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Molecular sandwich-based DNAzyme catalytic reaction towards 
transducing efficient nanopore electrical detection for antigen 
proteins 
Lebing Wang,a, b Shuo Zhou,c Yunjiao Wang,b Yan Wang,b Jing Li,a, b Xiaohan Chen,b Daming Zhou,b  
Liyuan Liang,b Bohua Yin,*b Youwen Zhang*d and Liang Wang*b 

Despite significant advances in nanopore nucleic acids sequencing and sensing, proteins detection remains challenging due 
to the complexity of inherent protein molecular properties (i.e., net charges, polarity, molecular conformation & dimension) 
and sophisticated environmental parameters (i.e., biofluids), resulting in unsatisfied electrical signal resolution for proteins 
detection such as poor accessibility, selectivity and sensitivity. The selection of an appropriate electroanalytical approach is 
strongly desired which should be capable of offering easily detectable and readable signals regarding proteins particularly 
depending on the practical application. Herein, a molecular sandwich-based DNAzyme catalytic reaction cooperated 
nanopore detecting approach was designed. Especially, this approach is given the easy use of Mg2+ catalyzed DNAzyme (10-
23) toward nucleic acids digestion for efficient antigen protein examination. Its applicability within the proposed strategy 
operates by initial formation of a molecular sandwich containing capture antibody-antigen-detection antibody for efficiently 
entrapment of target proteins (herein taking HIV p24 antigen for example) and immobilized on magnetic beads surface. 
After that, the DNAzyme was linked to the detection antibody via biotin−streptavidin interaction. In the presence of Mg2+, 
DNAzyme catalytic reaction was triggered to digest nucleic acids substrates and release unique cleavage fragments as 
reporters capable of transducing easier detectable nucleic acids as substitute of complicated and difficulty-yielded protein 
signals, in a nanopore. Notably, experimental validation confirms the detecting stability and sensitivity for target antigen 
referenced with other antigen proteins, meanwhile demonstrates the detection efficacy in human serum environment at 
very low concentration (LoD ~ 1.24 pM). This DNAzyme cooperated nanopore electroanalytical approach denotes an 
advancement in protein examination, may benefit in vitro test of proteinic biomarkers for disease diagnosis and prognosis 
assessment.

1. Introduction
The Covid-19 pandemic facilitates the development of easily 
accessible and cost-effective antigen protein detections in 
preventing viral transmission 1. Nanopore sensing (both solid-state 
nanopores2, 3 and biological nanopores4, 5) has been demonstrated as 
one of the most pioneering single-molecule detection techniques6, 7, 
which enables to identify individual molecules (e.g., amino acids8-10, 
proteins11-13, and nucleic acids14, 15) among a variety of other single 
entities via decoding changes of ionic currents at the moment of 
molecules communicating with a nanopore channel16. Based on this 
property, nanopore has become a versatile electroanalytical tool for 
exploring a variety of applications, such as drug development5, 17, 
environmental monitoring18, 19 and disease diagnosis20-22.

Nanopore is inspired in DNA sequencing and has also contributed 
greatly to base modifications identification using the most detectible 
and readable current signals23-28. This success has aroused interests 
in exploring nanopore protein sequencing and examinations. Despite 
the most recent breakthroughs9, 29, 30, there are still challenges in 
nanopore protein sequencing. Compared with the four nucleotide 
bases and related algorithm combinations in DNA base-calling, the 
20 amino acids as well as the chiral isomers and post-translational 
modifications (PTMs) have led to an exponential increase in the 
amount of nanopore signal decoding31-35. In terms of protein 
detection, several parameters need to be considered as well, for 
instance, the complexity of inherent protein molecular properties 
(i.e., net charges, polarity, molecular dimensions). Meanwhile, each 
protein has a unique structure and the natural protein conformation 
is only marginally stable, while the rigid protein structure will unfold 
into random curls once the sophisticated environmental parameters 
change (i.e., biofluids, physical and chemical conditions)36-38. 
Therefore, nanopore examination on proteins is more complicated 
due to the unsatisfied electrical signal resolution, such as poor 
accessibility, selectivity and sensitivity, compared to those of nucleic 
acids. In response to the dilemma of direct proteins detecting, the 
selection of an appropriate electroanalytical approach is strongly 
desired which should be capable of offering easily detectable and 
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readable signals regarding proteins particularly depending on the 
practical application39, 40, such as the use of enzymes41, 42 and host-
guest interactions43, 44, or optimize electrolyte conditions45.

