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ABSTRACT: In vitro diagnostics (IVDs) based on electrochemical
immunosensors are crucial for disease screening, diagnosis, prognosis,
and treatment monitoring. However, label-free electrochemical immu-
nosensors commonly suffer from poor specificity, leading to false
positives. To address this issue, we propose a highly sensitive and precise
electrochemical immunosensor for protein marker detection. This
approach involves directly labeling the detection antibodies (Ab2) with
thionine (Thi). The Ab2 labeled by Thi exhibits a distinct redox peak
upon targeted voltage stimulation, enabling accurate quantification of
protein biomarkers. Thi-modified antibodies provide significant advan-
tages over traditional antibody modification methods, such as enhanced
detection sensitivity, improved accuracy, and specificity in protein marker
identification. The method is straightforward and efficient, ensuring
specific analyte detection while minimizing interference from other substances in the sample. Additionally, a multielectrode
detection method was employed, achieving remarkably low limits of detection (LoDs) for tumor necrosis factor-alpha (TNF-alpha),
cardiac troponin I (cTnI), and interleukin-6 (IL-6), with LoDs of 9.38 fg/mL, 1.70 fg/mL, and 8.14 fg/mL, respectively. The
proposed electrochemical immunosensor also exhibited high selectivity and repeatability, with relative standard deviations (RSD) of
6.39% for TNF-alpha, 2.42% for cTnI, and 2.72% for IL-6 (n = 5). Moreover, it demonstrated high sensitivity and was evaluated for
serum detection using the standard addition method. The results highlight the great potential of the proposed electrochemical
immunosensor for clinical applications, offering a novel approach for future utilization in clinical settings.

■ INTRODUCTION
In vitro diagnostics (IVDs) involve testing blood or tissue
samples obtained from the human body.1,2 These methods are
instrumental in advancing personalized medicine, as they allow
for the analysis of patients’ genotypes, phenotypes, and
biomarkers. Such analyses contribute significantly to enhancing
treatment efficacy and minimizing adverse reactions.3,4 Of
particular importance is the role of IVDs in early screening and
prevention of potentially curable diseases, including various
cancers, cardiovascular diseases, and diabetes.5−8 Additionally,
the scope of IVDs extends to encompass clinical medicine,9

drug research and development,10 epidemiological investiga-
tions,3,11 and personalized medicine.3,4

A wide array of detection methods support IVDs, including
enzyme-linked immunosorbent assay (ELISA),12−14 immuno-
fluorescence analysis (IFA),4,5 radioimmunoassay (RIA),15

immuno-PCR,16,17 photoelectrochemical (PEC),18,19 nucleic
acid hybridization,20 high-performance liquid chromatography
(HPLC),21 mass spectrometry,22 electrochemilumines-
cence,23−25 fluorescence immunoassay,26 electrochemical
immunoassay27,28 and so on. Recent research efforts have
increasingly focused on the development of advanced IVD
devices. The aforementioned methods exhibit advantages, such

as high sensitivity, excellent specificity, broad applicability, and
rapid result delivery.
Electrochemical immunosensors have become increasingly

popular for IVD applications, involving the measurement of
electrical signals such as voltammetric, potentiometric,
conductometric, and impedimetric signals generated by an
electrochemical transductor. These devices are typically
designed for user-friendliness and disposability, enabling
convenient and rapid on-site measurements. Electrochemical
immunosensors, utilizing various detection methodologies, are
highly valued in different analytical contexts for their
specificity, simplicity, portability, disposability, and capability
for in situ or automated detection. Nevertheless, these
electrochemical immunosensors encounter certain limitations
in their detection processes. For example, label-free electro-
chemical sensors detect target analytes by monitoring
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impedance changes.29−31 However, the presence of impurities
on the sensor surface may also cause impedance variations,
leading to potential false positive results.
In this study, an electrochemical immunosensor utilizing

