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Myoglobin (Myo) is the earliest biomarker for the diagnosis of acute myocardial infarction (AMI). Sensitive and
reliable Myo assays are essential for timely diagnosis of AMI. In this work, a label-free electrochemical immu-
nosensor was prepared by modifying a glassy carbon electrode (GCE) with a nanocomposite material combining
a two-dimensional metal-organic framework (Co-BDC,1,4-benzenedicarboxylate is abbreviated as BDC) hy-
bridized with molybdenum disulfide (MD) nanosheets and loaded with gold nanoparticles (Au NPs). The Au/Co-
BDC@MD-modified electrode exhibits good electrochemical properties and biocompatibility, contributing to
excellent sensor performance. Under optimal conditions, the linear range of the proposed electrochemical sensor
was from 10 fg/mL to 10 ng/mL with a limit of detection (LOD) of 10.03 fg/mL (S/N = 3). In addition, the sensor
possessed good specificity, reproducibility and stability. Meanwhile, the amount of Myo in serum was detected
with recoveries of 96.9-98.5 % (RSD, 0.31-1.02 %). Therefore, the constructed immunosensor is important for
the sensitive and accurate detection of Myo and the early diagnosis of AMI.

1. Introduction accuracy render Myo a crucial early detection marker for AMI [2].

Currently, the common methods for detecting Myo include fluorescence

Acute myocardial infarction (AMI) is an extremely severe cardio-
vascular disease with high mortality, posing a significant threat to
human health. Timely identification of AMI by monitoring cardiac
biomarkers in the bloodstream is essential for enhancing patient survival
outcomes [1]. Clinical cardiology research has shown that cardiac
myoglobin (Myo) is the earliest biomarker of AMI. Its small molecular
size (17.8 kDa) enables rapid release into the bloodstream (as early as
1-3 h after symptom onset), and its rapid release kinetics and predictive

analysis [3], electrochemical detection [4,5], electrochemiluminescence
analysis [6,7], and electrochemical immunosensors [8]. However,
compared to label-free electrochemical immunosensors, these methods
require additional labeling steps, which make the detection process
more complex and expensive. Label-free electrochemical immuno-
sensors are a more direct and efficient detection method. They directly
convert the biological signal generated during the specific recognition
process of antigens and antibodies into an electrical signal, thereby
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enabling the quantitative detection of antigens. They also have the ad-
vantages of fast detection and simple preparation [9].

In recent years, rational design of advanced nanomaterials has
played a pivotal role in enhancing the sensitivity and reliability of
electrochemical immunosensors. Notable examples include gourd-
shaped hollow PtCoNi bunched nanochains (GH-PtCoNi BNCs), which
enabled label-free detection of alpha-fetoprotein (AFP) with a detection
limit as low as 0.017 pg/mL, attributed to their large surface area and
superior HpOy reduction activity [10]. Similarly, self-supported
PtPdMnCoFe high-entropy alloy with nanochain-like internetworks
(HEAINN) achieved an ultrasensitive detection limit of 0.0036 pg/mL
for neuron-specific enolase (NSE) [11], while PtPdCo nanoalloys
anchored on hollow porous N-doped carbon fibers (HPCNFs) demon-
strated a wide dynamic range (0.0001-1000 ng/mL) for procalcitonin
(PCT) detection, underscoring the versatility of hybrid nanostructures in
clinical bioanalysis [12]. Parallel advances in MOF-based nanozyme
systems, such as the core@shell C3N4 NS@UiO-66 architecture devel-
oped by Khoshfetrat et al., have further demonstrated the benefits of
nanoconfinement, peroxidase-like activity, and magnetic separation for
ultrasensitive detection of prostate-specific antigen (0.02 pg/mL) and
methylated DNA (10 pg) in complex matrices [13,14]. These studies
collectively highlight the importance of structural engineer-
ing—encompassing hollow morphologies, high-entropy systems,
conductive supports, and MOF encapsulation—in achieving high cata-
lytic activity, efficient probe immobilization, and effective background
suppression. Inspired by these strategies, we report a novel Au/Co-
BDC@MD nanocomposite-based electrochemical immunosensor for
the ultrasensitive detection of myoglobin (Myo), aiming to combine
enhanced electrocatalysis with robust antibody immobilization for early
diagnosis of acute myocardial infarction.

Molybdenum disulfide (MD) has a unique S-Mo-S sandwich structure
and is characterized by an indirect band gap, a unique layered structure,
a large specific surface area, excellent mechanical hardness and good
catalytic properties [15-17]. The excellent properties of MD make it a
very promising nanomaterial for use as a carrier material for the con-
struction of label-free immunosensors [18]. However, as a substrate
material, MD does not have ideal electrical conductivity. To solve this
problem, researchers usually combine MD nanomaterials with additives
that have higher electrical conductivity, such as carbon-based materials,
precious metals, transition metals, and certain polymers. Among these,
gold nanoparticles (Au NPs) have been widely applied in electro-
chemical immunosensors owing to their superior electronic conductiv-
ity, notable biocompatibility, and effective antibody-binding capacity.
Upon integrating gold nanoparticles with MD, the resulting composite
material can experience a notable enhancement in its overall conduc-
tivity, alongside an expanded total specific surface area, which aug-
ments antibody immobilization. Consequently, this improves the
sensitivity and specificity in detecting target analytes. Thus, modifying
MD with gold nanoparticles is an effective strategy to address the issue
of MD’s limited conductivity and improve the functionality of electro-
chemical immunosensors utilizing this material [19-21].