The DNAzyme (10–23) is the one of the best examples of metal-
dependent DNA enzyme that cleaves on RNA sites containing-DNA 
sequence46. It comprises 15-nucleotide (nt) catalytic domain that is 
flanked on both sides by sub a strate-binding arms that vary in length 
depending on the sequence of the substrate (Fig. S1a)47. DNAzyme 
(10–23) cleaves substrate at specific sites (Between rG-rU) in the 
presence of Mg2+, exhibiting a high sequence specificity and catalytic 
efficiency (Fig. S1b and S1c)48, 49. Hence, DNAzyme can be used in 
various ways to achieve an improved efficacy of detecting 
biomolecules. In this discussion, we design a DNAzyme cooperated 
nanopore electroanalytical approach for specific antigenic protein 
detection (taking HIV p24 antigen as an example) with high sensitivity 
and selectivity. The approach uses a molecular sandwich containing 
capture antibody-antigen-detection antibody to chemically entrap 

target antigens and immobilized on magnetic beads surface. 
Followed by a DNAzyme (10–23) attached to the detection antibody 
via biotin−streptavidin affinity, the catalytic reaction is triggered to 
attack on the nucleic acids substrates to yield enzymatic cleavage 
fragments as reporters. Instead of directly detecting the antigen 
protein itself, this well-established method is capable of transducing 
easier detectable nucleic acids as a substitute for the complicated 
and difficult-yielded protein assay, in a nanopore (Scheme 1). Our 
results demonstrate here a stable detecting sensitivity for target 
antigen even interfered with other antigen proteins, meanwhile 
provide a confidence of detecting low antigen concentrations ( LoD : 
1.24 pM) in human serum environment. Notably, depending on the 
selection of DNAzyme-substrate sequences and diseases related 
antigens-antibodies, these functional oligonucleotides can behave as 
molecular identification reporters, offering high detection specificity 
to other protein analytes by transducing easier detectable and 
readable signals, in nanopores.

Scheme 1 Molecular sandwich-based DNAzyme catalytic reaction enables efficient nanopore electrical detection for antigen proteins. The 
catalytic reaction is triggered to attack on the nucleic acids substrates to yield enzymatic cleavage fragments as reporters. Instead of directly 
detecting the antigen protein itself, this well-established method is capable of transducing easier detectable nucleic acids as a substitution 
of difficulty-yielded protein signals for efficient protein detection in complicated biological matrix, in a nanopore. MspA (PDB data:1UUN).

2. Methods
2.1 Materials and reagents

Recombinant HIV-1 p24 protein (Expressed from Escherichia coli, > 
95% SDS-PAGE, ab43037), anti-HIV-1 p24 antibody (capture 
antibody, ab63958), biotin anti-HIV-1 p24 antibody (detection 
antibody, ab68617), were purchased from Abcam (USA). Bovine 
serum albumin (BSA, lyophilized powder, ≥ 98%, ST023) was 
purchased from Beyotime (China). Streptavidin modified magnetic 
beads were synthesized at concentration of 4 mg/ml (NEB, Beijing, 
S1420S). Biotin-labeled DNAzyme and Substrate were purchased 
from Sangon Biotech, China. Dynabeads™ M-270 carboxylic acid 
(2×109 beads mL−1, supplied in purified water, 14305D) was obtained 
from Thermo Fisher Scientific (USA). The mutant MspA protein 
nanopore (M2MspA:D90N/D91N/D93N/D118R/E139K/D134R) is 
kindly provided by Prof. Jia Geng at Sichuan University, China. All 
other chemicals were procured from Sigma-Aldrich.

2.2 DNAzyme catalytical reaction

30 µL prepared Sandwich complexes (see Supplementary Methods) 
were mixed well with MgCl2 solution (20 mM) and 20 µL nucleic acids 
substrate(seq: 
AGGCCAAATGGCCTAACCrGrUCATGAGGTCAAGACCTC, 10 µM). 
Cleavage Products were subsequently released by reacting with a 
thermal cycler (T100, BIO-RAD, USA) at 95 °C for 5 mins, followed by 
a temperature cycle of 37 °C for 15 s and 95 °C for 2 s for two hours.

