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ABSTRACT

Acute myocardial infarction (AMI) requires rapid diagnosis beyond conventional methods, which suffer from biological
interference and complexity, limiting point-of-care (POC) application. To tackle these issues, we have devised an anthraquinone
(AQ)-calibrated sensor unit coupled with smartphone-based analysis for universal detection of AMI biomarkers in untreated
whole blood. Our novel dual-channel biosensing platform integrates AQ as an intrinsic reference standard, establishing a self-
correction mechanism to effectively counteract hematological matrix influences. The platform enables swift quantification at
pg/mL levels within 5 min without sample preprocessing, achieving detection limits of 0.3, 19.7, and 0.7 pg/mL for cTnl, Mb, and
CK-MB, respectively. The smartphone-based intelligent analyzer automates real-time signal processing, creating a closed-loop
POC diagnostic setup that shows promise for future at-home AMI risk monitoring. This technological breakthrough showcases
notable resilience to biological matrix interference while upholding analytical sensitivity comparable to clinical standards,

representing a significant step toward decentralized cardiovascular emergency management.

1 | Introduction

Cardiovascular diseases (CVDs) remain the leading cause of
global mortality [1, 2]. Among CVDs, acute myocardial infarc-
tion (AMI) warrants immediate clinical attention due to its
disproportionate association with mortality and long-term dis-
ability. Epidemiological data from the World Health Organization
(WHO) indicate that more than 7 million individuals suffer
from AMI each year [3], with mortality patterns showing a
significant time-dependent trend [4]. A 10% increase in mortality
risk for every 30 min delay in revascularization treatment [5].
This underscores the urgent need for rapid, accurate point-of-care
testing (POCT) AMI diagnostic technologies.

© 2026 Wiley-VCH GmbH

Current diagnostic approaches for AMI primarily rely on mea-
suring serum biomarkers such as cardiac troponin I (cTnlI),
myoglobin (Mb), and creatine kinase-MB (CK-MB) [6, 7]. The
selection of these three biomarkers is based on their comple-
mentary clinical diagnostic values: cTnl is the gold-standard
biomarker with high specificity for myocardial injury; Mb,
although less specific, is an early-rising marker critical for initial
exclusion; and CK-MB serves as a valuable confirmatory marker
for reinfarction monitoring. These biomarkers are released when
cardiomyocyte membranes are disrupted and exhibit distinct
release patterns that are closely linked to the severity and pro-
gression of the infarction [8, 9]. However, widely used analytical
methods like chemiluminescence immunoassays (CLIA) [10-12]
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and enzyme-linked immunosorbent assays (ELISA) [13-15] have
practical limitations. These methods necessitate centralized lab-
oratory facilities, specialized personnel, and strict protocols for
isolating plasma/serum, leading to delays of 1-3 h, variability
in procedures, and susceptibility to errors before analysis [16-
19]. Although emerging point-of-care testing POCT technologies
offer promise for decentralized diagnostics [20-22], they are hin-
dered by inherent technical challenges. These limitations include
insufficient signal amplification for detecting low-abundance
targets, susceptibility to interference from blood components in
whole blood samples [23], and involve high production costs—
factors that paradoxically impede the portability and affordability
required for use in emergency or resource-limited settings [24].

Electrochemical sensing has become a fundamental technology
in various fields such as medical diagnostics, environmental
monitoring, food safety, and industrial hazard detection due
to its unique signal transduction mechanisms [25, 26]. These
systems convert specific chemical interactions into measurable
electrical outputs (current, potential, or impedance) [27], leading
to significant advancements in three key areas [28-30]. First,
miniaturization of devices has enabled portable solutions like
handheld glucometers and wearable toxin detectors, allowing
reagent-free analysis with small sample volumes [31]. Second,
sensitivity has been improved through nanomaterial engineering
and catalytic signal amplification, achieving detection limits
necessary for identifying ultra-trace biomarkers or contaminants.
Third, operational reliability has been enhanced by using aptamer
(Apt)-based recognition interfaces and advanced antifouling coat-
ings, ensuring consistent performance in diverse media such as
whole blood or industrial effluents. The efficiency of modern
electrochemical platforms is further demonstrated by their rapid
response times, as seen in the detection of the SARS-CoV-2
nucleocapsid protein within 12 min, showcasing their utility in
pandemic preparedness [32]. The integration of these nucleic acid
receptors into electrochemical biosensing architectures has cat-
alyzed significant progress in biomarker diagnostics by convert-
ing selective binding events into quantifiable faradaic responses
[33-36]. Illustrative of this capability, screen-printed electrodes
(SPEs) engineered with dual-Apt architectures have demon-
strated ultrasensitive quantification of cTnlI at physiologically
critical pg/mL concentrations through optimized amperometric
protocols [37, 38]. Nevertheless, operational translation faces per-
sistent barriers arising from hematological matrix complexities.
Nonspecific biofouling by plasma proteins (e.g., albumin) and
dynamic ionic fluctuations in untreated whole blood induce base-
line instability, confounding signal interpretation [39]. Current
compensatory approaches, such as including centrifugal plasma
isolation or buffer dilution, subvert operational simplicity while
introducing preanalytical variability, ultimately contravening the
essential “sample-to-answer” paradigm required for emergency
diagnostics.

