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ABSTRACT: Sweat lactate, a promising biomarker for assessing physical performance and health conditions, calls for noninvasive,
convenient, and affordable detection methods. This study leverages molecularly imprinted polymers (MIPs) as a synthetic
biorecognition element for lactate detection due to their affordability and high stability. Traditional MIPs-based electrochemical
sensors often require external redox probes such as ferricyanide/ferrocyanide in the solution to signal the binding between analytes
and MIPs, which restricts their applicability. To address this, our study introduces an innovative approach utilizing a layer of Prussian
blue (PB) nanoparticles as the internal redox probe on screen-printed carbon electrodes (SPCE), followed by a layer of
electropolymerized MIP (eMIP) for molecular recognition, enabling reagent-free lactate detection. The real-time growth of eMIP
and the processes of template elution and lactate rebinding were examined and validated using electrochemical surface plasmon
resonance (EC-SPR) spectroscopy. The sensor’s performance was thoroughly investigated using Differential Pulsed Voltammetry
(DPV) and Electrochemical Impedance Spectroscopy (EIS) with samples spiked in 0.1 M KCl solution and artificial sweat. The
developed sensors demonstrated a fast and selective response to lactate, detecting concentrations from 1 to 35 mM with a Limit of
Detection (LOD) of 0.20 mM, defined by a signal-to-noise ratio of 3 in the DPV measurements. They also exhibited excellent
reproducibility, reusability, and a shelf life of up to 10 months under ambient conditions. These eMIP/PB/SPCE-based lactate
sensors show considerable potential as point-of-care (POC) devices for sweat lactate detection, and the technology could be adapted
for reagent-free detection of a broad spectrum of molecules.
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1. INTRODUCTION performance, and facilitating medical diagnosis and monitor-
ing.

L The rapid advancement of biosensing, microfluidics, flexible
provides valuable insights into energy metabolism,” making it a : : L .

o ) ) - 4 i electronics, and wireless communications technologies has led
promising candidate for assessing physical performance in to the development of wearable biosensors for sweat
sports, military, and healthcare applications. Its production analysis,é_m including lactate monitoring.“_l3 However,
increases with exercise intensity,”” which can reach up to 25

Sweat lactate, an excellent biomarker of tissue oxygenation,

mM during intense exercise.” A surge in lactate production can Special Issue: Early Career Forum 2024

lead to cell acidosis and a disruption in muscle performance. It
Received: December 27, 2023

Revised:  April 13, 2024

] ) ) Accepted: April 19, 2024
lactate offers a noninvasive and convenient approach for Published: May 1, 2024

can also indicate pressure ischemia and serve as a progression
biomarker for tissue perfusion.” Therefore, detecting sweat

evaluating exercise intensity, optimizing athletic training and
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these lactate sensors predominantly incorporate enzymes such
as lactate oxidase and lactate dehydrogenase,'""* which often
face stability issues due to temperature and pH variations.'® As
an alternative, Molecularly Imprinted Polymers (MIPs) have
emerged as tailored synthetic molecular recognition elements,
offering remarkable cost-effectiveness and superior stability.
MIPs are synthesized through the self-assembly and polymer-
ization of functional monomers around template molecules,
i.e, the analyte. This process results in the formation of
molecular recognition cavities within a polymer matrix once
the template molecules are removed. They have been
integrated with different transducing mechanisms (e.g.,
electrochemical, fluorescent, optical, etc.)'’ ™" for a wide
range of analyte detection, including small molecules, proteins,
and pathogens.”'

In the realm of wearable biosensors, electrochemical sensors
provide remarkable advantages such as low cost, rapid
detection, high selectivity and sensitivity, and ease of
miniaturization.”*” Electropolymerization offers a fast and
facile one-step approach to constructing MIP-based electro-
chemical sensors, which directly deposits a MIP layer onto the
electrode surface,” " significantly simplifying the fabrication
process. However, most MIP-based electrochemical sensors
require external redox couples (e.g., ferricyanide/ferrocyanide)
to signal the binding events between electrochemically inactive
analytes and the MIP. This could disrupt the interaction
between the MIP and analyte molecules and pose challenges
for on-body operation. Therefore, there is a pressing need to
develop reagent-free MIP-based biosensors for simple and
convenient lactate detection and the advancement of wearable
MIP-based biosensors.

