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ABSTRACT: In this paper, we present a biosensor based on a gold
nanoparticle (AuNP)-modified Pt electrode with an adjusted
membrane containing cross-linked L-amino acid oxidase for the
detection and quantification of total L-amino acids. The designed
biosensor was tested and characterized using the capacitance-based
principle, capacitance measurements after electrode polarization,
disconnection from the circuit, and addition of the respective amount
of the analyte. The method was implemented using the capacitive and
catalytic properties of the Pt/AuNP electrode; nanostructures were
able to store electric charge while at the same time catalyzing the
oxidation of the redox reaction intermediate H,O,. In this way, the Pt/
AuNP layer was charged after the addition of analytes, allowing for
much more accurate measurements for samples with low amino acid
concentrations. The combined biosensor electrode with the capaci-
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tance-based measurement method resulted in high sensitivity and a low limit of detection (LOD) for hydrogen peroxide (4.15 uC/
uM and 0.86 uM, respectively) and high sensitivity, a low LOD, and a wide linear range for L-amino acids (0.73 uC/uM, 5.5 uM
and 25—1500 uM, respectively). The designed biosensor was applied to measure the relative loss of amino acids in patients
undergoing renal replacement therapy by analyzing amino acid levels in diluted serum samples before and after entering/leaving the
hemodialysis apparatus. In general, the designed biosensor in conjunction with the proposed capacitance-based method was
clinically tested and could also be applied for the detection of other analytes using analyte-specific oxidases.

KEYWORDS: capacitance-based biosensor, L-amino acid oxidase, L-amino acids, hydrogen peroxide, human serum

he determination of free L-amino acids in human
biological fluids (blood, serum, etc.) is an important
parameter associated with the function of various organs, some
cancers, human metabolism, and various inflammatory or
neurological diseases.' > Recently, the importance of monitor-
ing general levels of L-amino acids in patients undergoing renal
replacement therapy was reported, demonstrating that patients
could lose up to 5—15 g/day of L-amino acids.”” However, the
clinical implementation of L-amino acid analysis in biological
fluids is lacking mainly because of the complexity of currently
available methods such as high-performance liquid chromatog-
raphy which typically are costly and time-consuming.®~ "’
Electrochemical (bio)sensors could be an attractive solution
for routine measurements of L-amino acids, as these devices
were successfully engineered and applied for routine measure-
ments of various clinically relevant analytes, for example,
glucose,u‘12 formaldehyde,13 glycerol,14 lactate,”® and so on.'®
Yet, to the best of our knowledge, no biosensors, which could
be applicable to the analysis of real clinical samples for total L-
amino acid determination, were reported in the literature.
Most of the recent work focused on the determination of some

© 2022 The Authors. Published by
American Chemical Society

WACS Publications

3352

L-amino acids, rather than the determination of the total
concentration of the main L-amino acids. For example, Nanjo
and Guilbault reported on one of the first studies toward the
development of biosensors for the determination of L-amino
acids."” In their work, an enzyme electrode for the detection of
L-amino acids was designed based on immobilized L-amino
acid oxidase for the oxidation of L-amino acids. However, the
sensor was suitable for the determination of only several amino
acids and was not tested using clinical samples. Several other
biosensors have also been developed: Kwan et al. have
developed biosensors based on L-amino acid oxidase and
protease and have demonstrated analysis of some L-amino
acids and even peptides of economic interest'® and later
reported an amperometric biosensor for the determination of
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L-alanine in various beverages (such as sport drinks);'” Varadi
et al., reported an amperometric detection system suitable for
the differentiation between D- and L-amino acids based on
immobilized L-/D-amino acid oxidases;’° Sarkar et al,
demonstrated amperometric biosensors with L-/D-amino
acid oxidases for general purpose measurement of L-/D-
amino acids and applied those sensors to measure the effects of
milk aging.”' More biosensors were also developed for the
determination of specific individual amino acids; that is,
according to a recent review by Moulaee and Neri most papers
published on electrochemical biosensing of amino acids
involve the detection of cysteine (47%), tryptophan (22%),
and tyrosine (18%).”” In clinically relevant samples (blood or
serum), the concentrations of total L-amino acids generally are
higher compared to those of individual amino acids (0.5—6
mM vs 0-0.45 mM).23 However, the measurements are
complex because many L-amino acids should be evaluated
during the same measurement from the same sample volume,
and real samples usually give significant interference at a low
dilution ratio (5—10 times), while a high dilution ratio (10—
100) typically removes the interference but makes the
concentrations too low for the accurate measurements for
conventional amperometric or potentiometric methods. As a
result, most likely, the above discussed problems limited the
biosensor development for the analysis of general L-amino
acids in real clinical samples.

In recent years, a few groups have been working toward an
elegant solution to increase the sensitivity of various sensors by
means of improving the measurement method of conventional
amperometry or potentiometry to include a capacitance-based
element. The most notable studies come from the research
groups of Bobacka®**® and Bakker.”° *® For example, in a
study by Hupa et al,, a new signal transduction principle for
solid-contact ion-selective electrodes was introduced and
named constant-potential coulometry.”* The idea behind the
method was to measure current over time at constant
potential, while changing the concentration of an analyte K.
The change in analyte concentrations resulted in current
jumps, which in turn were calculated to give certain
capacitance values with a correlation to the concentration of
analyte.”> Another recent study utilizing a similar principle was
reported by Kraikaew et al. where a capacitive readout was
utilized to measure very small changes in pH and applied for
the seawater measurements.”” The idea behind the method
proposed by Kraikaew et al. was to incorporate a capacitor in
series to the pH probe while maintaining a constant potential.
As a result, even very low changes in pH (e. g, A0.001 pH)
triggered current changes stored in a capacitor resulting in a
linear relationship between ApH and the capacitance.

