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One-step electrochemical aptasensor for lactate
detection in athlete training using AuPt NPs and
PEI-rGO composite with Na*-dependent DNAzyme

Xu Han,? Haozhen Li{*® and Ling Niu*®

This study introduces a novel electrochemical aptasensor designed for the sensitive detection of lactate in
athlete sweat. The sensor is based on a PEI-rGO-modified SPCE coupled with AuPt NPs, and utilizes Na*-
assisted DNAzyme for signal amplification. The PEI-rGO modification enhances the aptasensor's
conductivity, while the AuPt NPs efficiently load MB and LDNA, generating stable electrochemical
signals. Furthermore, the Na*-dependent DNAzyme leverages the Na* naturally present in sweat to
activate the cleavage process, amplifying the detection signal. The sensor exhibits a strong linear
relationship between current response and lactate concentration in the range of 5 x 1073 to 10 mM,
with a limit of detection (LOD) of 2.974 uM. It demonstrates excellent specificity, stability, and
repeatability. The optimized aptasensor offers significant potential for real-time, non-invasive lactate
monitoring, particularly in athletic performance and health assessment. This work provides a promising
approach for the development of reliable, portable biosensors for tracking lactate metabolism, with

rsc.li/rsc-advances

1 Introduction

Lactate is a glycolytic metabolic product produced during
physiological muscle activity in low-oxygen environments and
serves as an important biomarker reflecting metabolic status.
In particular, during exercise, lactate metabolism can effectively
reflect an athlete's training performance, helping to optimize
subsequent training strategies.> However, invasive methods for
directly measuring lactate levels in muscles have high require-
ments, which not only make it difficult to assess an athlete's
physical condition in real-time but also carry the risk of infec-
tion.> Human sweat contains abundant metabolic substances,
including lactate, and its concentration changes according to
the body's exercise state.* Under resting conditions, the lactate
concentration in human sweat is around 0.5-1 mM, whereas
during intense exercise, it can rise to 5-20 mM.* While the
human body can metabolize lactate into pyruvate through the
liver under healthy conditions,® excessive lactate accumulation
or sustained concentrations at moderate to high levels (=5 mM)
can lead to issues such as tissue perfusion deficits, lactate
acidosis, and other symptoms. Excessive lactate in the body can
also cause health problems like hemorrhage, respiratory failure,
ischemia, and kidney issues.” Therefore, it is crucial to be able
to quickly, reliably, and non-invasively monitor lactate metab-
olism in athletes during training.
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implications for sports science and health management.

Considering the need for accurate detection of trace lactate
in sweat, methods such as high-performance liquid chroma-
tography (HPLC) and gas chromatography-mass spectrometry
(GC-MS) can indeed provide precise and reliable data.®*®
However, these techniques require expensive and bulky
instruments, complex operating procedures, and skilled
personnel. Therefore, they are not suitable for quickly and
conveniently obtaining real-time data during an athlete's
training. Immunochromatography and colorimetric methods
are often considered attractive alternatives due to their low cost,
portability, and fast processing time, which have garnered
attention from professionals in relevant fields.'®'* However,
these methods have lower sensitivity and insufficient specificity,
making them inadequate for reliable detection. In contrast,
electrochemical detection technology is known for its fast
response, strong specificity, miniaturized equipment, and flex-
ible operation in the sensing field. Therefore, combining this
novel detection technology offers a feasible approach for rapidly
and reliably measuring lactate levels in athletes.