Prussian Blue (PB) is one of the most representative
electron-transfer mediators for enzymatic biosensors.”®™>® It
comprises iron atoms in Fe(II) and Fe(IIl) oxidation states,
bridged by cyanide groups in a cubic crystal structure with the
formula Fe,"'[Fe’(CN),];. PB shows excellent redox activity
with electron transfer compensated by the entrapment and
release of cations (i.e., K*),* making it an attractive internal
redox probe for MIP signaling. It has been reported that PB
can be coelectrodeposited with MIP to form a PB-embedded
MIP for self-signaling.’® However, PB electrodeposition
typically requires a highly acidic solution, which is not ideal
for the imprinting processes where functional monomers and
template molecules bind at higher pH. For example, 3-
aminophenylboronic acid (3-APBA) is a functional monomer
that interacts with lactate in neutral or alkaline pH, as shown
below. Such interaction dissociates in an acidic environ-
ment,”"** making PB-MIP codeposition unsuitable for lactate
imprinting.

In this study, we introduce a regent-free, nonenzymatic
lactate sensor, entirely constructed using electrochemical
techniques. The sensor features a layer of electrodeposited
PB as the internal redox probe and a layer of electro-
polymerized MIP (eMIP), employing 3-APBA and pyrrole as
functional monomers for the selective recognition of lactate.
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The sequential layering of PB and eMIP allows for successful
PB deposition in an acidic environment and eMIP polymer-
ization in a neutral environment, facilitating the formation of
the 3-APBA-lactate recognition complex. The eMIP growth,
template removal, and lactate rebinding processes were
investigated and validated in real time using Electrochemical-
Surface Plasmon Resonance (EC-SPR). The performance of
the sensor was evaluated in both spiked 0.1 M KCl solution
and artificial sweat (AS) using Differential Pulse Voltammetry
(DPV) and Electrochemical Impedance Spectroscopy (EIS).
The lactate sensor demonstrated excellent sensitivity and
repeatability throughout repeated testing and maintained a
long shelf life of 10 months. The lactate sensor developed
holds great potential for direct-sweat lactate analysis, and the
design and fabrication process of this sensor could be tailored
to create a broad range of eMIP-based electrochemical sensors
for the detection of various other molecules.

2. MATERIALS AND EXPERIMENTAL DETAILS

2.1. Reagents and Instruments. Iron(III) chloride hexahydrate
(FeCly), potassium hexacyanoferrate(III), potassium
hexacyanoferrate(Il) trihydrate, potassium chloride (KCI), phos-
phate-buffered saline (PBS) tablets (pH 7.4), sodium lactate, uric
acid, acetaminophen, ascorbic acid, urea, glucose, acetic acid, lactic
acid, sulfuric acid, potassium hydroxide (KOH), and 3-amino-
phenylboronic acid (3-APBA) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Hydrogen chloride (HCl) and sulfuric acid
(98%) were purchased from Fisher Chemicals (St. Louis, MO, USA).
Pyrrole (99%) was purchased from Acros Organics (Fair Lawn, NJ,
USA). Screen-Printed Carbon Electrodes (SPCE) featuring a carbon
working electrode (3 mm diameter), a carbon counter electrode, and
a Ag/AgCl reference electrode were purchased from Zensor
(Taiwan). The DI water was produced using the Sartorius arium
mini DI water purification system (Gottingen, Germany). Electro-
chemical measurements were taken using a PalmSens MultiEMStat3
(a 12-channel potentiostat) and PalmSens4 (GA Houten, Nether-
lands). EC-SPR study was performed on gold chips using nanoSPR-
77, purchased from Nano SPR (Chicago, IL, USA). A Hitachi $-4700
Field Emission Scanning Electron Microscope (FE-SEM) was used to
acquire the SEM images.

2.2. Preparation of Screen-Printed Carbon Electrodes. Each
SPCE initially underwent a cleaning and activation process via cyclic
voltammetry (CV) in 80 uL of 0.5 M sulfuric acid, cycling within a
potential range of —1.5 to 1.5 V at a scan rate of 100 mV s~ for 20
cycles. This step acts to remove any potential residue on the SPCE
from the manufacturing process while simultaneously activating the
electrode’s surface. Following this, the electrode was thoroughly
rinsed and allowed to air-dry prior to use.

2.3. Deposition of Prussian Blue on SPCE. Prussian blue
nanoparticles were electrodeposited onto the SPCE surface by using
an 80 uL solution containing 3 mM FeCl;, 3 mM K;Fe™(CN);, 0.1
M KC], and 0.1 M HCL This deposition process was achieved
through cyclic voltammetry within a potential range of —0.2 to 0.6 V
for 20 cycles at a scan rate of 50 mV s™'. Following deposition, the
electrode, denoted as PB/SPCE, was carefully rinsed with water and
then left to dry.

