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Electrochemical sensors have gained significant attention in medical diagnostics, with continuous

advancements in materials improving their performance. This study focuses on the development of
screen-printed electrodes (SPEs) for lactate detection. The electrodes were produced using a carbon/
graphene paste, and this material was evaluated as an alternative to the commonly used Ag/AgCl
reference electrode (WE). The screen-printing technique enabled scalable, efficient sensor production

on polymeric substrates. Cyclic voltammetry (CV) was used to assess the electrochemical properties and
reproducibility of the sensors. The results showed that Ag/AgCl WE exhibited a higher AE, indicating
greater charge transfer resistance, but also demonstrated higher current density, which enhances the

efficiency of the faradaic process and improves repeatability. To evaluate the impact of the conductive
material of the WE on lactate detection, lactate oxidase (LOx) was immobilized on the working electrode
using a Nafion polymer membrane, ensuring enzyme stability and minimizing interference. The linear

relationship between lactate concentration and measured electric current revealed that carbon/

graphene reference electrodes are a viable alternative to Ag/AgCl, offering comparable performance in
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terms of sensitivity and detection limit. These sensors are unaffected by interferents such as glucose and

ascorbic acid; however, when using human plasma, a reduction in the measured electric current was
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1 Introduction

Electrochemical sensors have shown substantial potential
across diverse real-time and in situ applications, spanning
pharmaceutical testing, environmental monitoring, and
particularly medical diagnostics. In medical applications,
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observed at all concentrations, which may impact analyte detection sensitivity. This finding suggests the
need for future studies to evaluate other biological interferents.

biosensors are devices engineered to measure chemical, bio-
logical, or biochemical reactions, and electrochemical detection
often utilises a three-electrode system that functions as
a transducer. Constructed from conductive materials, this
system converts chemical reactions into electrical signals that
can be processed to determine the presence or concentration of
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specific analytes in a sample. The three-electrode setup is
composed of conductive materials such as gold, carbon, silver,
platinum, or copper and includes a working electrode (WE),
a counter electrode (CE), and a reference electrode (RE). The RE,
typically made of Ag/AgCl, provides a stable and known poten-
tial to ensure measurement consistency. Each electrode plays
a crucial role in achieving accurate, sensitive, and reproducible
results. The WE detects reaction-generated signals by
responding to electrical potentials, while the RE maintains
a constant potential, and the CE completes the circuit, allowing
current flow. Substance detection is often directed by a bio-
receptor immobilized on the WE, such as enzymes, antibodies,
antigens, hormones, neurotransmitters, or amino acids which
facilitates the specific interaction with the target analyte.™*

For constructing sensors from these conductive materials,
various methods are employed, including chemical and phys-
ical vapour deposition, electrodeposition, photolithography,
and screen printing. These techniques enable precise control
over key parameters such as thickness, uniformity, dimensions,
tolerances, and overall cost. This level of control is essential for
tailoring the sensors' specific characteristics to meet the
demands of their intended applications.® Screen printing is the
most explored method in sensor fabrication due to its ability to
produce with repeatability, along with the simplicity and low
cost of the technique. This versatility makes it suitable for
applications ranging from prototyping in research and devel-
opment to large-scale industrial production. Sensors produced
by this technique are known as SPEs, or screen-printed elec-
trodes. This technique involves transferring a conductive
material onto a base, usually flexible substrates like paper or
plastic, through a screen containing the designed electrode
patterns, allowing the printing of dozens of sensors in a single
step.* Advancements in equipment have further optimised the
screen-printing technique, with different generations of
machinery offering varying capabilities. The choice of equip-
ment depends on factors such as production capacity, resolu-
tion, and the properties of the substrate and conductive
material used. These advancements ensure the efficient
production of high-quality sensors tailored to specific technical
requirements.

In addition to sensor manufacturing, the immobilization of
biological receptors is crucial in defining a biosensor's
composition. This process aims to securely attach bioreceptors
to the sensor surface, thereby enhancing the stability and
longevity of specific molecules used for detecting biological
analytes. When it comes to enzymes, immobilization has
numerous advantages, among them the increase in the stability
of the catalytic activity, which allows to effectively capture the
communication between the enzyme and the analyte electri-
cally, in addition to the reduction in the risk of contamination
between the reactants.®

Encapsulation techniques, covalent bonds, and chemical
adsorption are reported in the literature; however, physical
adsorption is widely used due to various advantageous charac-
teristics. This technique is relatively simple, eliminating
complex and time-consuming steps, and is cost-effective as it
does not require the use of multiple reagents or specialized
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equipment. Physical adsorption allows for rapid immobiliza-
tion of bioreceptors, resulting in a quicker response from the
biosensor. Furthermore, this approach preserves the biological
activity of the bioreceptors, as it does not involve chemical
modifications that could affect their natural functions. On
a prototyping scale, this procedure can be performed using an
automatic pipettor, while on a large scale, high-performance
depositors can efficiently and accurately perform the same
function. Therefore, the combination of the screen-printing
technique for sensor production with physical adsorption for
bioreceptor immobilization enables the development of elec-
trochemical biosensors in both prototyping and industrial
contexts.®”

To demonstrate the electrochemical characteristics of
sensors, Cyclic Voltammetry (CV) is frequently used. This
popular and straightforward technique measures the electrical
current while the potential of the WE is cyclically varied in redox
reactions, using solutions that contain redox couples, such as
potassium ferrocyanide and potassium ferricyanide. By
applying a potential in more negative (cathodic) regions, the
reduction of the compound present in the solution occurs,
generating a peak with a current proportional to the
compound's concentration in the sensor. After this reduction
phase, the potential is reversed and swept in the opposite
direction toward more positive (anodic) regions, returning to
the initial value. In reversible reactions, this results in oxida-
tion, producing a peak symmetric to the reduction peak.