thionine (Thi) as the electrochemical signal tag for labeling
detection antibodies (Ab2) is reported. This protein double-
antibody sandwich assay involves selective capture of the target
analyte by capture antibodies (Ab1), followed by binding with
Thi-labeled Ab2 to form a sandwich structure (Scheme 1). This

approach ensures specific detection of the target analyte,
minimizing interference from other substances in the sample.
The assay was developed for secondary antibody composites to
detect tumor necrosis factor-alpha (TNF-alpha), cardiac
troponin I (cTnI), and interleukin-6 (IL-6), with limits of
detection (LoDs) at 9.38, 1.70, and 8.14 fg/mL, respectively.
The determination of these proteins in human serum samples
demonstrates significant potential for accurate quantification in
clinical analysis.

■ EXPERIMENTAL SECTION
Reagents and Chemicals. Thionine (Thi) was obtained

from Alfa Aesar Chemical (Shanghai, China). Reagents
including N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide
hydrochloride (EDC), cysteamine hydrochloride (C2H7NS-
HCl), Tween 20, ethanolamine (C2H7NO), potassium
ferricyanide (K3[Fe(CN)6]), potassium ferrocyanide (K4[Fe-
(CN)6]), and bovine serum albumin (BSA) were sourced from
Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China).
Additional chemicals such as N-hydroxysulfosuccinimide
sodium salt (NHS), glutaraldehyde (C5H8O2), MES buffer,
and KCl were produced from McLean Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). A phosphate-buffered saline
(PBS) solution (pH 7.4) was provided by Sangon Biotech
(Shanghai) Co., Ltd. (Shanghai, China). Capture antibody
(Ab1) and detection antibody (Ab2) were prepared by HyTest
Biotech Co., Ltd. (Turku, Finland). TNF-alpha antigen was
acquired from MedChemExpress Biotechnology Co., Ltd.
(New Jersey, United States).
Instrumentation. The mass spectrometer was equipped

with an Agilent Jet-stream. All electrochemical experiments
were performed on a CHI660E electrochemical workstation in
a three-electrode system.
Synthesis of Thi−Ab2 Composite. Ab2 (1 mg/mL) was

mixed with an EDC/NHS solution and shaken at 650 rpm and
37 °C for 30 min. Subsequently, Thi (1 mg/mL) was added to
the mixture, followed by further shake at 650 rpm and 37 °C
for 4 h. Next, ultrafiltration using PBS was conducted until the
filtrate became clear. The resulting solution was stored at 4 °C
for subsequent applications.
Preparation of the Electrochemical Immunosensor.

The fabrication process of the immunosensor is shown in

Figure S1. The process of cleaning the screen-printed gold
electrode (SPGE) was shown in Figure S2. First, we performed
cleaning of the SPGE using 0.5 M H2SO4. Subsequently,
conductivity testing of the electrode was conducted by using
[Fe(CN)6]3‑/4−. Finally, the cleanliness of the electrode surface
was examined using PBS to ensure that it would not interfere
with the subsequent tests. The working electrode of SPGE was
then modified with cysteamine hydrochloride (C2H7NS-HCl,
10 μL, 0.02 M) for 2 h. This was followed by immobilizing
glutaraldehyde (C5H8O2, 10 μL, 2.5%) on the working
electrode surface for 15 min. Subsequently, Ab1 (10 μL, 1
mg/mL) was applied to the working electrode and allowed to
react for 2 h at 4 °C. Ethanolamine (C2H7NO, 10 μL, 3.0%)
was then added for 15 min at 4 °C. After washing with PBS
(pH 7.4) buffer, bovine serum albumin (BSA) solution (10 μL,
1.0 wt %) was applied to the modified electrode at 4 °C for 15
min. The electrode was then rinsed with PBS (pH 7.4) and
stored at −20 °C for subsequent detection.

■ RESULT AND DISCUSSION
Feasibility and Optimization of Thi−Ab2. In Thi

solution, a redox peak was discernible, as demonstrated in
Figure S3A,B distinctively contrasting with the background.
The carboxyl groups (−COOH) on the detection antibody
were activated by using an EDC/NHS mixed solution,
facilitating a reaction with the amino groups (−NH2) on the
Thi molecules. The underlying principle of this reaction is the
amide formation of amide bonds between −COOH and
−NH2.