So far, various electrochemical strategies have been devel-
oped for detecting lactate in sweat. Many of these approaches
rely on enzyme recognition and catalysis, such as lactate oxidase
(LOx) and lactate dehydrogenase (LDH).*»** Undoubtedly, the
high catalytic efficiency and fast response of enzymes are
promising. However, enzymes are highly sensitive to environ-
mental pH and temperature, which presents potential chal-
lenges in practical detection processes. Additionally, these
enzymes are often sourced from different types of bacteria,
meaning there may be slight variations in enzyme activity and
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optimal conditions, which could affect the stability of the
detection sensor.”® Therefore, employing nucleic acids to
construct sensing platforms offers a promising strategy.
Although nucleic acid probes may be less robust under extreme
conditions—such as high temperatures, or strong ionic envi-
ronments—they also possess unique advantages compared to
protein-based enzymes in many biosensing applications.
Specifically, nucleic acids offer greater programmability and
chemical modifiability, enabling more precise control over
signal transduction. Moreover, nucleic acids are free from
batch-to-batch variability, which contributes to higher detection
accuracy and reproducibility.*® Taken together, while the limi-
tations of nucleic acids should not be overlooked, their advan-
tages render them highly attractive components in the
development of flexible and reliable biosensing strategies.'®
DNA-based dynamic circuits can be designed to convert target
molecular information into a nucleic acid response signal upon
input.”” It is important to note that aptamers (Apt) play a key
role as the signal conversion elements in DNA dynamic circuits.
Aptamers, which are short single-stranded DNA or RNA oligo-
nucleotides, can specifically bind to target molecules through
their conformational properties and are generated through the
in vitro selection process of exponential enrichment ligand
systems (SELEX)." Thus, in the construction of detection
sensors, aptamers can effectively perform the task of specific
recognition of target molecules.

Moreover, introducing DNAzymes into DNA dynamic circuits
can enhance the sensitivity of the sensor.” Unlike natural
proteases, DNAzymes are metal ion-dependent artificial
enzymes, possessing excellent stability and tunable enzymatic
activity. This means the cleavage ability of DNAzymes is
controllable. The conditions determining the cleavage ability of
DNAzymes include the presence of metal ions that activate their
enzymatic activity and DNA substrates modified with RNA base
sites. Multiple metal ions can activate responsive DNAzymes,
such as Pb**2° Cu®*,>* Mg**,2 and Na".*® Considering that Na* is
a metal ion abundantly present in sweat, utilizing Na'-
dependent DNAzymes to construct DNA network circuits for
signal amplification is a highly effective approach. By utilizing
the Na' naturally present in sweat to activate DNAzyme, the
construction cost can be reduced, and it can also serve as an
initial safeguard to ensure the detection sensor operates in the
environment where sweat is produced on the skin.

In this work, we developed a DNA dynamic circuit based on
lactate-specific aptamers (Apt) and Na'-driven DNAzyme,
coupled with AuPt nanoparticles loaded with methylene blue
(MB) as a signal tag, to enable rapid and sensitive detection of
lactate levels in sweat during athlete training. Specifically, Na'-
driven DNAzyme sequences and the well-prepared MB@AuPt
NPs signal tags were functionalized onto the surface of flexible
screen-printed carbon electrodes (SPCE) using nucleic acid
sequences, creating a portable biosensing electrode. When
sweat is secreted onto the skin surface, it connects the biosen-
sor's detection region. Lactate and Na* sequentially activate the
designed DNA dynamic circuit, leading to the DNAzyme-
mediated cleavage of the signal tag, which in turn releases the
signal and ultimately results in a decreased electrochemical
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response. This nucleic acid-based strategy, relying on electro-
chemical signal output, offers a convenient and effective
approach for wearable electrochemical biosensors and provides
a competitive concept for lactate detection.

2 Experimental section
2.1 Chemicals and apparatus

Reduced graphene oxide [(rGO), Shanghai Macklin Biochemical
Company, 99.9%], sodium chloride (NaCl, Shanghai Aladdin
Reagent Company, 99.5%), lactate (LA, Shanghai Macklin
Biochemical Company, 99.9%), glucose (Shanghai Aladdin
Reagent Company, 98.0%), urea (Shanghai Aladdin Reagent
Company, 99.0%), acetic acid (Shanghai Aladdin Reagent
Company, 99.8%), 6-mercapto-1-hexanol (MCH, Shanghai Yuan
Ye Bio-Technology Co., Ltd, Shanghai, China), chloroplatinic
acid (H,PtCls, Shanghai Yuan Ye Bio-Technology Co., Ltd,
Shanghai, China), methylene blue (MB, Shanghai Yuan Ye Bio-
Technology Co., Ltd, Shanghai, China), chloroauric acid
(HAuCly,, Sangon Biotech Co., Ltd, Shanghai, China), r-ascorbic
acid (AA, Xilong Chemical Co., Ltd, Guangdong, China), poly-
ethyleneimine (PEI, Xilong Chemical Co., Ltd, Guangdong,
China), diethylene glycol (DEG, Shanghai Yuan Ye Bio-
Technology Co., Ltd, Shanghai, China). All oligonucleotide
sequences employed in this study were synthesized by Sangon
Biotech (Shanghai, China), artificial sweat (YuanYe Bio-
Technology Co., Ltd, China). The detailed sequences are
provided below:

Apt: 5'- CTC TCG ACG ACG AGT AGC GCG TAT GAA TGC TTT
TCT ATG GAG TCG TC - 3';

Label-DNA (LDNA): 5-NH,-TTT TTT TTT TCG ATC TCC
TAT/rA/GGA AGT TCC GCC - 3/;

DNAzyme: 5'- COOH-TTT TTT TTT TTT TTT TTT TTT TTT
TTT GA CGA CTC CAT AGA GAC TGA TGT TGA GGC GGA ACC
AGG TCA AAG GTG GGT GAG GGG ACG CCA AGA GTC CCC
GCG GTT AGG AGA TCG GCT ACT CGT CGT GAG - 3.

Electrochemical measurements were performed using
a CHI660E electrochemical workstation (Shanghai Chenhua
Instrument, China) equipped with a standard three-electrode
system. Material characterization was performed using
a variety of instruments, including a transmission electron
microscope (TEM, HT7700, Hitachi, Japan), scanning electron
microscope (SEM, Quanta Feg 250, Japan), Fourier transform
infrared spectrometer (FTIR, Nicolet 6700, Bruker, Germany).

2.2 Synthesis of PEI-rGO

To prepare PEI-rGO, 0.5 grams of polyethyleneimine (PEI) were
completely dissolved in 50 milliliters of deionized water. Then,
100 milligrams of rGO powder was added and dispersed under
ultrasonic treatment. The resulting PEI-rGO solution was
refluxed at 100 °C for 12 hours under nitrogen protection. After
the reaction, the black solid was separated by centrifugation
and washed five times with deionized water to remove excess
PEIL. Finally, the obtained PEI-rGO product was dried in
a vacuum oven at 80 °C for 12 hours until fully dry.
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2.3 Synthesis of AuPt NPs

The synthesis of Au nanoparticles (Au NPs) was carried out
using a modified polyol reduction method, as described in the
literature.? Initially, 0.18 g of PVP K30 and 0.073 g of CTAB were
added to 20 mL of DEG solution, which was stirred for 30 min
until dissolved. The solution was then heated in an oil bath at
195 °C for 10 min, resulting in solution A. Next, 0.032 g of CTAB
and 200 uL of a 0.1 M HAuCl,-3H,0 aqueous solution were
mixed with 2 mL of DEG solution. After 5 min of magnetic
stirring to ensure uniform mixing, solution B was obtained.
Solution B was added to solution A, and the mixture was reacted
at 210 °C for 40 minutes. After the reaction, the product was
separated by centrifugation, washed with water, and finally
dispersed in 1 mL of ultrapure water.

The synthesis method for AuPt NPs followed a similar
procedure as for Au NPs. First, 0.18 g of PVP K30 and 0.073 g of
CTAB were dissolved in 20 mL of DEG solution and stirred for
30 min. The solution was then heated at 195 °C in an oil bath for
10 min to obtain solution A. Next, 70 uL of a 0.1 g mL™"
HAuCl,-3H,0 aqueous solution and 200 pL of a 0.1 M H,-
PtCls- 6H,0 aqueous solution were mixed, and this mixture was
added to 2 mL of DEG solution containing 0.032 g of CTAB.
After 5 min of stirring, solution B was obtained. Finally, solution
A and solution B were mixed and reacted at 210 °C for 40
minutes. After the reaction, the product was separated by
centrifugation, washed, and dispersed in 1 mL of ultrapure
water.

