation and peak currents back to those obtained on a bare
gold electrode. An Au NPs/DMSA/Au electrode thus provides
fast and facile electron-transfer paths for the redox reaction of
[Fe(CN)(J*~/*~.

The properties of such a matrix were then examined with
electrochemical impedance spectroscopy in 1.0 mM [Fe-
(CN)gJ>/* at open circuit potentials. Figure 3B shows the
Nyquist plots on these electrodes. Semicircles at higher
frequencies and linear portions at low frequencies are noticed,
suggesting electron-transfer limited diffusion processes. The
electron-transfer resistance (Rcr) was evaluated from the
diameter of the semicircle. Rcr value for a bare gold electrode is
about 125 Q (Figure 3B-a). For a DMSA/Au electrode, Rcr
increases to 1000 Q (Figure 3B-b). This is due to the well-
known block effect of thiol monolayer on the electrode. Rcp of
an Au NPs/DMSA/Au electrode reduces from 1000 to 190 Q
(Figure 3B-c), indicating that gold nanoparticles behave as new
reactive sites and accelerate the electron-transfer rate of the
redox reaction of [Fe(CN)]*™/#~.3*73¢ An Au NPs/DMSA/Au
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electrode is thus a promising matrix for the electrochemistry of
enzymes because it has not only a three-dimensional structure
(from SEM and AFM results), but also provides the smallest
electron-transfer resistance.

Electrochemistry of CAT was tested on such a matrix (an Au
NPs/DMSA/Au electrode). The voltammogram of CAT in 0.1
M pH 7.4 phosphate buffer is shown in Figure 4A-a. A good-
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Figure 4. (A) Cyclic voltammograms in 0.1 M pH 7.4 phosphate
buffer on an Au NPs/DMSA/Au electrode (a) and a CAT/Au NPs/
DMSA/Au electrode before (b) and after adding 0.8 mM hydrogen
peroxide (c). The scan rate was 0.1 V s (B) Amperometric curves of
a CAT/Au NPs/DMSA/Au electrode in 0.1 M pH 7.4 phosphate
buffer after the successive addition of 40 M hydrogen peroxide at an
operation potential of —0.2 (a), —0.3 (b), —0.35 (c), —0.4 (d), —0.4S
(e), and —0.5 (f) V.

shaped reduction peak is observed at —0.35 V. As a control
experiment, the voltammogram of this matrix in the buffer was
recorded. As shown in Figure 4A-b, no redox peaks are seen in
the scanned potential range. The electrode reaction of CAT on
such a matrix was investigated by recording cyclic voltammo-
grams at different scan rates. The peak current increases
proportionally with an increase of scan rates in the range of
0.02—0.25 V s™". The peak potential shifts negatively as well.
The redox reaction of CAT on such a matrix is thus an

adsorption-controlled process. The surface coverage of CAT on
such a matrix was calculated to be 2.7 X 10™"! mol cm™ and
the apparent heterogeneous electron-transfer rate constant (k)
was calculated to be 2.96 s~ when a charge-transfer coefficient
of 0.5 was used. Electrocatalytic reduction of hydrogen peroxide
was also tested using immobilized CAT on such a matrix. The
resulted voltammogram is shown in Figure 4A-c. After the
addition of 0.8 mM hydrogen peroxide, the reduction current
increased significantly, indicating high catalytic activity toward
the reduction of hydrogen peroxide. Therefore, the peak at
—0.35 V shown in Figure 4A-a is due to the redox reaction of
CAT.