2.3 Nanopore electrical detection

a 150 μm hole in a Teflon membrane was made using a universal 
spark generator (DAEDALON, SC-EM-09) in order to construct a 
nanopore, followed by fixing the Teflon membrane in a customized 
chamber to divide into two compartments (cis and trans). The 
formation of bilayer was achieved using the Montal–Mueller 
method. For nanopore assays, the cis side was added with 2 mL 1 M 
[BMIM]Cl buffer solution, containing 10 mM Tris, pH 7.4 and 2 mL 1.5 
M [BMIM]Cl buffer solution, containing 10 mM Tris, pH 7.4 in trans 
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side. Both the analyte sample and MspA protein were added to the 
cis side for nanopore electrical detection. Ion current recordings 
were performed using clamp amplifier (Axopatch 200B, Molecular 
Devices, Sunnyvale, America) with a Digidata 1550B A/D converter. 
Signals were filtered at 2 kHz, recorded at a sampling rate of 100 kHz 
using Clampfit software (Molecular Devices, Sunnyvale, America), 
and data were analysed using OriginLab 2021 (OriginLab 
Corporation, Northampton, Mass. America). All nanopore 

experiments were performed at room temperature at least three 
times.

3. Results and Discussion
3.1 Nanopore detection of DNAzyme catalytical reaction 

Briefly, our approach makes use of the DNAzyme cooperated 
nanopore electroanalytical approach for specific antigenic protein 
detection—that can be divided into two key steps—which we term: 
(1) DNAzyme catalytic reaction releases detectable nucleic acids 

reporters, in a nanopore. (2) Entrapment of target antigens via 
assembly of DNAzyme-functionalized antibody-antigen-antibody 

Fig. 1 Nanopore detection of DNAzyme catalytical reaction. (a) DNAzyme catalytical reaction in the presence of Mg2+. (b) Schematic 
illustration of the detection of nucleic acids reporters released by DNAzyme catalytical reaction in a MspA nanopore. The potential across 
the bilayer is applied to the trans side through Ag/AgCl electrodes, while the cis side is ground connected. (c) Representative individual 
current events of nucleic acids substrate and cleavage fragments by MspA nanopore recording. (d) Corresponding statistical analyses of 
scatter plots of ΔI/Io, of the nucleic acids substrate and DNAzyme catalytical reaction. (e) Calculation of the catalytical reaction efficiency (P 
< 0.001). All nanopore experiments were performed in asymmetric electrolyte solution (cis:1 M [BMIM]Cl & trans:1.5 M [BMIM]Cl, 10 mM 
Tris, pH 7.4). The final concentration of the DNAzyme was 10 nM, nucleic acids substrate was 100 nM. Number of experiments n = 3.
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molecular sandwich. Given a high specificity of molecular affinities, 
the entire approach spontaneously provides the efficient solutions to 
antigen protein capture and enzyme catalysis for nucleic acids 
release, as a substitution of difficulty-yielded protein signals for 
efficient nanopore protein detection in complicated biological 
matrix, which can further confer antigen proteins quantification.

To confirm the nanopore with reliable detection capability, in the 
first, we conducted experiments on detecting the nucleic acids 
reporters in response to DNAzyme catalytical reaction using MspA 
nanopore, which is extraordinary on DNA/RNA sensing. The specific 
sequences of the designed DNAzyme and substrate are shown in 
Fig. S1. As mentioned before, DNAzyme (10-23) recognizes the 
nucleic acids substrate by complementary Watson–Crick base 
pairing in the presence of Mg2+, temperature cycling was used to 

make sure a complete DNAzyme catalytical reaction at the specific 

sites before nanopore detection (Fig. 1a and b). A constant 
potential voltage was applied between the two ends of the 
nanopore to ensure an efficient detection of the target molecules. 
The target molecules block the nanopore causing a decrease in the 
current amplitudes, resulting in current blockages (ΔI) in contrast to 
the open pore current (Io) by free ion flows through the nanopore 
without any molecules capture50, 51. The representative current 
traces (Fig. 1c) clearly show the different types of individual event 
signals. Upon control experiments of detecting the synthesized 
nucleic acids substrate and cleavage fragments (Fig. S2), the signals 
of cleavage fragments have a shorter blockage duration as well as a 
larger current blockage rate (ΔI/Io) compared to those of substrates. 
All the current events were statistically analyzed, as shown in Fig. 
1 d  a n d  S 3 .  S u b s t r a t e  h a s