2.4 Synthesis of the AuPt NPs/LDNA/MB hybrids probe

First, 100 uL of AuPt NPs and 100 pL of LDNA (5 uM) were
incubated at 37 °C for 12 hours in a shaking incubator to obtain
AuPt NPs/LDNA. Unbound LDNA was removed by centrifuga-
tion. The resulting product (AuPt NPs/LDNA) was then
dispersed in 200 pL of methylene blue (MB) solution and
incubated at 37 °C for 12 hours in a shaking incubator.
Unbound MB was removed by centrifugation. Finally, 2 pL of
1% BSA was added, and the mixture was shaken to obtain AuPt
NPs/LDNA/MB. The final product (AuPt NPs/LDNA/MB) was
dispersed in 400 pL of Tris-HCI buffer (pH 7.4) and stored for
subsequent use.

2.5 Synthesis of the Apt/DNAzyme duplex

To prepare the Apt/DNAzyme duplex, 50 pL of DNAzyme (4 pM)
and 50 pL of Apt (4 uM) were mixed and heated at 95 °C for 5
minutes. The mixture was then slowly cooled to room temper-
ature to obtain the Apt/DNAzyme duplex.

2.6 Fabrication of the sensing electrode

Before use, the SPCE should be pretreated following these steps.
First, immerse the working area of the SPCE completely in
a 0.5 M H,SO, solution and perform cyclic voltammetry within
the potential range of —1.0 to +1.0 V until a relatively stable
electrochemical signal is obtaine.”® After completion, rinse the
treated SPCE with ultrapure water and store it for later use. 5 pL
of the prepared PEI-rGO solution was dropped onto the working
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area of the SPCE. The electrode was then left to air dry at room
temperature for subsequent use. Then, the AuPt NPs/LDNA/MB
hybrid probe and Apt/DNAzyme duplex were modified onto the
working area of the SPCE surface at a 1:12 concentration ratio
(10 pL). After incubating for 2 hours, the surface was washed
with Tris buffer to remove any excess unreacted materials. The
resulting electrode was then immersed in a 2 mM MCH solution
for 1 h to block the non-specific adsorption effects, facilitating
the formation of a well-aligned DNA monolayer. The electrode
was stored in buffer solution at 4 °C before use.

3 Results and discussion
3.1 Principle of the electrochemical aptasensor

The detection principle of the constructed electrochemical
aptamer sensor is described in detail in Scheme 1. The detec-
tion method consists of three main components: the PEI-rGO
functionalized nanomaterials that modify the sensor inter-
face, the Apt for specific recognition of the target, and the
DNAzyme for signal amplification. Specifically, PEI-TGO, AuPt
NPs/LDNA/MB, and the Apt/DNAzyme duplex are sequentially
modified onto the sensor working interface, awaiting activation
by the target analyte. After the sweat permeates the aptasensor,
the electrode interface is provided with an adequate solution
system, and the three-electrode setup is connected to trigger the
detection strategy. Lactate in the sweat can specifically bind to
the Apt, causing the Apt to release and expose the active
sequence of the Na'-dependent DNAzyme. Meanwhile, the
abundant Na’ in the sweat can spontaneously activate the
DNAzyme's cleavage activity. At this point, the DNAzyme freely
cleaves the surrounding AuPt NPs/LDNA/MB signal tags
because the LDNA has been pre-modified with recognition sites
(rA) that can be cleaved by the DNAzyme. Continuous cleavage
causes the signal tags to move away from the aptasensor
surface, resulting in a decrease in the electrochemical signal.
Experimental observations and analysis show that the presence
of LA significantly affects the electrochemical response, and the
response is positively correlated with the concentration of the
target analyte.

