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Abstract

Accurate analysis of prostate cancer (PC)-related biomarkers requires sensing platforms
capable of sensitive and multiplex detection in complex biological environments. Herein,
we propose a signal-on electrochemical aptamer-based sensor (E-AB) for the simultaneous
detection of L-lactate (L-Lac) and prostate-specific antigen (PSA). To maximize analytical
performance, two Lac aptamer sensing configurations, single-stranded (ssLac201) and
double-stranded (dsLac201), were constructed and comparatively evaluated. The dsLac201
structure displayed more effective background suppression and enhanced target induced
signal response. Under optimized conditions, the dsLac201-based sensor exhibited a
wide linear range from 500 nM to 10 mM for L-Lac, with a low detection limit of 157 nM
and high selectivity. Based on this optimized design, a dual-aptamer electrochemical
platform was further engineered through programmable nucleic acid assembly, enabling
simultaneous detection of L-Lac and PSA via dual-input signal integration. The dual-
target sensor showed broad analytical ranges for both biomarkers (L-Lac: 500 nM–10 mM;
PSA: 10 pg mL−1–500 ng mL−1) and retained promising performance in serum samples.
This work demonstrates a simple and versatile strategy for multiplex electrochemical
biosensing and provides a promising platform for PC-related biomarker monitoring and
clinical biomedical analysis.

Keywords: aptamer; biomarkers; PSA; lactate; electrochemical biosensor; dual target detection

1. Introduction
Prostate cancer (PC) is the second most commonly diagnosed malignancy in men

worldwide and represents a significant global health challenge [1]. In China, both the
incidence and mortality of PC have increased steadily in recent years. Despite the fact that
the 5-year survival rate exceeds 99% for patients diagnosed at an early stage, PC often
progresses silently due to the lack of obvious early symptoms, resulting in many patients
being diagnosed at intermediate or advanced stages. In particular, the 5-year survival rate
for metastatic PC declines to approximately 31%, and disease recurrence remains a major
challenge even following surgical intervention [2,3]. Therefore, it is critical to develop
effective strategies for early detection and prognostic evaluation of PC. Currently, prostate-
specific antigen (PSA) is the most widely used biomarker for the early diagnosis of PC
and for monitoring disease recurrence after treatment [4,5]. PSA is an androgen-regulated
serine protease (33–34 kDa) belonging to the kallikrein protein family, and it is mainly
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secreted by epithelial cells in the prostate acini and ducts [6]. Increased serum PSA levels
are commonly used as an indicator of prostate abnormalities. A serum PSA concentration
above 4.0 ng/mL is generally considered suggestive of potential PC, while levels exceeding
10 ng/mL are often regarded as highly indicative of prostate malignancy [7]. However,
PSA-based screening suffers from limited diagnostic specificity and sensitivity, as elevated
PSA levels may also occur in benign conditions such as prostatitis or prostatic hyperplasia.
Consequently, reliance on PSA alone can lead to false-positive and false-negative results,
which may cause unnecessary biopsies and increase the clinical and psychological burden
on patients [8]. Therefore, the development of multi-target detection approaches has
attracted increasing attention as a promising strategy to improve the accuracy and reliability
of PC diagnosis.

Lactic acid (Lac) is a key metabolic intermediate involved in cellular energy
metabolism. Under hypoxic conditions, D-glucose is converted into L-Lac through anaer-
obic glycolysis, a metabolic pathway that is frequently upregulated in tumor cells [9].
Under normal physiological conditions, the concentration of L-Lac in human blood typi-
cally ranges from 0.5 to 2.2 mM [10]. However, studies using high-resolution magic-angle
spinning (HR-MAS) spectroscopy have revealed that Lac levels are significantly elevated
in PC tissues compared with those in normal prostate tissues [11]. Moreover, increasing
evidence indicates that Lac accumulation is closely associated with tumor progression and
malignancy grade [12]. In advanced cases of PC, Lac concentrations may rise dramatically,
with levels approaching 10 mM, which has been linked to the development of lactic aci-
dosis in cancer patients [13]. These findings suggest that Lac not only reflects metabolic
reprogramming in tumor cells but also can serve as a promising complementary biomarker
to PSA, thereby providing additional information to improve the accuracy of PC diagnosis.