It is well-known that hydrogen peroxide and glucose
biosensors are important for pharmaceutical, clinical, and
environmental, and related applications.*”™>' The performance
of those biosensors however strongly relied on the electrode
materials/structures (e.g, glassy carbon electrode, graphene,
carbon nanotubes, and TiO,) and/or the selected catalysts
(e.g, enzymes and metal nanoparticles). It is thus highly
desirable to develop a reliable and universal matrix to construct
hydrogen peroxide and glucose biosensors. In addition to
providing a good environment for efficient enzyme loading and
maintenance of enzyme bioactivity, this matrix, namely, an Au
NPs/DMSA/Au electrode shown above, seems to be promising
for the sensitive detection of hydrogen peroxide. Amperometry
was then applied for the detection of hydrogen peroxide on the
CAT-coated matrix (CAT/Au NPs/DMSA/Au). Figure 4B
shows amperometric curves on the CAT/Au NPs/DMSA/Au
matrix after adding continuously 40 uM hydrogen peroxide.
The working/operation potential was varied from —02 V
(Figure 4B-a), —0.3 V (Figure 4B-b), —035V (Figure 4B-c),
—0.4 V (Figure 4B-d), —0.45 V (Figure 4B-e), to —0.5 V
(Figure 4B-f). More negative working potentials lead to higher
reduction currents. Considering the effect of oxygen and other
species (e.g., desorbed thiols at negative potentials) in
solutions, we chose —0.35 V for the detection of hydrogen
peroxide. The pH value of the phosphate buffer affects the
amperometric response as well. Too low or too high pH values
are not so perfect for the detection of hydrogen peroxide.
When the pH value is higher than 7.4, the response slows

Table 1. Analytical Characteristics of Different Matrixes toward the Detection of Hydrogen Peroxide

electrode linearity (M) LOD (uM) sensivity (A mM ™ cm™?) K (mM) reference
CAT/Au NPs/DMSA 3—-5860 16.4 0.57 this work
CAT/nanoNiO/MWCNTSs 200—-2530 337.58 1.68 42
CAT/nanoFe;0,/Au 1.5-13.5 43
CAT/Pt 1-90 325 44
CAT/Au NPs/GR—NH, 0.3—600 0.05 134 2.81 39
CAT/SWNT-CHI 5—=50 2.5 6.32 45
CAT/cysteine/Si sol—gel 1-30 0.4 46
GOD/Au NPs/DMSA 2—-3500 0.65 12.4 1.0 this work
HRP/Au NPs/DMSA 2-2860 0.7 7.2 0.59 this work
HRP/3-MPT 0.5—-100 0.1 47
HRP/poly/Au NPs 5—-1100 1.5 0.498 1.01 49
HRP/DNA—Ag NPs/Au NPs/DNA—Ag 7—-7800 1.3 48
HRP/SiO,/BSA/Au NPs 8—-3720 2.3 40
HRP/CaCO;—Au NPs 0.5—5200 0.1 10
HRP—Au NPs/ALG 20—13700 40.1 9.3 41

MWCNT, multiwalled carbon nanotubes; GR—NH,, amine-functionalized graphene; SWNT, single-walled carbon nanotubes; CHI, chitosan; 3-
MPT, (3-mercaptopropyl)trimethoxysilane; poly, polymer of aniline and boronic acid; Au NPs, gold nanoparticles; PDDA, poly-
(diallyldimethylammonium chloride); BSA, bovine serum albumin; Thio—Naf, thionine/nafion; ALG, sodium alginate.

17299
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down, although the current is still at a comparatively high level.
The pH value lower than 6.0 results in smaller currents as well
as longer response times. These results indicate that the activity
of CAT on such a matrix is pH-dependent. We selected 0.1 M
pH 7.4 phosphate buffer for the detection of hydrogen peroxide
during subsequent experiments.

Amperometric curves were then recorded on the CAT/Au
NPs/DMSA/Au electrode in 0.1 M pH 7.4 phosphate buffer
when hydrogen peroxide at different concentrations was added.
The working potential applied was —0.35 V. Typical steady-
state amperometric curves were seen. The steady-state current
in the amperometric curves is linear with the concentration of
hydrogen peroxide in the range from 3.0 uM to 5.86 mM. The
linear equation is T (uA) = (3.9 X 107)c (uM), where I is the
absolute value of the steady-state current in A and c is the
concentration of hydrogen peroxide in yM. The correlation
coefficient is 0.998 (n = 21) and the sensitivity is determined as
16.4 uA mM™" cm™ A detection limit was calculated to be 2.0
uM (S/N = 3).