Fig. 2 High-efficiency detection of DNAzyme catalytical reaction. (a) Event frequency (b) ΔI/Io (c) τoff (d) DNAzyme concentration-dependent 
catalysis efficiency. The concentration of the DNAzyme was 10 nM, nucleic acids substrate was 100 nM in a-c. Inset shows the representative 
individual event signals. Solid line indicates the linear function of cleavage efficiency versus DNAzyme concentrations (R2 = 0.98). Number of 
experiments n = 3. 
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specific spike-like events showing ΔI1/Io = 71.30 ±  0.03 and τoff1 = 
7.93 ms. Cleavage fragments produced in DNAzyme catalytical 
reaction have new specific signals with ΔI2/Io = 91.00 ± 0.24 and τoff2 
= 0.51 ms, while the same spike-like signals (ΔI1/Io = 71.60 ± 0.22 and 
τoff1 = 7.90 ms) represents the undigested nucleic acids substrates. As 
implied by the analysis of significant differences for current 
blockages (Fig. S3, P < 0.001), the events signatures confer the 
effective detection of DNAzyme catalytical reaction, whereas the 
events differences are attributed to the structure’s variation 
between substrate and cleavage fragments. We presume that the 
hairpin structure at both ends of substrate (dumbbell-like) resulted 
in difficulty unravelling the substrate molecules passing through the 
MspA nanopore. The stay in the vestibular region of MspA makes the 
substrate interact longer with the nanopore under the action of 
electric field and consequently caused partially blockades. In 
contrast, cleavage fragments (two fragments in same length) have 
single hairpin at one end, which is much easier to unwind and pass 
through the pore quickly by the electric force, resulting in deeper 
blockages. Upon the statistical analysis, we hereafter define the 
signals of ΔI/Io 0.65 ~ 0.75 (τoff > 2 ms) as the substrate signals, and 
those with ΔI/Io greater than 0.85 (τoff < 2 ms) as the signals of 
cleavage fragments. Meanwhile, the efficiency of the catalytical 
reaction was determined (Fig. 1g, quantified by the ratio of the 
amount of fragment signals to the total amount of signals, 56.51 %, 
P < 0.001). In the meantime, electrophoresis experiments confirmed 
the DNAzyme catalytical reactions (Fig. S4). Therefore, the obtained 
results evidenced that the proposed DNAzyme catalysis can be 
determined using MspA nanopore.

3.2 High-efficiency detection of DNAzyme catalytical reaction

We then endeavored to determine the high-efficiency detection of 
DNAzyme catalytical reaction with environmental parameters 
changes, whereas the external voltage was adjusted from 40 mV to 
120 mV. (Fig. S5). As expected, the stable and reliable of nanopore 
detection of DNAzyme catalytical reaction was observed. The 
considerably abundant signals of corresponding nucleic acids were 
sensitively recorded implementing the nanopore detection process 
(Fig. 2a, maximum at 120 mV, 49.29 events / mins and 30.26 events 
/ mins, respectively). Despite the apparently sensitive detection of 
DNAzyme catalytical reaction with the strength changes of the 
electric forces, hereafter, we chose 120 mV as the optimized voltage 
at the meantime to maintain the stability of the detection system.

The statistical results show that the ΔI1/Io of substrate gradually 
increases with applied voltages elevated, while the ΔI2/Io of cleavage 
fragments remains unchanged (Fig. 2b). Meanwhile, τoff1 of substrate 
gradually decreases, while τoff2 produced by cleavage fragments 
remains constant (Fig. 2c). Such drastic changes in the ΔI/Io and τoff 
of substrate is reasonable. Because the limitation of the MspA pore 

size is extremely difficult for the dual-hairpin substrate to unwind 
and pass through the nanopore, so it is usual to result in shortening 
dwell time and deeper current blockages with voltage elevated 
(ΔI1/Io & τoff1). However, the spike-like events by fragments (much 
shorter and single-hairpin contained structures) have demonstrated 
the quick translocation behavior through the nanopore, hence the 
changes of strength of electric force led to inconsiderable changes in 
the event signatures (ΔI2/Io & τoff2).