A variety of analytical methods have been developed for the detection of PSA and
Lac. Conventional analytical techniques, including high-performance liquid chromatog-
raphy (HPLC) and gas chromatography-mass spectrometry (GC-MS), provide accurate
and reproducible quantitative results [14,15]. Despite their high analytical performance,
these methods require costly instrumentation, laborious sample preparation, and skilled
technical personnel, which significantly restrict their wide applications. Electrochemical
sensing technologies have attracted much attention in biomedical diagnosis due to their
high sensitivity, fast response, portability, and relatively low cost [16]. Compared with
conventional analytical techniques, electrochemical methods offer significant advantages,
including simple instrumentation, minimal sample preparation, and the potential for minia-
turization and on-site analysis, making them highly suitable for clinical diagnostics and
point-of-care testing [17].

Among various biosensing strategies, electrochemical aptamer-based (E-AB) biosen-
sors have emerged as a promising platform for biomarkers detection [18]. Aptamers are
short single-stranded DNA or RNA oligonucleotides selected through the systematic evo-
lution of ligands by exponential enrichment (SELEX) process, which enables them to bind
specifically and strongly to a wide range of targets, including proteins, small molecules, and
cells [19]. Compared with traditional antibodies, aptamers offer several advantages, such
as high binding affinity, good chemical stability, easy synthesis and modification, and low
batch-to-batch variation [20]. By integrating aptamers with electrochemical transduction
systems, E-AB biosensors can convert target-recognition events into measurable electrical
signals [21,22]. These sensors typically rely on target-induced conformational changes in
the aptamer and distance-dependent electron-transfer processes, enabling sensitive and
selective detection of analytes. Due to their high sensitivity, excellent selectivity, and oper-
ational simplicity, E-AB sensors have become powerful analytical tools for the detection
of a wide range of biomarkers and small molecules [23,24]. Furthermore, the inherent
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programmability of nucleic acid aptamer sequences can facilitate rational structure design,
enabling the construction of multiplexed sensing platforms for simultaneous multi-target
detection [25–28].

Herein, we developed a “signal-on” electrochemical sensing strategy for the detec-
tion of L-Lac and PSA. The used aptamers against Lac and PSA were adopted from
previously reported studies with reported binding affinity (Kd) of 0.43 mM and 40 nM,
respectively [10,29]. To improve analytical performance, two aptamer sensing configura-
tions for Lac detection, namely single-stranded (ssLac201) and double-stranded (dsLac201)
probes, were first designed and systematically evaluated using differential pulse voltam-
metry (DPV). The dsLac201-based sensor exhibited higher signal response and effectively
suppressed background noise compared with the ssLac201 probe. Utilizing the optimized
dsLac201 sensing probe, a dual-target detection platform was further constructed by inte-
grating L-Lac and PSA aptamers through an “AND” logic gate design. The proposed sensor
enabled simultaneous and sensitive detection of both biomarkers, offering a promising
approach for enhancing the accuracy of PC diagnosis and monitoring tumor-associated
metabolic changes.

2. Experimental Section
2.1. Materials and Reagents

The oligonucleotides used in this work were synthesized and HPLC-purified by San-
gon Biotech Co., Ltd. (Shanghai, China), the detailed sequences are listed in Table 1.
4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), tris-(2-carboxyethyl) phos-
phine hydrochloride (TCEP), 6-mercapto-1-hexanol (MCH), potassium ferricyanide
(K3Fe(CN)6), potassium ferrocyanide trihydrate (K4Fe(CN)6·H2O), L-lactic acid, D-lactic
acid, glycine, L-alanine, L-cysteine, and acetic acid were purchased from Aladdin Reagent
Co., Ltd. (Shanghai, China). Sodium chloride (NaCl) was obtained from Sigma-Aldrich
(Shanghai, China). Glucose, sodium hydroxide (NaOH), potassium chloride (KCl), and
magnesium chloride (MgCl2) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Fetal bovine serum (FBS) was acquired from Sangon Biotech Co., Ltd.
(Shanghai, China). All reagents were analytical grade and used without further purification.
Ultra-pure water (18 MΩ, Milli-Q, Millipore, Burlington, MA, USA) was used throughout
all experiments.

Table 1. The sequences of used oligonucleotides.