To overcome the limitations inherent in traditional biomarker
detection methods, we introduce an innovative hematocompat-
ible biosensing platform that combines AQ-mediated ratiometric
electrochemistry with smartphone-based intelligence for ver-
satile AMI diagnosis without the need for pretreatment. This
platform utilizes the AQ molecule as an internal reference signal
and incorporates a dual-channel self-calibration mechanism to
continuously adjust for background interference arising from the

complex blood matrix (Scheme 1). By employing this approach,
we address the stability issues commonly encountered with
conventional single-signal biosensors. The adaptable electrode
design allows for the use of different Apt probe configurations,
facilitating the universal detection of cTnI, Mb, and CK-MB
with a rapid 5 min assay time and sensitivity at the picogram
per milliliter level. Moreover, the integration of the intelligent
analyzer simplifies signal capture and analytical processing,
resulting in a portable closed-loop detection system suitable
for self-administered AMI risk assessment by patients. This
design replaces simultaneous detection with a universal detection
method, which not only avoids the multi-channel crosstalk
problem of traditional multi-target POC systems, but also pro-
vides higher flexibility and cost efficiency for POC devices.
This study presents a clinically applicable solution that balances
high sensitivity with operational convenience, promoting a shift
towards decentralized and home-based management of CVDs.
The proposed technology has the potential to significantly impact
pre-hospital AMI diagnosis and enable personalized monitor-
ing of cardiovascular health, thereby facilitating the transition
from hospital-based to home-based care in the management of
CVDs.

2 | Results and Discussion

2.1 | Characterizations of the AQ-Calibrated
Sensor Unit

The assembly process of the AQ-calibrated sensor unit was
initially assessed through cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) in a 5 mM [Fe(CN),]*~/4-
redox probe solution. The kinetics of electron transfer between
the redox probe [Fe(CN),]*/4~ and the electrode interface
are intricately linked to alterations in the electrode surface.
Figure 1A,B depicts the CV curves and Nyquist plots (EIS spectra)
acquired during the incremental assembly of the AQ-calibrated
sensor unit. Upon immobilization of the Apt probe on the bare
gold working electrode (AuE), a notable decrease in redox peak
currents in the CV curves and a significant increase in semicircle
diameter in the EIS spectra were observed. This phenomenon is
attributed to the electrostatic repulsion between the negatively
charged residues of the Apt probe and the [Fe(CN),]*~/4~ redox
couple in solution, coupled with the steric hindrance introduced
by the Apt layer, which further hinders electron transfer at the
electrode surface. These effects collectively result in increased
impedance and reduced peak currents. Differential Pulse Voltam-
metry (DPV) was subsequently utilized to analyze variations in
the current signal at the electrode surface. As shown in Figure 1C,
DPV curves of the AuE in PBS at pH 7.0 were compared before
and after Apt probe modification. The AuE did not exhibit any
discernible peak currents due to the absence of electroactive
species. However, after immobilizing the Apt probe, two distinct
reduction peaks were observed at —0.58 and —0.28 V (Figure
S3). These peaks were attributed to the presence of electroactive
labels AQ and MB, which were conjugated to the Apt probe.
AQ exhibits good immobilization stability on the AuE (Figure
S9). These electrochemical characterization results validate the
successful immobilization of the AQ- and MB-functionalized Apt
probe on the AuE surface, thereby confirming the effectiveness of
the AQ-calibrated sensor unit fabrication protocol.
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The study examined the wettability of the sensor surface to
evaluate the effectiveness of surface modifications by measuring
the water contact angle on the gold surface. Contact angle
assessments were conducted in this study using a digital camera
to evaluate the wettability of the electrodes produced. A droplet
of 8 uL of deionized water was placed on the working electrode
surface, and the water contact angle was then determined
(refer to Figure 1D). The droplet’s volume and size remained
consistent throughout the experiments. The findings indicated a
contact angle of 22.6°on the AQ-calibrated sensor unit surface.
A contact angle below 90° signifies a hydrophilic surface. In
contrast, the contact angle of the AuE was recorded at 95.9°,
confirming its inherent hydrophobic nature. Hydrophobic sur-
faces readily adsorb proteins and lipids through hydrophobic
interactions, leading to biofouling and signal drift. In contrast,
hydrophilic surfaces form hydrogen bonds with water molecules,
generating a hydration layer that effectively repels hydrophobic
biomacromolecules, thereby significantly reducing non-specific
adsorption.

The alteration of surface charge throughout the modification
process was examined through Zeta potential analysis. Figure 1E
illustrates a gradual rise in the electronegativity of the electrode
surface following the immobilization of negatively charged Apt
probes onto the AuE. This observation unequivocally confirms
the effective binding of the Apt probes to the AuE surface.
Major blood proteins and cell surfaces are also negatively
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Schematic illustrations of the preparation and detection procedure of the AQ-calibrated sensor unit.

charged at physiological pH. The increased electronegativity
of the electrode surface reduces non-specific adsorption of
negatively charged proteins and cells through electrostatic repul-
sion, thereby lowering background noise and the risk of false
positives.

