This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

a\
v
A4

http://pubs.acs.org/journal/acsodf

ACS
AUTHORCHOICE

Reagentless Amperometric Pyruvate Biosensor Based on a Prussian
Blue- and Enzyme Nanoparticle-Modified Screen-Printed Carbon
Electrode

Dinakaran Thirumalai, Seonghye Kim, Suhkmann Kim,* and Seung-Cheol Chang*

Cite This: ACS Omega 2020, 5, 30123-30129 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: We report a facile strategy for developing
reagentless amperometric pyruvate biosensors based on enzyme
nanoparticles (EnNPs). The EnNPs were prepared using pyruvate
oxidase crosslinked with graphene quantum dots. Before EnNP
immobilization, screen-printed carbon electrodes (SPCEs) were
modified with Prussian blue, a biocompatible coordination
polymer. The biosensor system was optimized in terms of the
working potential and pH value. At pH 7.0 in 50 mM phosphate-
buffered solution, the biosensor showed optimal characteristics ‘ Prussian blue Thiamine
under an applied potential of —0.10 V versus an internal pseudo-Ag ~ Pyrophosphate
. .. . Graphene 4 Mg?*
reference electrode. Using these optimized conditions, the quantum dot ~ Mg
biosensor performance was characterized via the chronoampero-
metric technique. The EnNP-immobilized SPCE exhibited a
dynamic linear range from 10 to 100 uM for pyruvate solution, and a sensitivity of 40.8 4uA mM™' cm™ was recorded. The
observed detection limit of the biosensor was 0.91 M (S/N = 3) and it showed strong anti-inference capability under the optimized
working potential. Furthermore, the practical applicability of the proposed biosensor was studied in fish serum samples.
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1. INTRODUCTION these techniques do not always allow simple and continuous
monitoring, are rather expensive, and/or require well-trained
technicians or complicated sample pretreatment steps. These
issues lead to increased time consumption and low cost
efficiency.

Biosensors designed specifically for metabolite detection are
promising alternatives to the platforms based on NMR and
MS. Although they are yet to be extensively adopted in the
aquaculture field, biosensors have been widely employed to
diagnose diseases in humans.”® Taking advantage of their good
selectivity and affordability to facilely build compact equip-
ment, biosensors may be easily integrated into automation
schemes to allow rapid real-time monitoring of fish samples.”

Pyruvate (Py) is an important metabolite, whose sensitive
and rapid detection is needed in the study of fish metabolic
diseases. For selective detection of Py using electrochemical
biosensors, the enzyme pyruvate oxidase (PoxB) is usually
immobilized as the recognition element.'’ Several enzymatic
Py biosensors have been reported,'' ~'* and they are all based

Metabolomics has been extensively applied to disease diagnosis
in microbes, plants, and animals. As low-molecular weight
chemical entities, metabolites are related to the genome and
proteome as the downstream products of omics, and they can
represent the phenotype of an organism. In aquaculture, fish
health-related applications of metabolomics are being rapidly
developed; this is because the successful control of diseases in
farmed fish is a major challenge for aquaculturists with regard
to improving food quality and safety.’ Most such studies
investigated the interaction between the fish hosts and
pathogens (bacterial, viral, or parasitic)”’ or identified disease
biomarkers in the host responses.“’5 For example, palmitic acid
and mannose were found to be crucial biomarkers in the serum
of Edwardsiella tarda-infected crucian carp.” The discovery of
potential metabolite biomarkers allows the development of
simple assays for monitoring the physiological conditions
(stress, diseases, and nutritional status) of fish. Nuclear
magnetic resonance (NMR) spectroscopy and mass spectrom-
etry (MS) are the typical analytical techniques for detecting
metabolites in real samples.” NMR-based metabolomics has
substantial advantages such as high reproducibility and
requirement of minimal pretreatment. In particular, high-
resolution magic angle spinning (HR-MAS) NMR spectros-
copy can directly measure intact samples without any
extraction processes or experimental errors. Nevertheless,
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Figure 1. FE-SEM images of (a) bare SPCE, (b) PB/SPCE, and (c) PoxBNP/PB/SPCE. Scale bar:
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Figure 2. (a) Cyclic voltammograms of the bare SPCE, GQD/SPCE, PB/SPCE, and GQD/PB/SPCE in N,-saturated S0 mM PBS (pH 7.0)
without (dash line) and with (solid line) 0.5 mM H,0, at a scan rate of 10 mV s™" and (b) corresponding plot of i, values measured at —0.10 V for

the electrodes with different modifications.