3.2 Characterization of the nanomaterials

As shown in Fig. 1A, the morphology of the prepared PEI-rGO
nanomaterials was characterized by TEM. The PEI-rGO
exhibits a large and relatively flat two-dimensional sheet-like
structure, providing a larger specific surface area for the
sensor surface. To confirm the successful functionalization of
rGO, FTIR was used to analyze both rGO and PEI-rGO. As seen in
the FTIR results in Fig. 1B, the peaks at 1605 cm ™', 1582 cm ™,
and 1065 cm™ "' correspond to the C=C, -OH, and C-O epoxy
stretching vibrations, respectively, which are characteristic
peaks of rGO. In the PEI-rGO spectrum, the characteristic peaks
of rGO disappear, and a new peak appears at 2924 cm ™', which
can be attributed to the —~CH, stretching vibration on the PEI
chain, confirming the successful preparation of PEI-rGO.>®

In Fig. 1C, the TEM image shows the overall morphology of
the prepared AuPt NPs. The AuPt NPs are spherical with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 lllustration of the aptasensor based on PEI-rGO and Na*-dependent DNAzyme for sensitive detection of lactate (LA) in athlete sweat.

a diameter of approximately 80 nm, and their surface is covered
with dense small-sized particles. Fig. 1D presents the HRTEM of
AuPt NPs, offering a clearer view of the material details.
Elemental mapping analysis (Fig. 1E and F) provides informa-
tion on the distribution of Au and Pt elements in the prepared
AuPt NPs. It is clearly observed that the Au element is more
concentrated in the center, while the Pt element is more
distributed in the outer layer, presenting a core-shell-like
distribution. Moreover, the distribution of each element is
uniform, confirming the successful preparation of AuPt NPs.

3.3 Characterization of the aptasensor

The stepwise modification process of the aptamer sensor was
systematically analyzed using Electrochemical Impedance
Spectroscopy (EIS), as depicted in Fig. 2A. Curve a represents the
impedance of the bare SPCE, exhibiting a small semicircular
arc. Upon modification of the SPCE with PEI-rGO (curve b),
a decrease in impedance was observed, which can be attributed
to the successful functionalization of PEI-rGO. The enhanced
conductivity of PEI-rGO facilitates improved electron transfer
rates, leading to reduced impedance. Subsequently, the signal
labels AuPt NPs/LDNA/MB were introduced onto the electrode
surface (curve c). The immobilization of the signal labels caused
a slight increase in the radius of the semicircular arc, which can
be explained by the spatial hindrance resulting from the
attachment of the signal tags. Although AuPt NPs exhibit
excellent conductivity, the negatively charged phosphate back-
bone of LDNA impedes efficient electron transfer, contributing

© 2025 The Author(s). Published by the Royal Society of Chemistry

to the observed increase in impedance. Following this, the Apt/
DNAzyme duplex was immobilized onto the aptasensor surface
(curve d), further increasing the impedance, as indicated by the
larger semicircle radius. Curve e corresponds to the incubation
of MCH on the aptasensor surface, which serves to block non-
specific binding sites. Due to the non-conductive nature of
MCH, the impedance increases further, as reflected in the larger
radius of the semicircle. The gradual monitoring of these steps
through EIS clearly demonstrates the successful fabrication of
the aptasensor.

After the construction of the aptasensor, it is essential to
verify the feasibility of its detection strategy. As shown in
Fig. 3A, the cyclic voltammetry (CV) current responses of the
bare SPCE and the PEI-rGO-modified SPCE are compared. A
clear observation is made that the PEI-rGO-modified SPCE
generates a significantly larger current response. This can be
attributed to the enhanced electron transfer efficiency at the
aptasensor interface provided by the PEI-rGO modification. To
further validate this, differential pulse voltammetry (DPV) was
employed to detect the current response generated by the signal
label (Fig. 3B). The DPV current response is also noticeably
increased (AI = 1.872 pA), supporting the conclusion that PEI-
rGO modification effectively enhances the electron transfer
and detection capability of the aptasensor. In Fig. 3C, in the
absence of the target, the aptasensor exhibits a higher DPV
signal response because the Na'-dependent DNAzyme remains
inactive and cannot cleave the signal label AuPt NPs/LDNA/MB.
As a result, more conductive electrons generated by methylene

RSC Adv, 2025, 15, 35068-35076 | 35071
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(E and F) elemental mapping images of Au and Pt images of AuPt NP.
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Fig. 2 (A) EIS of (a) bare SPCE, (b) SPCE/PEI-rGO, (c) SPCE/PEI-rGO/
AuPt NPs/LDNA/MB, (d) SPCE/PEI-rGO/AuPt NPs/LDNA/MB/Apt/

DNAzyme duplex, (e) SPCE/PEI-rGO/AuPt NPs/LDNA/MB/Apt/DNA-
zyme duplex/MCH was performed in 5 mM [Fe(CN)gl> /4.