In addition to the conductivity issue, the high catalytic activity of MD
can lead to an increase in background current, thereby reducing the
sensitivity of the constructed immunosensor [22]. Therefore, it is
necessary to effectively modify MD to reduce its catalytic performance
while maintaining good conductivity. Metal-organic frameworks
(MOFs) are rarely used directly as catalysts due to disadvantages such as
low conductivity and low reactivity of metal centers [23]. However,
two-dimensional (2D) MOFs (Co-BDC, 1,4-benzenedicarboxylate
abbreviated as BDC) exhibit low catalytic performance for the reduc-
tion of HyO2 [24], making it a suitable candidate for our label-free
electrochemical immunosensor design. The selection of Co-BDC is
based on its unique physicochemical properties that distinguish it from
other MOFs like MIL-53, aligning with the sensor’s performance re-
quirements. Specifically, unlike MIL-53—which is reported to exhibit
intrinsic co-reaction acceleration effects [25]—Co-BDC’s low catalytic

Microchemical Journal 217 (2025) 114831

activity toward H30O- is critical for suppressing background current in
label-free detection. This characteristic allows Co-BDC to cover partial
active sites of MD nanosheets, reducing unnecessary catalytic reactions
of MD and minimizing background interference, which aligns with the
strategy of reducing non-specific signals emphasized in [26]. Addition-
ally, Co-BDC’s 2D structure ensures good electrical conductivity when
hybridized with MD: unlike some MOFs with poor conductivity that
hinder electron transfer [27], Co-BDC deposited on MD surfaces does not
introduce significant additional resistance, maintaining efficient charge
transfer essential for enhancing signal sensitivity. Moreover, Co-BDC
provides a stable platform for Au NPs via potential coordination in-
teractions, facilitating subsequent antibody immobilization through
Au—N bonds [28,29]. In contrast, MIL-53’s strong co-reaction acceler-
ation might exacerbate background current fluctuations in label-free
systems, compromising detection accuracy, further supporting Co-BDC
as the optimal choice. Building on these properties, an effective modi-
fication strategy was developed by combining Co-BDC with MD nano-
sheets. In this composite, the catalytically inactive Co-BDC covers some
active sites of MD, reducing unnecessary catalytic reactions and back-
ground current, while its 2D configuration ensures the overall system
retains excellent electrical conductivity—mitigating the negative impact
of MD’s high catalytic activity while preserving its electrical advantages,
and offering a new strategy for high-performance electrochemical
immunosensors. Finally, Au NPs with good electrical conductivity and
biocompatibility [30,31] were attached to the Co-BDC@MD composite
via Au—S bonds [32] to form an Au/Co-BDC@MD structure. This
composite retains MD’s large specific surface area and sensitivity, en-
hances conductivity through Au NPs, and reduces unwanted catalytic
activity via Co-BDC’s coverage of MD active sites. The high loading of
Au NPs further improves substrate performance by effectively immobi-
lizing large amounts of Ab; through Au—N bonds, increasing antibody
binding sites, enhancing antigen capture capability, and ultimately
boosting the immunosensor’s sensitivity and specificity. This makes Au/
Co-BDC@MD an efficient substrate for constructing label-free electro-
chemical immunosensors in this study, with reference to modification
methods of other electrochemical sensors [33-38].

To summarize, the synthesized Au/Co-BDC@MD nanocomposite was
examined in this research through comprehensive electrochemical
analysis employing techniques such as electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV), and differential pulse
voltammetry (DPV). Additionally, its structural features and elemental
composition were assessed using energy dispersive spectroscopy (EDS)
and scanning electron microscopy (SEM). Based on Au/Co-BDC@MD as
a signal amplification platform, we constructed a label-free electro-
chemical immunosensor.