on PoxB, which catalyzes the following enzymatic reaction

(TPP = thiamine pyrophosphate)

pyruvate + phosphate + O,

PoxB, TPP

———— acetyl phosphate + CO, + H,0, (1)

)

H,0, produced in Reaction 1 can be electrochemically
oxidized or reduced on the surface of the working electrode,
proving that the current is directly proportional to the pyruvate
concentration.

However, PoxB requires three additional cofactors [Mg**
ions, flavin adenine dinucleotide (FAD), and TPP] in
optimized concentrations in the working buffer. Moreover,
the enzyme’s stability, conformation on the working electrode,
and adsorption capacity are crucial factors in developing
enzyme-based biosensors. For these reasons, significant efforts
have been made toward reagent-free systems. The eflicient
coimmobilization of enzymes, cofactors, or mediators with
nanomaterials such as boronate-substituted polyaniline,"*
polypyrrole,'® and graphene oxide'® films has been reported.
Most of these reports focused on Reaction (2) by measuring
H,0, oxidation in the anodic region under a high applied
potential (~+0.6 V). However, these H,0, sensors are highly
susceptible to electrochemical interferences.'”'”'® To avoid
this problem, in this study, we instead designed a Py biosensor
to enhance H,0, reduction in the cathodic region under a low
applied potential range.

In this study, an efficient reagentless PoxB-based Py
biosensor was easily fabricated using a screen-printed carbon
electrode (SPCE) modified with Prussian blue (PB) nano-
particles and graphene quantum dots (GQDs). PB has been
shown to be the most advantageous nanoparticle material for
H,0, sensors. PB-modified electrodes are more active than

H,0, - O, + 2H" + 2¢
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widely used platinum-modified ones for H,O, reduction and
oxidation in neutral media and are more selective in the
presence of oxygen, both by 3 orders of magnitude.'”*’
Meanwhile, the GQDs ensure good biocompatibility and
further immobilization of PoxB on the electrode surface. In
recent years, enzyme immobilization or conjugation onto
nanoparticles has been widely utilized to prepare enzyme
nanoparticles (EnNPs). The EnNPs have shown high enzyme
loading and improved enzyme stability because these nano-
particle carriers have a large specific surface area for
attachment.”’ We crosslinked PoxB with GQDs to prepare
PoxB-immobilized nanoparticles (PoxBNPs). After electro-
depositing PB on the surface of the SPCE, the PoxBNPs were
drop casted to fabricate the EnNP-based Py biosensor
(PoxBNP/PB/SPCE). The prepared biosensor was optimized
in terms of the applied potential and pH of the buffer solution.
Under the optimum conditions, it was successfully used to
detect Py in real fish serum samples.

2. RESULTS AND DISCUSSION

2.1. Physical Characterization of the Differently
Modified Electrodes. The electrode surfaces were charac-
terized via FE-SEM to assess the morphology change after each
modification step (PB/SPCE and PoxBNP/PB/SPCE) and the
results are shown in Figure 1. The bare SPCE displays a rough
and wrinkled morphology (Figure 1la). On the PB-modified
SPCE, nanosphere/cluster-like structures were observed, and
the average diameter of the nanospheres was ~105 nm (Figure
1b), demonstrating the successful electrodeposition of PB
nanoparticles on the SPCE. After the immobilization of
PoxBNPs, the surface became relatively smooth, as seen in
Figure 1c. This result suggests that the enzyme was successfully
immobilized on the modified SPCE. The presence of major
elements and their amounts were analyzed using the EDS
technique combined with SEM. The EDS spectrum analysis
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Figure 3. (a) Current change under different applied potentials for the bare SPCE, PB/SPCE, and GQD/PB/SPCE in 50 mM PBS (pH 7.0)
containing 0.1 mM H,0,. (b) Current change under different pH values for PoxBNP/PB/SPCE in S0 mM PBS containing 0.25 mM Py at an