It is important to discuss the apparent Michaelis—Menten
constant (K3i?) because it reflects the enzymatic affinity and the
ratio of microscopic kinetic constant. To obtain this value, we
used the Lineweaver—Burk equation in the form>”>®

1 1 KPP
1_1 K
I Lnax € (1)

where I is the steady-state cathodic current after the addition
of hydrogen peroxide, I, is the maximum steady-state current
measured under saturated hydrogen peroxide, and ¢ is the
concentration of hydrogen peroxide added into the buffer. By
drawing a plot of 1/I; versus 1/c, we found that the plot is
much closer to a curve instead of a straight line. This fact
indicates that the value of K§{ is not constant but changes at
different conditions. The variation of K§{¥ as a function of the
concentration of hydrogen peroxide might result from the loss
and/or denaturation of CAT as well as from the interferences
of thiols and gold nanoparticles. The best fitting line gives a
slope of 0.0067, resulting in the value of K§i¥ of 0.57 mM. This
value is much lower than those reported,” ** indicating high
catalytic activity of CAT on such a matrix toward the reduction
of hydrogen peroxide.

Table 1 compares the achieved results on such a matrix with
those published on other matrixes regarding the linearity, limit
of detection (LOD), the sensitivity for the monitoring of
hydrogen peroxide, and the value of K§P.**™* In the literature,
various types of electrodes (e.g, gold electrode, glassy carbon
electrode, and platinum electrode) have been used. To
immobilize enzymes for the catalytic reduction of hydrogen
peroxide, those electrodes were modified or functionalized with
different nanomaterials (e.g, gold nanoparticles, nano NiO,
carbon nanotubes, nano Fe;O, particle, graphene, and DNA)
through numerous approaches (e.g,, direct coating/casting, self-
assembling, and sol—gel methods). Depending on the used
electrode, nanomaterials, enzymes, and the constructed
electrode structure, the sensing performances (linearity, LOD,
sensitivity, etc.) of hydrogen peroxide on those electrodes/
matrixes vary greatly. For example, a pretty wide linear working
range (from 20 yM to 13.7 mM) was reported with a detection
limit of 3 yuM on a HRP-Au NPs/ALG/Au electrode,41
although the sensitivity (40.1 uA mM™" cm™) is lower than
those on the CAT/nanoNiO/MWCNTs/GCE matrix* and
the HRP/DANN-Ag NPs/PDDA-Au NP matrix.*® On our

matrix, the KjfP value is much smaller than those
reported;*”***~* the linearity obtained is relatively wide (3
UM to 5.86 mM); the detection limit (LOD) is as low as 2 uM,
which is lower than most of the reported results.*"*>*
Although smaller K{#? value (in other words high enzymatic
affinities) was obtained, the sensitivity of our CAT/Au NPs/
DMSA/Au matrix is required to be improved. In conclusion,
the hydrogen peroxide sensor using the CAT/Au NPs/DMSA/
Au matrix shows relatively better sensing performance than
most developed sensors.

We further tested the electrochemistry of GOD on this
matrix. Figure SA shows the voltammetric responses of an Au

6.0

»
o

Current (pA)
N
o

o
(wrl) 3uauung

_2'00 02 04 06 08 0 600 1200 18000
Potential (V vs. SCE) Time (s)

Figure S. (A) Cyclic voltammograms in 0.1 M pH 7.4 phosphate
buffer on the Au NPs/DMSA/Au electrode (a) and the GOD/Au
NPs/DMSA/Au electrode before (b) and after adding 2.0 mM glucose
(c). The scan rate was 0.1 V s™'. (B) Amperometric responses of
glucose on the GOD/Au NPs/DMSA/Au electrode in 0.1 M pH 7.4
phosphate buffer. The concentration of added glucose was 0.8 uM (a),
4.0 uM (b), 0.1 mM (c), 0.5 mM (d), and 1.0 mM (e). The operation
potential was 0.6 V. The inset shows the amperometric response of the
GOD/Au NPs/DMSA/Au electrode when 0.8 uM (a) and 4.0 uM (b)
glucose were added.