32 As depicted in Figure 1A,B, the absence of Thi−Ab2

resulted in the absence of any discernible redox peak.
However, upon modification with Thi−Ab2, a prominent
current peak was distinctly observed. Mass spectrometry
analysis was performed to ascertain the molecular weight of
the Thi−Ab2 complex, as demonstrated in Figure S4. The
Thi−Ab2 composites exhibited a peak centered at approx-
imately 152000. The deconvolution molecular weight analysis
revealed mass differences between Thi-TNF-alpha and TNF-
alpha, Thi-cTnI and cTnI, and Thi-IL-6 and IL-6 to be 4324,
5256, and 4173, respectively. Consequently, the number of Thi
molecules linked to different Ab2 variants was determined to
be 16 for TNF-alpha, 19 for cTnI, and 15 for IL-6, confirming
the successful synthesis of the Thi−Ab2 composite. By
conducting a UV−vis test, the peaks corresponding to both
Ab2 and Thi on the UV−vis spectra of Thi-Ab2 indicated the
successful conjugation between Thi and Ab2, as illustrated in
Figure S5.
To enhance the electrochemical signal of Thi−Ab2, we

optimized that the composition conditions were optimized. As
illustrated in Figure 2A, an increase in the current signal was

Scheme 1. Schematic Illustration of the Fabrication Process
of Thi-Ab2 and Electrochemical Immunosensor

Figure 1. Electrochemical characterization of Thi−Ab2. (A) CV of
Thi−Ab2. (B) SWV of Thi−Ab2.
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observed, with the molar ratio of Ab2 to Thi ranging from 1:20
to 1:80. Beyond a molar ratio of 1:80, however, the current
signal declined with further increases in the molar ratio. This
decrease in electrochemical signal at higher molar ratios may
be attributed to factors such as excessive modification, steric
hindrance, charge shielding effects, or adverse reactions.
Therefore, a molar ratio of 1:80 was established as optimal
for the synthesis of Thi−Ab2.
Additionally, it was observed that the peak current was

attained at 4 h, after which the signal remained relatively stable
with an extended time, as shown in Figure 2B. An insufficient
reaction time resulted in an inadequate and uneven reaction
between Thi and Ab2, leading to a reduced electrochemical
signal in the Thi−Ab2 composites. In contrast, excessively
prolonged reaction times initiated undesirable side reactions,
culminating in nontargeted modifications and reducing the
purity of the composites, thus diminishing their electro-
chemical signal. Figure 2C demonstrated the current trend as a
function of the EDC/NHS concentration. For optimal
activation, a concentration of 20 mg/mL of EDC/NHS was
identified as the most effective. The reduced activation
efficiency of EDC/NHS on the −COOH groups of antibodies
due to pH variations was primarily attributed to changes in the
activity of EDC and NHS, hydrolysis reactions, and alterations
in reaction selectivity. Obviously, the synthesis of the Thi−Ab2
composite was found to be most efficient at pH = 5.0, as
shown in Figure 2D.
Principle and Feasibility of Electrochemical Immu-

nosensor. Figure S6A presents the cyclic voltammetry (CV)
results in a solution containing 0.1 M KCl and 5 mM
[Fe(CN)6]3‑/4− during the electrode modification process. As
observed from Figure S6A, the peak current intensity of
C2H7NS-HCl was notably higher than the background,
suggesting successful bonding of C2H7NS-HCl onto the
SPEC surface via Au−S bonds. Following the modification
with C5H8O2, Ab1, and BSA solutions, there was a decrease in
the peak current due to coverage of the electroactive sites. This
decrease confirms the successful bonding of Ab1 to the SPEC,
indicating the effective fabrication of the electrochemical
immunosensor. In Figure S6B, the square wave voltammetry