applied potential of —0.1 V.
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Figure 4. Amperometric responses of (a) PoxB/SPCE, PoxBNP/SPCE, PoxB/PB/SPCE, and PoxBNP/PB/SPCE; (b) GQD/PB/SPCE and
PoxBNP/PB/SPCE in 50 mM PBS (pH 7.0) without (dash line) and with (solid line) 0.5 mM Py at an applied potential of —0.1 V.

and elemental mapping for the bare SPCE, PB/SPCE, and
PoxBNP/PB/SPCE are done, as shown in Figures S1—S4. The
bare SPCE shows a characteristic carbon peak alone (Figure
Sla); the PB-modified SPCE shows evidence of Fe, which
again confirms the successful PB electrodeposition (Figure
S1b). Moreover, the PoxBNP-modified surface (Figure Slc)
features N, P, and Mg, further proving that the cofactors and
enzymes were successfully immobilized.

2.2, Voltammetric Response of Differently Modified
Electrodes. Electrocatalytic reduction of H,0, was carried
out via CV on the unmodified and modified electrodes (bare
SPCE, GQD/SPCE, PB/SPCE, and GQD/PB/SPCE). Figure
2a shows the cyclic voltammograms of the electrodes in N,-
saturated SO mM PBS (pH 7.0) in the absence (dashed line)
and presence (solid line) of 0.50 mM H,O, at a scan rate of 10
mV s~ The H,0, reduction peak was observed for all the
electrodes in the negative-potential region. We also measured
the cathodic peak current (i,.) at —0.10 V and plotted it in
Figure 2b. The i, value of the GQD/PB/SPCE was two times
higher than that of the other electrodes. Apparently, the
presence of a heterogeneous layer of GQDs and PB improved
the electron transfer kinetics. On the GQD/PB/SPCE, the
mechanism of catalytic reduction of H,0, mimics that of the
horseradish peroxidase film system.

2.3. Optimization of Sensor Performance. To optimize
the applied potential, the amperometric measurements were
repeated with 0.10 mM H,O0, on the differently modified

electrodes at several applied potentials from 0.0 to —0.20 V.
The results (Figure 3a) show that for each electrode, the
cathodic current response to H,O, reduction increased in the
studied potential range under a more negative applied
potential. However, to minimize possible interferences, a
potential of —0.10 V was chosen for subsequent experiments.

The effect of solution pH on the PoxBNP/PB/SPCE was
evaluated via amperometric measurements in 0.25 mM Py and
50 mM PBS at pH 6.0—8.0 (Figure 3b). After the addition of
Py, the maximum amperometric response was obtained at pH
7.0 and this was chosen as the operating pH for the subsequent
experiments.

Amperometric measurements were also used to assess the
electrochemical behavior of PoxB on different electrodes.
Figure 4a shows the amperometric responses of the PoxB/
SPCE, PoxBNP/SPCE, PoxB/PB/SPCE, and PoxBNP/PB/
SPCE recorded in S0 mM PBS (pH 7.0) in the absence and
presence of 0.50 mM Py at an applied potential of —0.10 V. No
detectable current response was observed for the PoxB/SPCE,
PoxBNP/SPCE, and PoxB/PB/SPCE either with or without
Py. Only the PoxBNP/PB/SPCE showed a clear reduction in
the current response. In this case, the GQDs had an important
synergic effect with PB, leading to fast electron transfer on
PoxB at the electrode surface.