2. Experimental section
2.1. Chemicals and materials

Tetrachloroauric acid (HAuCly-4H>0) was obtained from Sinopharm
Chemical Reagent Co., Ltd. L-Cysteine (C3H7NO,S), terephthalic acid
(BDC), and sodium molybdate dihydrate (NapMoO4-2H,0) were ac-
quired from Shanghai Maclin Biochemical Technology Co., Ltd. N,N-
dimethylformamide (DMF) was sourced from Tianjin Hengxing Chemi-
cal Reagent Co., Ltd. Myocardial myoglobin (Myo) and its corresponding
antibody (Ab;), cytochrome C (Cyt ¢), human serum albumin (HSA), and
hemoglobin (Hb) were obtained from Shanghai Jizhi Biochemical
Technology Co., Ltd. Bovine serum albumin (BSA) was acquired from
Shanghai Aladdin Biochemical Technology Co., Ltd. Special grade foetal
bovine serum (FBS) was purchased from Zhengzhou Pingrui Biotech-
nology Co., Ltd. The structural features of the samples were analyzed
using SEM (scanning electron microscopy) and EDS (energy dispersive
spectroscopy). The experiments were conducted utilizing a CHI660E
electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd.),
with a three-electrode setup employed throughout. This configuration
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featured Ag/AgCl as the reference electrode, GCE as the working elec-
trode, and a Pt wire as the counter electrode. CV measurements were
carried out on several modified electrodes in a 5 mM K3[Fe(CN)g] so-
lution, which also contained 0.1 M KNOs, at a scan rate of 0.1 V/s. The
EIS measurement was carried out in a medium composed of 2.5 mM [Fe
(CN)6]®~* and 0.1 M KCl, spanning a frequency spectrum from 0.01 to
10% Hz at an open-circuit potential of +0.385 V. DPV was executed in
phosphate-buffered saline (PBS) at pH 7.4 with HyO», employing a po-
tential sweep from —0.5 V to +1.0 V.

2.2. Preparation of au NPs

The preparation of Au NPs followed the method outlined in the
literature [39]. Initially,0.2 mL of HAuCl44H;0 (1.0 wt%) was
dispensed into a beaker, followed by the addition of 19.8 mL of sec-
ondary deionized water, which was then mixed comprehensively. A
magnetic stirrer bar was inserted into the beaker, and the setup was
positioned on a constant-temperature magnetic heater to ensure
consistent heating and stirring until the mixture reached boiling point.
During boiling, 0.3 mL (10 mg/mL) of sodium citrate was added, and
stirring was maintained for 20 min, noting the solution’s transformation
from a pale yellow to grey and subsequently to burgundy. Ultimately,
cease stirring and heating, allow the solution to cool to ambient tem-
perature, and the resulting solution constitutes the Au NPs solution,
which should be preserved in a sealed reagent bottle at 4 °C for future
utilization.

2.3. Preparation of MD nanosheets

MD nanosheets were fabricated following the established protocol
outlined in the literature [40,41]. A volume of 25 mL of secondary
deionized water was measured, and 0.125 g of NagMoO4-2H20 crystals
was carefully weighed, combined, and dissolved within a 50 mL beaker.
Subsequently, the solution’s pH was assessed using a pH meter, and 0.1
M hydrochloric acid was introduced to achieve a pH of 6.5. Following
this,0.25 g of L-cysteine was incorporated into the beaker and fully
dissolved via ultrasonication. The blend was positioned within the liner
of a 50 mL reaction container, after which the steel casing was secured
and fastened. The reaction assembly was subsequently transferred to an
oven set at 100 °C for 1 h, followed by an increase in temperature to
200 °C, where it remained for 15 h. Upon completion of the heating
process, the oven was switched off, allowing it to gradually cool to
ambient temperature alongside the reaction vessel. The resulting ma-
terial was rinsed three times with water using a centrifuge, dried, and
subsequently utilized.

2.4. Preparation of co-BDC@MD

Reference method for the preparation of co-BDC@MD hybrid
nanosheets [24]:32 mL N,N-dimethylformamide,2 mL ethanol and 2 mL
deionized water were added to a screw-cap bottle. A quantity of 40.8 mg
of MD nanosheets was measured and introduced into the mixture, which
was then subjected to sonication for a duration of 10 min to ensure
thorough blending. After mixing,0.1 mmol terephthalic acid and 0.1
mmol cobalt chloride heptahydrate were added to the screw-cap bottle
and stirred until dissolved. A volume of 0.2 mL of triethanolamine was
introduced into the screw-cap vial and homogenized through ultra-
sonication for a duration of 3 h. subsequently, the resulting mixture was
rinsed three times with ethanol and deionized water, and the resultant
dispersion was preserved for subsequent utilization

2.5. Preparation of au/co-BDC@MD
2.0 mL of the Co-BDC@MD mixture and 2.0 mL of the gold nano-

particle solution were added to the same centrifuge tube, mixed by ul-
trasound for 15 min, and then spin in a rotary mixer for 6 h. Finally,
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centrifuge three times, and the resulting product is dispersed in water
and stored for later use.

2.6. Electrochemical measurement

Electrochemical analyses were performed utilizing a three-electrode
configuration, comprising an Ag/AgCl reference electrode, a glassy
carbon working electrode (GCE, ® = 3 mm), and a platinum wire
counter electrode (Pt, ® = 0.5*37 mm). CV was conducted in a solution
containing 20 mL of K3[Fe(CN)e] (5.0 mM) and KNO3 (0.1 M), at a scan
rate of 0.1 V/s. The open-circuit potential was determined to be 0.385 V.
The EIS was assessed in a 20 mL solution composed of KCl (0.1 M) and
[Fe(CN)6]>~/# (2.5 mM). DPV was measured by adding 20 mL of
phosphate buffer (pH = 7.4) to the electrolytic cell at an initial potential
of 0.1 V and injecting H205.