Furthermore, DNAzyme concentration-dependent determination 
was performed. We found that the event frequency of the cleavage 
fragments signals (red stars) varies closely with the changes of 
DNAzyme concentration (Fig. S6). In addition, the calculated cleavage 
efficiency shows a good linear correlation with DNAzyme 
concentration (R2 = 0.98, Fig. 2d). Both the observed event 
frequencies of fragments and digestion efficiency increases 
sensitively with more DNAzyme used in the reaction. Therefore, 
these functional oligonucleotides can behave well as molecular 
identification reporters, offering high detection stability, specificity 
and sensitivity by producing more noticeable signals of nucleic acids 
in DNAzyme catalytical reaction, which benefited from the 
occurrence nature of current events by the nanopore electrical 
detection. 

3.3 Molecular sandwich-based DNAzyme catalytic reaction towards 
transducing efficient nanopore electrical detection for antigen 
proteins

As mentioned previously, the detection of DNAzyme catalytic 
reaction has been refined through optimizing the electrical and 
concentration conditions, we next confer the entrapment of target 
antigens via assembly of DNAzyme-functionalized capture antibody-
antigen-detection antibody sandwich for nucleic acids release, as a 
substitute for the complicated and difficult-yielded protein assay. 
Because the molecular sandwich is used to chemically entrap the 
target antigens and immobilized on magnetic beads surface for the 
following catalytic reaction in complicated matrix assay. This high 
accuracy rate of mag-beads based approach compares favorably to 
early nanopore experiments, that has been demonstrated with 
significantly higher efficacy in complicated matrix assay. Therefore, 
we initially performed additional experiments to verify the reliability 
of magnetic beads immobilized DNAzyme cleavage (without antigen 
entrapment) in nanopore detection (Fig. S7). The results showed no 
variations on signals signatures that evidence the same detectible 
events as previous nanopore detection for DNAzyme catalysis (Fig. 
S8).

Next, the molecular sandwich-based DNAzyme catalytic reaction 
towards transducing efficient nanopore electrical detection for 
antigen proteins was examined (Fig. 3a). In the case of the antigen 
detection potentially satisfied the quantification needs in clinical 
situations, p24 antigen protein was tested at concentrations 
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between 1 ~ 100 pM52-54. The representative current traces are 
shown in Fig. S9. As expected, results verified that the frequency of 
the cleavage fragments events was proportional to the p24 antigen 
concentration. Fig 3b shows an example of comparing the event 
signatures between detected nucleic acids released in free 
DNAzyme catalyt ical  reaction (ctr l . )  and sandwich-based 
transducing system (Fig. 3b). There was no difference between the 
two key parameters in terms of ΔI/Io and τoff (P > 0.05). Results 
confirm that this well-established method is capable of transducing 
easier detectable nucleic acids as a substitute for the complicated 
and difficult-yielded antigen protein assay, in a nanopore, instead of 
directly detecting the target antigen itself. Meanwhile, for 
sensitivity determination, a calibration curve was established by 
c a l cu l a t i n g  t h e  c l ea v ag e  e f f i c i en c y  ve rs u s  p 2 4  a n t i g en  
concentrations (Fig. 3c), whereas the assay solution doped with 
different amounts of recombinant p24 antigen. The experimental 
r e s u l t s  s h o w e d  a  c l o s e l y  p o s i t i v e

Fig. 3 Molecular sandwich-based DNAzyme catalytic reaction towards transducing efficient nanopore electrical detection for antigen 
proteins. (a) Schematic experimental flow of molecular sandwich-based DNAzyme catalytic reaction towards nucleic acids digestion and 
nanopore detection, as a substitution of difficulty-yielded protein signals for efficient protein detection in complicated biological matrix. (b) 
Corresponding statistical analysis of the ΔI/IO and τoff in nanopore DNAzyme cleavage detection. p24 antigen represents substrate and 
cleavage fragments detected in molecular sandwich-based DNAzyme catalytic reaction. Control represents substrate and cleavage fragments 
released in free DNAzyme catalytic reaction. No significant difference obtained. (c) Efficiency of DNAzyme catalytic reaction as a function of 
p24 antigen concentration. All experiments were performed in cis:1 M [BMIM]Cl trans:1.5 M [BMIM]Cl solution containing 10 mM Tris at pH 
7.4. Number of experiments n = 3.
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correlation between cleavage efficiency and p24 antigen 
concentration. Based on the calculation, we obtained the LoD (Limit 
of Detection) for p24 antigen using the Proficiency Assessment of 
Clinical Laboratory Measurement Procedures55, which was 
determined at 1.24 pM.