Name Sequence (5′-3′)

Lac201 SH-GAC GAC GAG TAG CGC GTA TGA ATG CTT TTC TAT GGA GTC GTC-Fc
cDNA AGT CGT CGA GAG

Lac201-anti-PSA SH-AGC TTT AAT GAC GAC GAG TAG CGC GTA TGA ATG CTT TTC TAT GGA GTC GTC-Fc
PSA-apt ACT CGT CGT CAT TAA AGC TCG CCA TCA AAT AGC TGC

2.2. Electrode Cleaning

Prior to aptamer modification, the bare gold electrodes (AuE, ø 2 mm) were polished
with 0.3 and 0.05 µm alumina powder, followed by sonication in Milli-Q water to remove
residual polishing agent. Subsequently, the electrodes were electrochemically cleaned
following a previously established protocol [30]. Briefly, electrochemical treatment of
the polished AuE was conducted as follows:(1) Cyclic voltammetry (CV) scanning was
performed in 0.5 M NaOH solution with a potential range of −0.35 V to −1.35 V at a scan
rate of 2 V/s, repeated 1000 times;(2) CV scanning was performed in 0.5 M H2SO4 solution
with a potential range of −0.35 V to 1.5 V at a scan rate of 1 V/s, repeated 100 times.
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The active electrode area was obtained from CV scans performed in 0.05 M H2SO4 at a
scan rate of 0.1 V/s. The effective surface area of the electrode was calculated by integrating
the charge of the gold reduction peak.

2.3. Preparation of the Sensor

Before surface modification, the disulfide-modified Lac201 aptamer was reduced with
10 mM TCEP for 1 h. To prepare the double-stranded structure (dsLac201), the Lac201
aptamer and its complementary DNA (cDNA) were mixed, heated at 95 ◦C for 5 min,
and slowly cooled to 25 ◦C. The treated aptamer solution was then diluted with 50 mM
HEPES buffer to the desired concentrations. Then, 5 µL of the aptamer solution was
dropped onto the cleaned AuE surface and incubated for 12 h in the dark to facilitate
the formation of a self-assembled monolayer via thiol-gold covalent bonding. Following
aptamer immobilization, the AuE was immersed in 10 mM MCH for 30 min to block
non-specific active sites. Finally, the electrode was rinsed with ultra-pure water and HEPES
buffer to remove physically adsorbed residues. The fabricated sensor was stored in HEPES
buffer prior to the measurements. For Lac detection, the modified electrode was incubated
with varying concentrations of Lac prior to electrochemical measurements.

To construct the dual-aptamer electrochemical sensor, the extended Lac aptamer
(Lac201-anti-PSA) was first hybridized with the PSA aptamer through partial comple-
mentary base pairing. Briefly, Lac201-anti-PSA and PSA aptamer were mixed at same
concentration in HEPES buffer, heated to 95 ◦C for 5 min, and then slowly cooled to room
temperature to form a stable duplex structure. The subsequent immobilization procedures
were same as described above.

2.4. Electrochemical Measurements

All electrochemical data were obtained from an Autolab potentiostat/galvanostat
PGSTAT302 (Metrohm AG, Herisau, Switzerland) with a three-electrode system at room
temperature, including a AuE working electrode, saturated Ag/AgCl reference electrode
and a platinum wire counter electrode. DPV measurements were performed in 50 mM
HEPES buffer via potential scans between 0 and 0.7 V and step potential 0.01 V, modu-
lation amplitude 0.025 V, modulation time 0.05 s. CV measurements were recorded in a
potential window ranging from −0.2 V to 0.6 V with a scan rate of 0.1 V/s. Electrochemical
impedance spectroscopy (EIS) measurements were performed for characterizing the elec-
trode modification with a 5 mM solution of 1:1 ferro/ferricyanide containing 0.1 M KCl.
EIS were conducted at a potential bias of 0.2 V within a frequency range from 0.1 Hz to
105 Hz with an amplitude of 5 mV.