The XPS spectra of the AQ-calibrated sensor unit are depicted in
Figure 1F, revealing a distinct Au 4f peak at 84.9 eV, originating
from the gold substrate produced by screen-printing Au ink. The
P 2p peak (binding energy, BE = 131.2 eV) corresponds to the
phosphate groups present within the Apt probe. The S 2p peak
(BE = 159.1 eV) confirms the existence of a thiol group (—SH)
introduced through the 5’-terminal modification of the Apt probe.
Furthermore, the Cl 2p peak (BE = 194.8 eV) is associated with
MB molecules conjugated to the Apt probe. These XPS findings
collectively establish the successful immobilization of the Apt
probe onto the AuE surface. Figure 1G illustrates the elemental
mapping images of the sensor unit, demonstrating the presence
of Au, S, P, and ClI elements (the electronic image is displayed
in Figure S2). The results show that the signals of S (originating
from the thiol group), P (from the phosphate backbone of the
Apt probe), and CI (from the MB molecule) are uniformly and
continuously distributed across the entire working electrode area
(approximately 30 um X 30 um), and they overlap well with
the Au element signal. This directly demonstrates the excellent
uniformity of the Apt probe modification on the electrode
surface.
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FIGURE 1 | Characterization of the AQ-calibrated sensor unit. CV curves (A) and EIS curves (B) of AuE and Apt probe/AuE in 5mM [Fe(CN)g]> /4~
solution, as well as DPV curves (C) in PBS. (D) Water contact angle on the AuE and Apt probe/AuE surface. (E) Zeta potential of AuE and Apt probe/AuE
(n = 3). Error bars represent standard deviation. (F) XPS spectra of AQ-calibrated sensor unit. (G) The elemental mapping images of the sensor unit,

including Au, S, P, and CI. The scale bar was 10 um.

2.2 | Selection and Validation of Apt Probe
Sequences

The Apt targeting cTnl, Mb, and CK-MB were chosen based on
prior studies. The recognition and binding interactions between
the three Apt and their targets were assessed using circular
dichroism (CD) spectroscopy (Figure 2A-C). The CD spectra of
the isolated targets (cTnl, Mb, CK-MB) did not exhibit distinct
absorption peaks. In contrast, the unbound Apt showed char-
acteristic negative and positive peaks around 245 and 275 nm,
respectively. Upon incubation and binding of the Apt with
its targets, the peak amplitudes decreased significantly due to
structural changes in the Apt’s helical conformation, particularly
in base stacking interactions. Importantly, the peak positions
remained mostly unchanged. The decrease in peak amplitude
induced by binding confirmed the specific interactions between
cTnl, Mb, and CK-MB and their respective Apt. These findings

affirm the appropriateness of the selected Apt sequences for
subsequent analytical purposes, thus endorsing the effectiveness
of the proposed detection approach.

2.3 | Evaluation of Calibration Performance Using
AQ as an Internal Reference

To assess the calibration performance of the electroactive label
AQ during blood sample detection, we compared the response
of cTnl sensor units with and without AQ to varying cTnI
concentrations in whole blood (Figure 2D,E). The normal-
ized current change (Iy.) was calculated using the following
equations:

Inq

Taqo

R= I )

I MBO
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FIGURE 2 | Sensing feasibility and performance of the AQ-calibrated sensor unit. The CD spectra of the cTnI (A), Mb (B), and CK-MB (C) to Apt

probe. (D) Amperometric i-t curves of AQ-free sensor unit in whole blood. (E) Amperometric i-t curves and normalized current curves of AQ-calibrated
sensor unit in whole blood. (F) Comparison of the response of the sensor unit to cTnl in the presence and absence of AQ. Changes in current intensity
of the AQ-calibrated sensor unit at different Apt probe concentrations (G) and incubation times (H) (n = 3). Error bars represent standard deviation.

Inor = R X Iy 2

where Iy;p, and Iy, represent the initial currents of MB and AQin
the absence of the target, respectively, while Iz and I, denote
the final currents after target binding. For sensor units without
AQ, I,q and I,q are zero. The parameter R (Rate) reflects the
relative change in electrochemical signals during detection, and
I, quantifies the calibrated MB current relative to AQ. Notably,
the Iy, of AQ-calibrated sensor unit approached zero after 300 s
of baseline drift in blood, demonstrating effective drift correction.

Upon exposure to cTnl-spiked blood samples, the sensor unit
calibrated with AQ effectively mitigated baseline drift (Figure
S4). This was confirmed by comparing the responses of AQ-free
and AQ-calibrated sensor units across various concentrations of
cTnl over a 780 s period. In the absence of AQ, the MB signal

displayed a continuous upward drift, leading to baseline tilting
and overestimation of currents (Figure 2D). In contrast, the AQ-
calibrated sensor unit maintained a stable baseline with minimal
drift (Figure 2E), highlighting the superior and consistent calibra-
tion performance of AQ in complex blood matrices. Additionally,
the AQ-calibrated sensor unit achieved a steady state within 5 min
of exposure to cTnl (Figure 2E), validating its rapid kinetics (Table
S2 and Figure S7) and suitability for rapid detection (< 5 min).