1500

blue (MB) are detectable at the electrode surface. However,
when the simulated sweat sample containing the target LA and
Na' was introduced into the detection system, a significant
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(A) TEM images of PEI-rGO, (B) FTIR images of rGO (black) and PEI-rGO (red); (C) TEM images of AuPt NPs, (D) HRTEM images of AuPt NPs,

decrease in the DPV current was observed. This indicates that
the target LA has bound to the Apt, releasing the active cleavage
sequence of the DNAzyme, which, in the presence of Na”, acti-
vates the cleavage of the surrounding signal labels AuPt NPs/
LDNA/MB. The continuous cleavage process causes the signal
tags to move away from the electrode surface, leading to
a significant reduction in the signal. In addition, the impor-
tance of Na' in the detection system requires further confir-
mation. Therefore, a validation experiment was designed to
address this. Two conditions were tested: one where Na' was
introduced into the system, and another where Na* was absent,
with both conditions containing the target LA. As shown in
Fig. 3D, a clear difference in DPV responses was observed
between the two conditions. This can be attributed to the fact
that even if the DNAzyme possesses the cleavage sequence,
without the presence of Na’, no cleavage events can occur. In
conclusion, the strategy designed in this work is indeed feasible
and effective.

3.4 Optimization of experimental conditions

We explored the influence of three factors—namely, the
concentration of PEI-rGO nanomaterials used for modifying the
aptasensor interface, the ratio of Apt/DNAzyme duplex to AuPt
NPs/LDNA/MB, and the incubation time of lactate—on the
current response of the aptasensor. The primary objective was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(black curve).

to further optimize the aptasensor's capacity for target detec-
tion. Each factor was examined independently to assess its
individual impact on the current response, thereby facilitating
the identification of the optimal conditions for enhanced
aptasensor performance. In Fig. 44, as the PEI-rGO concentra-
tion increases from 0.5 uM to 2.5 pM, the DPV response first
rises and then slightly decreases. This indicates that PEI-rGO
enhances the conductivity of SPCE, but the subsequent

B

decrease in current may be due to an excessively high concen-
tration of PEI-rGO, which leads to the accumulation of surplus
nanomaterials, thereby hindering electron transfer efficiency.
The ratio of DNAzyme to the cutting substrate is another crucial
factor influencing the detection performance of the aptasensor,
as it directly impacts the cleavage efficiency. In Fig. 4B, when the
ratio of Apt/DNAzyme duplex to AuPt NPs/LDNA/MB reaches 1 :
12, the current response peaks. Further increasing the ratio to
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Fig.4 Optimization of the (A) concentration of PEI-rGO, (B) molar ratio of Apt/DNAzyme duplex and AuPt NPs/LDNA/MB, (C) incubation time of

LA. Error bar = SD (n = 3).
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1:16 does not result in an additional increase in current, sug-
gesting that the cleavage efficiency of the DNAzyme has reached
saturation at a ratio of 1:12. Fig. 4C demonstrates the effect of
lactate incubation time on the aptasensor's detection perfor-
mance. It can be observed that the DPV current increases with
time and stabilizes after 40 minutes. The results show that the
current value saturates at a lactate incubation time of 40
minutes, and subsequent experiments were performed with
a 40-minute incubation time.

