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Immunoassays are sensitive and specific analytical techniques that rely on 

antigen–antibody interactions to detect and quantify biomolecules in complex 

biological samples. It outlines the historical development of immunoassays, 

beginning with the pioneering radio immunoassay developed by Rosalyn S. 

Yalow and Solomon Person, based on the antigen–antibody specificity concept 

proposed by Paul Ehrlich, and later advancements such as ELISA introduced 

by Eva England and Peter Perlman, along with monoclonal antibody technology 

developed by Georges Kohler and César Mil stein. It summarizes major 

immunoassay formats, including competitive and sandwich assays, and key 

techniques such as ELISA, Possible spelling mistake found. immunoassay 

(CLIA), fluorescent immunoassay (FIA), radio immunoassay (RIA), Western 

blotting, flow cytometry, lateral flow immunoassay (LFIA), and surface-

enhanced Raman spectroscopy (SERS).It further highlights recent innovations 

such as multiplex platforms, nanotechnology-enhanced detection, microfluidic 

integration, digital immunoassays, and artificial intelligence–assisted analysis, 

emphasizing the expanding role of immunoassays in clinical diagnostics, 

biomedical research, pharmaceutical analysis, and point-of-care testing. 
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1. INTRODUCTION 

Accurate detection and quantification of biomolecules 

are essential in clinical diagnostics, pharmaceutical 

development, and biomedical research. Immunoassays 

are analytical methods that utilize the high specificity and 

affinity of antigen–antibody interactions to measure analytes 

in complex biological matrices such as blood, urine, and 

plasma. 

Immunoassays offer several advantages including high 

sensitivity, minimal sample preparation, cost-

effectiveness, and adaptability to automation. Depending 

on assay design, detection signals may be directly or 
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inversely proportional to analyte concentration. These 

characteristics have established immunoassays as 

indispensable tools in modern laboratory medicine. [1] 

2. HISTORY OF IMMUNOASSAYS 

Rosalyn S. Yalow and Solomon Berson lay the 

groundwork for immunoassay technology in 1959, when 

they created the first radioimmunoassay (RIA) for insulin 

measurement. This innovation proved that ultra-low 

hormone concentrations may be detected with 

remarkable specificity. Yalow was later awarded the 

Nobel Prize in Physiology or Medicine in 1977. [2] 

The conceptual basis of antigen–antibody specificity 

traces back to the “lock-and-key” theory proposed by 

Paul Ehrlich in the early 20th century. 

In 1971, Peter Perlmann and Eva Engvall introduced the 

enzyme-linked immunosorbent assay (ELISA), 

eliminating the need for radioactive labels. The 

development of monoclonal antibody technology by 

Georges Köhler and César Milstein in 1975 further 

enhanced assay specificity and reproducibility. 

Subsequent decades saw the emergence of 

chemiluminescent, fluorescent, electrochemical, and 

nanoparticle-based immunoassays, greatly improving 

analytical sensitivity and automation. [3] 

3. PRINCIPLE OF IMMUNOASSAYS 

Immunoassays are based on the following key principles:  

 Antigen-Antibody Interaction: Antigens attach to 

complementary antibodies. This extremely specific 

interaction serves as the foundation for analyte 

detection.  

 Detectable Labels: Labels coupled to antigens or 

antibodies provide measurable signals. 

Radioisotopes, enzymes, fluorophores, 

chemiluminescent chemicals, and 

electrochemiluminescent tags are examples of 

commonly used labels.  

 Assay Formats: Competitive Immunoassay - 

Analytes with and without labels fight for limited 

antibody binding sites. Signal intensity is inversely 

related to analyte concentration. Non-competitive 

(Sandwich) Immunoassay – The analyte is trapped 

between two antibodies. The intensity of the signal 

is directly proportional to the concentration of 

analytes.  

 Detection and Quantification: Analyte concentration 

is determined by comparing signal intensity to a 

calibration curve.[4] 

3.1. Elisa (Enzyme-Linked Immunosorbent Assay) 

Enzyme-Linked Immunosorbent Assay (ELISA) is a 

highly sensitive and specific immunoassay technique 

used for the qualitative and quantitative detection of 

antigens or antibodies in biological samples. Since its 

development in 1971, ELISA has become a cornerstone 

of clinical diagnostics, research laboratories, and 

pharmaceutical analysis. The assay relies on antigen–

antibody interactions and enzyme-mediated signal 

amplification to generate measurable signals. [5] 

 DIRECT ELISA: Direct ELISA is a solid-phase 

immunoassay used to detect specific antigens by 

directly coating them onto a microtiter plate. An 

enzyme-labeled primary antibody binds to the 

antigen, and upon addition of a substrate, a 

measurable color change occurs. The intensity of the 

color is proportional to the antigen concentration. 