In our work, we demonstrate a biosensor for the detection
and quantification of total L-amino acids utilizing a similar
capacitance-based method. The biosensor was based on a gold
nanoparticle (AuNP)-modified platinum (Pt) electrode with a
surface-attached membrane containing cross-linked L-amino
acid oxidase. The designed biosensor was tested and
characterized using the capacitance-based method: measure-
ments were recorded after the electrode polarization,
disconnection from the circuit, and addition of analytes.
Charge accumulation was achieved using the capacitive and
catalytic properties of the Pt/AuNP layer: the electrode was
able to catalyze the oxidation of the enzymatic reaction
product H,O, and store the received electric charge within the
capacitive layer. The combined biosensor electrode with the
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capacitance measurement method resulted in high sensitivity, a
low limit of detection (LOD) for hydrogen peroxide (4.15 uC/
uM and 0.86 uM, respectively) and high sensitivity, a low
LOD, and a wide linear range for L-amino acids (0.73 4C/uM,
5.5 uM and 25-1500 uM, respectively). Furthermore, the
enzymatic electrode demonstrated adequate stability and
retained approximately 50% of the initial activity after 10
days of storage. Finally, the designed biosensor was tested to
measure amino acid concentrations in multiple diluted human
serum samples taken from patients undergoing renal
replacement therapy. Key novelty points of our work compared
to previous work are as follows: (i) the capacitive-based
method can be further expanded in use for not only ion
detection but also clinically relevant compounds such as L-
amino acids; (ii) the method can be applied to create
enzymatic biosensors; and (iii) the designed enzymatic
biosensors utilizing the capacitance-based method can be
successfully utilized to measure analytes in clinically relevant
samples (diluted human serum).

B EXPERIMENTAL SECTION

Materials. Gold(III) chloride trihydrate, sodium citrate,
NaH,PO,-2H,0, KCl, and amino acid standard were purchased
from Sigma-Aldrich. L-Amino acid oxidase fromCrotalus adamanteus
(LAOx) was purchased from Sigma-Aldrich. All experiments were
carried out using working buffer solution (WBS) containing S0 mM
NaH,P0O,-2H,0 and 100 mM NaCl, and the pH was adjusted to 7.2
using HCL. AuNPs were synthesized using HAuCl,-3H,0 and
trisodium citrate according to the revised Turkevich synthesis
method.”” Subsequently, AuNPs were concentrated by centrifugation
(12,000 rpm, 1S min). Around 90% of the supernatant was removed;
the remaining dispersion was collected in a new test tube. The
diameter of AuNPs and the concentration of the prepared stock
solution were determined to be 18 nm and 0.337 uM using the
spectrophotometric method.*

The enzyme membrane containing LAOx was prepared using a
semipermeable PET film (thickness 12 ym, pore diameter 0.4 ym) as
a base purchased from Joint Institute of Nuclear Research (Russia).
The enzymatic membrane was constructed by mechanically attaching
and fixing the multilayer membrane containing immobilized LAOx to
the surface of the working electrode. As a result, LAOx was covalently
immobilized on the flexible PET support using albumin and
glutaraldehyde and was sufficiently stable.

Electrode Preparation Procedures. The platinum electrodes
were polished using a fine-grit pad surface, obtained from BASi, and
wetted with deionized water. The electrodes were thoroughly rinsed
with deionized water and dried. The deposition of AuNPs was carried
out on the surface of the platinum electrodes placing 5.0 uL of
colloidal AuNP solution and allowing it to dry at room temperature.
Once the surface was dried, the electrodes were rinsed with deionized
water and dried by blowing argon gas. Electrodes prepared according
to these procedures are further named Pt/AuNP. Subsequently, the
enzymatic membrane was placed tightly on the electrode to fully
cover the active surface. Electrodes prepared accordingly are further
named Pt/AuNP/Enz.

Methods and Measurements. Electrochemical experiments
were performed with a low-current potentiostatic system from UAB
“Bioanalizés sistemos”, Lithuania, capable of sampling working
electrode current output as fast as 15,000 reads per second at 24-
bit resolution. Amperometric, coulometric, and cyclic voltammetry
measurements were performed in a three-electrode glass cell using a
silver chloride electrode (Ag/AgCl, 20S mV vs SHE) as a reference
electrode. The titanium electrode (surface area 1.65 cm?) was used as
the counter electrode, and the platinum electrode (surface area 0.057
cm?®) was used for the construction of biosensor electrodes. All the
working electrode potential values referred in this study are reported
as versus silver chloride electrode used.

https://doi.org/10.1021/acssensors.2c01342
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Capacitance measurements were conducted by using multistep
amperometry. The measurement algorithm consisted of potential-
current steps. At first, the electrode was polarized at 400 mV without
the analyte (H,O, or L-amino acids) allowing the electrode surface to
fully discharge. Subsequently, the electrode was disconnected from
the circuit and thus left polarized at residual potential of about the
same 400 mV value after the addition of the analytes for 100 s. Once
the analytes were added, the discharged electrode oxidized the
analytes and accumulated the electric charge. Subsequently, the
electrode was connected to a circuit, and the potential-current step
was conducted once again to polarize the electrode to 400 mV. The
current flowing to the electrode was recorded for 2000 ms and was
used to calculate the total electrode charge.

Human Serum Samples. Human serum samples from patients
undergoing renal replacement therapy were received from Vilnius
university hospital Santaros clinics with the approval of the Vilnius
Regional Biomedical Research Ethics Committee (approval number:
2021/2-1306-784). Human serum samples were measured using
capacitance-based biosensors as received without any additional
modifications. The dilution of the samples was 11, that is, 100 uL of
the serum sample was placed in a measurement cell containing 1000
uL of WBS. All samples were measured in parallel with the alternative
colorimetric method to verify the validity of the designed biosensor
electrodes. Before measuring the samples using the colorimetric
method, the samples were diluted five times by mixing 20 uL of serum
with 80 L of WBS as prepared as described. The diluted samples
were thermally inactivated by heating at 90 °C for 15 min.>" After
thermal inactivation, the samples were left to reach room temperature
and centrifuged for 15 min at 1500 X g to remove the precipitate. The
concentration of L-amino acids was measured in a received
supernatant according to the supplier’s technical bulletin (Sigma-
Aldrich product code: MAK002-1KT). Briefly, SO uL of supernatant
was placed in the well of a 96-well plate and mixed with 50 L of the
master mix (composed of working buffer solution, enzyme mixture,
and a probe) and incubated at 37 °C for 30 min. After incubation, the
absorbance at 570 nm wavelength was measured, compared to the
blank, and the concentration of L-amino acids was calculated
according to the calibration curve and adjusted according to the
sample dilution. The calibration curve was also obtained by mixing 50
uL of standard amino acid solutions (0, 0.16, 0.32, 0.48, 0.64, 0.8
mM) with SO uL of the master mix.