Therefore, CV can provide valuable data on the reproduc-
ibility of the sensor manufacturing process. This is because
structural characteristics of the sensors—such as thickness,
type of material, and potential flaws—can directly impact the
electrical current obtained during measurements. In other
words, CV can help assess the consistency of sensors, as varia-
tions in these structural characteristics influence sensor
performance.®®

From this measurement, peak current data is extracted to
calculate the delta peak, which provides insights into the
reversibility of redox reactions—a desirable property in elec-
trochemical sensors. A delta peak of approximately 59 mV/n
(where n is the number of electrons transferred) indicates that
the sensor can perform redox reactions efficiently and quickly.
Conversely, a larger delta peak suggests that the redox reactions
are not fully reversible, pointing to possible limitations such as
slow electron transfer kinetics or restricted diffusion of the
analytes. Additionally, the sensor's stability can be assessed by
monitoring changes in the delta peak over multiple voltam-
metry cycles. A consistent delta peak over time indicates good
operational stability, while significant variations may suggest
sensor degradation or alterations in the electrode surface.
Therefore, the delta peak is also a valuable measure to evaluate
changes on the sensor surface during bioreceptor immobiliza-
tion processes.'**

Researchers worldwide have focused their efforts on the
application of sensors, especially those manufactured through
screen printing, for the detection of biological biomarkers that
indicate critical health conditions, such as lactate. This
biomarker is widely studied, as blood lactate concentrations
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exceeding 2 mmol L~ " (approximately 18 mg dL ") are indica-
tive of hyperlactatemia, a condition that reflects low oxygen
availability to tissues, also known as hypoxia. Several factors can
trigger an increase in lactate. Under physiological conditions,
this increase is observed during intense physical activities due
to high energy demand. Conversely, in pathological conditions,
the rise in lactate occurs due to metabolic dysfunctions asso-
ciated with hypoperfusion, which require rapid identification to
anticipate medical decisions and reduce adverse outcomes,
such as in cases of sepsis, trauma, and heart failure. In the
context of sepsis, for example, where this marker is considered
arisk predictor, each hour of delay in its identification increases
the patient's risk of mortality by 9%.*7¢

Currently, lactate determination tests are performed cen-
trally in clinical laboratories, requiring skilled professionals
and specific infrastructure for processing biological samples.
Quantification is typically conducted using colorimetric tech-
niques and spectrophotometry, which measures the absorbance
of light during the lactate oxidation-reduction reaction medi-
ated by the enzymes Lactate Oxidase (LOx) or Lactate Dehy-
drogenase (LDH)."” Regarding clinical importance of lactate in
aiding the diagnosis of various conditions of low oxygen avail-
ability, the last decade of studies has worked on the challenge of
access to lactate testing in out-of-hospital settings. Electro-
chemical biosensor technology offers a solution by measuring
charge transfers between ions generated during the lactic acid
oxidation reaction mediated by LDH or LOx in point-of-care
devices. This technology transduces electrical signals,
enabling the detection of analyte levels during triage proce-
dures in out-of-hospital environments. This approach ensures
rapid identification of the patient's health status severity,
significantly reducing the health team's decision-making
time.'*>

However, research and industry face challenges in the large-
scale production of these POC (point of care) devices, which
must maintain reproducible performance and precise technical
specifications. Manufacturing costs need to be addressed,
alongside the requirement for sterile environments to achieve
the repeatability necessary for diagnostic methods. Overcoming
these factors is essential for successful industrialization. Addi-
tionally, challenges remain in immobilizing the specific bio-
receptor for the target analyte on the sensors. Effective
immobilization techniques are needed to ensure stability and to
minimize the impact of interfering species.>*

Considering that the studies available in the literature typi-
cally use Ag/AgCl as a reference electrode in biosensors that
detect the analyte lactate, an alternative material for this elec-
trode was evaluated in this study. These electrodes were fabri-
cated from graphene carbon paste using the screen-printing
technique. The materials and methods were selected for their
cost-effectiveness and suitability for large-scale production.
With the objective of evaluating the electrochemical properties
(sensitivity) of these sensors and the manufacturing quality
(reproducibility), cyclic voltammetry was used as the assess-
ment technique. Additionally, with the objective of reducing
costs and production steps, the suitability of an alternative WE,
distinct from Ag/AgCl, was evaluated for applications involving
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the oxidation reactions of lactate using the LOX enzyme
immobilized on the WE.

2 Materials and methods
2.1 Materials

Carbon/graphene paste and Ag/AgCl paste (silver/silver chlo-
ride) from Sunchemical were used to print electrodes onto
a flexible polymeric substrate obtained from Coveme. The
printing process employed steel screens with a 250 mm mesh,
set at a 22.5° angle and a tension of 13 N, enabling the simul-
taneous fabrication of 40 electrodes. Starpac adhesives were
used as insulating layers to delimit the effective area and
immobilization area. Potassium ferrocyanide and potassium
chloride (synth) were used for electrochemical characterization.
Nafion 117 (5%, Sigma-Aldrich) and Lactate Oxidase (LOx)
Enzyme from a commercial kit (Labtest® Kit) suspended in
50 mmol per L buffer pH 7.2, 4-aminoantipyrine = 0.05 mmol
per L peroxidase = 1000 U L ™" and preservatives, lactate oxidase
= 1000 U L', N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3-
methyllaniline (TOOS) = 1.5 mmol L™" and preservatives were
used to modify the sensors. Finally, a 40 mg per dL lactate
enzyme standard solution (Labtest® commercial Kit) was used
in the lactate detection assay. Ultrapure water was used to
prepare all solutions.