 INDIRECT ELISA: Indirect ELISA is used to 

detect specific antibodies in a sample. The antigen is 

first coated onto a microtiter plate, followed by 

addition of the primary antibody (from the sample) 

and an enzyme-labeled secondary antibody that 

binds to the primary antibody. After adding a 

substrate, a color change develops, and the intensity 

is proportional to the amount of antibody present. 

 SANDWICH ELISA: Sandwich ELISA is used to 

detect and quantify specific antigens in a sample. A 

capture antibody is first coated onto the microtiter 

plate to bind the target antigen, followed by the 

addition of a second enzyme-labeled detection 

antibody forming an antibody–antigen–antibody 

“sandwich.” Upon substrate addition, a color change 

occurs, and the intensity is proportional to the 

antigen concentration. 

 COMPETITIVE ELISA: Small antigens or 

antibodies based on competitive binding can be 

found using competitive ELISA. Using this 

technique, a tagged antigen and a sample antigen 

compete to bind to a particular antibody. The 

concentration of the target analyte in the sample is 

inversely correlated with the color intensity that 

develops following substrate addition.[6] 

3.2. Recent Advancements in Elisa 

 MULTIPLEX ELISA: Multiplex enzyme-

linked immunosorbent assay is an advanced 

immunoassay platform that enables the simultaneous 

detection and quantification of multiple analytes within 

a single biological sample. Unlike conventional ELISA, 

which measures one analyte per well, multiplex ELISA 

utilizes spatial separation or bead-based encoding 

strategies to detect multiple biomarkers in parallel. 

Multiplex ELISA has become indispensable in cytokine 

profiling, oncology biomarker panels, autoimmune 

disease monitoring, vaccine studies, and systems biology 

research.  

In the array-based multiplex ELISA, different capture 

antibodies are spotted at defined locations within the 

same well. The sample is added, and multiple analytes 

bind to their respective capture antibodies. Detection 

antibodies, usually biotinylated and followed by enzyme 

conjugates, are added to form specific antibody–antigen 

complexes. Upon addition of substrate, signals are 
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generated and measured using specialized imaging 

systems. 

In the bead-based multiplex ELISA, microspheres 

coated with distinct capture antibodies are mixed with 

the sample. Each bead population is internally labeled 

with a unique fluorescent signature, allowing 

identification of specific analytes. After binding and 

detection antibody addition, fluorescence intensity is 

measured using flow cytometry–based or dedicated 

multiplex analyzers.[7] 

3.3. Radioimmunoassay 

Radioimmunoassay (RIA) is a highly sensitive 

immunoassay technique used to measure minute 

concentrations of antigens, such as hormones or drugs, in 

biological samples. It is based on competitive binding 

between a radiolabeled antigen and the sample antigen 

for a specific antibody. The bound and free antigens are 

separated, and radioactivity is measured using a gamma 

counter. The detected radioactivity is inversely 

proportional to the concentration of the analyte in the 

sample. [8] 

3.4. Limitations of radioimmunoassay 

Radioimmunoassay involves the use of radioactive 

isotopes, which pose potential health and environmental 

hazards and require stringent regulatory compliance, 

specialized laboratory infrastructure, and trained 

personnel. The short half-life of radioisotopes limits 

reagent stability and increases operational costs related 

to storage and waste disposal. Owing to these safety 

concerns and the widespread availability of safer, non-

radioactive alternatives such as ELISA and 

chemiluminescent immunoassays, RIA is now largely 

replaced and is rarely employed in routine human 

diagnostic practice. [8] 

3.5. Western Blotting 

Western blotting is an analytical technique used to detect 

and quantify specific proteins in a complex biological 

sample. Proteins are first separated based on molecular 

weight using SDS-PAGE and then transferred onto a 

membrane (nitrocellulose or PVDF). The membrane is 

incubated with a specific primary antibody followed by 

a labeled secondary antibody for detection. The target 

protein is visualized as a band using chemiluminescent, 

colorimetric, or fluorescent methods. [9] 

3.6. Recent Advancements in Western Blotting 

 Automated capillary immunoassay: This system 

automates protein separation and immunodetection, 

significantly improving reproducibility, sensitivity, 

and quantitation with minimal sample input. 