B RESULTS AND DISCUSSION

Electrochemical Analysis of the Pt/AuNP Electrode.
At first, we have performed the analysis to demonstrate the
performance of the designed platinum electrode with AuNPs
in WBS without/with H,0,. It is well known that platinum is a
good catalyst for hydrogen peroxide oxidation,”* however, the
oxidation proceeds at relatively high electrochemical potential.
For example, bulk Pt sensors for hydrogen peroxide typically
operate at 600—650 mV and therefore could cause significant
interference because of the oxidation of other electroactive
compounds. Cyclic voltammograms (CVs) were recorded for
the bulk Pt electrode without/with the addition of hydrogen
peroxide in an electrochemical potential range of 0—400 mV
(Figure 1A). When hydrogen peroxide was not added, the
electrode potential—current curve did not show significant
differences.

After the addition of 1.0 mM H,0,, the anodic current
started to increase from around 200 mV vs Ag/AgCl, but the
increase was not significant; that is, at 400 mV the observed
current was around 0.9 pA. Afterward, we have tested the
performance of a platinum electrode modified with AuNPs
(Pt/AuNPs electrode). AuNPs were used because of their
catalytic properties toward H,0, oxidation,” high catalytic
activity comparable to enzymes,”* and capacitive properties.’
At first, we tested the Pt/AuNP electrode in WBS without

3354

A 2
1!

\

Current, pA
bbb N b o

0 " 100 7200 300 "400

Potential, mV vs Ag/AgCI

[vs)
Q2N

Current, pA
I

0 100

200
Potential, mV vs Ag/AgCI

300 400

Figure 1. Electrochemical analysis of Pt and Pt/AuNP electrodes. (A)
CVs of Pt electrodes without (black curve) and with 1.0 mM H,0,
(orange curve). (B) CVs of Pt/AuNP electrodes without (black
curve) and with 1.0 mM H,O, (orange curve). WBS (50 mM
NaH,P0O,2H,0 and 100 mM NaCl, pH adjusted to 7.2), potential
scan rate —5 mV/s.

H,0,. CV analysis in the potential range of 0—400 mV
demonstrated different characteristics compared to the Pt
electrode (Figure 1B). We observed a significant increase in
capacitive current, indicating that the Pt/AuNP layer was able
to store electric charge. Furthermore, typical reductive currents
were observed at potentials lower than 150 mV because of the
oxygen reduction reaction.’® After adding 1.0 mM H,0,, the
anodic current started to increase from around 180 mV vs Ag/
AgCl to around 2.3 pA at 400 mV. This value was significantly
higher compared to the unmodified Pt electrode, indicating
that the Pt/AuNP electrode had significantly improved
properties for H,O, oxidation. It was also important to
determine the capacitance of the electrodes because we were
designing a biosensor based on a capacitive measurement
method to improve the sensitivities. We have measured the
capacitance of bulk Pt and Pt/AuNP electrodes using an
electronic multimeter. The bulk capacitance of the Pt electrode
was 1.3 & 0.0S uF (n = 3) while the capacitance of the Pt/
AuNP electrode was 8.1 + 0.3 uF (n = 3). A significantly
higher capacitance value showed that the Pt/AuNP electrode
stores electric charge in addition to performing the catalytic
oxidation of H,0,.

Capacitor-Based Measurement Method for the
Determination of H,0,. After demonstrating that the Pt/
AuNP electrode was capable of oxidizing H,O, at a potential
higher than 150 mV and storing electric charge, we have
applied a capacitance-based measurement method to achieve
higher sensitivity and a lower LOD for the intermediate
compound H,0,. Having a high sensitivity and a low LOD for
H,0, is crucial because amino acid detection is achieved by
measuring the relatively low concentration of H,0O, formed in
the enzymatic reaction. The method was based on the catalytic
and capacitive properties of AuNPs. Basically, the measure-
ment algorithm was created following the steps below. At first,
the electrode was polarized at 400 mV for 200 s to fully
discharge the Pt/AuNP layer. Subsequently, the Pt/AuNP

https://doi.org/10.1021/acssensors.2c01342
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Figure 2. Time—current curve of the Pt/AuNP electrode used to measure the capacitance after the addition of the analyte (H,0,). During the
polarization (WE on), the electrode was kept at 400 mV vs Ag/AgCl to discharge the AuNP layer. During the depolarization stage (WE off), H,0,
was added and oxidized on the electrode, transferring the charge to the Pt/AuNP electrode. The black points demonstrate the measurement points,
the orange curves — the interpolating curves, and the highlighted area in orange shows the accumulated electric charge. WBS (50 mM NaH,PO,-
2H,0 and 100 mM NaCl, pH adjusted to 7.2). The slight oscillations visible in the graphs appeared when magnetic stirring of the solution was

applied.

electrode was disconnected from the circuit, and the
appropriate amount of H,O, was added. Because the electrode
was polarized at 400 mV, AuNPs started to oxidize H,O,,
storing the electrons within the Pt/AuNP layer and, in turn,
charging the electrode. Finally, after 100 s, the electrode was
connected again to the circuit and polarized to 400 mV,
measuring the flowing current during the first 2000 ms. We
expected that using this method, very low concentrations of
H,0, could be detected, because the electrode stores the
electrons received from H,0, and the total signal value could
be accumulated and amplified using the time given to charge
the electrode. The measurement method was tested using 0, S,
10, and 20 uM of H,0, (Figure 2). At first, the Pt/AuNP
electrode was polarized at 400 mV without H,0, (Figure 2).
The spike in anodic current was measured for 2000 ms, and a
total electric charge stored on the electrode was calculated to
be 41.8 + 0.5 uC (shown in orange in Figure 2, ~0 s). This
value was the blank capacitance of the Pt/AuNP electrode and
was related to the capacitive currents of AuNPs. Furthermore,
the blank capacitance values were reproducible, and multiple
measurements gave similar blank capacitance values with a low
standard deviation (1.10 uC). After polarization, the Pt/AuNP
electrode was disconnected from the circuit (WE off), and 5.0
#M H,0, was added. The solution was mixed for the first 10 s,
allowing H,0, to be oxidized by the polarized electrode,
accumulating the charge. The electrode was again polarized
connecting to the circuit to the potential at 400 mV and
measuring the current spike for 2000 ms (Figure 2, ~102 s).
The resulting charge was calculated to be 61 + 4 uC,
demonstrating that the peroxide was oxidized by the electrode
and the charge accumulated by the AuNPs. We have carried
out additional measurements adding 10 and 20 M H,0,. The
resulting current spikes were measured, and charges were
calculated 85 + 2 and 126 + 8 uC, respectively.