3.5 Analytical performance of the aptasensor

Under the optimal experimental conditions, we evaluated the
detection performance of the aptasensor designed in this study.
As shown in Fig. 5A, within the concentration range of 5 x 10>
to 10 mM (5 uM, 8 uM, 10 uM, 20 uM, 40 pM, 50 pM, 100 uM,
500 pM, 1 mM, 5 mM, 10 mM), the DPV response
gradually decreased as the lactate concentration increased.
Fig. 5B demonstrates a linear relationship between the
DPV signal response and lactate concentration within the
5 x 107 to 10 mM range, with the linear equation given by
I=—5.071g Cpa +2.93. The LOD was found to be 2.974 uM, with
a correlation coefficient (R*) of 0.99.

=
wn

Furthermore, considering that the aptasensor was designed
for the detection of lactate concentration in sweat, it is essential
to evaluate whether other components in sweat could interfere
with the detection performance of the aptasensor. To evaluate
the specificity of the aptasensor, we selected representative
potential interferents commonly found in human sweat,
including glucose (5 mM), urea (100 mM), chloride ions (Cl™,
100 mM), glutamic acid (1 mM), and aspartic acid (1 mM). The
concentrations used were deliberately set higher than their
maximum reported physiological levels in sweat.”” As shown in
Fig. 6A, under the presence of other interfering substances, the
aptasensor's response closely matches the current response
generated in the blank experiment. A noticeable decrease in
current response was only observed in the presence of lactate.
When all interfering substances were mixed with the target
lactate and tested, the current response still decreased, with
results similar to those obtained with lactate alone. This
demonstrates that the designed aptasensor exhibits excellent
interference resistance. Stability and repeatability are also
crucial parameters for evaluating the detection performance of
the aptasensor. As shown in Fig. 6B, the aptasensors from the
same batch retained approximately 87% of their initial current
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Fig. 6
repeatability of the aptasensor.
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(A) Specificity of the aptasensor (mixture a: with lactate; mixture b: without lactate); (B) long-term stability testing of the aptasensor; (C)
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Table 1 Detection of lactate in real samples

Sample Added (uM) Found (uM) Recovery (%) RSD (%, n = 3)
1 0.1 0.098 98% 4.13%

2 0.1 0.11 101% 5.01%

3 1 0.92 92% 3.7%

4 1 0.97 97% 4.8%

5 5 4.75 95% 2.35%

6 5 4.91 98.2% 3.11%

response after 20 days of storage, indicating satisfactory
stability within an acceptable range for practical applications.
As shown in Fig. 6C, a total of 15 electrodes from the same
fabrication batch were tested under consistent experimental
conditions. The current responses were highly consistent across
all samples, and the calculated relative standard deviation
(RSD) was as low as 0.66%, demonstrating the excellent repro-
ducibility of the aptasensor. In summary, the aptasensor
designed in this study demonstrates excellent interference
resistance, stability, and repeatability.

3.6 Real samples analysis

After confirming the excellent detection performance of the
designed aptasensor, we applied it to real sample testing to
evaluate its ability to detect lactate concentrations in actual
sweat samples. Different concentrations of lactate were added
to artificial sweat (lactate-free), with the specific results shown
in Table 1.

The results revealed that the recovery rate ranged from 92%
to 101%, and the relative standard deviation (RSD) ranged from
2.35% to 5.01%. These results demonstrate the promising
application prospects of this platform for the quantitative
detection of lactate in sweat.

4 Conclusion

This work demonstrates an aptasensor based on PEI-rGO-
modified SPCE combined with AuPt NPs nanomaterials,
utilizing Na'-assisted DNAzyme for signal amplification to
detect lactate in athlete sweat. Specifically, PEI-rGO provides an
optimal detection microenvironment for the aptasensor. AuPt
NPs efficiently load MB and LDNA, stably generating electro-
chemical signals, while Na'-assisted DNAzyme utilizes Na"
present in sweat as an activation agent to amplify the signal
through cyclic processes. During the lactate detection process,
a good linear relationship was observed between the current
response and the logarithm of lactate concentration in the
range of 5 x 10 to 10 mM, demonstrating excellent specificity,
stability, and repeatability. This work highlights the significant
potential of this aptasensor for monitoring lactate levels in
human sweat, offering valuable insights for tracking athlete
health status and training conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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