NPs/DMSA/Au electrode before and after being coated with
GOD (GOD/Au NPs/DMSA/Au) in 0.1 M pH 7.4 phosphate
buffer. The voltammogram for an Au NPs/DMSA/Au
electrode is featureless in the scanned potential range (Figure
SA-a). While a broad cathodic wave is seen at about 0.46 V on
the GOD/Au NPs/DMSA/Au electrode (Figure SA-b). Adding
glucose into the buffer solution leads to the slight enhancement
of cathodic current (Figure SA-c). A pronounced anodic wave
appears as well at about 0.64 V (Figure SA-c), which is
characteristic of electrochemical catalytic oxidization of glucose.
The peak potential of the oxidation of glucose is more positive
than those reported.’®>' This is probably due to different
properties of the electrode matrix.

It has been proven that GOD-based interfaces are ideal
models for glucose sensing.’”*' The electrocatalytic oxidation
of glucose on the GOD/Au NPs/DMSA/Au matrix was
conducted. Figure 5B shows one amperometric curve of the
GOD/Au NPs/DMSA/Au matrix in 0.1 M pH 7.4 phosphate
buffer after adding glucose with different concentrations. In the
blank buffer a steady baseline is obtained during the first 100 s.
The addition of 0.8 M glucose (Figure SB-a) into the blank
buffer causes an obvious increase of the current. Within S s the
current reaches 95% of the maximum value, indicating rapid
oxidation of glucose on the GOD/Au NPs/DMSA/Au
electrode. The steady-state current increases when the
concentration of glucose enhances to 4.0 uM (Figure SB-b),
0.1 mM (Figure 5B-c), 0.5 mM (Figure SB-d), and 1.0 mM

dx.doi.org/10.1021/am505469n | ACS Appl. Mater. Interfaces 2014, 6, 17296—17305
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Table 2. Analytical Characteristics of Different Matrixes toward the Detection of Glucose

electrode linearity (uM) LOD (uM)

GOD/AuNPs/DMSA 0.8—4000 0.3
GOD/Ch—AuNPs—Fe;0, 3.0-570 12
GOD/Pt/MWNT—-PANI 3.0—8200 1.0
GOD/Nafion/ZnO—HNSPs 5.0—13150 1.0
GOD/AuNPs/MWCNT 20—10000 2.3
GOD/PdNPs/Ch—GR 1.0—1000 0.2
GOD/Ch/TiO,/nanofiber 10
GOD/MWNT/Nafion 20—-1020 10
GOD/MWNT-Ch/PB 25—1300 7.5
GOD/NiO 30-5000 24
GOD/nanoPANi 10—-5500 0.3
GOD/silicaKIT-6 0—2830

GOD/BGMC 10—7490 10
GOD/PB/Bi,Se; 10—11000 3.8
GOD/GRNS—CNS 400—-20000 100
GOD/PtNPs—CNT—-Ch 1.2—2000 0.4
GOD/BC/Ni 25—1190 8.3
GOD/ZnO 100—9000 1.9
GOD/AuPdNPs 6.9—3500 6.9
GOD/thiourea up to 5500 6.0

selectivity (4A cm™ mM ™) Ky (mM) reference

9.8 52 this work
52
16.1 0.64 53
65.82 54
19.27 6.7 5SS
312 56
9.25 57
13 2.2 58
15.2 3.67 59
0.446 2.7 60
97.18 2.37 61
7.29 62
63
24.55 64
65
41.9 0.64 66
0.32 67
3.12 68
2666.6 10.5 69
5.73 342 70

Au NPs, gold nanoparticles; Ch, chitosan; MWCNT, multiwalled carbon nanotube; PANI, polyaniline; HNSPs, hollow nanospheres; Pd NPs,
palladium nanoparticles; GR, graphene; PB, prussian blue; BGMC, bicontinuous gyroidal mesoporous carbon; GRNS, graphene nanosheet; CNS,
carbon nanosheet; Pt NPs, platium nanoparticle; CNT, carbon nanotube; BC, boron-doped carbon; AuPdNPs, gold and palladium alloy

nanoparticles.