3. Results and Discussion
3.1. Principle of the Developed Sensor

The electrochemical sensing platform was constructed by immobilizing Lac aptamers
modified with thiol group and redox tag ferrocene (Fc) onto a gold electrode through
Au-S covalent interactions, forming a stable self-assembled monolayer (SAM). To minimize
nonspecific adsorption, the electrode was subsequently treated with MCH, which blocks the
unoccupied regions of the gold surface. As illustrated in Scheme 1A, the single-stranded
Lac201 (ssLac201) probe adopts a flexible conformation in the absence of Lac and the
terminal Fc tag remains relatively distant from the electrode surface, resulting in slow
electron-transfer efficiency. In the presence of Lac, the target molecule specifically binds
to the aptamer probe, triggering a conformational rearrangement and forming a stem-
loop structure. This structural transition drives the Fc tag closer to the electrode surface,
thereby facilitating fast electron-transfer and producing an increase in the redox current
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signal. To further improve the sensing performance, a double-stranded Lac201 (dsLac201)
aptamer probe was designed (Scheme 1B). The immobilized aptamer hybridizes with a
short complementary DNA (cDNA) strand to form a rigid duplex structure. Compared
with the flexible ssLac201 probe, the dsLac201 configuration provides a more defined
spatial orientation, which positions the Fc reporter further away from the electrode surface
in the absence of the target. While in the presence of Lac, the specific aptamer–target
binding breaks the duplex structure and induces a strand displacement process. This
process leads to the rearrangement of the aptamer conformational and brings the Fc tag
closer to the electrode interface, thereby increasing the electron-transfer efficiency and the
detected Faradic current. The utilization of the dsLac201 strategy reduced the background
current and lead to a larger conformational change upon target binding, thus enhancing
the signal-to-noise ratio and detection sensitivity of the proposed sensor [31].

Scheme 1. E-AB sensor for detection of Lac with (A) single-stranded probe (ssLac201) and (B) double-
stranded probe (dsLac201).

3.2. Comparison of Electrochemical Responses of ssLac201 and dsLac201

To compare the sensing performance of different probe architectures for Lac detec-
tion, the electrochemical responses of ssLac201 and dsLac201 were investigated by DPV.
The relative increased Fc Faraday current was recorded as the sensor signal according to
(I − I0)/I0 (%), where I and I0 are peak currents from the terminal redox molecule of the
aptamer with and without target binding, respectively. As illustrated in Figure 1A,B, both
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probes generated enhanced peak currents after incubation with 10 mM Lac, indicating
that target binding effectively triggered a “signal-on” electrochemical response. However,
the magnitude of the current increase was significantly dependent on probe configuration.
In particular, the relative current increase reached 106% for ssLac201, whereas dsLac201
achieved a much higher increase of 179%. This improvement is likely due to the rigid du-
plex conformation of dsLac201, which positions the Fc reporter farther from the electrode
surface in the absence of target. After Lac binding, the resulting structural rearrange-
ment produces a larger distance-dependent electron-transfer change, thereby generating a
stronger electrochemical response. To further investigate the electrochemical behavior of
the dsLac201 sensing interface after Lac recognition, CV was performed at different scan
rates and a linear relationship between the anodic peak current and scan rates was obtained
(Figure S1). This observation suggests that the redox process of the target-bound Fc-labeled
aptamer probe is surface-confined, confirming that the electrochemical signal originates
from the immobilized aptamer–target complex rather than from diffusing electroactive
species in solution. Therefore, the dsLac201 probe design was selected as the optimal sens-
ing configuration for subsequent experiments and for the construction of the dual-target
logic-gated sensing platform.

Figure 1. The DPV curves of the dsLac201 (A) and ssLac201 (B) probes for 10 mM L-Lac addition
(black: without target; red: with target). (C) The calculated increase in current signal of different
probes after target binding.
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3.3. Optimization of Experimental Conditions

To maximize the analytical performance of the dsLac201-based sensor, key experimen-
tal parameters affecting probe immobilization and target recognition were systematically
optimized, including probe concentration, target incubation time, and incubation temper-
ature. Since the target-induced structural rearrangement of the double-stranded probe
directly governs the electron transfer of the Fc reporter, the surface density of the immo-
bilized probes plays critical roles in determining both the background current and the
target-binding induced signal change. As shown in Figure 2A, the effect of probe concen-
tration on the signal response of dsLac201 sensor was investigated. The relative current
response increased progressively as the probe concentration was raised from 0.05 to 0.5 µM,
reaching a maximum at 0.5 µM. This result suggests that an appropriate increase in probe
density enhances the number of effective recognition sites and improves the sensor sig-
nal. However, when the probe concentration was further increased beyond 0.5 µM, the
signal response decreased. The reason can be attributed to the dense aptamer packing
on the surface with high aptamer concentrations, which can restrict the conformational
change for target binding due to the electrostatic repulsion between adjacent nucleic acid
probes and increased steric hindrance. Therefore, 0.5 µM was selected as the optimal probe
concentration for subsequent experiments.