2.2 Sensor manufacturing

The sensors used in this study were provided by the startup
Biosens, which authorised the presentation of the printing
process steps. A semi-automatic screen printer (Stencil Printer,
model SPR45-VA), equipped with steel screens was employed to
fabricate two production processes of three-electrode systems
on a flexible polymeric substrate to investigate the influence of
WE composition. Each configuration comprised a 4 mm
diameter working electrode (WE) and a counter electrode (CE),
both screen-printed using carbon/graphene conductive ink. The
systems differed in the conductive material used for the RE: in
the first production process configuration, the RE was printed
with carbon/graphene paste, while in the second process, a Ag/
AgCl paste was applied.

For the carbon/graphene three-electrode systems fabrication
with carbon/graphene RE, screen 1 (engraved design of the WE,
CE and RE electrodes) was positioned on a flexible substrate
fixed to the screen-printing equipment, and the carbon/
graphene paste was applied using a rubber spatula. After, the
screen-printed electrodes were cured at 130 °C in a non-
convection oven (ETHIK Technology, model 440-2D, 47 L),
resulting in the screen-printed electrodes of Process 1 (referred
to as SPE-C/G-RE).

For the carbon/graphene three-electrode systems fabrication
with Ag/AgCl RE, screen 2 (engraved design of the RE electrode),
was precisely positioned over the flexible substrate containing
the initial print of the three-electrode systems and was fixed to
the screen-printing equipment. Subsequently, the Ag/AgCl paste
was uniformly applied using a rubber spatula. The print was
then cured at 100 °C for 10 minutes, resulting in the screen-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SPE-C/G-RE

Process 1

Process 2 SPE-Ag/AgCI-RE

Fig. 1 Differences in the sensor screen-printing process. (Process 1):
Printing of SPE with carbon/graphene RE. (Process 2): Printing of SPE
with Ag/AgCl RE.

printed electrodes of Process 2 (referred to as SPE-Ag/AgCI-RE).
Fig. 1 illustrates a detailed schematic of the screen-printed
electrode fabrication process, as developed and provided by
the startup Biosens.

To define the effective area, insulating circular layers with an
8 mm diameter were adhered. Finally, the sensors were indi-
vidually separated using a guillotine and the dimensions of
each sensor was 10 x 25 mm?.

Each production was carried out in three batches of 15
prints/batch, resulting in the production of 1800 sensors with
a carbon/graphene RE and 1800 sensors with an Ag/AgCl RE.

2.3 Characterization of the sensors

An electronic profilometer (Alpha-Step®, model D-500 Stylus
Profiler) was used to characterize the thickness variation during
the screen-printing process, carried out on 3 randomly selected
sensors from each batch (therefore, n = 9/SPE process).

Cyclic Voltammetry (CV) using a PalmSens4 portable
potentiostat was carried out on 10 randomly selected sensors
from each batch (therefore, n = 30/SPE process) to evaluate the
electrochemical differences between the SPE-C/G-RE and SPE-
Ag/AgCl-RE. The potential ranged from —0.4 to 0.6 V, with
a scan rate of 100 mV s~ ', over 10 cycles, and an electrolyte
solution of potassium ferrocyanide (10 mM) in potassium
chloride (1.0 M) was used as a redox probe. The data used for
the analyses refer to the fifth cycle of the voltammograms. The
variation of oxidation potential (AEp) was calculated by sub-
tracting the reduction peak potential (Ep.) from the oxidation
peak potential (Ep,) using the equation: AE, = Epy — Epc. In
addition, data was extracted from the anodic and cathodic peak
current, the current density was calculated using a WE area of
12.6 mm* (J, and J., respectively) and the electrochemical
symmetry was obtained through the ratio of the current densi-

ties (JulJc)-

2.4 Immobilization of lactate oxidase (LOx) enzyme

The immobilization of the lactate oxidase (LOx) enzyme was
conducted on the surface of the working electrode (WE) in both
screen-printed electrodes SPE-C/G-RE and SPE-Ag/AgCl-RE.
Fig. 2 illustrates a detailed schematic of the LOx immobiliza-
tion process. Initially, a circular adhesive with a diameter of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 LOx enzyme immobilization steps. (1) Represents SPE-C/G-RE
and SPE-Ag/AgCL-RE. In (2) the sensor is displayed with the adhesive
delimiter, exposing the WE. (3) lllustrates the SPE-C/G-RE-Nafion and
SPE-Ag/AgCl-RE-Nafion, while (4) Shows the SPE-C/G-RE-Nafion-
LOx and SPE-Ag/AgCl-RE-Nafion-LOx. Finally, (5) depicts the
biosensor ready to use. All produced sensors are for single use.

4 mm was applied to define the immobilization area on the WE
surface. Following this, 5 pL of Nafion was deposited onto the
WE to modify its surface properties, enhancing enzyme adher-
ence and stability (this step is referred to as SPE-C/G-RE-Nafion
and SPE-Ag/AgCl-RE-Nafion). The Nafion layer was allowed to
dry for 5 minutes at room temperature to ensure proper coating,
forming a polymeric membrane. Subsequently, 20 UL of lactate
oxidase enzyme solution was carefully introduced onto the
modified area and dried in a non-convection oven at 37 °C for 1
hour to promote enzyme attachment and maintain its func-
tional integrity (this step referred to as SPE-C/G-RE-Nafion-LOx
and SPE-Ag/AgCl-RE-Nafion-LOx). After the immobilization
process was completed, the adhesive delimiter was removed,
leaving a defined area of immobilized LOx on the WE for
subsequent electrochemical measurements.