To assess target response performance, sensor units were fab-
ricated using AQ-modified and AQ-free Apt probes and tested
in PBS and blood samples. The left panel of Figure 2F (inset)
demonstrates the utilization of the AQ-free sensor unit as a
negative control. A notable disparity in target response between
PBS and blood matrices was observed when comparing the AQ-
free sensor unit to the AQ-calibrated sensor unit. This finding
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underscores the enhanced accuracy of the AQ-calibrated sensor
unit in detecting blood samples, attributed to the AQ electroactive
label’s effective baseline drift correction capability.

2.4 | Optimization of AQ-Calibrated Sensor Unit
Performance Parameters

To optimize the detection performance of the AQ-calibrated sen-
sor unit, crucial parameters affecting analytical efficacy, such as
Apt probe concentration and incubation time, were methodically
fine-tuned before formal testing. As depicted in Figure 2G, the
peak currents of AQ and MB exhibited an increase with Apt probe
concentration ranging from 0.5 to 2 uM, indicating heightened
electrochemical activity attributed to increased probe loading.
The most robust response signal was observed at 2 uM. However,
elevating the concentration to 2.5 uM resulted in diminished peak
currents, likely due to steric hindrance impeding electrochemical
accessibility at the electrode surface. Therefore, 2 uM was deter-
mined as the optimal Apt probe concentration for subsequent
experiments. Figure 2H demonstrates the impact of incubation
time (6, 9, 12, 15, and 18 h) on Apt probe immobilization on
the AuE surface. Prolonged incubation exceeding 15 h led to
decreased probe activity, possibly as a result of denaturation or
nonspecific adsorption. Consequently, 15 h was established as the
optimal incubation duration to strike a balance between probe
density and functional integrity.

2.5 | Detection Performance of the AQ-Calibrated
Sensor Unit

To validate the detection capabilities of the AQ-calibrated sensor
unit, we utilized it for the diagnosis of AMI. cTnI, Mb, and CK-MB
are established biomarkers that exhibit alterations during AMI,
indicative of pathological conditions in individuals. Conventional
biosensing approaches typically operate in simplistic matrices,
such as PBS or serum, which often fall short in mitigating
the presence of interfering substances in blood samples, conse-
quently compromising reliability and precision. In contrast, the
AQ-calibrated sensor unit presents a dependable means for the
direct detection of AMI biomarkers in whole blood, offering a
promising avenue for the prompt diagnosis of AMI. Through
meticulous optimization, we assessed the sensing efficacy of the
AQ-calibrated sensor unit by examining its response to varying
concentrations of the target analytes (cTnI, Mb, CK-MB) in both
PBS (refer to Figure S5) and blood matrices (refer to Figure
S6). As shown in Figure 3A,B, the normalized current change
(Inor) exhibited a concentration-dependent increase for all targets
(cTnl, Mb, CK-MB) in both PBS and blood, with strong linear
correlations between I, and the logarithm of target concentra-
tions. The detection standard curves of the AQ-calibrated sensor
unit in PBS are y(r, = 9.01327+2.29204x (R* = 0.9952), Yoy =
11.53824+4.68431x (R* = 0.9940), and ycg gy = 13.57086+4.05485x
(R* = 0.9989). The detection standard curves in Blood are y’
= 8.31447+2.28329x’ (R? = 0.9978), y’(Mb) = 9.51212+5.57444x’(R* =
0.9921), and y’ ¢k vy = 10.78658+3.38388x" (R? = 0.9990), where y
is Iy,; and x is the logarithm of the target concentration.

A direct comparison of responses in PBS and blood matrices
(Figure 3C) revealed nearly identical Iy, values for equiva-

lent target concentrations (cTnl, Mb, CK-MB). This confirms
that the AQ-calibrated sensor unit retains excellent detection
fidelity in complex blood environments, with acceptable detec-
tion limits (LOD) and dynamic detection ranges (cTnI, 0.3
pg/mL, 10 pg/mL—500 ng/mL. Mb, 19.7 pg/mL, 100 pg/mL—
1000 ng/mL. CK-MB, 0.7 pg/mL, 10 pg/mL—500 ng/mL). While
the detection sensitivity in blood samples is higher than in the
PBS matrix (cTnl, 0.12 pg/mL, 1 pg/mL—500 ng/mL. Mb, 3.49
pg/mL, 10 pg/mL—1000 ng/mL. CK-MB, 0.46 pg/mL, 1 pg/mL—
500 ng/mL), the observed detection range aligns with variations
in cardiac muscle markers in the PBS sample and remains below
the detection range of normal cardiac muscle marker levels. Con-
sequently, we introduce a functional nano-biosensing platform
capable of precise and sensitive AMI diagnosis. The LODs are far
below the clinical diagnostic cutoffs for AMI. Moreover, the linear
ranges fully cover the clinically relevant concentration intervals,
from normal baseline to highly elevated AMI levels [40-42].
This exceptional sensitivity and wide dynamic range, combined
with direct whole-blood compatibility, make our platform highly
promising for rapid and accurate POC diagnosis of AMI.