Figure 4b compares the amperometric responses of the
GQD/PB/SPCE without and with immobilized PoxB,
recorded in SO mM PBS (pH 7.0) in the absence and
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Figure S. (a) Representative amperometric responses of the PoxBNP/PB/SPCE with successive addition of Py to 50 mM PBS (pH 7.0) at an

applied potential of —0.1 V. (b) Calibration plot obtained from (a).

presence of 0.5 mM Py at an applied potential of —0.10 V.
When there was no immobilized enzyme, there was no
distinguishable current response between the cases with and
without Py. In contrast, the PoxB-immobilized GQD/PB/
SPCE showed a distinguishable current response after adding
Py to the PBS. This confirms the effective physical adsorption
of PoxB on the GQD/PB/SPCE surface.

2.4. Calibration Curve for Py. To construct a calibration
curve for Py, amperometric measurements were performed for
the PoxBNP/PB/SPCE with different concentrations of Py.
Figure Sa shows the representative amperometric responses
under the optimized experimental conditions. The current
responses achieved maximum values in less than 5 s, and each
current response was measured for 20 s after the addition of Py
samples. Figure Sb shows the constructed Py calibration curve
using the PoxBNP/PB/SPCE, in which the error bars
represent the standard deviation over three measurements.
The regression line was calculated to be i (A) = 0.00512Cp,
(uM) — 0.0909 (R* = 0.9865). From the calibration curve, the
biosensor’s sensitivity was calculated to be 40.8 yA mM™'
cm™, and the dynamic linear range was from 10 to 100 M.
The limit of detection (LOD) of the biosensor was taken as
five times the standard deviation of the current change because
of the addition of a blank solution, and its value was 0.91 uM
(S/N = 3). Table S1 compares the results obtained here to
those of previously reported amperometric biosensor systems.
The LOD in this work is similar to that in other studies, but
the sensitivity is relatively higher. Moreover, the present
reagentless fabrication method is more suitable for real sample
analysis, and there is also less interference within the working
potential in our system.

The amperometric selectivity in Py detection is often
compromised by other coexisting metabolites, such as
glutamate, acetoacetate, myo-inositol, and glucose. This is a
significant challenge for the selective detection of Py in gross
biological samples. Therefore, we investigated the possible
effects of interfering species on Py sensing using the PoxBNP/
PB/SPCE (Figure 6). Successive addition of glutamate,
acetoacetate, myo-inositol, and glucose (all at 1.0 mM) was
performed, which is two times higher than the Py
concentration. The current responses from the interfering
species were negligible at the optimized applied potential of
—0.10 V. These findings demonstrate that the proposed
biosensor could effectively discriminate Py in real samples.

30126

0.0

05 Pyruvate
P Pyruvate
< Acetoacetate  G|ycose
- . .
§ 10 Glutamate | MY© Inositol J
S 'S
=
(&)

-1.5F

2.0 ' : '

100 200 300 400
Time (s)

Figure 6. Amperometric response of the PoxBNP/PB/SPCE in S0
mM PBS (pH 7.0) at an applied potential of —0.1 V, with successive
additions of 0.5 mM Py, 1.0 mM glutamate, 1.0 mM acetoacetate, 1.0
mM myo-inositol, 1.0 mM glucose, and 0.5 mM Py.

Next, five identical PoxBNP/PB/SPCEs were prepared, and
the electrode-to-electrode reproducibility was measured using
100 uM Py. The relative standard deviation (RSD) was
calculated to be 16%. To evaluate the stability of the PoxBNP/
PB/SPCEs, they were stored for one week under ambient
conditions. Afterward, the amperometric response was 62% of
that exhibited by the electrode stored in a refrigerator. Hence,
the fabricated biosensor has good reproducibility and stability
for Py detection.

2.5. Analysis of Real Fish Serum Samples. The practical
applicability of the as-prepared biosensor was tested by
measuring the Py concentration in fish serum samples using
the standard addition method. The amperometric measure-
ment was as described above using the constructed calibration
curve, except that the Py solution was replaced by spiked fish
serum. The Py concentrations in the same fish serum samples
were also determined by 'H NMR, which is a standard
analytical technique used to measure Py concentrations in real
serum samples. Therefore, we used the comparison of our
proposed biosensor results. In the NMR spectra (Figure SS),
the singlet peak of Py at 2.38 ppm increased in intensity when
more Py was spiked into the serum. The Py concentrations
measured using the proposed biosensor and NMR methods are
in good agreement with each other. To obtain the raw serum
Py concentration, the spiked sample results were multiplied by
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the dilution factor (1.25). These values are also compared to
the Py concentrations measured by the standard colorimetric
method using the pyruvate assay kit (Table 1). The recovery

