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A protein-specific quantitative detection method based on poly-
acrylamide gel electrophoresis and online fluorescence imaging
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Abstract: Specific protein detection plays a crucial role in biological analysis and clinical diag-
nostics, serving as an essential tool for disease diagnosis, therapeutic monitoring, and biological
research. However, conventional methods such as immunofixation electrophoresis (IFE) and western
blotting (WB) suffer from complex workflows, time-consuming operations, and limited quantifi-
cation capabilities owing to intricate staining and de-staining procedures. In addition, these traditional
immunological detection methods require extensive manual handling and specialized expertise, while
low levels of automation restrict their applicability to high-throughput or large-scale analysis sce-
narios. Moreover, the multistep nature of these methods increases the risk of experimental errors
and compromises quantification accuracy. Herein, we present a quantitative protein immune
polyacrylamide gel electrophoresis (PAGE) detection method that combines immune-recognition
principles with online fluorescence imaging technology, thereby offering a rapid and specific ap-
proach for quantifying target proteins. The developed method exploits the specificity of fluorescently
labeled antibodies and the separation capability of PAGE, with formaldehyde crosslinking used to

stabilize antigen-antibody complexes under the denaturing conditions of electrophoresis, thereby
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ensuring reliable quantification. The entire experimental workflow can be completed within 1.5 h
and consists of three main steps. Firstly, the target protein is incubated with fluorescently labeled
antibodies at room temperature for 0.5 h to form immune complexes, after which they are
crosslinked using formaldehyde. The cross-linked samples are then loaded onto polyacrylamide gels
and separated under optimized electrophoresis conditions (120 V, 15 min; 150 V, 15 min; 200 V,
15 min). Electrophoretic separation is finally monitored in real-time using an online fluorescence
imaging system, which enables direct visualization of protein migration and eliminates the need for
post-separation processing. Three distinct bands are observed on the precast gel following immune
PAGE separation: the immune complexes at the uppermost position, the free fluorescent antibodies
in the middle, and other proteins at the bottom. ImageJ software is used to analyze the electro-
phoresis pattern, and quantification is achieved based on the linear relationship between the
fluorescence intensity of the free antibody and the mass concentration of the target protein. We
systematically validated the performance of the method using human transferrin (TRF) as the model
antigen protein and fluorescein-isothiocyanate-labeled (FITC-labeled) anti-TRF IgG antibody (anti-
TRF IgG-FITC) as the detection probe, which involved analyzing three key aspects: the necessity
of the formaldehyde-crosslinking step for maintaining immune complex stability, antibody recognition
specificity in complex samples, and the linear correlation between the fluorescence signal and the
mass concentration of the target protein. The method exhibited excellent analytical performance,
with a linear range that extended between 5.0 and 200.0 mg/L and a correlation coefficient (R*) of
0.993 0. Triplicate measurements of fluorescence intensity at all mass concentration points revealed
a maximum relative standard deviation (RSD) of 1.65%. The limit of detection (LOD) reaches 0.5
mg/L, with recoveries between 98.2% and 105.0%. Repeatability experiments revealed maximum intra-
and inter-day RSDs of 1.21% and 1.58%, respectively. Specificity testing confirmed that the developed
method accurately quantified TRF without interference from other proteins in complex samples.
These results highlight the good accuracy, excellent consistency, high sensitivity, and robust
specificity of the developed method, thereby confirming its reliability for use in precise protein-
quantification applications. Compared to traditional PAGE methods, the immune PAGE method
introduced herein provides the ability to selectively quantify specific target proteins online using real-
time fluorescence imaging technology. The method exhibits several notable advantages, including
high resolution, a simple workflow, strong specificity, rapid analysis, and good reproducibility. The
online fluorescence imaging system eliminates the need for complex gel-dismantling, membrane-
transfer, fixation, staining, and de-staining steps while effectively preventing protein band
broadening, thereby enabling highly sensitive quantitative analyses with superior resolution. The cost-
effectiveness of the developed method is achieved through economical fluorescently labeled anti-
bodies and low sample consumption. Moreover, the fundamental principle of the immune PAGE
method suggests that this approach is readily adaptable to the quantification of other proteins through
the judicious selection of specific fluorescently labeled antibodies. Consequently, the versatility of

the developed method makes it a comprehensive analytical platform suitable for pharmaceutical
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preparations and clinical diagnostics, in which rapid and accurate protein quantification is essential

for decision-making processes. Additionally, this method is an ideal choice for high-throughput

applications in both academic research and industrial settings owing to the integration of automated

analysis and short operation times. The protein immune PAGE method represents a significant

advancement in specific protein quantification methodology with great potential as a promising tool

that is expected to be widely adopted in various biological analysis scenarios.
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Fig.1 Schematic illustration of the immune polyacrylamide gel electrophoresis (PAGE) method

a. illustration of immunological binding and formaldehyde crosslinking of immune complex of transferrin (TRF) and fluorescein-
isothiocyanate-labeled (FITC-labeled) anti-TRF IgG antibody (anti-TRF IgG-FITC) ; b. diagram of protein separation by electrophoresis;
c. optical path configuration of the online fluorescence imaging system; d. principle of gel fluorescence imaging and quantitative detec-

tion of the immune complex and anti-TRF IgG-FITC.
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Fig. 2 Comparative analysis of immune complex stability with and without formaldehyde crosslinking

a. fluorescence imaging of immune complexes formed between TRF antigen and anti-TRF IgG-FITC after formaldehyde crosslinking

treatment; b. fluorescence imaging of the same immune complexes without formaldehyde crosslinking.

The numbers above each lane indicate TRF mass concentrations (mg/L) in the immune complex samples, and protein relative molecu-

lar masses are marked on the left.
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Table 1 Protein components of samples used in specific-
ity validation

Sample TRF BSA C-PC  Mb Cytc “MOTRF
IgG-FITC

1 + - — _ _ +

2 - + _ _ _ .

3 - - N _ _ .

4 - - _ . _ N

5 - - _ _ N .

6 + + ¥ + + +

Blank - - _ _ _ +

“+” indicates the presence of corresponding protein in the
sample. For antigen proteins, “+” represents a mass concentra-
tion of 50.0 mg/L; for anti-TRF IgG-FITC, “+” indicates its final
mass concentration is 6.0 mg/L. “-" indicates the absence of cor-
responding protein in the sample.
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Fig.3 Bar graph of differential fluorescence signals for

specificity validation of protein immune PAGE
method
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WSEAE S B S PRk B B LM C R,
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Fig. 4 Experimental results of analytical performance of the protein immune PAGE method using TRF and anti-TRF IgG-

FITC (n=3)

a. linear correlation between band grayscale intensity and anti-TRF IgG-FITC mass concentration; b. calibration curve of fluorescence

intensity versus TRF mass concentration.
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Table 2 Comparison of immune PAGE with online imaging with other immunoassay electrophoresis
Method Specificity Quantification Online Imaging Staining Free Antibody” Refs.
CBB no no no / [29,30]
IFE yes yes no 1** Ab [11,15,31,32]
WB yes no yes yes 1 & 2" Ab [12,13,33,34]
Our work yes yes yes yes 1°* Ab-FITC /

* Antibody (Ab): “/” represents no antibody needed; “1°* Ab” refers to the primary antibody; “2"* Ab” refers to the secondary anti-

body; “1** Ab-FITC” indicates an FITC-labeled primary antibody.
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