2.6 | Specificity, Versatility, Reproducibility, and
Stability of the AQ-Calibrated Sensor Unit

Control experiments were conducted to evaluate the specificity
of the AQ-calibrated sensor unit by testing common post-
myocardial infarction biomarkers as interferents, including cTnlI,
Mb, CK-MB, heart-type fatty acid-binding protein (H-FABP), C-
reactive protein (CRP), skeletal troponin I (sTnl), hemoglobin
(Hb), muscle-type CK (CK-MM), and brain-type CK (CK-BB).
Interferents were present at a concentration of 100 ng/mL, while
targets were at 10 ng/mL, resulting in an interferent-to-target
ratio of 10:1. The electrochemical signal of the AQ-calibrated
sensor unit, as depicted in Figure 4A, remained unchanged in
the presence of interferents but exhibited a significant response
upon the introduction of cTnl. This observation confirms the
sensor unit’s exceptional specificity against interference in blood
matrices. To showcase its versatility, the cTnI-specific Apt probe
was substituted with Mb- and CK-MB-specific Apt probes to
detect Mb and CK-MB, respectively. Figure 4B,C demonstrate that
the AQ-calibrated sensor unit maintained comparable specificity
and sensitivity for these alternative targets. Through the modular
exchange of Apt probes, the system can be tailored to detect mul-
tiple analytes, underscoring its wide-ranging utility in multiplex
biomarker detection.

High repeatability and stability are crucial characteristics of
the AQ-calibrated sensor unit. Following a 30-min incubation
period, the sensor unit can be effectively regenerated under
acidic conditions (pH 5.0) for repetitive target quantification
(Figure 4D). Using cTnl as a model analyte, the AQ-calibrated
sensor unit exhibited an 89.6% recovery rate for cTnl detection
after four regeneration and measurement cycles, underscoring
its dependable repeatability (Figure 4E). Moreover, the AQ-
calibrated sensor unit exhibits good stability, reversibility, and
excellent preparation reproducibility (Figure S10). To assess long-
term stability, the sensor unit was evaluated in blood samples
spiked with 10 ng/mL cTnl, Mb and CK-MB and stored at
25°C. Measurements were conducted every 7 days over a period
of 28 days. As depicted in Figure 4F, the electrochemical

6 of 13

Advanced Healthcare Materials, 2026



cTnl

Mb CK-MB

>
ge (n4)

S
N
=

L

h

PBS

.

R*=0.9952

ion in
d current

Normalized current change (nA)
s
1

Detect

2=
R2=0.9940 104 R*=0.9989

0])\ 0:] 1 10 100
Concentration of ¢Tnl (ng/mL)

0.001

0.;)1 0:1
Concentration of Mb (ng/mL)

0.;)1 0‘.] i lb 11‘)0
Concentration of CK-MB (ng/mL)

1 10 100 1000 0.001

=

w
S

>
b

24

Blood

.

@

R*=0.9978

10N 1n

Normalized current change (nA)
3
Normalized current change (nA)
o

Detect

<
e

»

R?=0.9990
R?=0.9921

Normalized current change (nA)
o s

0.4’]] Ojl i |l0 l('lll 0:1
Concentration of ¢Tnl (ng/mL)

N
S

S

S

Concentration of Mb (ng/mL)

1000 0.01 01 i 10 100
Concentration of CK-MB (ng/mL)

1 10 100

Detection in PBS
Detection in Blood

o
4
©
)

)
—

o

kN

Comparison

IS
v

Normalized current change (nA)
Normalized current change (nA)
o

I

o

Detection in PBS
Detection in Blood

30

Detection in PBS
Detection in Blood x

Normalized current change (nA)
—

x

0.01 0.1 1 10 100 500 0.01 0.1

Concentration of ¢Tnl (ng/mL)

0.001

FIGURE 3 |

Concentration of Mb (ng/mL)

1 10 100 500 1000 0.01 0.1 1 10 100 500
Concentration of CK-MB (ng/mL)

0.001

Results of the response of the AQ-calibrated sensor unit to cTnl, Mb, and CK-MB. (A) Linear relationship between the Iy, and the

concentration of target in PBS. (B) Linear relationship between the Iy, and the concentration of the target in blood. (C) The comparison of target
responses at different concentrations of cTnl, Mb, and CK-MB in PBS blood (n = 3). Error bars represent standard deviation.

signal response to all three AMI biomarkers (cTnl, Mb, and
CK-MB) remained largely consistent over a 28-day duration,
indicating satisfactory operational stability for AMI biomarker
detection applications. Furthermore, the detection performance
under different environmental conditions (Figure S8) con-
firmed the intrinsic stability of the self-calibration mechanism
itself.