(Figure SB-e). A response plateau is noticed when the glucose
concentration is higher than 4.0 mM, indicating a Michaelis—
Menten kinetic mechanism. KiP was then estimated to be 5.2
mM. Under these conditions, the oxidation current is linear
within the concentration of glucose in the range from 0.8 yM
to 4.0 mM with a correlation coefficient of 0.9994 (n = 64).
The sensitivity is 9.8 uA cm™ mM ™' and the detection limit
was calculated to be 0.3 uM (S/N = 3). As compared partially
in Table 2, the sensing performance for the monitoring of
glucose on the GOD/Au NPs/DMSA/Au matrix is relatively
better than most of those reported®>’® with respect to the
linearity and LOD. For example, on a nanocomposite film
prepared with iron oxide, gold nanoparticles, and chitosan, the
linearity was 3.0 4#M to 0.57 mM and LOD was 1.2 uM;*> on a
polymer/CNT nanocomposite the linearity and LOD was 3.2
UM to 82 mM and was 1.0 uM.>> Layer-by-layer assembled
GOD and thiourea on a glassy carbon electrode can detect
glucose up to 5.5 mM.”® Subsequently, with a GOD-coated
matrix, the GOD/Au NPs/DMSA/Au electrode can be applied
for sensitive detection of glucose.

Meanwhile, a clear cathodic peak appears at around —0.35 V
on the GOD/Au NPs/DMSA/Au electrode (Figure 6A-a),
which does not show up before coating the electrode with
GOD (Figure 6A-b) in the buffer. Furthermore, the capacitive
current increases dramatically. This demonstrates that the
deeply buried redox center inside GOD has been partially
contacted with the electrode due to the special three-
dimensional structure of such a matrix>® The electrode
reaction of GOD on such a matrix was investigated. The
peak current proportionally increases with an increase of scan
rates in the range of 0.02 to 0.2 V s™'. The peak potential shifts
negatively as well. The redox reaction of GOD on such a matrix
is thus an adsorption-controlled process. The surface coverage
of GOD on such a matrix was calculated to be 8.3 X 107'! mol
cm™ and k, was calculated to be 4.92 s™' when a charge-
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Figure 6. (A) Cyclic voltammograms of an Au NPs/DMSA/Au
electrode (a) and a GOD/Au NPs/DMSA/Au electrode (b) in 0.1 M
pH 7.4 phosphate buffer. The scan rate was 0.1 V s™'. (B)
Amperometric responses of the GOD/Au NPs/DMSA/Au electrode
in 0.1 M pH 74 phosphate buffer after successive additions of
hydrogen peroxide with concentrations of 2 (a), 10 (b), 40 (c), 200
(d), and 800 (e) uM. The operating potential was 0.3 V. The inset
shows the amperometric response of the GOD/Au NPs/DMSA/Au
electrode when 2 yM (a) and 10 uM (b) hydrogen peroxide was
added.

transfer coefficient of 0.5 was used. Therefore, the redox
reaction of GOD is realized on such a matrix.