Because capacitive time—current measurements demonstra-
ted that the charge of the Pt/AuNP electrode depended on the
concentration of H,0,, a calibration was performed using
H,0, in the range of 0—20 uM (Figure 3). The calibration
curve demonstrated that electrode charge on concentration
followed a linear dependence in the investigated range.
Analytical parameters such as sensitivity and LOD were
calculated to be 4.15 uC/uM and 0.86 uM, respectively. The
parameters received demonstrated that the designed Pt/AuNP
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Figure 3. Calibration curve of the Pt/AuNP electrode using the
charge capacitive method for the detection of H,0, in the range of 0—
20 uM. A typical time—current curve used to calculate the capacitance
values is shown in Figure 2. Measurements to produce error = 3. WBS
(50 mM NaH,PO,2H,0 and 100 mM NaCl, pH adjusted to 7.2).

electrode in conjunction with the capacitive measurement
method used showed good analytical parameters for H,O,
detection and can be further used to apply the enzymatic
membrane for the analysis of total L-amino acids.
Electrochemical Analysis of the Pt/AuNP/Enz Elec-
trode and Calibration of the Biosensor. After demonstrat-
ing that the Pt/AuNP electrode was capable of oxidizing H,O,
and storing electric charge in the AuNP, we modified the
electrode with the enzyme membrane for the oxidation of L-
amino acids. The membrane was composed of immobilized L-
amino acid oxidase (LAOx) on a flexible support made from
PET using albumin and glutaraldehyde. Because of the broad
and unspecific activity of LAOx in the oxidation of amino
acids,”” the membrane was capable of oxidizing most L-amino
acids near the surface of the electrode, in turn producing H,0,.
The final iteration electrode with the LAOx membrane used
for L-amino acid analysis was named Pt/AuNP/Enz. At first,
we have shown that the electrode was still capable of oxidizing
H,0,; that is, the enzymatic membrane did not inactivate the
Pt/AuNP layer. CVs without and with 0.1 mM H,O, were
recorded and revealed that Pt/AuNP/Enz electrodes oxidized
H,0, (Figure 4A). The increase in anodic current started from
around 180 mV and was similar to that of the electrode
without the enzymatic membrane. Subsequently, CVs were
recorded using the Pt/AuNP/Enz electrode with an analytical
standard of L-amino acids, which contains 17 common L-
amino acids, each with a concentration of 2.5 mM (except L-
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Figure 4. Electrochemical analysis and calibration of Pt/AuNP/Enz electrodes. (A) CV of the electrode without (black) and with (orange) 0.1 mM
H,0,. Potential scan rate —5 mV/s. (B) CV of the electrode without (black) and with (green) 5.0 mM L-amino acids. Potential scan rate —S mV/s.
(C) Calibration curve of the Pt/AuNP/Enz electrode using the charge capacitance-based method for the detection of amino acids in the range of
0—100 sM. Time—current curves used to calculate capacitance values are given in Supporting Information, Figure S3. (D) Calibration curve of the
Pt/AuNP/Enz electrode using the charge capacitive method for L-amino acids in the range of 0—1500 yM. Time—current curves used to calculate
capacitance values are given in Supporting Information, Figure SS. Measurements to produce error = 3. WBS (50 mM NaH,PO,-2H,0 and 100

mM NaCl, pH adjusted to 7.2).

cystine at 1.25 mM), typically used to calibrate amino acid
analyzers (Figure 4B). The CV was first registered without the
analyte and showed no significant electrochemical process.
Another CV was recorded after the addition of 5.0 mM L-
amino acid standard (concentration sum of all L-amino acids
in a standard) and demonstrated a significant increase in
anodic current very similar to CVs when H,O, was used. Thus,
we have shown that Pt/AuNP/Enz electrodes were capable of
oxidizing both H,0, and L-amino acids.

The concentration of L-amino acids in real samples,
accounting for the typical sample dilution, is expected to be
low, most likely in the range of a few hundred of micromoles
per liter; thus most likely conventional constant potential
amperometry is not suitable for the analysis. Therefore, to
calibrate the Pt/AuNP/Enz electrode and receive the
biosensor, we used the capacitance-based method as described
above. The Pt/AuNP/Enz electrode was placed in a cell and
polarized at 400 mV without L-amino acids. The anodic
current spike was measured for 2000 ms, and the total electric
charge stored in the electrode was calculated to be 42 + 1.2
#C. This value was the blank capacitance of the Pt/AuNP/Enz
electrode and was related to the capacitive currents of AuNPs.
Control measurements using different measurement sequences
(before/after addition of L-amino acids) demonstrated that the
blank capacitance of Pt/AuNP/Enz electrodes was reprodu-
cible (Supporting Information, Figure S1) and similar to a
blank electrode charge without the enzymatic membrane (41.8
+ 0.5 uC). After electrode polarization, the Pt/AuNP/Enz
electrode was disconnected from the circuit, and 25 yM L-
amino acids were added into a cell. The solution was mixed for
100 s when the electrode was disconnected (WE off time),
allowing the enzymatic membrane to oxidize L-amino acids
forming H,0, and H,0, to be oxidized by the polarized
electrode, accumulating the charge. Additionally, we inves-
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tigated the duration of WE off time when analyzing Pt/AuNP/
Enz electrodes, due to the influence on sensitivity (Supporting
Information, Figure S2). The results demonstrated that WE off
time shorter than 100 s significantly decreased the electrode
sensitivity, while longer time increased the sensitivity but also
made the measurements unreasonably longer. For those
reasons, to further analyze the electrodes, we used the WE
off time of 100 s. The electrode was polarized again,
connecting it to the circuit, and current spikes were measured.
The resulting capacitance was calculated to be 59 + 9 uC,
demonstrating that the Pt/AuNP/Enz electrode operated on
the same principle as the Pt/AuNP electrodes. The Pt/AuNP/
Enz electrodes were calibrated in the concentration range 0—
100 M (Figure 4C and Supporting Information, Figure S3).
Analytical parameters (sensitivity and LOD) in the low-
concentration range were estimated to be 0.73 uC/uM and 5.5
UM, respectively. For comparison, we also calibrate the
electrodes using a conventional constant potential amperom-
etry with L-amino acid standard in the range of 0—100 uM
(Supporting Information, Figure S4). The results received
demonstrated that the amperometric method was not suitable
for the analysis because of the lack of sensitivity—the current
increase after the addition of L-amino acids was barely
recognizable from the background noise and was also very hard
to reproduce. The capacitive method allowed us to expand the
calibration range to measure at significantly higher concen-
trations using the same method. In Figure 4D, we have shown
that the Pt/AuNP/Enz electrode could also be applied to
measure L-amino acids in a concentration range 0—1500 M
(the time—current curve used to calculate the capacitance
values is given in Supporting Information, Figure SS). Control
measurements in which an AuNP-unmodified Pt/Enz elec-
trode was calibrated with L-amino acids using the capacitance-
based method also demonstrated a capacitance increase after
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the addition of analytes (Supporting Information, Figure S6)
because of electrode ability to store the same charge. However,
the analytical parameters were significantly lower (sensitivity
and LOD were 0.38 uC/uM and 20.1 uM, respectively)
indicating the advantage in the use of AuNPs. The stability of
the Pt/AuNP/Enz electrode during storage was also
investigated (Supporting Information, Figure S7). Data have
shown that the Pt/AuNP/Enz electrode has an adequate
stability and retained around 50% of the initial activity after 10
days of storage.