2.7. Construction of immunosensors

Initially, the surface of the GCE was refined using alumina and then
thoroughly cleaned via ultrasonic treatment with secondary deionized
water. Then 6 pL Au/Co-BDC@MD (3.5 mg/mL) was modified on the
polished GCE and dried. In the second step, 6 pL of Ab; (10 pg mL ™) was
incubated on the Au/Co-BDC@MD/GCE, and then the unbound Ab1 on
the GCE surface was washed with PBS (pH = 7.4) and dried. In the third
step, 3 pL bovine serum albumin (BSA, 1 wt%) was added dropwise to
Ab;/Au/Co-BDC@MD/GCE and allowed to dry to eliminate non-specific
interference. Subsequently, the BSA that was not adhered to the glassy
carbon electrode was washed with PBS and subsequently dried. In the
fourth step, 6 pL. Myo (10 fg/mL ~ 10 ng/mL) was incubated on the
BSA/Ab;/Au/Co-BDC@MD/GCE. Then, the unbound Myo was rinsed
with PBS and then dried. Ultimately, the constructed immunosensor was
preserved in an airtight container at a temperature of 4 °C.

3. Results and discussion
3.1. Characterisation of au/co-BDC@MD

The prepared Au/Co-BDC@MD nanomaterials were studied using
SEM. Fig. 1A shows that the prepared Au/Co-BDC@MD forms a porous
network structure as a whole, with pores distributed evenly. To further
explore the elemental composition of Au/Co-BDC@MD, a surface scan
of Au/Co-BDC@MD was performed (Fig. 1B), which showed that the
material contained elements such as Co, Mo, S, and Au (Fig. 1C-F),
indicating that the Au/Co-BDC@MD material was successfully modified.

3.2. Characterisation of Myo/ BSA/Ab;/au/co-BDC@MD

Fig. 2A shows scanning electron microscopy (SEM) images of Au/Co-
BDC@MD after sequential incubation with Ab,, BSA, and Myo, Fig. 2B
shows Au/Co-BDC@MD/Ab;/BSA/Myo Surface scan image. The surface
was found to have more pores and some local aggregation, with a cluster
structure forming in some areas. These alterations could involve the
macromolecules attaching to the material’s surface via a physical
adsorption process and either undergoing chemical reactions or estab-
lishing coordination bonds with the active sites on the material’s sur-
face, thus ensuring a more stable anchorage. As the protein molecules
gradually deposit on the surface of the material, they not only occupy
space, but also cause holes or porosity on the surface due to their unique
three-dimensional structure. To confirm the successful adsorption of
antigens and antibodies onto the material’s surface, we examined the
EDS spectra of the material prior to and following protein incubation
(Fig. 2C represents the state before incubation, while Fig. 2D shows the
state after incubation) and presented these as pie charts (Fig. 2E for the
pre-incubation condition and Fig. 2F for the post-incubation condition).
As shown in the pie charts, the oxygen content increased significantly
from 4.2 % in Fig. 2E to 29.9 % in Fig. 2F. The substantial rise in oxygen
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Fig. 1. (A) SEM images of Au/Co-BDC@MD. (B) EDS surface scan image of Au/Co-BDC@MD. (C—F) EDS surface scan image of Co, Mo, S, Au elements.

levels can be explained by the protein composition of both antibodies
and antigens, as these molecules incorporate numerous carboxyl groups
(-COOH), hydroxyl groups (-OH), and additional functional groups that
contain oxygen. The abundance of such groups contributes to a higher
oxygen concentration (Fig. S1). The above results show that protein
molecules have indeed been successfully adsorbed onto the surface of
the Au/Co-BDC@MD material. This adsorption alters both the surface
morphology and chemical makeup of the material, while also demon-
strating the effective attachment of antigens and antibodies.

3.3. Electrochemical characterisation

The conductivity of the substrate material affects the sensitivity of

the electrochemical immunosensor [42]. To investigate the electrical
conductivity of Au/Co-BDC@MD, electrochemical impedance spec-
troscopy (EIS) was employed to characterize the interfacial charge
transfer behavior of the modified electrode, with the conductivity
evaluated by extracting the charge transfer resistance (R¢). As a
powerful tool for quantifying charge transfer kinetics at the electrode-
electrolyte interface [43], EIS can reflect the interfacial electron trans-
fer behavior during electrode modification through Nyquist plots, which
consist of a high-frequency semicircle (related to R.) and a low-
frequency linear segment (related to diffusion processes). All EIS data
were fitted using Zview software with an equivalent circuit model (Rs ||
CPE || Re) (Fig. S3, Table S1) [44]. As shown in Fig. 3A, the Co-BDC
(curve a) with a larger semicircle diameter has lower conductivity,
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Fig. 2. (A) SEM image of Myo/BSA/Ab,/Au/Co-BDC@MD. (B) EDS surface scan image of Myo/ BSA/Ab;/Au/Co-BDC@MD. (C) EDS of Au/Co-BDC@MD. (D) EDS of
Myo/BSA/Ab;/Au/Co-BDC@MD. (E) Au/Co-BDC@MD element content chart. (F) Myo/BSA/Ab,/Au/Co-BDC@MD element content chart.