(SWV) curve was utilized to characterize the electrochemical
performance of the modified electrode. The alternations in
peak current were in agreement with the CV curve, validating
the successful immobilization of Ab1 on the electrode surface
and confirming the fabrication of the electrochemical
immunosensor.
The detection mechanism for protein markers is illustrated

in Figure 3A. Initially, varying concentrations of antigen were

combined with Thi−Ab2 composites and incubated in a
reactor to form a ‘sandwich’ structure. Subsequently, the
immunosensor was washed with a PBS solution to remove any
unbound components. Electrochemical detection was then
conducted using an electrochemical workstation in a PBS (pH
7.4) solution. The electroactive groups in the Thi molecule
structure facilitated electron transfer within the immunocom-
plex, yielding discernible electrochemical peaks and amplifying
the signal. As shown in Figure 3B, a significant redox peak was
observed in the presence of Thi−Ab2 composites. Additionally,
the modification time of the target and Thi−Ab2 mixture-
modified electrode was optimized. The optimal duration,
ensuring maximal signal intensity and specificity, was
established at 105 min, as demonstrated in Figure 3C.
Insufficient modification time on the electrode could lead to
weak binding between the labeled molecules and the electrode
surface, potentially causing dissociation or inactivation and
reducing the electrochemical signal. Conversely, overly
prolonged modification times might result in nonspecific
adsorption on the electrode surface, producing background
signals and uneven label distribution. Therefore, optimizing the
modification time was critical to ensure strong binding and
minimal nonspecific absorption, crucial for reliable and
accurate electrochemical detection.
To detect varying concentrations of TNF-alpha, the

electrochemical immunosensor was incubated with TNF-
alpha and Thi−Ab2 in PBS at room temperature for 105
min. Following incubation, the immunosensor was carefully
rinsed with PBS to remove any excess target molecules
adsorbed on the surface. SWV was employed to detect the
electrochemical signals of Thi−Ab2, and the peak value of the

Figure 2. (A) The molar ratio of Ab2 to Thi. (B) React time
optimization for Thi−Ab2. (C) EDC/NHS concentration optimiza-
tion. (D) pH value optimization.

Figure 3. (A) The principle for the detection of TNF-alpha. (B) The
feasibility of the detection method. (C) Incubation time optimization
for the target and the Thi−Ab2 mixture.
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resultant current signal was recorded for subsequent analysis
and quantification. As depicted in Figure 4A, a linear increase

in the current peak value was observed corresponding to the
logarithmic increase of TNF-alpha concentration over a range
from 20 fg/mL to 2 ng/mL. The LoD for the immunosensor
was established at 9.38 fg/mL.
Performance and Sample Analysis of the Electro-

chemical Immunosensor. The specificity of the immuno-
sensor was evaluated using nontarget proteins, including
SARS-CoV-2, Influenza A, Influenza B, IL-6, and BSA. The
results, represented in the bar graphs of Figure 4B, confirmed
the high specificity of the immunosensor.
The repeatability of the electrochemical immunosensor was

another essential factor influencing its performance. To assess
repeatability, five electrodes were prepared under identical
conditions and used to detect 2 ng/mL of TNF-alpha antigen
successively, as shown in Figure 4C. The similarity of the SWV
signals and a relative standard deviation (RSD) of 6.39%
indicated acceptable repeatability of the fabricated immuno-
sensor.
Furthermore, the performance of the immunosensor in

clinical applications within complex biological environments
was investigated. The feasibility of the immunosensor in serum
was assessed by using the standard addition method. Serum
was diluted to 30% and then mixed sequentially with various
concentrations of TNF-alpha. As depicted in Figure 4D, the
LoD for this assay was determined to be 70.44 fg/mL. This
LoD demonstrates the capability of the assay to detect ultralow
concentrations of TNF-alpha, making it suitable for diverse
research and diagnostic applications involving human serum.
Comparative analysis with other reported studies on TNF-

alpha immunosensors, as presented in Tables S1 and S4,
reveals that the immunosensor developed in this study exhibits
a broader detection range and a lower detection limit