2.4. Synthesis of Lactate eMIP Layer on PB/SPCE. Following
PB deposition, an eMIP layer was fabricated on top of the PB
nanoparticles using electropolymerization with an 80 uL solution
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Figure 1. (A) The schematic of the fabrication process of eMIP/PB/SPCE-based sensor; FE-SEM image of (B) the bare SPCE, (C) PB/SPCE,
and (D) eMIP/PB/SPCE; (E) characteristic CV curves measured in 0.1 M KCl for (a) the bare SPCE, (b) after PB deposition (PB/SPCE), (c)
after eMIP polymerization, (d) after lactate template removal, (e) eMIP/PB/SPCE next day after drying overnight, and (f) after 1 mM lactate
incubation; cyclic voltammograms of (F) PB electrodeposition and (G) electropolymerization of SO mM 3-APBA, 100 mM pyrrole, and 10 mM
lactate on PB/SPCE, and (H) an illustration of lactate detection mechanism showing the partially filled eMIP blocking electron transfer and the

corresponding DPV and EIS responses.

containing pyrrole and 3-APBA in various concentrations and ratios,
along with 10 mM lactate in 0.1 M KCl and 10 mM PBS (pH 7.4).
Electropolymerization was carried out using CV, cycling from —0.2 to
0.9 V at 50 mV s™* for a certain number of cycles. Upon completion
of the electropolymerization, the electrode, denoted as eMIP/PB/
SPCE, was immediately rinsed with water to eliminate any excess
monomer. Subsequently, 160 yL of an 8% acetic acid solution was
added to the electrode for template elution for 2 h. After the template
removal, the electrodes were rinsed thoroughly with water and left to
air-dry overnight.

2.5. Electrochemical Characterization and Performance
Evaluation. The electrochemical characterization of the eMIP/PB/
SPCE-based sensor was conducted in a 0.1 M KClI (pH 6.5) solution,
which simulates the pH of sweat, and sensor performance was
evaluated in both 0.1 M KCl solution and an artificial sweat (AS, pH

6.5) containing 85 mM NaCl, 1S mM KCl and 15 mM urea.® CV
was used to characterize the sensor after each fabrication step. DPV
was performed between —0.4 and 0.4 V to detect lactate under the
following conditions: pulse amplitude: 50 mV; pulse width: 50 ms;
pulse time: 0.05 s; scan rate: 10 mV s™". EIS was measured from 1 Hz
to 100,000 Hz with a direct current (DC) bias of 0.16 V and
alternating current (AC) amplitude of 0.02 V. For the detection
process, a 100 uL volume of a blank solution (0.1 M KCl or AS, pH
6.5) was applied to the sensor and incubated for 10 min to eliminate
potential baseline drift. The initial CV (S cycles) and DPV or EIS
(taken in triplicate) were recorded for the 0 mM concentration. Then,
the sample bubble was spiked with a lactate stock solution (100 mM
lactate in 0.1 M KCl, pH 6.5) to incrementally attain a total
concentration ranging from 1 mM to 35 mM in the sample bubble.
This was achieved by adding appropriate volumes of the stock
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solution to the sample bubble sequentially. After a 10 min incubation
period in each spiked lactate concentration, triplicate DPV or EIS
measurements were recorded. An EIS time scan was also carried out
from 10 to 1000 Hz over a period of 1200 s to investigate the real-
time impedance response to lactate binding. In this process, the
solution bubble was spiked every 4 min with incremental volumes of
lactate stock solution, and EIS was continuously recorded with an
interval of 35 s for each frequency scan.

2.6. EC-SPR Characterization and Validation. For a more
comprehensive understanding of the electropolymerization and
rebinding process, the entire fabrication and detection procedure
was carried out on a gold chip by using a surface plasmon resonance
(SPR) spectrometer in conjunction with an electrochemical flow cell
and a potentiostat. The experimental setup is discussed in more detail
in section 3.4.

3. RESULTS AND DISCUSSION

3.1. Morphological and Electrochemical Character-
ization of eMIP/PB/SPCE. The fabrication process and
detection mechanism of eMIP/PB/SPCE are depicted in
Figure 1A and 1H, and the surface morphologies and
electrochemical characteristics of the electrode after each
fabrication step are presented in Figure 1B—G. The cleaned
bare SPCE shows a rough surface (Figure 1B) and no redox
activity in 0.1 M KClI (Figure 1E, curve a). PB nanoparticles
were first electrodeposited on the SPCE working electrode
using CV. This process involves the reduction of Fe"'(CN)¢*~
to Fe''(CN)4*", resulting in the formation of Fe,""[Fe" (CN),];
with Fe** in the solution.”® The cyclic voltammograms
recorded during the electrodeposition of PB (Figure 1F)
exhibit a pair of cathodic and anodic peaks, initially located at
0.07 and 0.12 V, respectively, and gradually shifted to 0.06 and
0.16 V by the 20th cycle. The peak current gradually increased
after each potential sweep cycle, indicating the steady
formation of PB. The deposited PB nanoparticles covered
the electrode surface, increasing the surface area of the working
electrode (Figure 1C) and introducing notably high redox
activity to the electrode in 0.1 M KCl (Figure 1E, curve b).