Analysis of L-Amino Acid Loss in Human Serum
Samples for Patients Undergoing Renal Replacement
Therapy. We have applied the designed electrode for
measuring the real samples: human serum received from
blood from hospital patients undergoing renal replacement
therapy. The patients gave their consent to participate in
biomedical research, and the project was approved by a Vilnius
Regional Biomedical Research Ethics Committee (Lithuania),
approval number: 2021/2-1306-784. Blood samples from
which serum was received and analyzed using biosensors
were taken from patients, as demonstrated in Figure SA, that is,
two samples were taken and analyzed for each patient. The first
sample was taken from the blood before entering the
hemodialysis apparatus (Figure SA, Blood sample A), while
the second blood sample was taken from the blood leaving the
apparatus (Figure SA, Blood sample V).

Clinically, it is important to analyze and compare the level of
amino acids between samples A and V, because hemodialysis
apparatus is expected to "wash out’ not only toxic metabolites
but also amino acids.*® Thus, these measurements could
provide the answer to the question: what is the percentage of
amino acids lost after the hemodialysis cycle?

We applied the designed Pt/AuNP/Enz electrode using a
capacitance-based method to analyze the serum samples and
compared the sensor response with the alternative colorimetric
method for total L-amino acid analysis. Absolute amino acid
concentrations measured with the Pt/AuNP/Enz electrode in
conjunction with the capacitance-based measurement method
are given in Figure 5B and Table 1. Measurements showed that
for all samples analyzed, the biosensor measured amino acid
loss, that is, all serum samples A had a lower level of amino
acids compared to samples V. Furthermore, the total initial
levels of L-amino acids in the serum were comparable from
patient to patient (1.74—6.28 mM).

When comparing the absolute amino acid concentrations
measured using the Pt/AuNP/Enz biosensor with the
alternative colorimetric method, we observed significant
differences (Table 1). However, differences in absolute
concentration values were expected—measurement of L-
amino acids using a colorimetric kit took around 1 h, and
the principle was to oxidize all the amino acids present in a
particular volume. In contrast, the measurement with the Pt/
AuNP/Enz electrode took less than 2 min, and the absolute
result was closely related to the specificity of the L-amino acid
oxidase. This means that high-activity amino acids would
contribute more to the signal in comparison to low-activity
amino acids, thus leading to differences between methods in
measuring the total amino acid concentration. Because the
clinically important parameter was the relative loss of amino
acids, that is, the comparison of samples A with samples V, we
analyzed the concentration changes measured by the Pt/
AuNP/Enz biosensor and the alternative colorimetric method
(Figure SC). In this case, both methods gave a solid agreement
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Figure S. Analysis of serum samples. (A) Scheme demonstrating the
origin of the serum samples analyzed. Two samples of the same
patient were analyzed: serum obtained from blood before entering the
hemodialysis apparatus (Sample A) and serum obtained from blood
leaving the hemodialysis apparatus (Sample V). (B) Sample analysis
with the Pt/AuNP/Enz electrode (absolute values). (C) Sample
analysis with a Pt/AuNP/Enz electrode and an alternative
colorimetric kit (relative values, that is, amino acid loss, %).

(Table 1)—the Pt/AuNP/Enz electrodes and colorimetric kit
gave a difference between the samples in the range of 0.4—
11.6%. Thus, to summarize, the designed Pt/AuNP/Enz
electrode was successfully applied to measure amino acid
loss in diluted serum samples received from blood from
patients undergoing renal replacement therapy and was
especially applicable and accurate once the relative amino
acid loss was measured by comparing the amino acid level from
samples before and after the hemodialysis apparatus.

B CONCLUSIONS

In this paper, we present a biosensor for the detection and
quantification of amino acids based on an AuNP-modified Pt
electrode with an adjusted membrane containing crosslinked
L-amino acid oxidase. The Pt/AuNP layer had both catalytic
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Table 1. Amino Acid Concentration Measured in Human Serum Samples with the Developed Biosensor (the Pt/AuNP/Enz

Electrode) and the Alternative Colorimetric Method

sam- amino acids according to the  relative loss according to the

ple biosensor (n = 3), mM biosensor, (n = 3), %

Al 2.84 + 0.14 38.7 £ 32 0.95
V1 1.74 £ 0.2 0.63
A2 3.78 £ 0.57 40.0 + 2.1 1.45
V2 227 £ 0.2 0.96
A3 5.19 £ 0.3 323 £ 2.7 1.08
V3 351 +£03 0.73
A4 6.28 + 0.84 393 +6.1 1.38
V4 3.80 + 0.06 0.94
AS 599 + 1.2 54.5 £ 10.2 2.08
VS 2.72 + 0.7 1.19
A6 3.00 + 0.44 30.1 + 3.3 1.56
V6 2.09 + 0.22 1.03
A7 32 +08 68 +12 2.10
V7 297 £ 0.3 1.98