while the MD (curve b) with a smaller semicircle diameter has higher
conductivity. The semicircle diameter of Co-BDC@MD (curve c) is
smaller than that of Co-BDC (curve a) and MD (curve b), indicating that
Co-BDC@MD has better conductivity. This enhancement can be attrib-
uted to the deposition of Co-BDC on the MD nanosheets, which facili-
tates the partial transformation of the originally 2H-phase MD
nanosheets into the 1 T phase. Given that the 1 T phase of MD has higher
conductivity than the 2H phase [45], the composite material formed by
Co-BDC and MD nanosheets exhibits greater conductivity [40]. When Au
NPs and Co-BDC@MD are further combined, a significant decrease in
the composite material’s resistance can be observed (curve d), indi-
cating that Au/Co-BDC@MD possesses good electrical conductivity.
Collectively, these conclusions demonstrate that Au/Co-BDC@MD, with
its excellent electrical conductivity, can serve as a favorable platform for

electrochemical immunosensors.

In addition to this, the superior performance of the Au/Co-BDC@MD
composite also stems from the synergistic effects between AuNPs, Co-
BDC, and MD, which collectively enhance conductivity, reduce back-
ground interference, and improve biocompatibility [26]. Firstly, Co-
BDC and MD exhibit synergistic regulation of catalytic activity and
conductivity: Co-BDC (with low H203 catalytic activity) covers partial
active sites of MD (which inherently has high catalytic activity) [24],
reducing unnecessary redox reactions and minimizing background cur-
rent. Meanwhile, Co-BDC’s 2D structure promotes partial trans-
formation of MD from 2H-phase to more conductive 1 T-phase [45], and
its deposition on MD does not introduce significant resistance (Table S1:
Co-BDC@MD has lower Ret than Co-BDC alone), maintaining efficient
electron transfer—this matches the ‘activity-regulation-conductivity
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Fig. 3. EIS (A) Co-BDC (a), MD (b), Co-BDC@MD (c), Au/Co-BDC@MD (d). (B) CV diagram of Au/Co-BDC@MD modified GCE at different scan rates. (C) Inset: the
relationship between ip and v172 of Au/Co-BDC@MD. (D) The CV studies of Au/CO-BDC@MD under the same sweep speed (0.10 V/s) continuous sweep 30 times. (E)
EIS and CV (F) of GCE (a), Au/Co-BDC@MD/GCE (b), Ab;/Au/Co-BDC@MD/GCE (c), BSA/Ab;/Au/Co-BDC/MD/GCE (d), Myo/BSA/Ab;/Au/Co-BDC/MD/GCE (e).

retention’ synergism described in [46]. Secondly, AuNPs synergize with
Co-BDC@MD to further enhance performance: AuNPs (with excellent
conductivity) form Au—S bonds with MD [32], reducing the composite’s
Ret from 97.17 Q (Co-BDC@MD) to 93.62 Q (Au/Co-BDC@MD,
Table S1), consistent with the synergistic conductivity enhancement
between noble metals and MOFs [47]. Additionally, AuNPs provide
abundant active sites for Ab; immobilization via Au—N bonds [29,48],
while Co-BDC’s stable platform ensures uniform dispersion of AuNPs,
avoiding aggregation.This ‘dispersion-immobilization’ synergy is
essential for enhancing antigen capture efficiency [49]. Collectively,
these effects enable the Au/Co-BDC@MD composite to combine low
background, high conductivity, and efficient biorecognition, forming
the basis for the immunosensor’s high sensitivity and specificity.

CV was used to explore the electrochemical properties of Au/Co-
BDC@MD. CV measurements were performed on an Au/Co-BDC@MD-
modified glassy carbon electrode at scan rates of 0.01 to 0.10 V/s
(Fig. 3B). As the scan rate varies, the magnitudes of the anodic and
cathodic peak currents exhibit an identical variation pattern (Fig. 3C). A
linear correlation is observed between the peak current (ip) and the
square root of the scan rate (v'/?), clearly demonstrating that the cata-
lytic process occurring on the glass carbon electrode surface is governed
by diffusion.