Table 1. Comparison of Py Concentrations Measured in
Fish Serum Samples®

added found +SD recovery  RSD
methods (uM) (uM) (uM) (%) (%)
proposed unknown 327.3 44.04 13.5
biosensor
10.0 370.4 2791 109.8 7.5
50.0 399.5 35.60 105.9 8.9
100 471.5 14.78 110.3 3.1
NMR unknown 255.6 3.738 1.46
10.0 290.9 29.81 109.5 10.2
50.0 352.3 30.38 1183 8.62
100 387.9 5.295 109.1 1.37
pyruvate assay raw serum 353.3
kit
proposed 409.1 115.8
biosensor
NMR 319.5 90.4

“SD: standard deviation. RSD: relative standard deviation.

for our proposed biosensor was 115.8% and that for the NMR
method was 90.4%; this confirms the practical applicability of
the designed biosensor for real sample analysis.

3. CONCLUSIONS

A reagentless amperometric pyruvate biosensor based on PB
and an EnNP-modified SPCE was developed. The synergic
effect of GQDs and PB enhances fast electron transfer on PoxB
at the electrode surface. This biosensor is simple but very
effective for selective Py detection, with a dynamic linear range
from 10 to 100 M, a sensitivity of 40.8 uA mM™' cm™ and a
sufficiently low LOD of 0.91 yM. Furthermore, the developed
Py biosensor showed strong anti-inference capability, better
stability, and reproducibility. Therefore, the PoxBNP/PB/
SPCE may be an ideal candidate for new enzyme-based
biosensors, particularly for Py detection in fish samples.

4. EXPERIMENTAL SECTION

4.1. Materials. Pyruvate oxidase (PoxB, EC: 1.2.3.3) from
microorganisms, sodium pyruvate (Py), glutaraldehyde (GA,
25% in H,0), Nafion (5 wt %), GQDs (cat. no. 900713, less
than S nm in diameter), sodium phosphate monobasic
(NaH,PO,), sodium phosphate dibasic (Na,HPO,), potassi-
um chloride (KCl), potassium ferricyanide (K;[Fe(CN)q]),
iron (III) chloride (FeCl;), magnesium nitrate (Mg(NO;),),
deuterated water (D,0), and N,N-dimethylglycine (DMG,
C,H,NO,) were purchased from Sigma-Aldrich (USA). TPP
was purchased from Koram Biotech Corporation (South
Korea). All other reagents were of analytical grade and used
without further purification. The pH optimization experiment
used phosphate-buffered solutions (PBS, 50 mM) at different
pH values, which were prepared by mixing NaH,PO, with
Na,HPO, and 100 mM KCl. All aqueous solutions were
prepared using deionized water (Milli-Q water purifying
system, 18 MQ cm).

4.2. Electrodeposition of PB Nanoparticles. To develop
the pyruvate biosensor, first, the SPCE (4 mm diameter; model
C110, DropSens) was pretreated to remove the organic
contaminants or constituents and increase its surface

functionality. Briefly, the SPCE was dipped in 0.1 M PBS
(pH 7.0), and the potential was cycled from —0.6 to +1.6 V at
a scan rate of 100 mV s™' for 40 cycles.”” After pretreatment,
PB was electrodeposited on the SPCE. To fabricate the PB
film, the SPCE was immersed in a solution containing S mM
K;[Fe(CN)¢] and S mM FeCl,. The supporting electrolyte was
0.1 M KCl with 0.1 M HCL The electrodeposition was
performed by applying a constant potential of +0.4 V for 60 s.
The deposited PB films were washed with deionized water to
remove the free PB and then activated in the same supporting
electrolyte solution by cycling the applied potential in the
range of —0.05 to 0.35 V at a scan rate of S0 mV s™.>* The
electrode after the PB deposition and activation steps was
denoted as PB/SPCE.