Fluorescent multiplex detection, which allows 

simultaneous detection of multiple proteins on the 

same blot using distinct fluorescent labels, 

enhancing throughput and comparative analysis in a 

single assay.[10] 

 Microfluidic Based Western Blotting: Integration 

of microfluidic platforms has miniaturized Western 

blot workflows, reducing sample volume and assay 

time while increasing throughput. These systems 

enable rapid, parallel protein analysis with improved 

sensitivity and potential for single-cell 

applications.[10] 

4. CHEMILUMINESCENT IMMUNOASSAY 

Chemiluminescent immunoassay (CLIA) refers to 

immunoassay techniques in which the detection signal is 

generated by a chemiluminescent reaction - a chemical 

reaction that produces light without requiring external 

light source excitation. The intensity of emitted light 

correlates directly with the quantity of target analyte 

(e.g., antigen or antibody) in a sample, enabling highly 

sensitive quantification. CLIA has emerged as a leading 

non-isotopic immunoassay method in clinical 

diagnostics due to its rapid turnaround, wide dynamic 

range, and automated compatibility. CLIA can be 

configured in several assay designs, similar to other 

immunoassays: 

 Direct CLIA: Labeled antibody directly binds the 

analyte. Simple but less sensitive. 

 Sandwich CLIA: Capture antibody immobilizes the 

analyte, then a second labeled antibody binds, 

boosting signal and specificity, ideal for larger 

proteins or biomarkers. 

 Competitive CLIA: High analyte concentrations 

compete with labeled analyte analogs for antibody 

binding, useful for small molecules.[11] 

4.1. Recent Advancements of Clia 

 Automated Magnetic Digital Microfluidic CLIA 

Systems: Compact CLIA platforms that combine 

magnetic digital microfluidics with automated 

workflows significantly improve detection speed 

and sensitivity for protein biomarkers. These 

systems manipulate magnetic beads in 

microdroplets to automate separation, washing, and 

signal generation, enabling rapid assays (e.g., 

cardiac troponin I) with low limits of detection and 

high linear range, enhancing clinical diagnostic 

applicability.[12] 

 Deep Learning-Enhanced Chemiluminescent 

Vertical Flow Assays for Point-of-Care Testing: 

Innovations integrating chemiluminescent vertical 

flow assays with deep learning algorithms enable 

highly sensitive, rapid quantification of biomarkers 

such as cardiac troponin I using portable readers. 

These platforms achieve laboratory-grade 

performance with broad dynamic range, low sample 

volume, and rapid turnaround, making them 

promising for decentralized and emergency 

diagnostics. [12] 
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4.2. Fluorescent Immunoassay 

Fluorescent immunoassays (FIAs) are analytical 

techniques in which antigen–antibody binding events are 

quantified through fluorescence emission from labeled 

antibodies or detection probes. Unlike colorimetric 

systems, FIAs use fluorescent dyes or nanoparticles that 

emit light upon excitation, providing high sensitivity, 

wide dynamic range, and multiplexing capability, 

making them valuable in clinical diagnostics, 

environmental monitoring, and research applications. 

 Direct FIA: A fluorescently labeled primary 

antibody binds directly to the target antigen. This 

format is simple and rapid but offers relatively lower 

signal amplification. 

 Indirect FIA: An unlabeled primary antibody binds 

the antigen, followed by a fluorescently labeled 

secondary antibody. This approach enhances 

sensitivity through signal amplification. 

 Sandwich FIA: A capture antibody immobilizes the 

antigen, and a fluorescently labeled detection 

antibody binds to another epitope, forming a 

“sandwich.” This format provides high specificity 

and is widely used for protein biomarker detection. 

 Competitive FIA: Labeled and unlabeled antigens 

compete for antibody binding sites. The 

fluorescence signal is inversely proportional to 

analyte concentration and is suitable for small 

molecules. 

 Time-Resolved FIA (TRFIA): A sensitive 

immunoassay technique that uses lanthanide-labeled 

antibodies (e.g., europium) with long fluorescence 

lifetimes. Fluorescence is measured after a time 

delay following excitation, which eliminates short-

lived background signals and improves sensitivity 

and specificity.[13] 

4.3. Recent Advancements of Fluorescent 

Immunoassay 

 Homogeneous Fluorescent Immunosensors for 

Rapid, Wash-Free Detection: Recent research has 

emphasized homogeneous fluorescent immunoassay 

formats that eliminate traditional wash and 

separation steps, significantly simplifying 

workflows and reducing assay time. By using 

engineered fluorescent probes and antibody 

constructs that produce a detectable signal change 

upon target binding, these assays enable rapid, 

sensitive detection in complex biological samples 

without extensive sample processing — a key step 

toward point-of-care and high-throughput 

applications.[14] 

 Nanomaterial-Enhanced Fluorescence Labels for 

Ultra-Sensitive Multiplexing: Advances in 

fluorescent nanomaterials, including quantum dots 

(QDs) and up-conversion nanoparticles (UCNPs), 

have substantially improved FIA performance. 