Following PB deposition, the electropolymerization of
pyrrole and 3-APBA was conducted in the presence of lactate
to create a polymer film with embedded lactate molecules. As
shown in Figure 1G, the initial cycles (1st and 2nd) of
electropolymerization reveal a redox couple around 0.2 and
—0.15 V, which corresponds to the oxidation/reduction of the
PB layer. A distinctive high current peak around 0.7 V and a
pronounced tail at 0.9 V were observed, showing the
characteristics of 3-APBA and pyrrole electropolymerization,
respectively. An in-depth discussion of the characteristics of
electropolymerization can be found in the Supporting
Information (Supplemental Notes 1). As the polymerization
progresses, the PB layer is covered by the polymer film, leading
to diminished peaks of PB oxidation/reduction due to the
insulating nature of the polymer film. The overall current
decreases as the number of polymerization cycles increases.
The SEM image of the electrode after eMIP deposition,
presented in Figure 1D, exhibits cauliflower-like features of the
polymer, which encapsulates PB nanoparticles on the PB/
SPCE electrode surface. After electropolymerization, the redox
activity of the electrode was greatly suppressed, as demon-
strated in Figure 1E, curve ¢, which is attributable to the
electron transfer and K' exchange being blocked by the
polymer layer. After template elution in 8% acetic acid, lactate
molecules are extracted from the polymer matrix, forming
lactate cavities and leading to an increased redox activity, as

shown in Figure 1E, curve d. This can be ascribed to the
partially restored electron transfer ability and K" pathway with
the created cavities.

Upon completion of the fabrication process, the eMIP/PB/
SPCE-based sensor was left to dry overnight, during which a
decrease in the redox current was observed (Figure 1E, curve
e). When adding 1 mM lactate to the sensor, a slight decrease
in PB oxidation/reduction peaks was observed (Figure 1E,
curve f), indicating the rebinding of lactate molecules to the
polymer matrix and the subsequent hindrance of the
electrochemical activity, as depicted in Figure 1H. Given the
relatively low sensitivity of CV, which carries background
charging current, DPV and EIS are employed for lactate
detection.”

3.2. PB Optimization and Stability. The number of PB
nanoparticles is essential for achieving optimal sensor
sensitivity. It should be sufficient to provide adequate redox
current as an internal signal probe but not in excess to hinder
complete encapsulation by an eMIP layer. Multiple rounds of
PB deposition (20 CV cycles for each round) were conducted,
each followed by eMIP layer electropolymerization, and the
resulting sensing performance was evaluated. As shown in
Figure S1A, the redox current during PB deposition by CV
progressively increases within the same round and leaps to a
higher level in the subsequent round with a fresh deposition
solution when more reactants are introduced. As a result, the
increased PB layer thickness enhances the redox signal.
However, an optimized eMIP layer atop three rounds of PB
deposition presents a high redox signal but low responses to
lactate (Figure S1B). This can be attributed to the incomplete
coverage of the thick PB layer by the eMIP layer, leading to
unobstructed electron and K' pathways that remain
unresponsive to changes in the lactate concentration. There-
fore, the PB deposition was limited to a single round of 20 CV
cycles, which provides a balance between signal intensity and
response to lactate. The stability of the deposited PB
nanoparticles (one round) was confirmed by cycling the PB/
SPCE electrode in 0.1 M KCI solution for 100 cycles,
demonstrating excellent signal stability (Figure S2A). As K*
plays an important role in the PB signal, the impact of the K*
concentration in the electrolyte was investigated by performing
CVs on PB/SPCE in 0.1 M KCI and 2 KCIl. As shown in
Figure S2B, increasing the KCI concentration in the electrolyte
shifts the redox potentials of PB but does not modulate the
oxidation peak current. This suggests that changes in K*
concentration in the electrolyte are unlikely to affect the
sensor response, which is based on the oxidation peak current.
While the absence of K' could potentially impact sensor
sensitivity, this is unlikely to occur given that sweat always
contains K'.