2.7 | Design of the Intelligent Analyzer

The biosensing platform has been successfully developed, con-
sisting of three main modules: an AQ-calibrated sensor unit
and an intelligent analyzer (a printed circuit board (PCB) and
a smartphone equipped with a dedicated app) (Figure S11). The
biosensing platform architecture, illustrated in Figure 5A, follows
a hierarchical design flow starting from the AQ-calibrated sensor
unit to the PCB assembly, culminating in integration with a
dedicated smartphone application. The PCB is equipped with
a Bluetooth interface to wirelessly transmit captured electrical
signals to the smartphone. Subsequently, these signals undergo
digital processing and are displayed through the application

interface. Developed using Altium Designer 16.1.12, the PCB
features a potentiostat circuit configuration, serving as the core
functional component of an intelligent analyzer. Figure 5B dis-
plays the technical schematics of the PCB, showcasing multilayer
routing diagrams for both the top and bottom layers, along
with 2D and 3D computer-aided design (CAD) renderings. The
biosensing platform enables universal detection of different AMI
biomarkers by exchanging the Apt probe-modified sensor unit.
Each measurement targets a single biomarker, thus avoiding
signal cross-talk.

2.8 | Real Sample Analysis and Method
Comparison

A linear regression analysis curve was created to assess the per-
formance of the intelligent analyzer by comparing the measured
values from the analyzer with the actual target concentrations
(the demonstration video of the detection process of the intel-
ligent analyzer can be found in Videos S1-S4). The analysis
revealed high correlation coefficients (R?) of 0.9991, 0.9995,
and 0.9994 for cTnl, Mb, and CK-MB, respectively (Figure 5C).
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FIGURE 4 | Performance evaluation of the AQ-calibrated sensor unit. (A-C) Specificity and universality evaluation of the AQ-calibrated sensor unit

in blood matrices. The DPV curves (D) and the corresponding peak current (E) show the regeneration and repetitive use of the AQ-calibrated sensor
unit with 10 ng/mL of ¢TnI under acidic conditions (pH 5.0). (F) Iy, change of the AQ-calibrated sensor unit with 10 ng/mL of ¢TnI, Mb, and CK-MB

at 25°C (n = 3). Error bars represent standard deviation.

These findings confirm the accuracy and reliability of the
intelligent analyzer as a portable detection platform for AMI
biomarkers.

A thorough comparative analysis was conducted utilizing ELISA
kits, the CHI660E electrochemical workstation, and an intelligent
analyzer to evaluate blank samples and blood specimens spiked
with cTnl, Mb, and CK-MB. Figure 5D depicts the calibration
curves generated from the cTnl, Mb, and CK-MB ELISA Kits,
demonstrating R?> of 0.9904, 0.9919, and 0.9961, respectively.
Tabulated comparative findings are presented in Table 1. The
results unequivocally establish the superior performance of the
intelligent analyzer and CHI660E electrochemical workstation
over ELISA kits in terms of sensitivity, accuracy, detection
range, and operational procedures. Moreover, a comprehensive
comparison of the platform with previously reported methods
for AMI biomarker detection (Table S3) and with existing drift
correction strategies (Table S4) is provided in the Supporting
Information, highlighting the advantages of our AQ-calibrated
self-correction mechanism in terms of detection range, assay
time, matrix tolerance, and system simplicity.

Besides, we have verified the analytical performance of the
analyzer on clinical specimens. In brief, we have performed a

blind analysis of the three AMI biomarkers (cTnI, Mb, and CK-
MB) using whole blood samples from 5 AMI patients (Patient
Group, PG) and 5 healthy volunteers (Healthy Group, HG). The
collection and testing of patient blood samples were approved
by the Medical Ethics Committee of Huizhou Sixth People’s
Hospital (Approval No. KYYJ2025-LY066). This approval was
valid for the entire duration of the study, from sample col-
lection to data analysis. Informed consent was obtained from
all individual participants (including both AMI patients and
healthy volunteers) involved in the study. The detection results
demonstrated that the measured concentrations of all three AMI
biomarkers in the PG were significantly higher than those in
the HG (Figure 5E). Furthermore, statistical analysis (using a
t-test) revealed significant differences between the PG and HG
groups (**, p < 0.01), with Cohen’s d effect sizes of 2.73 for
cTnl, 2.52 for Mb, and 2.49 for CK-MB, indicating the potential
clinical utility of the platform. However, the clinical validation
was performed with a small sample size (5 AMI patients and 5
healthy volunteers). While the large effect sizes and significant
differences support the proof-of-concept of this platform, the
results should not be generalized to the broader AMI population.
Future multi-center studies with substantially larger cohorts
are required to determine diagnostic cut-offs, sensitivity, and
real-world performance.
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derived from ELISA kits of cTnl, Mb, and CK-MB. (E) Measured concentration of the clinical specimens collected from HG (n = 5) and PG (n = 5). The
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0.01).

3 | Conclusion

This study developed a biosensing platform compatible with
whole blood for detecting myocardial biomarkers. The platform
is based on AQ-calibrated electrodes and was integrated with

a smartphone terminal to create a POCT biosensing platform.
By utilizing AQ molecules as calibration signals, a dual-channel
self-calibration model was established, reducing the relative
standard deviation of whole blood detection from 8.2% (using
conventional methods) to 3.1%. This significantly improved
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TABLE 1 | Recovery experiment for the detection of different concentrations of target in whole blood samples.