3.4 Detection specificity and applicability for target antigens in 
human serum

In addition, to further validate the selectivity for target antigen 
detection, Covid-19 Virus, Small- and Large Antigens of Hepatitis 
Delta (S-HDAg & L-HDAg) as well as Bovine Serum Albumin (BSA) at 
low concentration (10 pM) were examined only in the presence of 
HIV p24 antibodies (Fig. S10). Notably, there is no detectable signals 
corresponding to the cleavage fragments, and displays the highest 
detection efficiency for p24 antigens (P < 0.001, Fig. 4a), indicating 
no interference entrapment of other antigens for the following 
catalytic reaction and nanopore detection. That means the approach 
offers high detection specificity depending on the selection of target 
antigens-antibodies. Moreover, the next assay revealed that the 

present molecular sandwich-based DNAzyme-cooperated nanopore 
sensor can well accomplish the effective detection of p24 antigen (10 
pM) contained human serum samples (Fig. 4b and 4c), using these 
DNAzyme catalysis released easier detectable nucleic acids. Next, we 
used the mean catalytic efficiency of the HIV p24 group and the 
Control group as t-test means to analyze the catalytic efficiencies for 
test groups. For example, the mean t-test of group 1 was 0.28 % (P < 
0.01), showing a significant difference of the catalytic efficiencies 
from HIV p24 group, indicating a potential negative result. 
Additionally, the t-test of 99.99 % (P > 0.05) indicates no significant 
difference from the Control group, further confirm the negative 
result; In contrast, for group 2, t-test of 99.98 % (P > 0.05) indicates 
no significant difference of the catalytic efficiencies from HIV p24 
group, indicating a potential positive result. Similarly, this positive 
result is further evidenced by additional t-test (4.45 %, P < 0.05) 
showing a significant difference from the Control group. Remarkably, 

Fig. 4 Detection specificity and applicability for target antigens in human serum. (a) Detection efficiency for p24 antigens with other antigen 
proteins (P < 0.001). (b) Detection of p24 antigen (10 pM) contained human serum samples (Positive test). (c) Detection of human serum 
samples without p24 antigen (Negative test). (i) Representative current traces. (ii) Corresponding statistical analyses of ΔI/IO of signature 
signals. (d) The reliability analysis for the quantitative tests. All experiments were performed in cis:1 M [BMIM]Cl trans:1.5 M [BMIM]Cl 
solution containing 10 mM Tris at pH 7.4. Number of experiments n = 3.
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the reliability of the tests is demonstrated via those quantitative 
analysis between the signatures of nanopore signals of different 

samples (Fig. 4d).

4. Conclusions
In this paper, we developed and discussed a molecular sandwich-
based DNAzyme-cooperated nanopore sensor which is capable of 
using easier detectable nucleic acids reporters as a substitution of 
difficulty-yielded protein signals for efficient protein detection in 
complicated biological matrix. Our results demonstrate the feasibility 
and effectiveness of this approach through conducting series of 
experiments, for example, high-efficiency detection of DNAzyme 
catalytical reaction in different physical and chemical conditions, 
selectivity and specificity tests against other antigen proteins, the 
detection accessibility and reliability in human serum assays at very 
low concentration (~pM level). Upon the selection of DNAzyme-
substrate sequences and diseases-dependent antigens-antibodies, 
these functional biomolecules can behave as molecular reporters, 
offering high detection specificity and universal applicability to 
various proteinic analytes in nanopore examination. Besides, 
clustered regularly interspaced short palindromic repeats (CRISPR) 
can precisely recognize and cleave foreign genetic targets towards a 
specific region of interest in genome through hybridization to a 
complementary sequence associated with diverse Cas enzyme 
systems. It is subsequently leveraged for target enrichment to 
amplify the nucleic acids detection signals. Hence, CRISPR 
cooperated nanopore detection methods would also be more 
effective and have the potential to fulfil unmet needs (i.e., single-
nucleotide polymorphisms, lower detection specificity) in point-of-
care diagnosis. In conclusion, this integrated electroanalytical 
approach is promising for precise detection of antigenic proteins, 
paving a new way of advancing biomarkers detection in disease 
diagnosis, prognosis assessment and nanobiomedical research.
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