3.3. Optimization of eMIP Electropolymerization.
Electropolymerization parameters determine eMIPs’ perform-
ance. In this study, two key factors were optimized: polymer
concentration and the number of polymerization cycles. These
parameters, identified previously by our research group during
the development of cortisol-eMIP sensors, have a significant
impact on eMIP performance.”> Given the extensive design
space, optimization of fabrication parameters was carried out
through iterative random sampling using the univariate method
in the following sequence: number of polymerization cycles
and monomer ratios followed by cross-validation of the
number of polymer cycles with the optimal monomer ratio.
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Figure 2. eMIP Optimization. Normalized DPV responses of sensors fabricated with (A) polymerization cycles of 5, 7, 10, and 20 in a solution of
50 mM:50 mM pyrrole and 3-APBA, (B) polymerization cycles of 10 in a solution containing monomer concentrations of 30:30, 25:50, 50:50,
100:50, and 150:50 mM (pyrrole: 3-APBA), (C) polymerization cycles of 10 and 20 in a solution of 100 mM pyrrole and 50 mM 3-APBA, and (D)
normalized DPV responses of the optimized sensor over time while incubating in S and 15 mM lactate solution. Error bars are expressed as sample

standard deviations (n = 4).

The number of polymerization cycles was first examined by
using a polymerization solution of 50 mM 3-APBA and 50 mM
pyrrole (a 1:1 ratio, totaling 100 mM monomers). The sensing
performance of the eMIP/PB/SPCE made with polymer-
ization cycles of S, 7, 10, and 20 cycles was assessed. As shown
in Figure 2A, sensors fabricated with ten polymerization cycles
outperformed those made with other cycle numbers when
evaluating the normalized current response. It is defined as the
difference between the DPV peak currents in the blank (0
mM) and 15 mM lactate solution, normalized to the DPV peak
current of the sensor in the blank solution (as per eq 1).

Ylank — 15mM

response = -
Thlank (1)

Normalizing the response is crucial for evaluating sensors
fabricated with different parameters and accounting for sensor
baseline variability. Repeating sensor recipes across various
electrodes often shows slightly different blank peak currents
due to inherent variability among these commercially
purchased electrodes.

Upon identifying the preliminary optimal number of
polymerization cycles, different monomer concentrations/
ratios were tested, keeping the polymerization cycle number
constant at 10. Sensors fabricated with various monomer
concentrations/rations were examined, including 30:10, 25:50,
50:50, 100:50, and 150:50 (pyrrole:3-APBA, in mM). It is
important to note that the maximum achievable concentration
of 3-APBA is 50 mM. Beyond that, 3-APBA would not fully
dissolve in the PBS KCl solution, resulting in an unknown
saturation concentration of dissolved 3-APBA and excess 3-
APBA particulates in the solution. This experiment revealed
that the highest normalized response was achieved with a

66925

concentration of 100 mM pyrrole and 50 mM 3-APBA, as
shown in Figure 2B. Since the sensor fabricated with 20
polymerization cycles showed a very close response to those
fabricated with 10 cycles when testing the original monomer
concentrations (Figure 2A), the newly optimized recipe was
cross-referenced with 20 polymerization cycles to confirm the
local optimum. As depicted in Figure 2C, the sensor with 20
polymerization cycles of 100 mM pyrrole and 50 mM 3-APBA
showed a significantly reduced sensitivity, possibly due to the
increased thickness of the polymer on the electrode surface.*®
A thick polymer layer can cause lactate molecules to become
deeply embedded within the eMIP matrix, making them
difficult to remove during template elution. It can also decrease
PB activity due to the insulating nature of the polymer layer
and blocked ion transfer. The same phenomenon was also
observed in sensors fabricated with higher monomer
concentrations.

On the contrary, when the number of polymerization cycles
and monomer concentrations are too low, a decline in
electrode sensitivity is observed. A thin eMIP layer often
lacks a sufficient number of cavities, leading to inadequate
molecular recognition.

The response kinetics of the optimized eMIP/PB/SPCE was
assessed, as displayed in Figure 2D. This was achieved by
measuring the DPV responses over a period of 20 min at an
interval of 2.5 min while the sensor was incubated with S and
15 mM lactate. The sensor reached a plateau after 3 min of
incubation with 5§ mM lactate and after 10 min of incubation
with 15 mM lactate. The increased response time observed
with increasing lactate concentration highlights the necessity of
allowing for interaction time to facilitate the diffusion and
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binding of the analyte to eMIP. Therefore, an incubation time
of 10 min was chosen for all tests.