amino acids according to the
colorimetric method, mM

difference between
two methods, %

relative loss according to the
colorimetric method, %

33.3 S4
342 5.8
31.9 0.4
322 7.1
429 11.6
34 3.8
S.5 1.3

and capacitive properties: it was able to oxidize hydrogen
peroxide and store the received electric charge in the AuNPs.
To measure the concentrations, we used a capacitance-based
method. The electrode was polarized at 400 mV (vs Ag/AgCl)
to fully discharge the Pt/AuNP layer and disconnected from
the circuit, and the appropriate amount of analyte was added.
Because the electrode was polarized at 400 mV, AuNPs started
to oxidize H,0,, storing the electrons within the Pt/AuNP
layer and in turn charging the electrode. The electrode was
then connected to the circuit and polarized again to 400 mV
measuring the flowing current and calculating the electric
charge stored in an AuNP layer. The described method
allowed for a reproducible and sensitive detection of H,O,
with a sensitivity and an LOD of 4.15 uC/uM and 0.86 uM,
respectively. Afterward, we have designed and tested the
electrode for L-amino acid measurements using the Pt/AuNP
electrode as a base with an additional enzymatic membrane
composed of cross-linked L-amino acid oxidase (Pt/AuNP/
Enz electrode). The Pt/AuNP/Enz electrodes in conjunction
with the developed capacitive method were applied to measure
amino acids in low (0—100 gM) and high (0—1500 uM)
concentration range. Analytical parameters, that is, sensitivity
and LOD (0.73 uC/uM and S.5 uM, respectively) were
received for L-amino acids, indicating that the developed
electrode is one of the most sensitive biosensors for the
measurements of L-amino acids. Finally, the designed
biosensor was applied to measure relative loss of L-amino
acids for hospital patients undergoing renal replacement
therapy by comparing amino acid levels in diluted serum
samples received from blood before/after entered/exiting the
hemodialysis apparatus and demonstrated fast assessment and
good agreement with the alternative colorimetric method.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssensors.2c01342.

Control experiments, measurements of electrode
sensitivity dependence of charging time, electrode
stability data, additional calibration curves, and a
comparison between the proposed capacitance-based
method and conventional constant potential amperom-
etry (PDF)

3358

B AUTHOR INFORMATION

Corresponding Author
Dalius Ratautas — Life Science Center, Vilnius University,
Vilnius LT-10257, Lithuania; © orcid.org/0000-0003-
3938-3574; Email: Dalius.Ratautas@gme.vu.lt

Authors

Justas Miskinis — Life Science Center, Vilnius University,
Vilnius LT-10257, Lithuania

Eimantas Ramonas — Life Science Center, Vilnius University,
Vilnius LT-10257, Lithuania

Viduté Gureviciene — Life Science Center, Vilnius University,
Vilnius LT-10257, Lithuania

Julija Razumiené — Life Science Center, Vilnius University,
Vilnius LT-10257, Lithuania

Marius Dagys — Life Science Center, Vilnius University, Vilnius
LT-10257, Lithuania

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssensors.2c01342

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was funded by the Research Council of Lithuania
(Lithuania) according to the supported activity “Research
Projects Implemented by World—class Researcher Groups”,
grant No. 01.2.2-LMT-K-718-03-000S. We express our
gratitude to medical doctors from Vilnius university hospital
Santaros clinics Vaidas Vicka, Alvita Vickiene, Donata
Ringaitiené, Mindaugas Serpytis, Ingrida Lisauskiene, and
Juratée Sipylaité for preparing human blood serum samples
from patients undergoing the renal replacement therapy used
in this research.

B REFERENCES

(1) Vsiansky, V.; Svobodova, M.; Gumule, J.; Cernei, N.; Sterbova,
D.; Zitka, O.; Kostrica, R.; Smilek, P.; Plzak, J.; Betka, J.; Kalfert, D.;
Masarik, M.; Raudenska, M. Prognostic Significance of Serum Free
Amino Acids in Head and Neck Cancers. Cell 2019, 8, 428.

(2) Vettore, L.; Westbrook, R. L.; Tennant, D. A. New Aspects of
Amino Acid Metabolism in Cancer. Br. J. Cancer 2020, 122, 150—156.

https://doi.org/10.1021/acssensors.2c01342
ACS Sens. 2022, 7, 3352—-3359


https://pubs.acs.org/doi/10.1021/acssensors.2c01342?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c01342/suppl_file/se2c01342_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dalius+Ratautas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3938-3574
https://orcid.org/0000-0003-3938-3574
mailto:Dalius.Ratautas@gmc.vu.lt
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Justas+Mis%CC%8Ckinis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eimantas+Ramonas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vidute%CC%87+Gurevic%CC%8Ciene%CC%87"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julija+Razumiene%CC%87"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marius+Dagys"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01342?ref=pdf
https://doi.org/10.3390/cells8050428
https://doi.org/10.3390/cells8050428
https://doi.org/10.1038/s41416-019-0620-5
https://doi.org/10.1038/s41416-019-0620-5
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c01342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

(3) Socha, E.; Koba, M.; Koslinski, P. Amino Acid Profiling as a
Method of Discovering Biomarkers for Diagnosis of Neurodegener-
ative Diseases. Amino Acids 2019, 51, 367—371.

(4) Freund, H.; Atamian, S.; Holroyde, J.; Fischer, J. E. Plasma
Amino Acids as Predictors of the Severity and Outcome of Sepsis.
Ann. Surg. 1979, 190, 571-576.

(5) Altamura, C; Maes, M,; Dai, J.; Meltzer, H. Y. Plasma
Concentrations of Excitatory Amino Acids, Serine, Glycine, Taurine
and Histidine in Major Depression. Eur. Neuropsychopharmacol. 1995,
s, 71-75.

(6) Davenport, A.; Roberts, N. B. Amino Acid Losses during
Haemofiltration. Blood Purif. 2004, 7, 192—196.

(7) Stapel, S. N.; de Boer, R. J; Thoral, P. J.; Vervloet, M. G.;
Girbes, A. R. J.,; Oudemans-van Straaten, H. M. Amino Acid Loss
during Continuous Venovenous Hemofiltration in Critically III
Patients. Blood Purif. 2019, 48, 321—329.

(8) Fekkes, D. State-of-the-Art of High-Performance Liquid
Chromatographic Analysis of Amino Acids in Physiological Samples.
J. Chromatogr. B: Biomed. Sci. Appl. 1996, 682, 3—22.