To investigate how material stability influences sensor performance,
CV was employed to assess the stability of the Au/Co-BDC@MD com-
posite material. The glassy carbon electrode modified with Au/Co-
BDC@MD (Fig. 3D) was scanned 30 times in succession at a scan rate
of 0.1 V/s. It can be seen from the image that the peak current and peak
potential change insignificantly, and the current only increases by less
than 2.0 % from the first cycle to the 30th cycle. This finding indicates
that Au/Co-BDC@MD exhibits excellent stability, thereby establishing a
foundation for the reliable detection capabilities of the sensor.

The above data show that Au/Co-BDC@MD has excellent conduc-
tivity and stability and a large specific surface area. Therefore, Au/Co-
BDC@MD was selected as the signal amplification platform to
construct a label-free electrochemical immunoassay sensor. The EIS
analysis (Fig. 3E) served to evaluate the assembly of the immunoassay

sensor, while the Zview software facilitated the simulation of the
equivalent circuit diagram to determine the respective resistance values
(Table S2). Upon modifying the glassy carbon electrode with Au/Co-
BDC@MD (curve b), the resulting resistance was reduced compared to
the unmodified electrode (curve a), owing to the superior conductivity
of Au/Co-BDC@MD and its ability to enhance electron transfer. When
Ab; (curve c), BSA (curve d) and Myo (curve e) were sequentially
deposited on the Au/Co-BDC@MD/GCE, the corresponding resistance
values increased in turn. This is due to the fact that proteins, as bio-
logical macromolecules, possess significant resistance, thereby influ-
encing the electron transfer kinetics at the glass carbon electrode
interface. This aligns with the observation that the conductive carrier is
separated by the protein’s hydrophobic layer. Therefore, the above
resistance trend proves that the preparation of the immunosensor was
successful.

The amount of Ab; immobilized on the electrode surface was
quantified using the impedance change before and after antibody
immobilization, following established methods [25,27,50]. Based on the
difference in charge transfer resistance (ARct) between the Ab;-modi-
fied electrode and the pre-immobilization electrode (Table S2), the
surface coverage of Ab; (I') was calculated using the formula:

ARy xA
T F2xCxR

where A is the electrode area, F is Faraday’s constant, C is the concen-
tration of the redox probe ([Fe(CN)s]> 4', and R is the gas constant. The
result showed I' = 1.25 x 107 ° mol/cm?, indicating efficient antibody
immobilization on the electrode surface.

Meanwhile, the construction of the immunosensor was verified using
CV (Fig. 3F). Upon modifying Au/Co-BDC@MD on the glassy carbon
electrode (curve b), the redox peak current exceeded that of the un-
modified glassy carbon electrode (curve a). Then, when Ab;, BSA, and
Myo (curves c-e) were sequentially modified on the Au/Co-BDC@MD/
GCE, the corresponding redox peak current change trends were consis-
tent with the EIS plots.
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3.4. Optimization of modification conditions

Within the developed electrochemical immunosensor, the current
signal is influenced by the pH of the PBS, the concentration of Au/Co-
BDC@MD, and the incubation duration of Myo. To optimize these pa-
rameters for optimal performance, we performed a series of systematic
experiments using DPV, with each experimental condition tested in at
least three independent replicates (n = 3). The error bars in the corre-
sponding figures (Fig. S2A—C) represent the standard deviation (SD)
derived from these repeated measurements, ensuring the reliability and
reproducibility of the optimization results.

Within a medium exhibiting high acidity or alkalinity, the functional
capacity of proteins involved in antigen-antibody interactions may
become compromised, thereby disrupting their association and influ-
encing the material’s catalytic efficiency and stability. Consequently, we
assessed the current response across eight samples of PBS with pH levels
spanning from 6.0 to 8.0 (Fig. S2A). The findings indicate that as the pH
increases, the current signal initially increases before declining. The
peak of the current signal is observed at a pH value of 7.4. Therefore, it
can be determined that the optimal pH value of the PBS used in the
experiment is 7.4. This indicates that the interaction between antigens
and antibodies is most efficient under conditions near physiological pH,
thus guaranteeing the material’s optimal catalytic function and stability.

In the process of constructing an immunosensor, when the concen-
tration of the substrate material exceeds a certain value, the trans-
mission of electrons will be hindered, resulting in a weakened current
signal and reduced sensitivity. The surface of the glass carbon electrode
was modified with seven different concentrations of Au/Co-BDC@MD
solution (0.5 mg/mL to 4.0 mg/mL) to construct a label-free electro-
chemical immunosensor (Fig. S2B). HyO» solution was injected slowly
into 20 mL PBS (pH = 7.4) for DPV testing. Sensors fabricated with
varying Au/Co-BDC@MD concentrations exhibited distinct current re-
sponses, peaking at a concentration of 3.5 mg/mL. Therefore, 3.5 mg/
mL is the optimal concentration of Au/Co-BDC@MD.