3.4. Electrochemical-Surface Plasmon Resonance
(EC-SPR) Study. To gain a comprehensive understanding of
the electropolymerization process and validate the template
removal and rebinding between lactate molecules and eMIP,
EC-SPR analysis was performed. The SPR response was
recorded while electropolymerization took place on a gold
chip, which was conducted in a static cell containing the
polymerization solution with the optimized recipe. As
illustrated in Figure 3A, a gold chip, serving as the working
electrode, was positioned on a glass prism, and covered with an
electrochemical flow cell. The cell contained a platinum wire
and a silver wire, functioning as the counter and pseudorefer-
ence electrode, respectively. A gold wire, affixed to the gold
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chip surface, extends outside of the flow cell for a potentiostat
connection. The flow cell was equipped with an inlet and an
outlet for introducing various solutions with a peristaltic pump
to control the flow. This setup enabled simultaneous SPR
measurement while performing electrochemical experiments
such as electropolymerization. As shown in Figure 3B, the first
cycle of electropolymerization resulted in the most substantial
deposition on the surface, as indicated by the remarkable
increase in resonance. Throughout the polymerization process,
each cycle contributed to an incremental resonance rise,
resembling a staircase. Most of this growth occurs in the
voltage range between 0.4 and 0.9 V. Resonance drop was
observed during the cathodic sweep toward —0.2 V in each
cycle, possibly attributable to the repulsion of negatively
charged ions. The net resonance increases after each CV cycle
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Table 1. Lactate Sensors with Biological Applications”

Forum Article

Matrix Concentration
Tested Sensing Mechanism Range LOD
Breath LOx 50—-250 uM 465 nM
Sweat LOx/PB mediated 1§ yM—30 mM 32.6 uM
Sweat LOx 1-50 mM
Sweat LOx/TMB 1 mM—-30 mM 0.06 mM
Sweat and LOx/PB mediated 1 mM—-20 mM 0.12 mM
Blood
Blood LOx 1—-40 mg/dL 0.053 mg/dL
PBS MIP 0.1-1.7 mM 0.162 mM
Sweat LOx 1 mM—-24 mM
Artificial MIP 1 mM—-20 mM
Sweat
Sweat MIP/AgNW/Redox 1 yM—100 mM 0.22 uM
Sweat MIP(PANI-co-3- 4.5 mM—-56 mM 2.2 mM
APBA)/AuNP
Sweat TTE/LOx 1 mM—-20 mM
Artificial eMIP/PB/SPCE 1 mM-35 mM 0.20 mM
Sweat

7 months in dark at room temp
14 days at 4 °C

S months at 4 °C

10 months at room temp

Shelf Stability Detection Method Ref.
2 days at room temp, 1 week at 4 °C, 6 Electrochemical; 41
weeks at —20 °C Amperometric
Electrochemical 26
Electrochemical; 42
Amperometric
Colorimetric 43
30 days at 4 °C Electrochemical 11
3 days Optical 15
2 weeks at 4 °C UV-—vis 44
Electrochemical; 28

Amperometric
Electrochemical; DPV 45

Electrochemical; DPV 12
Electrochemical; DPV 46

Electrochemical; 3
Amperometric

Electrochemical; DPV ~ This
work

“AgNW: Silver nanowires. AuNP: Gold nanoparticles. LOx: Lactate oxidase. PANI: Polyaniline. TTF: Tetrathiafulvalene. TMB: 3,3',5,5'-

tetramethylbenzidine.

and gradually decreases as polymerization proceeds, which can
be ascribed to the self-limiting electropolymerization due to
the increased insulation of the growing film and possible
depletion of monomers within the system.

Following the electropolymerization of the eMIP on the Au
slide, the template removal step of incubation in 8% acetic acid
for 2 h was performed with the flow cell at a constant flow rate
of 40 L min~". The introduction of 8% acetic acid changes the
reflective index, leading to an upshift of the baseline. As shown
in Figure 3C, the resonance gradually decreased in 8% acetic
acid, indicating the removal of lactate and any excess
monomers. After 2 h of elution, 0.1 M KCI solution was
introduced to the flow cell to obtain a stable baseline.
Subsequently, 1 mM lactate in 0.1 M KCI was flowed into the
cell, leading to an initial rapid increase in resonance that
gradually slowed down, signifying typical MIP absorption
kinetics.”” After introducing 10 mM lactate in 0.1 M KCI to
the cell, a much higher increase in resonance was observed,
showcasing the increased binding between lactate and eMIP/
Au.

3.5. Detection of Lactate. Lactate detection was first
carried out in 0.1 M KCl (pH 6.5) solution using DPV. The
detection performance of the optimized eMIP/PB/SPCE is
illustrated in Figure 4. With increasing lactate concentration,
the DPV peak currents decrease, as shown in Figure 4A. This is
attributed to the binding of lactate to the eMIP layer, which
impedes the transfer of K' through the eMIP and the
associated electron transfer of PB (Figure 1H). The PB/
SPCE was also tested for lactate detection and was found to be
nonresponsive, as shown in Figure SS5.