(9) Sharma, G.; Attri, S. V.; Behra, B,; Bhisikar, S.; Kumar, P.;
Tageja, M,; Sharda, S.; Singhi, P.; Singhi, S. Analysis of 26 Amino
Acids in Human Plasma by HPLC Using AQC as Derivatizing Agent
and Its Application in Metabolic Laboratory. Amino Acids 2014, 46,
1253—-1263.

(10) Narayan, S. B.; Ditewig-Meyers, G.; Graham, K. S; Scott, R.;
Bennett, M. J. Measurement of Plasma Amino Acids by Ultra-
performance® Liquid Chromatography. Clin. Chem. Lab. Med. 2011,
49, 1177.

(11) Gineityté, J; Meskys, R; Dagys, M.; Ratautas, D. Highly
Efficient Direct Electron Transfer Bioanode Containing Glucose
Dehydrogenase Operating in Human Blood. J. Power Sources 2019,
441, No. 227163.

(12) Shafaat, A.; Zalnéravidius, R.; Ratautas, D.; Dagys, M.; Meskys,
R.; Rutkiené, R.; Gonzalez-Martinez, J. F.; Neilands, J.; Bjorklund, S.;
Sotres, J.; Ruzgas, T. Glucose-to-Resistor Transduction Integrated
into a Radio-Frequency Antenna for Chip-Less and Battery-Less
Wireless Sensing. ACS Sens. 2022, 7, 1222—1234.

(13) TeiSerskyté, V.; Urbonavicius, J.; Ratautas, D. A Direct Electron
Transfer Formaldehyde Dehydrogenase Biosensor for the Determi-
nation of Formaldehyde in River Water. Talanta 2021, 234,
No. 122657.

(14) Ramonas, E.; Ratautas, D.; Dagys, M.; Meskys, R.; Kulys, J.
Highly Sensitive Amperometric Biosensor Based on Alcohol
Dehydrogenase for Determination of Glycerol in Human Urine.
Talanta 2019, 200, 333—339.

(15) Yang, Q; Atanasov, P.; Wilkins, E. Needle-Type Lactate
Biosensor. Biosens. Bioelectron. 1999, 14, 203—210.

(16) Ratautas, D,; Dagys, M. Nanocatalysts Containing Direct
Electron Transfer-Capable Oxidoreductases: Recent Advances and
Applications. Catalysts 2020, 10, 9.

(17) Nanjo, M.; Guilbault, G. G. Enzyme Electrode for L-Amino
Acids and Glucose. Anal. Chim. Acta 1974, 73, 367—373.

(18) Kwan, R. C. H; Chan, C.; Renneberg, R. An Amperometric
Biosensor for Determining Amino Acids Using a Bienzymatic System
Containing Amino Acid Oxidase and Protease. Biotechnol. Lett. 2002,
24, 1203—1207.

(19) Kwan, R. C. H;; Hon, P. Y. T, Renneberg, R. Amperometric
Biosensor for Rapid Determination of Alanine. Anal. Chim. Acta 2004,
523, 81—88.

(20) Véradi, M.; Adényi, N.; Szabs, E. E.; Trummer, N.
Determination of the Ratio of D- and 1-Amino Acids in Brewing by
an Immobilised Amino Acid Oxidase Enzyme Reactor Coupled to
Amperometric Detection. Biosens. Bioelectron. 1999, 14, 335—340.

(21) Sarkar, P.; Tothill, L. E.; Setford, S. J.; Turner, A. P. F. Screen-
Printed Amperometric Biosensors for the Rapid Measurement of L-
and D-Amino Acids. Analyst 1999, 124, 865—870.

(22) Moulaee, K; Neri, G. Electrochemical Amino Acid Sensing: A
Review on Challenges and Achievements. Biosensors 2021, 11, 502.

3359

(23) Corso, G.; Cristofano, A.; Sapere, N.; la Marca, G.; Angiolillo,
A.; Vitale, M.; Fratangelo, R.; Lombardi, T.; Porcile, C.; Intrieri, M;
Di Costanzo, A. Serum Amino Acid Profiles in Normal Subjects and
in Patients with or at Risk of Alzheimer Dementia. Dement. Geriatr.
Cogn. Dis. Extra 2017, 7, 143—159.

(24) Hupa, E.; Vanamo, U.; Bobacka, J. Novel Ion-to-Electron
Transduction Principle for Solid-Contact ISEs. Electroanalysis 20185,
27, 591—-594.

(25) Vanamo, U.; Hupa, E; Yrjini, V.; Bobacka, J. New Signal
Readout Principle for Solid-Contact Ion-Selective Electrodes. Anal.
Chem. 2016, 88, 4369—4374.

(26) Kraikaew, P.; Jeanneret, S.; Soda, Y.; Cherubini, T.; Bakker, E.
Ultrasensitive Seawater pH Measurement by Capacitive Readout of
Potentiometric Sensors. ACS Sens. 2020, 5, 650—654.

(27) Kraikaew, P.; Sailapu, S. K; Bakker, E. Rapid Constant
Potential Capacitive Measurements with Solid-Contact Ion-Selective
Electrodes Coupled to Electronic Capacitor. Anal. Chem. 2020, 92,
14174—14180.

(28) Sailapu, S. K.; Kraikaew, P.; Sabaté, N.; Bakker, E. Self-Powered
Potentiometric Sensor Transduction to a Capacitive Electronic
Component for Later Readout. ACS Sens. 2020, 5, 2909—2914.

(29) Kimling, J.; Maier, M.; Okenve, B.; Kotaidis, V.; Ballot, H;
Plech, A. Turkevich Method for Gold Nanoparticle Synthesis
Revisited. J. Phys. Chem. B 2006, 110, 15700—15707.

(30) Haiss, W.; Thanh, N. T. K; Aveyard, J; Fernig, D. G.
Determination of Size and Concentration of Gold Nanoparticles from
UV—Vis Spectra. Anal. Chem. 2007, 79, 4215—4221.

(31) Ahnoff, M.; Cazares, L. H.; Skold, K. Thermal Inactivation of
Enzymes and Pathogens in Biosamples for MS Analysis. Bioanalysis
2015, 7, 1885—1899.