After the bioreceptor immobilization, each sensor was indi-
vidually packaged in aluminium pouches to protect against
light with a sachet of silica gel for humidity control, and the
packages were stored at room temperature for 10 days.

2.5 Characterization of LOx immobilization

The structural characteristics of the unmodified WE, modified
with Nafion and with the enzyme LOx, were evaluated in trip-
licate (n = 3/immobilization step) to confirm the identified
morphology obtained through the technique Field Emission
Scanning Electron Microscopy (FESEM), carried out using an
Inspect F50 - FEI microscope operating at a voltage of 10 to 20
kv and the sensor's samples were fixed onto aluminium stubs
and coated with gold.

Additionally, the SPE of processes 1 and 2 were evaluated in
triplicate (n = 3/immobilization step) at each step of the
immobilization process, based on their electrochemical
performance using the CV technique, as detailed in Section 2.3.

2.6 Electrochemical detection of the lactate biomarker

The detection of the lactate biomarker was performed on SPE-C/
G-RE-Nafion-LOx and SPE-Ag/AgCl-RE-Nafion-LOx. The biosen-
sors were connected to the PalmSens4 portable potentiostat, 20
uL of lactate solution with different concentrations (10, 20, and
40 mg dL ') were added to the effective area and evaluated in
triplicate in the three production batches (n = 9/concentration)

RSC Adv, 2024, 14, 38022-38034 | 38025
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Fig. 3 Lactate oxidation reaction. The reaction shows the oxidation of
lactate to pyruvate by lactate oxidase (LOx) in the presence of oxygen
(O,), generating hydrogen peroxide (H,O,) as a byproduct.

and subsequently discarded, classifying them as single-use
sensors. The oxidation current resulting from the interaction
between the analyte and the biological sample was kinetically
evaluated through chronoamperometric measurement at
a voltage of +0.6 V for 120 s. The electrical current value at 30
seconds was specifically extracted for further analyzis. The same
procedure described above was performed with ultrapure water
to represent the reaction blank sample.

The electrochemical reaction of lactate evaluated in this
study is depicted in Fig. 3. In this reaction, the lactate molecule
is oxidised in the presence of lactate oxidase and oxygen,
producing pyruvate and hydrogen peroxide. The hydrogen
peroxide is subsequently decomposed electrochemically by the
application of an electric potential. As the amount of hydrogen
peroxide produced is directly proportional to the lactate
concentration in the sample, it is hypothesised that the
measured electrical current will exhibit a direct correlation with
the lactate concentration.

2.7 Evaluation of biosensor selectivity

Based on the preliminary experiments with standard lactate
solutions, the most effective conductive material for the WE in
detecting the analyte was identified. The selectivity of the
developed biosensor for detecting lactate was conducted using
standard lactate samples containing interferents, specifically
glucose and ascorbic acid. Glucose was chosen because it is part
of the same metabolic cycle as lactate and can compete for
enzymes or cofactors in enzymatic reactions. Ascorbic acid
(commonly known as vitamin C) can interfere with lactate
measurement because it is a strong reducing agent and can
compete with lactate in the oxidation process, reducing the
amount of H,0, produced, which leads to an underestimation
of lactate concentration. This may generate false signals or
reduce the electrode response due to the redox properties of
ascorbic acid itself.*

For this test, 1.6 mg dL ™" of ascorbic acid and 99 mg dL~* of
glucose, representing their physiological concentrations in the
human body, were electrochemically analyzed in a biosensor
with immobilized LOx. These interferents were added sepa-
rately to standard lactate solutions with previously evaluated
standard concentrations. For this test, 1.6 mg dL~ " of ascorbic
acid and 99 mg dL™" of glucose were individually added to
standard lactate solutions with pre-determined concentrations
and subsequently analysed electrochemically using a biosensor

38026 | RSC Adv, 2024, 14, 38022-38034
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with immobilized LOx. The electrochemical measurements and
current extraction were performed as described in Section 2.6.

2.8 Evaluation of biosensor applied to biological samples

The biosensor's ability to detect the biological reaction shown
in Fig. 3 was evaluated using human plasma samples, following
the established method with standard lactate samples
described in Section 2.6. The samples were anonymously
sourced from a hospital in southern Brazil and the project
received approval from the Ethics and Research Committee of
the University of Vale do Rio dos Sinos. These samples were
received with pre-determined lactate quantification from
a clinical analyzis laboratory that used spectrophotometry as
the detection technique. The samples were stored in the
refrigerator (2-8 °C) for a period of 2 days before the test was
performed. This method is based on quantifying the absorbed
light (absorbance) at the wavelength corresponding to the
radiation produced by the reaction between the biological
sample and the enzyme.*

2.9 Data analyzes

The data obtained from electronic profilometry (thickness) and
CV (Epa, Epe, AEp, Ja, Jo and J,/Jc) were used to define the SPE
characteristics, evaluate the repeatability of the production
process, and confirm the immobilization of the bioreceptor
onto the working electrode. The results are reported as average
and standard deviations.

The data obtained from chronoamperometric (oxidation
electrical current) was used to correlate with the lactate
concentration present in the standard solutions, and was eval-
uated individually for each production process. The one-way
ANOVA test, using a 5% significance level was employed to
evaluate two aspects: first, whether SPE-C/G-RE-Nafion-LOx and
SPE-Ag/AgCl-RE-Nafion-LOx, exhibit statistically significant
differences in the electric current obtained when analyzing
different lactate concentrations. Secondly, the test was applied
to determine whether different batches of the same production
process, for both SPE-C/G-RE and SPE-Ag/AgCI-RE, show no
statistically significant differences in the measured electric
current, thereby demonstrating the ability to consistently
reproduce results across batches.