To investigate whether the incubation period of Myo influences the
effective binding of antigen-antibody, we examined the incubation
duration of Myo under the conditions of PBS at 7.4 and a concentration
of 3.5 mg/mL for Au/Co-BDC@MD (Fig. S2C). It was found that the
optimal incubation time for myoglobin was 50 min. Within this time-
frame, the current response attained its peak value, and a stable complex
was established. During the early phase, spanning from 20 to 40 min, the
current response exhibited a substantial rise as the incubation time
lengthened, suggesting that myoglobin progressively adhered and
interacted with the sensor’s surface, leading to the formation of an
increasing number of antigen-antibody complexes. When 50 min was
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reached, the current response reached a peak, which means that the
most stable complexes were formed at this time, and the detection
sensitivity and specificity of the sensor were also optimal.

3.5. Analysis and detection

On this basis, sensors with different amounts of Myo modification
were tested using DPV. Under ideal modification conditions, the asso-
ciated current response signal rose as the Myo content increased. As
depicted in Fig. 4A, a linear relationship was established between 1g ¢
(where c represents the concentration of Myo) and the current signal iy,
resulting in a standard curve illustrated in Fig. 4B: I (nA) = 2.83061g ¢ +
28.7, with R? = 0.987 (n = 3). Here, c is expressed in ng/mL, and the
limit of detection (LOD) was determined to be 10.03 fg/mL, calculated
according to the methodology proposed by the International Union of
Pure and Applied Chemistry (IUPAC) (LOD =Y blank +3 x SD blank).In
contrast to the current detection approach (Table 1), the developed
electrochemical immunosensor exhibits superior performance, charac-
terized by an extended detection range and a reduced detection limit.
This arises from the fact that the integration of Co-BDC and MD not only
enhances charge transfer efficiency and minimizes background inter-
ference due to non-specific binding but also strengthens antibody
immobilization by supplying numerous attachment points, thus
enhancing the sensitivity and specificity in Myo detection.

3.6. Reproducibility, specificity and stability

Reproducibility, specificity and stability are the key factors in
developing an electrochemical sensor. The superior functionality of the

Table 1
Comparison of the prepared electrochemical immunosensor with other elec-
trochemical immunosensors for detecting Myo.

Signal amplification Linear range Detection References
platform limit
DDAB/Au/SPE 10 ng/mL - 1780 ng/ 10 ng/mL [51]
mL
CNTs@CS-FET 1 ng/mL - 4000 ng/ 4.2 ng/mL [52]
mL
AuNPs/APTES/ITO 10 ng/mL-1 pgmL ™’ 2.7 ng/mL [53]
AuNPs@rGO 1 ng/mL- 1400 pg 0.67 ng/mL [54]
mL™!
SPEs-MWCNTs 0.1 ng/mL-90 ng/mL  0.08 ng/mL [55]
GQDs 0.01 ng/mL - 100 ng/ 0.01 ng/mL [56]
mL
Au/Co-BDC@MD 10 fg/mL - 10 ng/mL  10.03 fg/mL This work

35 1
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Fig. 4. (A) Currentsignal with different content of Myo:10 fg/mL,100 fg/mL,1.0 pg/mL,10 pg/mL,100 pg/mL,1.0 ng/mL,10 ng/mL. (B) The calibration curve of

different content of Myo; (Error bars = SD, n = 3).
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sensor has a direct impact on the precise identification of the marker.
Therefore, the specificity, repeatability and stability of the electro-
chemical immunoassay sensor based on Au/Co-BDC@MD modification
were studied by differential pulse voltammetry.

The sensor was electrochemically analyzed for reproducibility. The
reproducibility of the sensor was evaluated by making electrochemical
measurements with the same electrode modified five times in parallel
and determining Myo solution at a concentration of 10 ng/mL. Based on
the results shown in Fig. 5A, we can observe that the fluctuation of the
feedback electrochemical signals during multiple measurements is
extremely weak with a RSD of 1.31 %, which proves that the repro-
ducibility of the constructed immunosensor is reliable.

To assess specificity, cytochrome C (Cyt c), human serum albumin
(HSA) and hemoglobin (Hb) were assayed in the presence of Myo at the
same concentration as the interfering substance (10 ng/mL). The results
showed that the RSD in the presence of the interferents was 0.23 % (n =
3). This indicates that the sensor can accurately and consistently identify
and quantify the target analyte, Myo, both in the presence of a single
interfering substance and in the presence of multiple interfering sub-
stances (Fig. 5B).

For stability tests, we stored the electrode in a PBS solution at 4 °C
protected from light and performed the assay every two days. 93.24 % of
its initial response was retained after 8 days of storage (n = 3,Fig. 5C).
This result indicates that the constructed immunosensor proved to be
stable.