(32) Hall, S. B.,; Khudaish, E. A; Hart, A. L. Electrochemical
Oxidation of Hydrogen Peroxide at Platinum Electrodes. Part 1. An
Adsorption-Controlled Mechanism. Electrochim. Acta 1998, 43, 579—
588.

(33) Bas, S. Z. Gold Nanoparticle Functionalized Graphene Oxide
Modified Platinum Electrode for Hydrogen Peroxide and Glucose
Sensing. Mater. Lett. 2015, 150, 20—23.

(34) Ramonas, E.; Shafaat, A,; Dagys, M.; Ruzgas, T.; Ratautas, D.
Revising Catalytic “Acceleration” of Enzymes on Citrate-Capped Gold
Nanoparticles. J. Catal. 2021, 404, 570—578.

(35) Chan, K.-Y;; Yang, D.; Demir, B.; Mouritz, A. P.; Lin, H.; Jia,
B.; Lau, K.-T. Boosting the Electrical and Mechanical Properties of
Structural Dielectric Capacitor Composites via Gold Nanoparticle
Doping. Compos. B Eng. 2019, 178, No. 107480.

(36) Govindhan, M.; Chen, A. Simultaneous Synthesis of Gold
Nanoparticle/Graphene Nanocomposite for Enhanced Oxygen
Reduction Reaction. J. Power Sources 2015, 274, 928—936.

(37) Geueke, B.; Hummel, W. A New Bacterial L-Amino Acid
Oxidase with a Broad Substrate Specificity: Purification and
Characterization. Enzyme Microb. Technol. 2002, 31, 77—87.

(38) Oh, W. C; Mafrici, B.; Rigby, M.; Harvey, D.; Sharman, A,;
Allen, J. C,; Mahajan, R; Gardner, D. S;; Devonald, M. A. J.
Micronutrient and Amino Acid Losses During Renal Replacement
Therapy for Acute Kidney Injury. Kidney Int. Rep. 2019, 4, 1094—
1108.

https://doi.org/10.1021/acssensors.2c01342
ACS Sens. 2022, 7, 3352—-3359


https://doi.org/10.1007/s00726-019-02705-6
https://doi.org/10.1007/s00726-019-02705-6
https://doi.org/10.1007/s00726-019-02705-6
https://doi.org/10.1097/00000658-197911000-00003
https://doi.org/10.1097/00000658-197911000-00003
https://doi.org/10.1016/0924-977X(95)00033-L
https://doi.org/10.1016/0924-977X(95)00033-L
https://doi.org/10.1016/0924-977X(95)00033-L
https://doi.org/10.1159/000169592
https://doi.org/10.1159/000169592
https://doi.org/10.1159/000500998
https://doi.org/10.1159/000500998
https://doi.org/10.1159/000500998
https://doi.org/10.1016/0378-4347(96)00057-6
https://doi.org/10.1016/0378-4347(96)00057-6
https://doi.org/10.1007/s00726-014-1682-6
https://doi.org/10.1007/s00726-014-1682-6
https://doi.org/10.1007/s00726-014-1682-6
https://doi.org/10.1515/CCLM.2011.200
https://doi.org/10.1515/CCLM.2011.200
https://doi.org/10.1016/j.jpowsour.2019.227163
https://doi.org/10.1016/j.jpowsour.2019.227163
https://doi.org/10.1016/j.jpowsour.2019.227163
https://doi.org/10.1021/acssensors.2c00394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.2c00394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.2c00394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.talanta.2021.122657
https://doi.org/10.1016/j.talanta.2021.122657
https://doi.org/10.1016/j.talanta.2021.122657
https://doi.org/10.1016/j.talanta.2019.03.063
https://doi.org/10.1016/j.talanta.2019.03.063
https://doi.org/10.1016/S0956-5663(98)00109-2
https://doi.org/10.1016/S0956-5663(98)00109-2
https://doi.org/10.3390/catal10010009
https://doi.org/10.3390/catal10010009
https://doi.org/10.3390/catal10010009
https://doi.org/10.1016/S0003-2670(01)85473-8
https://doi.org/10.1016/S0003-2670(01)85473-8
https://doi.org/10.1023/A:1016163315804
https://doi.org/10.1023/A:1016163315804
https://doi.org/10.1023/A:1016163315804
https://doi.org/10.1016/j.aca.2004.07.019
https://doi.org/10.1016/j.aca.2004.07.019
https://doi.org/10.1016/S0956-5663(98)00130-4
https://doi.org/10.1016/S0956-5663(98)00130-4
https://doi.org/10.1016/S0956-5663(98)00130-4
https://doi.org/10.1039/a901404g
https://doi.org/10.1039/a901404g
https://doi.org/10.1039/a901404g
https://doi.org/10.3390/bios11120502
https://doi.org/10.3390/bios11120502
https://doi.org/10.1159/000466688
https://doi.org/10.1159/000466688
https://doi.org/10.1002/elan.201400596
https://doi.org/10.1002/elan.201400596
https://doi.org/10.1021/acs.analchem.5b04800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5b04800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c03254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c03254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c03254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c01284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c01284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.0c01284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp061667w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp061667w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0702084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0702084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4155/bio.15.122
https://doi.org/10.4155/bio.15.122
https://doi.org/10.1016/S0013-4686(97)00125-4
https://doi.org/10.1016/S0013-4686(97)00125-4
https://doi.org/10.1016/S0013-4686(97)00125-4
https://doi.org/10.1016/j.matlet.2015.02.130
https://doi.org/10.1016/j.matlet.2015.02.130
https://doi.org/10.1016/j.matlet.2015.02.130
https://doi.org/10.1016/j.jcat.2021.10.036
https://doi.org/10.1016/j.jcat.2021.10.036
https://doi.org/10.1016/j.compositesb.2019.107480
https://doi.org/10.1016/j.compositesb.2019.107480
https://doi.org/10.1016/j.compositesb.2019.107480
https://doi.org/10.1016/j.jpowsour.2014.10.115
https://doi.org/10.1016/j.jpowsour.2014.10.115
https://doi.org/10.1016/j.jpowsour.2014.10.115
https://doi.org/10.1016/S0141-0229(02)00072-8
https://doi.org/10.1016/S0141-0229(02)00072-8
https://doi.org/10.1016/S0141-0229(02)00072-8
https://doi.org/10.1016/j.ekir.2019.05.001
https://doi.org/10.1016/j.ekir.2019.05.001
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c01342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