Analyzer CHI660E ELISA kit
Spiker Found
Sample (ng/mL) (ng/mL) Recovery (%) Found (ng/mL) Recovery (%) Found (ng/mL) Recovery (%)
cTnl 0 Nd Nd
0.1 0.109 109.3 +4.16 0.102 101.7 + 2.48 0.113 1129 + 8.71
1 0.984 98.4 +3.12 0.998 99.83 + 3.07 0.948 94.8 +7.69
50 49.339 98.7 +3.15 51.244 102.5 +5.90 Nd
Mb 0 Nd Nd
0.1 0.101 101.3 +3.79 0.108 107.7 + 3.26 Nd
1 1.028 102.8 + 3.76 0.9255 92.55 + 3.58 Nd
50 52.900 105.8 + 2.44 53.097 106.2 + 2.48 45.44 90.88 + 8.81
CK-MB 0 Nd Nd
0.1 0.111 111.3 + 2.52 0.095 95.13 + 3.60 Nd
1 1.059 105.9 + 1.77 1.071 1071+ 2.16 Nd
50 49.715 99.4 +3.22 52.893 105.8 + 3.17 48.589 97.18 + 7.73

Abbreviation: Nd, not detected.

Recovery (%) is expressed as mean + SD. n = 3, each spiked concentration was obtained from three parallel experiments.

detection reliability in complex matrices. Additionally, the Apt-
functionalized electrode technology allowed for the universal
detection of cardiac biomarkers (cTnl, Mb, and CK-MB) with
sensitivities in the picogram per milliliter range, meeting clinical
diagnostic thresholds. The biosensing platform was designed
with coordinated hardware-software integration, incorporating
smartphone Bluetooth modules and a customized mini-program.
This design enabled wireless electrochemical signal acquisition,
real-time analysis, and cloud-based report generation. Its power
consumption was maintained below 10 mW, and the cost per test
was under $2. Experimental validation confirmed the sensor’s
high consistency with reference results in whole blood samples
(R*> 0.999) and demonstrated stability for at least 28 days under
ambient conditions (25°C). This research supports the feasibility
of pre-hospital early detection of AMI using a low-cost, portable
platform. The design framework is versatile and could potentially
be expanded to monitor other disease biomarkers at home.

4 | Experimental Section

4.1 | Materials and Reagents

Tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP) and car-
diac troponin I (cTnI) were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA). 6-mercapto-1-hexanol (MCH) and myo-
globin (Mb) were obtained from Aladdin. Creatine kinase-MB
(CK-MB) was purchased from Prospec Ltd., Israel. Heart-type
fatty acid-binding protein (H-FABP) and C-reactive protein (CRP)
were purchased from Abcam Trading Co., Ltd., Shanghai, China.
Creatine kinase-MM (CK-MM) and creatine kinase-BB (CK-BB)
were purchased from Shanghai Xibao Biotechnology Co., Ltd.
PBS phosphate buffer and anhydrous ethanol were purchased
from Beijing Solarbio Science & Technology Co., Ltd. ELISA
kits for cTnl, Mb, and CK-MB of humans were purchased
from Jiangsu Meimian Industrial Co., Ltd. (MEIMIAN, Jiangsu,

China). SPEs (Figure S1) (12 X 34 mm?, 2 mm diameter disk
working electrode, gold powder working electrode, platinum
powder counter electrode, Ag/AgCl pellet reference electrode)
were purchased from Poten Technology Co., Ltd. (Weihai, China).
And all oligonucleotide sequences purified by HPLC were syn-
thesized by Integrated DNA Technologies, confirmed by HPLC
profile and mass spectrometry. The sequences used in this study
are listed in Table S1. All solvents and chemicals were analytical
reagents and were used without further purification.

4.2 | AQ-Calibrated Sensor Unit Fabrication

Before assembly, the SPEs were sequentially rinsed three times
with ethanol and deionized water to remove residual organic
contaminants and oxide layers from the printing process, ensur-
ing precise and reliable detection outcomes. The cleaned SPEs
were air-dried on a sterile bench for subsequent processing. All
thiol-modified oligonucleotide Apt probes were reconstituted in
phosphate-buffered saline (PBS, pH 7.0) to a final concentration
of 100 uM, aliquoted, and stored at -20°C until use.

For the fabrication of the AQ-calibrated sensor unit, the Apt
probe solution was mixed with an equal volume of 1 mM TCEP
solution and incubated at room temperature for 1 h. TCEP
reduces disulfide bonds to free thiols (—SH) while maintaining
the structural integrity of the Apt probes. Subsequently, 10 uL
of the reduced Apt-TCEP mixture was dropped onto the freshly
cleaned working electrode surface of the SPE. The modified
electrode was incubated at 4°C for a defined duration to facil-
itate Apt immobilization. Optimal assembly conditions were
established by systematically varying Apt concentrations and
immobilization times. Post-immobilization, the AQ-calibrated
sensor unit was rinsed with deionized water and passivated with
1 mM MCH solution for 1 h at ambient temperature to displace
nonspecifically adsorbed Apts and block residual binding sites.
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Before electrochemical characterization, the functionalized AQ-
calibrated sensor unit was rigorously washed with deionized
water to remove unbound reagents.