To evaluate the analytical performance, amperometric
sensitivity and the limit of detection (LOD) were calculated. For
amperometric sensitivity, the slope of the calibration curve,
which relates oxidation current to analyte concentration, was
determined. To calculate the LOD, eqn (1) was used, where SD
represents the standard deviation of the blank measurements.

D of the blank
Lop — SDof the blank (1)
sensitivity

The comparison of the electrical current detected by the
biosensor in standard solutions with three different lactate
concentrations during interference tests (with glucose and
ascorbic acid) was performed using a one-way ANOVA test with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Screen-printed sensors produced on flexible substrate.

a 5% significance level. This analyzis was also applied to bio-
logical plasma samples.

3 Results

3.1 Sensor manufacturing

The research dedicated to the development of biosensors is
experiencing exponential growth. However, there is a notable
lack of studies addressing the productive capacity and repeat-
ability of these devices. This gap presents a significant chal-
lenge in obtaining the necessary authorization from regulatory
bodies for the production and marketing of these products.
While artisanal manufacturing techniques are often cited, they
face limitations in terms of time and repeatability. Conversely,
complex and precise manufacturing techniques also encounter
challenges, including lengthy processes and high associated
costs.”

The screen-printing method proposed in this study
produced flexible biosensors (Fig. 4). For lactate detection
applications, a flexible sensor can enable the integration of
a wearable device designed for future use with non-invasive
biological fluids. Flexible electrodes are typically made from
materials that offer excellent mechanical strength, corrosion
resistance, and stability. These properties ensure long-term
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Batch 4
Batch 1

Batch 5
Batch 2

Batch 6
Batch 3

Current/pA

-0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9
Potential/V

Fig. 5 CV for SPE-C/G-RE (Process 1, red line) and SPE-Ag/AgCI-RE
(Process 2, blue line) in potassium ferrocyanide (10 mol L™) and
potassium chloride (1 mol L™} at scan rate 100 mV. The voltammo-
grams resulted from the average of 10 measurements in each batch.

performance and reliability, even under demanding condi-
tions. Compared to rigid electrodes, flexible ones are less
susceptible to mechanical failure, cracking, or delamination,
which leads to extended operational lifetimes.>

Both production processes evaluated in this work (SPE-C/G-
RE and SPE-Ag/AgCI-RE) result in electrodes 10.07 + 1.29 um
thick, but Process 2 is more time-consuming for requiring
additional steps, such as the screen printing of the Ag/AgCl RE.
A yield calculation was performed for each process to assess
productive efficiency at each stage, revealing that Process 1
allows for the production of 240 sensors per hour, while Process
2 produces approximately 163 sensors per hour (after printing,
drying, and area delimitation). These results reinforce that the
screen-printing technique used has promising potential for
scaling and application in the growing market for remote
lactate laboratory testing. The advantages of SPE-C/G-RE
printing include reducing the number of steps in the produc-
tion process and eliminating the need for noble materials.

3.2 Characterization of sensors

The printing method was initially evaluated by CV using ferro-
cyanide as a redox probe. According to Fig. 5, as expected, the
voltammograms for the SPE with different WE are shifted. For
a more comprehensive evaluation, the electrochemical param-
eters from the CVs in Fig. 5 are summarised in Table 1.

Table 1 Electrochemical parameters from the voltammograms in ferrocyanide of SPEs with different reference electrodes. Data are presented
as E,, = anode potential, £, = cathode potential, AE, = delta potential, J, = anode current density, J. = cathode current density

Process Batch Epa” (mV) Ep” (mV) AE,* (mV) J.% (LA mm™?) Jo* (nA mm™?) alTel

1 (SPE-C/G-RE) 1 292 + 23 —67 £ 20 360 £ 25 17 £ 1.9 —-13 £ 0.7 0.82 £+ 0.05
2 284 + 26 —59 + 47 330 + 37 14 £ 0.8 —12 + 0.9 0.83 £+ 0.09
3 361 + 18 —-32+ 15 395 + 28 14 £ 0.5 —11 £ 0.6 0.81 + 0.04

2 (SPE-Ag/AgCI-RE) 4 428 + 16 —89+38 520 + 10 19+ 1.1 —15 + 0.9 0.79 + 0.01
5 447 £ 9 —68 £ 7 515+ 5 17 £ 0.9 —13 £ 0.6 0.80 £ 0.02
6 432 +£ 19 —87 £ 10 520 + 11 18 £ 0.9 —14 + 0.8 0.79 + 0.01
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Fig. 6
a Nafion polymeric film, and (c) WE modified with Nafion and LOx.

Comparing the data displayed in Table 1, Process 1 (SPE-C/G-
RE) resulted in AE, from 330 to 395 mV and a symmetry from
0.81 to 0.83, meanwhile Process 2 (SPE-Ag/AgCl-RE) presented
AE, from 515 to 520 mV, a symmetry from 0.79 to 0.80. The
larger value of AE;, observed for Process 2 compared to Process 1
may be associated to an increase in charge transfer resistance
due to a poor contact between the interface carbon-graphe-
ne|Ag/AgCl. Regarding the measured current densities, Process
2 exhibits a higher electric current density compared to Process
1. This observation suggests that the use of the Ag/AgCl refer-
ence electrode enhances the efficiency of the faradaic process.
Notably, the symmetry between the anodic and cathodic current
density peaks in both processes remains close to the ideal
reference value (symmetry equal to 1).*> Moreover, across all
evaluated parameters, sensors utilising Ag/AgCl exhibit lower
standard deviation in the results, indicating superior repeat-
ability in this production process.