Figure 2. Optimization of experimental parameters for E-AB sensor fabrication with dsLac20 probe.
(A) Aptamer concentration; (B) Analyte incubation time; (C) Incubation temperature.
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The incubation time for target recognition was subsequently optimized over the
range of 20 to 100 min (Figure 2B). The signal response increased steadily with increasing
incubation time from 20 to 60 min, indicating gradual formation of the aptamer–target
complex and more dsLac201 probe with conformational change. A maximum response
was obtained at 60 min. When the incubation time was further extended beyond 60 min,
the signal gradually decreased. This decline may be associated with reduced structural
stability of the aptamer interface during prolonged incubation, which weakens the signal
transduction efficiency. Thus, 60 min was chosen as the optimal incubation time.

The effect of incubation temperature on sensor performance was also evaluated
(Figure 2C). The signal response remained high and relatively stable within the 25 to
30 ◦C range, indicating that the aptamer maintained favorable conformational stability and
binding activity under near-room-temperature conditions. In contrast, when the tempera-
ture exceeded 30 ◦C, the signal response decreased gradually with increasing temperature.
This behavior may be attributed to reduced stability of the duplex probe structure and
disruption in the target-induced aptamer conformation at high temperatures, which further
affects the distance modulation between Fc and electrode surface. Based on these results,
the optimized experimental conditions for subsequent measurements were determined to
be 0.5 µM probe concentration and 60 min target incubation time at room-temperature.

3.4. Analytical Performance of the dsLac201 Sensor

To evaluate the analytical performance of the dsLac201-based electrochemical sensor,
DPV measurements were performed by detecting a series of Lac concentrations (Figure 3A).
As the concentration increased, the DPV peak current gradually increased, indicating a
concentration-dependent “signal-on” response. This behavior is attributed to the target-
induced destabilization and conformational rearrangement of the double-stranded probe,
followed by specific binding of the aptamer to Lac, which drives the Fc close to the electrode
surface and facilitate fast electron transfer.

Figure 3. (A) DPV responses of the sensor toward different concentrations of Lac; (B) Calibration
curve showing the relationship between the response signal and the logarithm of Lac concentration.

A good linear relationship was obtained between the response signal and the logarithm
of Lac concentration over the range of 500 nM to 10 mM, with the calibration equation
y = 30.52x + 79.35 and a correlation coefficient of R2 = 0.996. The limit of detection (LOD)
was calculated to be 157 nM based on the 3σ rule (where σ is the standard deviation of
the blank). These results demonstrate that the proposed sensor exhibits high sensitivity, a
broad linear range, and a low detection limit for Lac detection. Notably, the linear detection
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range covers both physiological Lac levels and the elevated concentrations associated
with pathological metabolic dysregulation, highlighting its feasibility for clinically relevant
analysis. Furthermore, comparison with previously reported Lac sensing methods indicates
that the sensor developed in this work provides competitive analytical performance, while
offering the additional advantages of a simplified sensing architecture and straightforward
operation (Table S1) [32–41]. These characteristics demonstrate the potential of the proposed
platform for biomedical analysis and prostate cancer-related metabolic monitoring.

To investigate the selectivity of the proposed dsLac201-based electrochemical sensor,
interference studies were performed using Lac and several potentially coexisting small
molecules, including D-lactate, glucose, glycine, L-alanine, L-cysteine, and acetic acid. As
shown in Figure 4, the sensor produced a distinct and significantly higher response toward
10 µM L-Lac compared with all tested interferences. Notably, only negligible signal changes
were observed for the non-target molecules, even when each interference was present
at 1 mM, corresponding to a 100-fold high relative to L-lactate. Although a slight signal
response was observed for glucose at a high concentration, the response was significantly
lower than that of Lac. The minor interference may arise from nonspecific adsorption at the
electrode interface under high glucose concentrations. In practical applications, such inter-
ference can be minimized by sample dilution or antifouling surface modification [23,42]. In
particular, D-Lac, the stereoisomer of L-Lac, induced only a weak response, indicating that
the aptamer probe possesses excellent stereoselective recognition capability. These results
demonstrate that the proposed sensor exhibits high selectivity and strong anti-interference
performance for accurate L-Lac determination.