4.3 | Characterization Techniques

The surface chemical composition was characterized using a
multifunctional x-ray photoelectron spectrometer (XPS), specifi-
cally the AXIS SUPRA+ system (Shimadzu Co., Japan) equipped
with a monochromatic Al Ka x-ray source (1486.6 eV). Zeta
potential measurements were performed using an electrokinetic
solid surface analyzer: SurPASS 3 (Anton Paar GmbH, Austria)
under controlled electrolyte conditions. Circular dichroism (CD)
spectra were acquired on a Chirascan V100 Circular Dichroism
Spectrometer (Applied Photophysics Ltd, UK) with a quartz
cuvette of 1 mm path length. Static contact angles were deter-
mined using a DSA100 fully automated single-fiber contact angle
goniometer (KRUSS GmbH, Germany) under ambient condi-
tions. All electrochemical experiments were conducted at room
temperature using a CHI660E electrochemical workstation (CH
Instruments, Shanghai, China). Differential Pulse Voltammetry
(DPV): Performed with a potential window of —0.1 to —0.8 V,
amplitude of 0.05 V, and pulse width of 0.025 s. Amperometric
i-t curves: Current data were recorded at 5 s intervals under a
constant applied potential.

4.4 | Design of the Intelligent Analyzer

The intelligent analyzer consists of three core components: a
signal acquisition printed circuit board (PCB), a smartphone
integrated with a dedicated mini-program, and an AQ-calibrated
sensor unit. The schematic diagram of the PCB signal acquisition
circuit board is illustrated in Figure S12. Chemical signals derived
from the sensor unit are transduced into measurable electrical
signals and digitized via a 12-bit analog-to-digital converter (ADC)
embedded within the microcontroller unit (MCU). Bidirectional
communication between the analyzer and the smartphone is
established through a 4G wireless module (Figure S13). The
smartphone transmits detection commands to the analyzer via
the 4G network, while the custom-developed mini-program
enables remote control of the analyzer, real-time data acquisition,
signal processing, and visualization of results on the smartphone
interface. The reliability of the system for practical detection was
validated by cross-comparison of analytical results obtained from
the smart analyzer, CHI660E electrochemical workstation, and
ELISA.

4.5 | Preparation and Testing of the Target
Concentration in Actual Blood Samples

The evaluation of target analytes in human blood samples in
this study adhered to the ethical guidelines approved by the Life
and Medical Ethics Committee of Southwest University. Fresh
blood samples were collected using vacuum phlebotomy needles
into EDTA anticoagulant tubes, gently mixed, and immediately
stored at 4°C. The target protein was removed by immunoaffinity
depletion prior to use.

The quantification of the target in blood samples was conducted
through ELISA using a BioTek Epoch microplate spectropho-
tometer (Agilent Technologies, USA) with absorbance readings
at 450 nm. For the analysis of the target in blood samples, such as
cTnl, a smartphone-based intelligent analyzer test was employed.
The operational steps are as follows: 1. Device Initialization:
Access the mini-program interface, connect to the analyzer, and
choose the target analyte (e.g., “cTnI”). 2. Sample Application:
When prompted with “Drop your sample” on the screen, apply
40 pL of the blood sample onto the sensor unit’s surface. 3.
Automated Detection: Press the “OK” button immediately to
commence the test. The concentration of measured cTnl is
presented on the smartphone interface after a 5-min incubation
period. Post-testing, discrepancies between the results obtained
from the Intelligent analyzer, CHI660E electrochemical worksta-
tion, and ELISA were calculated and recorded to validate the
analytical consistency and reliability of the integrated system.

4.6 | Ethics Statement

The evaluation of target analytes in healthy human blood sam-
ples in this study adhered to the ethical guidelines approved
by the Life and Medical Ethics Committee of Southwest Uni-
versity (SWU-ETH-2025-04-24-001). The collection and test-
ing of patient blood samples were approved by the Medical
Ethics Committee of Huizhou Sixth People’s Hospital (Approval
No. KYYJ2025-LY066). The approvals were valid for the entire
duration of the study, from sample collection to data analysis.
Informed consent was obtained from all individual participants
(including both AMI patients and healthy volunteers) involved
in the study.

4.7 | Statistical Analysis

All electrochemical measurements were performed using inde-
pendent AQ-calibrated sensor units. Unless otherwise stated,
each experimental condition was repeated using three inde-
pendently fabricated sensor units. For calibration curves, each
concentration point was measured using three independent
sensor units. The number of replicates (n) is indicated in each
figure caption. Quantitative data are presented as mean + SD.
For comparisons between two groups (AMI patient group vs.
healthy control group), a two-tailed unpaired Student’s t-test was
performed. The significance level («) was set at 0.05. In all cases,
a p-value < 0.05 was considered statistically significant. All data
were processed and analyzed using OriginPro 2025 (OriginLab
Corporation, USA).
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