We then further recorded the voltammograms on the GOD/
Au NPs/DMSA/Au electrode after 1.5 mM hydrogen peroxide
was added. Those tests had seldom been tried.” The oxidation
current in the presence of hydrogen peroxide increases sharply
when the scanning potential is above +0.2 V. Control
experiments showed that none of the electrodes (e.g, an Au
NPs/DMSA/Au electrode, a DMSA/electrode, and a bare gold
electrode) made the oxidation current enhanced after adding
hydrogen peroxide into the buffer. For the electrocatalytic
determination of hydrogen peroxide at the GOD/Au NPs/
DMSA/Au electrode, amperometry was then conducted. The
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experimental conditions were optimized as follows: 0.1 M pH
7.4 phosphate buffer and a working potential of 0.3 V. Figure
6B shows one amperometric curve on the GOD/Au NPs/
DMSA/Au matrix after successive addition of hydrogen
peroxide with the concentration of 2 uM(Figure 6B-a), 10
uM (Figure 6B-b), 40 uM (Figure 6B-c), 200 uM (Figure 6B-
d), and 800 uM (Figure 6B-e). The inset shows the
enlargement of the amperometric curve of the GOD/Au
NPs/DMSA/Au electrode when 2 uM (a) and 10 uM (b)
hydrogen peroxide was added, manifesting high sensitivity of
the electrocatalytic oxidation of hydrogen peroxide. Therefore,
such an GOD/Au NPs/DMSA/Au matrix has excellent
characteristics of the catalytic oxidation of hydrogen peroxide.
Under these conditions, the steady-state current linearly
increases with the concentration of hydrogen peroxide in the
range of 2.0 uM to 3.5 mM. The linear equation is I (4A) =
(2.0 X 107*)c (uM), where I is the absolute value of the steady-
state current in #A and c is the concentration of hydrogen
peroxide in yM. The correlation coefficient is 0.996 (n = 32)
and the sensitivity is determined as 12.4 yA mM ™' cm™2. The
detection limit was calculated to be 0.65 uM (S/N = 3).
Furthermore, the value of K} was calculated to be about 1.0
mM. These results confirm the suitability of such a matrix for
enzyme immobilization and further for constructing enzyme-
based hydrogen peroxide biosensors.

Electrochemistry of HRP was studied on an Au NPs/DMSA/
Au electrode as well. On HRP-coated Au NPs/DMSA/Au
electrode (HRP/Au NPs/DMSA/Au), a good-shaped reduc-
tion peak is observed at —0.45 V. Control experiment on an Au
NPs/DMSA/Au electrode in the buffer is featureless. An
increase of scan rates leads to linearly enhanced peak currents
and negative shift of reduction potentials, indicating an
adsorption-controlled electrode process. The surface coverage
and k, of HRP on Au NPs/DMSA/Au electrode was calculated
to be 9.7 X 107" mol cm™2 and 5.96 s™" (with a charge-transfer
coefficient of 0.5), respectively. Adding hydrogen peroxide in
the buffer results in a huge increase in the cathodic current of
the HRP/Au NPs/DMSA/Au matrix. Figure 7A shows an
amperometric curve on the HRP/Au NPs/DMSA/Au matrix
when 2 uM (Figure 7A-a), 10 yuM (Figure 7A-b), 40 uM
(Figure 7A-c), 200 uM (Figure 7A-d), and 800 uM (Figure 7A-
e) uM hydrogen peroxide is added. The steady-state current,
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Figure 7. (A). Amperometric curve on the HRP/Au NPs/DMSA/Au
electrode in 0.1 M pH 7.4 phosphate buffer after adding 2 (a), 10 (b),
40 (c), 200 (d), and 800 (e) #M hydrogen peroxide. The working
potential was —0.45 V. (B) The relationship between the steady-state
current and the concentration of hydrogen peroxide.

obtained with an optimized working potential of —0.45 V in 0.1
M pH 7.4 phosphate buffer, increases when hydrogen peroxide
with higher concentrations is added. Figure 7B shows the
dependence of the steady-state current as a function of the
concentration of hydrogen peroxide. A linear range is found
from 2.0 uM to 2.86 mM with an equation of I (uA) = (3.3 X
10~")c (uM), where I is the steady-state current in A and c is
the molar concentration of hydrogen peroxide in uM. The
value of Kj{¥ was calculated to 0.59 mM. The comparison of
these results with that published**™* in Table 1 proves that
such a matrix is a sensitive platform for constructing different
enzyme-based biosensors for the detection of hydrogen
peroxide.