Figure 4. Selectivity of the dsLac201-based L-Lac sensor (** p < 0.01, *** p < 0.005, **** p < 0.001).

3.5. Construction of an AND Logic-Gated Dual-Target Sensor

Aptamers are highly programmable nucleic acid recognition elements that can be
rationally engineered to achieve target induced structural switching and logic-gated signal
transduction through sequence design [43]. Based on the optimized dsLac201 sensing
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configuration, we further designed the Lac aptamer by extending nine nucleotides at
the 5′ end to enable partial complementary hybridization with the PSA aptamer, thereby
constructing a dual-input electrochemical AND logic gate for the simultaneous recognition
of L-Lac and PSA (Scheme 2). In this design, L-Lac and PSA function as the two logic inputs,
while the DPV current signal serves as the output. As illustrated in Scheme 2, the presence
of either target alone induces only limited structural rearrangement of the hybridized
probe, resulting in a relatively weak signal response. In contrast, when L-Lac and PSA
present simultaneously, dual target recognition triggers completely dissociation of the
two aptamers assembly, which produces a significantly enhanced electrochemical current
signal. Thus, the dual-input state generates a stronger output than either single-input
condition, consistent with the operational behavior of an AND logic gate. To verify the
feasibility of this dual-target sensing strategy, comparative electrochemical measurements
were performed using L-Lac alone, PSA alone, and a mixture of L-Lac and PSA. The
simultaneous presence of both analytes produced the highest signal response, with the
current increasing by 87.8%, whereas L-Lac alone and PSA alone yielded lower current
increases of 40.0% and 28.0%, respectively (Figure 5). These results confirm the successful
construction of the AND logic-gated electrochemical sensing platform and demonstrate its
capability for dual targets sensing signal output, providing a promising strategy for more
accurate PC-related biomarker analysis.

Scheme 2. Schematic illustration of the AND logic-gated electrochemical sensing strategy for dual
recognition of L-Lac and PSA.

Figure 5. (A) DPV curves in response to dual target L-Lac and PSA, L-Lac alone, and PSA alone and
(B) the corresponding calculated current changes (*** p < 0.005, **** p < 0.001).
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To further characterize the stepwise fabrication of the sensing interface and verify the
proposed dual-target triggered structural change, EIS was employed to monitor changes in
the interfacial charge transfer resistance (Rct) at each modification stage and under different
target-input conditions (Figure 6). The bare AuE show a relatively low Rct, reflecting the
facile electron transfer at the clean gold surface (curve a). After immobilization of the
double stranded probe, the Rct increased markedly due to the formation of a negatively
charged DNA layer that hinders the interfacial electron transfer process (curve b). Following
treatment with MCH, the impedance further increased, indicating successful backfilling
of the unoccupied gold surface and formation of a more compact and well-organized
self-assembled monolayer (curve c). The addition of L-Lac alone caused only a slight
change in the Rct, indicating that although L-Lac may induce a limited conformational
response, it does not cause substantial disruption of the surface-confined nucleic acid
assembly under this dual-target configuration (curve d). Upon exposure to PSA, the Rct

increased significantly, suggesting the formation of a more electrically insulated interfacial
layer (curve e). This observation indicates that PSA-aptamer binding alone does not
trigger complete dissociation of the double strand structure and the hybridized structure
remained largely preserved. When L-Lac was then introduced into the PSA-bound system,
a pronounced decrease in Rct was observed (curve f). This decrease suggests that the
dual recognition of targets induced a larger structural rearrangement of the nucleic acid
complex, leading to reduced steric hindrance and improved interfacial electron transfer.
To further verify the specificity of the dual-aptamer sensing mechanism, the PSA aptamer
was replaced with an ATP aptamer as a non-binding control (Figure S2). Under the same
dual-target conditions, no significant DPV or EIS signal changes were observed upon
addition of L-Lac and PSA, confirming that the observed responses arise from the specific
interactions of the dual-aptamer assembly and provide strong support for the proposed
AND logic-gated signal transduction mechanism.