The calibration curve is shown in Figure 4B. The reduction
in the DPV peak current with increasing lactate concentrations
can be accurately described using the Langmuir—Freundlich
(L-FI) absorption isotherm model. Ghadeer et al. provided
insights into the characterization of different absorption
models for MIP films used in molecular detection.”® It was
noted that the L-FI model is suitable for systems featuring both
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heterogeneous and homogeneous binding sites at low, high,
and saturation concentrations.”® The Langmuir isotherm (L)
typically models homogeneous systems, while the Freundlich
isotherm (FI) addresses heterogeneous systems. The hybrid L-
FI model successfully captures both types of systems,”” and it
can be expressed using eq 2.

_ _NaC”
1+ aC” )

where B is the concentration of bound analyte, C, is the free
analyte concentration, m is the heterogeneity index, N, is the
total number of binding sites, and a is related to the affinity

constant, K, = a'/™ The calibration had a high correlation
factor (R?) of 0.997. The limit of detection (LOD) and limit of
quantification (LOQ) were 0.20 mM and 0.68 mM, calculated
as the lactate concentration corresponding to a signal-to-noise
ratio of 3 and 10 for the DPV measurements, respectively.

3.6. Detection of Lactate in Artificial Sweat. Lactate
detection was also performed in artificial sweat (pH 6.5), as
shown in Figure 4D, with the corresponding calibration curve
presented in Figure 4E. The responses in the artificial sweat
were slightly suppressed compared to the 0.1 M KClI solution
(pH 6.5). The LOD and LOQ were determined to be 0.62 and
2.61 mM, respectively, which are slightly higher than those
obtained in the KCI solution testing. In the literature, the
relevant range of lactate detection is up to 25 or 30 mM for
sporting applications.”” Our developed here successfully covers
this range in artificial sweat.

3.7. Selectivity of eMIP/PB/SPCE Sensor. One of the
key advantages of MIP-based electrochemical sensors is their
selective recognition, achieved through the formation of
analyte cavities during the imprinting process. The selectivity
of the eMIP/PB/SPCE-based sensors was evaluated by
assessing their responses to various potential interferants,
including S mM urea, 50 yM glucose, 50 M acetaminophen,
S0 uM ascorbic acid, and 50 yM uric acid. No significant
distinction was observed in the DPV responses of the blank
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Figure 5. EIS Detection. (A) EIS Nyquist plot (insert: enlarged plot at the high-frequency range) and (B) Bode plot (insert: equivalent circuit),
(A) phase and (M) impedance of blank 0.1 M KC], 1 mM, S mM, 10 mM, 15 mM, 20 mM, and 25 mM lactate. (C) Continuous EIS scan over
time from 10 to 1000 Hz with 3S s intervals for blank 0.1 M KCl, 1 mM, S mM, 15 mM, and 25 mM lactate. (D) Imaginary impedance change
versus time at frequencies between 10 and 1000 Hz. (E) Calibration curve of imaginary impedance change measured at 25 Hz, and (F) EIS of
blank 0.1 M KCI solution with sequential additions of S mM glucose, 50 M acetaminophen, 50 uM ascorbic acid, and 50 M uric acid, and 1 mM

lactate. Error bars are expressed as sample standard deviation (n = 3).

solution and after incubating with interferents for 10 min, as
shown in Figure 4C.

Following incubation with the interferents, lactate incuba-
tion was conducted at concentrations of 2 and 15 mM. The
responses align with the detection performed in 0.1 M KCI
solution, indicating that the sensors remain sensitive to lactate
even when coincubated with the interfering molecules. Thus,
the sensor demonstrated excellent selectivity against all tested
interferents and maintained its sensitivity to lactate.

3.8. Stability and Regeneration of the eMIP/PB/SPCE
Sensor. The sensors also exhibit excellent shelf life and
response stability, as illustrated in Figure 4F (Figure S6
presents the raw data and normalized responses after each
regeneration). Three electrodes were continuously regenerated
using 8% acetic acid over five repetitions. After each
regeneration, the DPV peak current in the blank 0.1 M KCl
was recorded and normalized against the original peak current
and calculated using eq 3.

. lregeneration, OmM
baseline = ————

ioriginal,OmM (3)

The regenerated baseline exhibits a gradual downward drift
over time, with approximately a 20% reduction after §
repetitions. However, when assessing the sensor’s performance
using normalized response calculated with eq 1, the sensor
response remains relatively consistent across the S trials. This
indicates the sensors’ ability to be reused for lactate detection
using normalized responses without the need for recalibration.
While there may ultimately be a limit to the reusability of the
electrodes due to the drifting signals, these results demonstrate
significant promise for the development of reusable sensors for
lactate detection.

Furthermore, the tested sensors exhibited shelf stability and
continued to provide responses even after being stored for 10
months under ambient conditions, as evidenced by the sensing
data shown in Figure S7, tested in 0.1 M KCI. The sensors
developed herein exhibited a stability far greater than other
enzymatic lactate sensors from the literature, as shown in Table
1. When compared to other MIP-based lactate sensors, the
eMIP/PB/SPCE sensor developed in this study offers a
comparable LOD and covers the full application range of
lactate concentrations, all successfully through a reagent-free
detection process.