4.3. Preparation of PoxBNPs. GQDs (2.0 mg mL™")
were dispersed in distilled water by ultrasonication for 30 min
and then mixed with the cofactors (8 mM TPP and 80 mM
Mg**) and 1.0% Nafion. First, 3 uL of this solution was
dropped onto the PB/SPCE surface, and then, 3 uL of the
enzyme (100 U PoxB) was also carefully dropped. To enhance
enzyme immobilization within the GQD matrix, the PoxB
solution was enriched with 0.50% GA. The electrode (named
as the PoxBNP/PB/SPCE) was dried overnight at 4 °C and
the electrodes were gently washed with SO mM PBS (pH 7.0)
to remove the unbound PoxBNPs.

4.4. Apparatus and Measurements. The morphology of
the electrodes was investigated via a field emission scanning
electron microscope (Zeiss SUPRA 25) with energy-dispersive
X-ray spectroscopy (EDS). Chronoamperometric measure-
ments were performed on an electrochemical workstation
(Compactstat, Ivium Technologies, USA). Cyclic voltammetry
(CV) measurements were carried out with a potentiostat (CH
Instruments USA, model 604E).

An electrochemical cell was set up using a 2 mL disposable
well with the biosensor for the CV experiments. The biosensor
was immersed in 2 mL of PBS (50 mM) that was saturated
with N, gas for 10 min. Cyclic voltammograms were obtained
by scanning from —0.4 to +0.4 V at a scan rate of 10 mV s~ .
For chronoamperometric measurements, the biosensor was
inserted into the electrode holder and connected to a
potentiostat. A 60 uL aliquot of PBS (50 mM) was placed
on the electrode, which was then polarized at a potential of
—0.10 V. After achieving a stable baseline response with the
PBS, a total of 20 uL of standard Py solution was added to the
electrode, and the current responses were recorded as a
function of time. The measurements were repeated several
times using different Py concentrations to construct the
calibration curves.

4.5. Preparation of Real Fish Serum Samples. Olive
flounder (Paralichthys olivaceus) serum samples were collected
from healthy individuals and pooled to obtain the required
volume for our experiments. The animal protocol was reviewed
and approved by the Pusan National University-Institutional
Animal Care and Use Committee (PNU-IACUC; approval
number: PNU-2019-2473).

In order to minimize the matrix effect of the serum samples,
various dilutions of the serum samples were prepared and
analyzed. The diluted serum with minimal interferences was
chosen, and the samples were prepared as follows: the fish
serum samples (4 X 600 uL) were spiked by adding 150 uL of
known concentrations of Py (0.0, 10, 50, and 100 M) and
then used for the real sample analysis. The dilution factor for
the spiked sample is 1.2S. The total Py concentrations in the
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spiked serum samples were determined following the same
chronoamperometric measurement described above, based on
the linear calibration plot.

For comparison, Py in the spiked fish serum samples was
also measured via "H NMR using a 600 MHz HR-MAS NMR
spectrometer with a nano-NMR probe (Agilent Technologies,
Santa Clara, CA, USA). The spiked fish serum (36 yL) and
phosphate buffer (pH 7.4, 4 uL) in D,O containing 20 mM
DMG as an internal reference were transferred to a 4 mm
NMR nanotube. The spinning rate was 2050 Hz with a
temperature of 24.85 °C (298 K). The Carr—Purcell—
Meiboom—Gill (CPMG) pulse sequence was used to suppress
high-molecular weight compounds. The acquisition time was
1.703 s, the relaxation delay was 1 s, and a total of 128
transients were collected. All spectra were analyzed using
Chenomx NMR Suite 7.1 Professional (Chenomx Inc.,
Canada) for the identification and quantification of Py. The
final concentration of the reference material in the sample was
2 mM. The concentrations of Py were calculated based on the
peak integrals of the reference material.

The Py concentration in the fish serum was also determined
using a colorimetric pyruvate assay kit (cat. no. ab65342;
Abcam) according to the manufacturer’s protocol.
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