Additionally, the simplicity of this approach, along with its
potential for automation, miniaturization, and portability,
offers advantages over other reported methods.
Multielectrode Detection. Figures S7A,B and S8A,B

show CV and SWV results in a solution containing 0.1 M KCl
and 5 mM [Fe(CN)6]3‑/4− during electrode incubation with
anti-IL-6 and anti-cTnI. Figure 5A illustrates the multi-

electrode detection of cTnI and IL-6. This study extended
the utility of directly modified Thi−Ab2 for detecting proteins
beyond the initial target, demonstrating the method’s
versatility and potential. This adaptability for detecting various
proteins of interest was further validated. The same method-
ology was applied to synthesize secondary antibody composites
for cTnI and IL-6 detection. The LoDs were established at
1.70 fg/mL for cTnI and 8.14 fg/mL for IL-6, as shown in
Figure 5B, indicating the assay’s high sensitivity for detecting
trace concentrations of these proteins.
To assess the performance of the assay, five electrodes were

employed. The repeatability of the measurements demon-
strated the RSD of 2.42% for cTnI and 2.72% for IL-6, as
illustrated in Figure 5C,D. This consistency and reliability
underscore the robustness of the assay system.
The clinical application of the detection system was assessed

by measuring standard samples of cTnI and IL-6 in 30%
human serum. As illustrated in Figure 5E, the LoDs in serum
samples were 17.10 fg/mL for cTnI and 1.38 fg/mL for IL-6,
showcasing high sensitivity. These results underline the

Figure 4. (A) Calibration curve of the immunosensor for the
detection of different concentrations of TNF-alpha in PBS. Error bars
= RSD (n = 5). (B) Specificity measurement for the immunosensor. 2
ng/mL SARS-CoV-2, 2 ng/mL Influenza A, 2 ng/mL Influenza B, 2
ng/mL IL-6, 2 ng/mL BSA, and 2 ng/mL TNF-alpha. (C)
Repeatability of the proposed immunosensor. (D) Calibration curve
of the immunosensor for the detection of different concentrations of
TNF-alpha in 30% human serum.

Figure 5. (A) Multielectrode detection. (B) Calibration curve of the
immunosensor for the detection of different concentrations of cTnI
and IL-6 in PBS. Error bar = RSD (n = 5). (C) Repeatability of the
proposed immunosensor (cTnI); (D) repeatability of the proposed
immunosensor (IL-6); (E) calibration curve of the immunosensor for
the detection of different concentrations of cTnI and IL-6 in 30%
human serum.
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method’s potential for accurate and sensitive detection of cTnI
and IL-6, pertinent to clinical diagnostics and research.
Meanwhile, we performed comparative analysis with

previously reported studies on cTnI immunosensors (Tables
S2 and S5) and IL-6 immunosensors (Tables S3 and S6),
which indicates that the immunosensor developed in this study
exhibits broader detection ranges and lower detection limits
than those reported in other studies.

■ CONCLUSIONS
An ultrasensitive electrochemical immunosensor based on
functional antibodies as signal-producing elements has been
designed and prepared. This immunosensor generates electro-
chemical signals through Thi cross-linked to Ab2. It offers a
highly sensitive detection method for proteins in 30% human
serum, which proved to be effective in analyzing various
protein markers. By the incorporation of specific antibodies,
this sensing platform can be readily adapted for the detection
of different target antigens. The electrochemical immunosen-
sor enables sensitive and accurate quantification of TNF-alpha,
cTnI, and IL-6, with LoDs of 9.38 fg/mL for TNF-alpha, 1.07
fg/mL for cTnI, and 8.14 fg/mL for IL-6. The electrochemical
immunosensor also exhibited high sensitivity, excellent
reproducibility, and precision. Looking ahead, these electro-
chemical immunosensor systems hold significant potential for
biomedical applications and real-time biomolecule monitoring.
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