3.9. Electrochemical Impedance Spectroscopy Study.
The performance of the optimized sensors was also evaluated
by using electrochemical impedance spectroscopy (EIS). The
impedance spectra of the sensor were initially measured after
10 min of incubation in 0.1 M KCl (pH 6.5) and various
lactate concentrations. Nyquist plots, which plot the real
impedance (Z’') against the imaginary impedance (Z”), are
presented in Figure SA. As lactate concentrations increase, the
diameter of the semicircle in the EIS curves also increases,
indicating increased electron transfer resistance. The proposed
equivalent circuit model, shown in the inset of Figure SB,
provides a good fitting over the tested frequency range. This
equivalent circuit is a modified version of the Randles circuit,
comprising the electrolyte solution resistance (R;), a constant
phase element (CPE,) representing the capacitance of the
electric double layer formed at the interface of the eMIP/PB/
SPCE biosensor and the electrolyte solution, and a parallel
charge transfer resistance R, Notably, the Nyquist plots
exhibit a straight line at low frequencies, which is not 45 deg.
This may be attributed to the influence of the electrode
inhomogeneity. Therefore, a constant phase element (CPE,)
was included in series with R, instead of a traditional Warburg
element for semi-infinite diffusion. A similar response was
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observed with a PB enzymatic sensor designed for the
detection of urea.*’

The same data set can also be presented in the Bode
diagram, enabling the visualization of phase (A) and
impedance (Jll) changes over the frequency range. As shown
in Figure SB, with increasing lactate concentration, phase and
impedance values showed the most significant changes in the
frequency range of 10 to 1000 Hz. To probe the binding
kinetics, this frequency range was used in a semi-real-time
detection study, where impedance spectra were continuously
measured from 10 to 1000 Hz at a 35 s interval, as depicted in
Figure SC. While the impedance spectra were recorded
continuously, the detection solution was spiked with an
increased concentration of lactate at a 4 min interval. The
diameter of the impedance spectra immediately increased after
each lactate concentration change and gradually reached an
equilibrium. This continuous monitoring allowed for the real-
time visualization of the sensor’s response and stabilization at
different lactate concentrations.

When extracting data from the initial test in Figure 5C, the
response of different impedance parameters (i.e., Z, Z’, Z”, and
phase) at each tested frequency can be graphed over time. The
imaginary impedance, Z”, provides the highest response to
lactate concentration change at a fixed frequency compared to
other parameters. As shown in Figure SD, Z” at some
frequencies exhibited higher responses than others, with 25 Hz
displaying the most sensitive response to changes in lactate
concentration. Each concentration reached an equilibrium
state within 4 min, demonstrating a rapid response time and
the feasibility of real-time sweat detection. The stabilized
response of Z” at the 25 Hz frequency is graphed in response
to the changes in lactate concentration, conforming to the
Langmuir—Freundlich absorption model, Figure SE. The
sensors were also tested with interfering analytes using EIS
measurements (Figure SF). The sensor EIS measurements,
much like their DPV measurements, show no responses to 5
mM Urea, 50 uM glucose, 50 M acetaminophen, 50 M
ascorbic acid, and 50 M uric acid and are still responsive to 1
mM lactate in a cointerferent solution.

4. CONCLUSION

In summary, this work has successfully demonstrated the
development and optimization of an eMIP-based electro-
chemical sensor, utilizing PB nanoparticles as the internal
signal probe, for reagent-free lactate detection. The processes
of electropolymerization, template elution, and analyte
rebinding were investigated and validated using EC-SPR,
providing valuable insights into the polymer growth rate and
lactate binding kinetics. The performance of eMIP/PB/SPCE-
based sensors was thoroughly evaluated using DPV and EIS,
demonstrating excellent sensitivity and selectivity toward
lactate against potential interferents in a mixed environment.
Notably, the sensors exhibited superior stability and a shelf life
of up to 10 months under ambient conditions, outperforming
traditional lactate sensors constructed with lactate oxidase and
MIPs, as reported in the existing literature. Moreover, with
data normalization, these sensors also displayed excellent
reproducibility across devices and could be regenerated for use
without the need for recalibration. Nevertheless, the current
regeneration method is not feasible for an on-body operation.
New regeneration methods and further optimizations are
needed to progress toward a continuous monitoring system for
sweat lactate detection. This approach holds the potential for

broader applications, which can be expanded for the
development of reagent-free eMIP-based electrochemical
sensors for other electro-inactive analytes.
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