3.3 Enzyme immobilization of lactate oxidase

The FESEM images are presented in Fig. 6. The morphology of
the unmodified sensor exhibited high roughness, which is
characteristic of the screen printing process. The addition of
Nafion for the modification of the WE reveals a smooth Nafion
polymeric film, as previously reported in the literature.” The
homogeneity of this film is essential to ensure the availability of
the enzyme's active sites on the sensor surface. Finally, the
incorporation of the lactate oxidase enzyme resulted in
a homogeneous surface coverage achieved through enzyme
immobilization. One of the factors that contributed to the
success was the modification of the sensor surface with a poly-
meric membrane, which has high ionic conductivity, chemical
and thermal stability, in addition to the function of minimizing
the interference of species such as glucose, uric acid and
ascorbic acid, which affect oxidation reactions, such as in the
formation of the lactate product.*”

Additionally, as observed in the morphological character-
ization of the bioreceptor immobilization process, the polymer
membranes contributed to a more uniform surface on the
working electrode, ensuring the availability of the active area for
the LOx enzyme and thereby enhancing the orientation for the

38028 | RSC Adv, 2024, 14, 38022-38034

Images of the stages of lactate biosensor production with 10 000x original magnification: (a) unmodified WE, (b) WE modified with

biological reaction. The surface functionalization was also
characterised with CV measurements in electrolyte potassium
ferrocyanide (10 mol L ') and potassium chloride (1.0 mol L)
(Fig. 7).

The modification with the polymeric membrane suppressed
the oxidation-reduction peaks from the redox probe observed
in unmodified sensors, indicating the insulating property of the
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b.

Fig. 7 Comparison of electrochemical performance from the SPEs
previous and after the modification steps using CV in potassium
ferrocyanide (10 mol L™) and potassium chloride (1.0 mol L™ at scan
rate 100 mV. The voltammograms refer to the average of the replicates
of each condition evaluated, (a) represents sensors with RE carbon/
graphene and (b) refers to sensors with RE Ag/AgCl. Black voltam-
mograms: SPE-C/G-RE and SPE-Ag/AgCI-RE. Orange: SPE-C/G-RE-
Nafion and SPE-Ag/AgCl-RE-Nafion. Green: SPE-C/G-RE-Nafion-LOx
and SPE-Ag/AgCl-RE-Nafion-LOx.
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Table 2 Comparison of the AE,, of the surface modification steps. Data are presented as Ep, = anode potential, E,. = cathode potential, AE, =
delta potential, J, = anode current density, J. = cathode current density

Process Steps Ep, (mV)

Epe (mV)

AE, (mV) Ja* (nA mm?) J&* (nA mm?) ValJel

1 SPE-C/G-RE
SPE-C/G-RE-nafion-LOx

2 SPE-Ag/AgCI-RE
SPE-Ag/AgCl-RE-nafion-LOx

296 + 25
143 £ 5
453 £ 5
285 £7

y =1.1709x + 33.455
R =0.9363

120
100

80

Electric current (pA)
o

20

0 10 20 30 40
Lactate concentration (mg/dL)

y = 1.6749x + 36.681
R*=0.8358

60

Electric current (uA)

40

20

0 10 20 30 40
Lactate concentration (mg/dL)

b.

Fig. 8 (a) SPE-C/G-RE-Nafion-LOx and (b) SPE-Ag/AgCl-RE-Nafion-
LOx. Each point in the graph represents the average oxidation current
obtained for each evaluated batch, and the average was calculated
with three measurements of single-use sensors.

polymer and confirming the modification of the WE. Upon the
LOx enzyme immobilization to the surface resulted in a smaller
overall current density compared to the bare electrode, associ-
ated with the blocking of interfacial electron transfer caused by

—56 £ 15
70+ 0
—60 £0
210 £ 0

353 £ 40
73 £5
513 £5
75+ 7

16 £+ 0.27
4 £0.19
16 £ 1
3 £0.08

—13 £ 0.28
-3 1+0.14

—-13 £ 0.6
—2 1+ 0.09

0.82 £ 0.01
0.77 £ 0.01
0.82 £3

0.64 £ 0.01

the protein layer insulating the conductive support. However,
one can notice distinct redox processes are displaced in the
voltammograms associated with the interaction between the
enzyme and co-factors. Similar behaviours were observed,
independently of the WE, as expected.

According to the data presented in Table 2, SPE-Ag/AgCIl-RE
lead to a higher charge transfer resistance previously the
modification. However, after the immobilization of the
biomolecule, this difference is suppressed, resulting in similar
values for both modified sensors, AE}, equal of (75 & 7) mV for
SPE-Ag/AgCl-RE-Nafion-LOx and (73 £ 5) mV for SPE-C/G-RE-
Nafion-LOx. Furthermore, the observed reduction in the
symmetry of the current densities in both modified sensors
provides evidence of the successful immobilization of the
bioreceptor.