Furthermore, the precision of the developed immunosensor was
rigorously assessed to ensure its reliability [47,57-59]. The RSD% of the
DPV responses was determined at three representative concentrations
(10 fg/mL, 100 pg/mL, and 10 ng/mL) under both intra-day and inter-
day conditions. For intra-day precision, five replicate measurements
were performed on the same day. For inter-day precision, measurements
were carried out on three separate days (one measurement per day). As
summarized in Table S3, the intra-day RSD% values were 0.21 % (10 fg/
mL), 0.12 % (100 pg/mL), and 0.27 % (10 ng/mL), while the inter-day
RSD% values were 0.56 % (10 fg/mL), 0.20 % (100 pg/mL), and 0.20 %
(10 ng/mL). All RSD% values were well below the commonly accepted
threshold of 5 %, indicating excellent repeatability and reproducibility
across the entire analytical range. To further evaluate method robust-
ness, a two-sample t-test (Welch’s t-test, unequal variances) was per-
formed to compare intra-day and inter-day responses at each
concentration level (a = 0.05). The results, also presented in Table S3,
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stability of the developed immunosensor, supporting its potential for
practical clinical applications.

Low RSD values reflect the excellent reproducibility and stability of
the sensor. As highlighted previously, “the microscopic homogeneity of
nanomaterials is a central factor in the reduction of RSD” [60]. The
homogeneous porous network structure of Au/Co-BDC@MD ensured
consistent electrode modification, and optimized experimental condi-
tions (pH = 7.4, Au/Co-BDC@MD concentration = 3.5 mg/mlL, incu-
bation time = 50 min) minimized stochastic biomolecular interactions.
Additionally, efficient antibody immobilization via Au—N bonds and
high specificity toward Myo reduced interference-induced signal fluc-
tuations—consistent with the reported reduction in information noise
due to biomolecular specificity on noble metal nanoparticles [61]. These
performance metrics meet clinical requirements, demonstrating the
sensor’s potential for early diagnosis of acute myocardial infarction.

3.7. Detection of Myo in serum

The sensor was constructed and detected in fetal bovine serum (FBS)
samples using DPV. The feasibility of the sensor detection in fetal bovine
serum was assessed by spiked recovery experiments and data were
collected (Table 2). The results showed that the RSD were 0.31-1.02 %
(n = 3) and the recoveries were 96.9-98.5 %, indicating that the con-
structed sensors have good reliability for the detection of Myo in clini-
cally relevant matrices.

The high recoveries close to 100 % suggest that matrix effects in
serum are effectively suppressed, which is attributed to the high
biocompatibility of the Au/Co-BDC@MD composite. The two-
dimensional structure of Co-BDC and the hydrophilicity of Au NPs
reduce non-specific adsorption, thereby avoiding competitive binding
between matrix components and antibodies/antigens—consistent with
the finding that “low non-specific adsorption is key to high recoveries in
complex matrices” [62,63].

4. Conclusions
In this study, a sensitive and selective label-free electrochemical

Table 2
Detection of Myo in fetal bovine serum samples.

show p-values of 0.15 (10 fg/mL), 0.27 (100 pg/mL), and 0.54 (10 ng/ Added Detection quantity RSD Rate of recovery(%)
mL) — all greater than 0.05 — indicating no statistically significant (ng/mL) (ng/mL) )
differences between the intra-day and inter-day measurements. The 1 0.98, 0.986 , 0.984 0.31 98.3
consistently low RSD% values and non-significant t-test results collec- 4.98 ,4.92, 4.88 1.02 98.5
tively underscore the high consistency, reliability, and day-to-day 10 9.73.9.77 . 963 0.74 969
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Fig. 5. (A) DPV measurements of five different GCEs through the same build process (10 ng/mL Myo). (B) Interference detections:10 ng/mL Myo, Myo + Cyt ¢, Myo
+ HSA, Myo + HB. (C) Immunosensor stability tests (10 ng/mL Myo); (Error bar = SD, n = 3).
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immunosensor was successfully prepared for the detection of Myo, a
promising biomarker for the early diagnosis of AMI. The sensing plat-
form was constructed by incubating the Myo antibody on GCE modified
with Au/Co-BDC@MD, which provided a large surface area for antibody
immobilization and enhanced electron transfer, and the optimization of
the experimental parameters, such as pH (7.4), the concentration of Au/
Co-BDC@MD (3.5 mg/mL) and the incubation time (50 min), signifi-
cantly improved the performance of the immunosensor. Running under
optimized parameters, the developed sensing platform showed a linear
detection of Myo in the range of 10 fg/mL ~ 10 ng/mL and an LOD of
10.03 fg/mL. The immunosensor also showed high selectivity, with an
RSD of 0.23 % in the presence of interfering substances. In addition, the
immunosensor showed good reproducibility (RSD = 1.31 %) and sta-
bility, maintaining 93.24 % of the initial response after 8 days of storage
at 4 °C.The proposed immunosensor has the advantage of better
analytical performance and lower detection limit compared to other
reported Myo assays. The prepared immunosensor achieves sensitive
and stable detection of Myo, which has potential application for moni-
toring other biomarkers for early and accurate diagnosis of various
diseases. Future research should focus on integration into portable de-
vices for real-time Myo monitoring and early diagnosis of AMI.
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