Figure 6. Nyquist plots recorded for (a) bare AuE, (b) double stranded aptamers modified AuE,
(c) MCH-blocked AuE, (d) L-Lac, (e) PSA, and (f) L-Lac and PSA.

3.6. Real Sample Analysis

To further assess the practical applicability of the proposed dual-target E-AB sensor
in complex biological matrices, fetal bovine serum (FBS) was diluted 10-fold with HEPES
buffer, and different concentrations of L-Lac or PSA were spiked into the diluted serum
to test the sensor performance. As shown in Figure 7, the sensor maintained promising
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analytical performance in the serum solutions, demonstrating excellent resistance to matrix
interference. When the concentration of PSA was fixed at 4 ng mL−1, the sensor response
exhibited a linear relationship with the logarithm of L-Lac concentration over the range of
500 nM to 10 mM, with the calibration equation y = 27.3x + 44.6 and a correlation coefficient
of R2 = 0.997. Conversely, when the concentration of L-Lac was fixed at 1 mM, a linear
response toward PSA was obtained in the range of 10 pg mL−1 to 500 ng mL−1, with
the calibration equation y = 40.59x + 99.20 and R2 = 0.991. These results indicate that the
proposed sensing platform maintains reliable dual-analyte quantification capability in a
complex serum matrix.

Figure 7. Linear relationship of target analyte detection concentration in 10% FBS samples. (A) L-Lac;
(B) PSA.

To further evaluate analytical accuracy, recovery experiments were carried out for PSA
in spiked FBS and human serum samples by the standard addition method (Tables 2 and 3)
in the presence of 1 mM L-Lac. The recoveries in spiked FBS samples ranged from 98.8% to
109.0%, with relative standard deviations (RSDs) of 1.37% to 2.62%, while in human serum
samples ranged from 84.2% to 110% with RSDs below 10%, indicating great accuracy and
reproducibility. Overall, these findings demonstrate that the proposed sensor enables for
simultaneous L-Lac and PSA analysis in real samples, highlighting its potential for practical
biomedical applications and prostate cancer-related biomarker monitoring.

Table 2. The recovery experiments of the sensor for PSA in 10% FBS.

Number Add PSA
(ng/mL)

Detected PSA
(ng/mL)

Recovery
(%)

RSD
(%)

1 0.1 0.109 109 2.62
2 4 3.95 98.8 1.37
3 50 53.1 106 2.27

Table 3. The recovery experiments of the sensor for PSA in 10% human serum.

Number Add PSA
(ng/mL)

Detected PSA
(ng/mL)

Recovery
(%)

RSD
(%)

1 0.1 0.11 110 1.11
2 4 3.80 95 4.52
3 50 42.1 84.2 9.33
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4. Conclusions
In this work, we developed a novel, simple, and sensitive E-AB sensor for the dual-

target detection of L-Lac and PSA. By comparing two sensing configurations based on the
single-stranded and double-stranded forms of the Lac aptamer, the double-stranded probe
architecture was identified as the optimal design owing to its improved signal response
and reduced background current. After optimization of key experimental parameters,
including probe concentration, incubation time, and temperature, the developed sensor
exhibited high sensitivity toward L-Lac, with a LOD of 157 nM, a wide linear range of
500 nM to 10 mM, and excellent selectivity.

Based on this optimized platform, a dual-aptamer sensing interface was further con-
structed through rational nucleic acid design, enabling the simultaneous electrochemical
detection of L-Lac and PSA. The dual-target sensor exhibited broad dynamic ranges for
both analytes (L-Lac: 500 nM–10 mM; PSA: 10 pg mL−1–500 ng mL−1) and maintained
promising analytical performance in serum samples, demonstrating good accuracy, repro-
ducibility, and anti-interference capability. Overall, this work provides a simple strategy
for multiplex electrochemical biosensing and offers potential for PC biomarker monitoring
and clinical treatment evaluation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/targets4020015/s1, Figure S1. (A) CV curves at different scan
rates; (B) The relationship between anodic peak current and scan rates. Figure S2. (A) DPV and
(B) EIS curves by using an ATP aptamer as a non-binding control for the dual-aptamer assembly.
Table S1. Comparison of this work with other reported L-Lac sensors.
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