3.4 Electrochemical detection of the lactate biomarker

In this work it was observed a relationship between the increase
in lactate concentration and the increase in electrical current.
This correlation has already been previously reported in the
literature in the context of developing lactate biosensors, also
using chronoamperometry as a technique to measure the
oxidation reaction of lactate mediated by the enzyme LOx in
sensors made of laser-printed graphite carbon modified with
platinum.”® However, the laser fabrication of biosensors
increases their cost due to the need for complex equipment,
while the screen-printing method simplifies and makes this
process more accessible. The sensors, produced in this study
using low-cost materials and methods, also demonstrate linear
detection capabilities for the analyte, similar to findings re-
ported in previous studies that utilized noble conductive
materials and advanced microfabrication techniques.*

Table 3 Statistical analyzis of electrochemical detection of the lactate biomarker. Data are presented as Cl = confidence interval

Process C (mg dL™) i (nA) CI 95% p-value® p-value’
1 (SPE-C/G-RE-Nafion-LOx) 10 42.86 (2.96) 39.9-45.82 1.2 x 10712 0.05

20 63.03 (0.75) 62.28-63.78 0.53

40 77.79 (2.85) 74.94-80.64 0.56
2 (SPE-Ag/AgCl-RE-Nafion-LOX) 10 55.94 (10.47) 45.47-66.41 7x10°° 0.01

20 75.56 (16.07) 59.49-91.63 0.04

40 100.35 (17.05) 83.30-117.40 0.01

% n=9.% The p value represents the statistical difference between concentrations. © The p value represents the statistical difference between batches
considering each concentration. Consider the electrical current for a blank sample as (32.1 £ 3.7) pA.
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Fig. 9 Concentrations of standard lactate solution containing inter-
ferents. Each point on the graph represents the average oxidation
current obtained in each interference test, and the average was
calculated based on triplicate tests. (a) Ascorbic acid interferent: 0 mg
dL™'=(17.64 +1.78) pA, 10 mg dL ™ = (31.26 4 2.47) pA, 20 mg dL* =
(40.37 + 3.38) pA and 40 mg dL~! = (61.74 + 9.32) uA. (b) Glucose
interferent: 0 mg dL™! = (22.06 + 2.01) pA, 10 mg dL ~! = (44.45 +
3.52) pA, 20 mg dLt = (54.46 4+ 4.26) pA and 40 mg dL~! = (68.29 +
1.41) pA.

In Fig. 8a and b are the responses for 3 different batches of
printing, evaluating three different concentrations of lactate
employing carbon/graphene or Ag/AgCl as WE, respectively.
Comparing the results, one can notice the higher precision for
the measurements with SPE-C/G-RE-Nafion-LOx, resulting in
a better linearity (R* = 0.94) compared to SPE-Ag/AgCl-RE-
Nafion-LOx (R*> = 0.83).

Additionally, the 95% confidence interval shows the better
capacity for the sensor distinguishing the concentrations when
using carbon/graphene RE (Table 3). This finding underscores
the superior ability of carbon/graphene WE sensors to consis-
tently detect standard lactate concentrations. This reliability
and consistency are crucial in applications requiring high
accuracy and repeatability, such as in clinical analyses.

The one-way ANOVA test revealed statistically significant
differences (p < 0.05) in the average electric currents measured
for each concentration across both printing processes p values
provided in Table 3. Furthermore, the ANOVA post hoc test
confirmed statistically significant differences among the eval-
uated concentrations. However, when comparing the electrical
currents across different batches at the same concentration, it
was observed that only the sensors with a carbon/graphene WE
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Fig. 10 Comparison of standard lactate solution concentrations with
and without interfering compounds. Each point on the graph repre-
sents the average oxidation current obtained in each interference test,
and the average was calculated based on triplicate tests.

showed no statistically significant difference (p > 0.05) in the
measured current. This result, as shown in the last column of
Table 3, reveals the reproducibility capability of the batches in
this process.

The slope representing amperometric sensitivity was 1.17 pA
(mg dL~")"" for the SPE-C/G-RE-Nafion-LOx and 1.67 pA (mg
dL™')"" for the SPE-Ag/AgCl-RE-Nafion-LOx. Based on this
result, it is possible to conclude that both sensors have high
sensitivity, meaning that small variations in the concentration
of the analyte result in perceptible and measurable changes in
the electrical signal. This means that for each 1 mg dL™’
increase in the analyte concentration, the measured signal will
increase by 1.17 or 1.67 pA. The calculated limits of detection
were 9.38 mg dL " and 6.57 mg dL ™" for the carbon and Ag/AgCl
reference sensors, respectively. This value indicates that the
analytical method can detect analyte concentrations equal to or
greater than these values. Also, concentrations below these

y =0.0857x + 20.08
R?=0.9878
27
26
25

24

23

Electric current (pA)
°

22

21

20

0 10 20 30 40 50 60 70
Lactate concentration (mg/dL)

Fig. 11 Evaluation of plasma sample on SPE-C/G-RE-Nafion-LOx
sensors. Each point on the graph represents the average oxidation
current obtained in each evaluated biological sample, and the average
was calculated based on triplicate tests. 6.3 mg dL™! = (20.64 + 6.13)
pA, 22.5mg dLt = (21.76 4 3.73) pA, 36.9 mg dL ' = (23.57 + 3.54) pA
and 67.6 mg dL™* = (25.77 + 3.23) pA.
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values are indistinguishable from background noise and
therefore cannot be reliably detected. This limit of detection
found for a lactate test is satisfactory because the minimum
concentration under human physiological conditions is 9 mg
do'.»

When evaluating the impact of WE material on the detection
of varying lactate concentrations, the study demonstrated
a linear correlation between the increase in measured electrical
current with increasing lactate concentration for both WE
materials. Notably, sensors utilising carbon/graphene WE
exhibited superior detection linearity (R* = 0.94) and a higher
capacity to reproduce results in inter-batch evaluations, indi-
cating improved reproducibility of the results, as evidenced by
the standard deviation of the oxidation current presented in
Table 3. In comparison, sensors with Ag/AgCl WE demonstrated
a slightly lower detection linearity (R* = 0.83). For these reasons,
the SPE-C/G-RE-Nafion-LOx sensors were used to analyze
interferents and measure lactate in human plasma samples.