Optimization process to construct this universal matrix has
been performed, including the selection of thiol and the
optimization of the conditions for electrochemical deposition of
gold nanoparticles. Three kinds of mercaptocarboxylic acids
(MPA, MSA, and DMSA) were tried for the selection of thiol.
The decision was made on the basis of the comparison of the
fitted slope from the achieved amperometric curve (e.g., in
Figure 4B). Under identification conditions, the slopes were
about 4.6, 1.2, and 0.7 uA s™' when DMSA, MSA, and MPA
were applied, respectively. DMSA was thus selected. As for the
deposition of gold nanoparticles on the self-assembled
monolayer of DMSA-coated gold electrodes, the deposition
was conducted at —0.15 V. This potential was selected from the
cyclic voltammogram of AuCl,™ in the potential range of 0.2 to
—0.4 V at a scan rate of 0.02 Vs7), showing that the reduction
of AuCl,~ starts at —0.15 V and reaches the maximum current
at —0.2 V. The deposition time was decided from the fitted
slope obtained as described in a previous session. When the
deposition time increased from 30, 60, 90, and to 180 s, the
best fitted slope was 1.4, 2.6, 4.6, and 3.2 pA s~', respectively.
This is due to the enhancement of surface area of such a matrix.
A decrease indicates a smaller area of the electrode, which is
due to the overlap of gold nanoparticles. Therefore, a
deposition potential of —0.15 V and a deposition time of 90
s was used.

The performance (stability, reproducibility, and selectivity)
of such a matrix after coating with different enzymes was
checked toward the monitoring of hydrogen peroxide and
glucose. Their stability and the reproducibility of detecting
hydrogen peroxide were examined by comparing steady-state
currents of 40 yM hydrogen peroxide on the same electrode at
different times and on the different electrodes but at almost the
same time. Take such a matrix coated with CAT (CAT/Au
NPs/DMSA/Au) as an example; the current decreased only
about 6% after storing the electrode in a 0.1 M pH 7.4
phosphate buffer at 4 °C for 20 days. On different electrodes,
the variation of the current is less than 4.8%. The selectivity of
this matrix after being coated with different enzymes was
measured as well. For example, the amperometric measure-
ments of 20 M glucose was conducted on the GOD/Au NPs/
DMSA/Au matrix in the present of some potentially coexisting
compounds in biological systems such as dopamine, ascorbic
acid, acetaminophen, and uric acid. Adding these interferences
(e.g., 0.4 uM dopamine, 0.5 uM uric acid, 1.6 uM ascorbic acid,
and 1.6 yM acetaminophen) does not influence the detection
of glucose. Therefore, such a matrix after being coated with
enzymes is highly stable, reproducible, and selective for the
detection of glucose and hydrogen peroxide.
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Bl CONCLUSION

In summary, a versatile matrix has been fabricated for the
immobilization of enzymes and eventually for the construction
of enzyme-based biosensors for the sensitive detection of
glucose and hydrogen peroxide. This matrix with a three-
dimensional structure was fabricated by electrochemical
deposition of gold nanoparticles on the thiol monolayer self-
assembled on the gold electrode. On such a matrix the
electrochemistry of different enzymes (e.g., catalase, glucose
oxidase, and horseradish peroxidase) and their higher catalytic
ability toward the electrocatalytic reduction/oxidation of
hydrogen peroxide and glucose have been realized. Ampero-
metric monitoring of hydrogen peroxide and glucose on such a
matrix has been realized with wide dynamic ranges and low
detection limits. The detection can last for more than 20 days
and the errors of these measurements are less than 6%.
Selective monitoring of glucose is possible as well. In addition,
the fabrication of such a matrix is simple and highly
reproducible. These three-dimensional matrixes are therefore
universal for enzyme-based biosensors. In the future, they will
be scalable for immobilization of other biomolecules to develop
numerous but different types of biosensors and electrochemical
Sensors.
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