3.5 Evaluation of biosensor selectivity

Preliminary tests of interferents, such as ascorbic acid (1.6 mg
dL™") and glucose (99 mg dL '), confirmed the selectivity in
detecting the lactate analyte in standard solutions. The linear
responses of the relationship between electric current and
different lactate concentrations containing interferents (R* =
0.99 and R® = 0.91, respectively) demonstrate that the SPE-C/G-
RE-Nafion-LOx sensors have potential for selective detection of
the lactate analyte, as can be observed in Fig. 9. Furthermore,
for both evaluated interferents, the one-way ANOVA test
revealed statistically significant differences in the average
electric currents obtained for each concentration (p = 0.9 x
10~ "2 for ascorbic acid and p = 1.1 x 10~ *? for glucose), indi-
cating a highly significant effect (p < 0.05) that underscores the
reliability of the results.

Finally, as shown in Fig. 10, the presence of interferents in
the standard lactate solutions did not compromise the differ-
entiation of concentrations or the level of oxidative electrical
current measured by the biosensor.

3.6 Evaluation of biosensor applied to biological samples

Preliminary tests conducted with plasma samples that con-
tained lactate concentrations previously established by a clin-
ical analyzis laboratory (6.3, 22.5, 36.9, and 67.6 mg dL ') also
demonstrated a linear relationship (R* = 0.98), as illustrated in
Fig. 11. However, a decrease in the resulting oxidation electric
current levels was observed when compared to the results of the
standard solution. Furthermore, the one-way ANOVA test indi-
cated no statistically significant differences in the average
electric currents obtained for each concentration (p = 0.52),
confirming that the results are not statistically significant (p >
0.05). These results may be attributed to the influence of sample
storage time (period between collection and testing), because
the lactate levels can fluctuate or degrade over time. Using fresh
samples would therefore help maintain accurate lactate
measurements, improving the reliability and precision of the
assay results. Currently, obtaining freshly collected samples is
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a limitation of this study, as the samples are only made avail-
able after the clinical laboratory report is released.

3.7 Discussion of results with related works

From a review of printed sensors for enzymatic detection of the
lactate analyte presented in Table 4, it was possible to observe
that the majority previous studies modified the WE, which adds
steps to the production process and increases the cost of the
product when compared to the sensors developed in this
work.>*?13* All the articles used Ag/AgCl in the RE, and this work
presented an alternative material for this electrode. Although
the lactate detection sensitivity is lower when using the gra-
phene carbon WE compared to the Ag/AgCl fabricated in this
work, the SPE-C/G-RE still presents superior sensitivity to others
reported in the literature that included Ag/AgCl in their RE
composition.?®*

Regarding the immobilization method, there is a prevalence
in choosing the Drop Casting technique for enzymatic immo-
bilization, mainly due to its advantages such as simplicity and
low cost, the possibility of modifying irregular surfaces, appli-
cation of multiple layers, scalability, and versatility of materials.
By choosing more complex methods, such as covalent bonding
and phase inversion, additional steps and materials are
required to ensure the stabilization of the bioreceptor. Typi-
cally, when using drop casting, reagents like glutaraldehyde and
chitosan were applied as an immobilizing matrix, but in this
study, Nafion was used because it is a polymeric material with
high protonic conductivity, facilitating ion transfer and
ensuring good interaction between immobilized enzyme and
the electrode. This is crucial for biosensor efficiency, where
electrical communication between the enzyme and the elec-
trode is fundamental. Since this is a cation-exchange polymer, it
exhibits anti-fouling properties that prevent non-specific inter-
actions between the analyte and the bioreceptor, contributing to
the selectivity of the biosensor, thus preventing interference
from substances like ascorbic acid in the reaction.?*

Furthermore, this study was able to explore a wider range of
lactate concentrations in standard solutions than other
studies,?*?***3* demonstrating that this biosensor has the
potential for use in hyperlactatemia scenarios among critically
patients with lactate concentrations exceeding 18 mg dL .
Future studies will evaluate the reason for the reduction in the
measured electrical current using plasma samples, as this work
proved that the biosensor is not impacted by biological inter-
ferents such as glucose and ascorbic acid. One hypothesis is
that the result was compromised because the samples were not
analyzed within the first hours after collection, and this may
have altered the lactate concentration due to the contact of the
analyte with the cells.?”

4 Conclusion

The SPE production process has enabled the development of
a scalable workflow. Electrochemical parameters derived from
cyclic voltammetry characterizations reveal that sensors incor-
porating the Ag/AgCl WE exhibit superior detection capabilities

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for faradaic processes and enhanced repeatability. Neverthe-
less, the enzyme immobilization modifications applied to both
sensors maintain the fundamental baseline characteristics of
the electrodes. The statistical analyzes revealed a significant
difference in the electrical current measured at each concen-
tration across the two printing processes. However, when eval-
uating each concentration across different batches, only the
sensors utilising a carbon/graphene WE demonstrated repeat-
ability in detecting the same range of electrical currents.
Consequently, carbon/graphene is identified as a viable alter-
native material for the WE in sensor design for lactate detection,
highlighting the principal finding of this study.

The SPE-C/G-RE-Nafion-LOx sensors demonstrated selec-
tivity in distinguishing lactate concentrations, even in solutions
containing interferents such as ascorbic acid and glucose,
without changes in the measured current range. However, for
this biosensor to be applied in analyte detection in biological
samples, such as in point-of-care devices, further studies are
needed to assess the stability of the biological sample post-
collection using fingertip blood or sweat.
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