These labels offer higher brightness, reduced 

photobleaching, and narrow emission spectra, 

enabling highly sensitive detection and multiplexed 

assays with minimal spectral overlap. Nanomaterial-

based FIAs demonstrate significantly lower 

detection limits and enhanced multiplex capability 

for simultaneous measurement of several analytes in 

a single assay.[14] 

4.4. Flow Cytometry 

Flow Cytometry Immunoassay is a powerful analytical 

technique used to detect and quantify specific cells, 

proteins, or biomarkers in a heterogeneous cell 

population. It employs fluorescent-labeled antibodies 

that bind to target antigens on or within cells. As cells 

pass individually through a laser beam, scattered light 

and emitted fluorescence are measured, allowing 

multiparametric analysis. This technique is widely used 

in immunology, oncology, hematology, and clinical 

diagnostics for cell characterization and biomarker 

detection. [15] 

4.5. Recent Advancements of Flow Cytometry 

 High-Dimensional Spectral Flow Cytometry for 

Deep Immune Profiling: Recent technological 

developments in spectral flow cytometry extend 

conventional multi-color analysis by capturing full 

emission spectra from fluorophores rather than 

discrete channels. Advanced unmixing algorithms 

now allow simultaneous measurement of 40+ 

parameters per cell with reduced spectral overlap, 

enabling deep immune profiling and high-resolution 

characterization of cellular phenotypes in complex 

tissues such as tumor microenvironments and 

peripheral blood. This advancement significantly 

expands the analytical capacity of flow cytometry in 

systems immunology and clinical research.[16] 

 Integration of Machine Learning for Automated 

Population Identification: The application of 

machine learning and artificial intelligence to flow 

cytometry data analysis has enhanced accuracy, 

reproducibility, and throughput. Algorithms such as 

t-SNE, UMAP, and FlowSOM are now routinely 

used to identify rare cell populations, cluster 

multidimensional data, and visualize high-parameter 

datasets. These computational tools reduce user bias 

in gating strategies, uncover novel cellular subsets, 

and improve interpretation of complex phenotypic 

landscapes in both research and diagnostic 

settings.[16] 

5. LATERAL FLOW IMMUNOASSAY 

Lateral Flow Immunoassay (LFIA) is a rapid 

immunodiagnostic technique used for the qualitative or 

semi-quantitative detection of antigens or antibodies in 

biological samples. It works on the principle of capillary 

action, where the sample moves along a membrane 

containing labeled antibodies. If the target analyte is 

present, a visible colored line appears in the test region. 
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LFIA is simple, cost-effective, rapid, and widely used for 

point-of-care testing. [17] 

5.1. Recent Advancements of Lateral Flow 

Immunoassay 

 Fluorescent and Nanoparticle-Enhanced LFIA: 

Integration of advanced labels such as quantum dots, 

up-conversion nanoparticles, and fluorescent 

nanobeads has significantly improved LFIA 

sensitivity and enabled quantitative and multiplex 

detection, overcoming limitations of traditional 

colloidal gold visual readouts.[18] 

 Digital and Smartphone-Assisted LFIA 

Platforms: Development of portable digital readers 

and smartphone-based imaging systems with AI-

assisted signal analysis allows objective 

quantification, reduced user bias, enhanced limit of 

detection, and real-time data transmission, 

expanding LFIA utility in point-of-care 

diagnostics.[18] 

5.2. Surface Enhanced Ramen Spectroscopy (Sers) 

Immunoassay 

Surface-Enhanced Raman Spectroscopy (SERS) 

immunoassay is a highly sensitive analytical technique 

that combines antigen–antibody specificity with Raman 

signal enhancement for biomarker detection. In this 

method, antibodies are conjugated to metallic 

nanostructures (such as gold or silver nanoparticles), 

which amplify the Raman scattering signal of reporter 

molecules. When the target analyte binds to the antibody, 

a characteristic Raman spectral signal is generated and 

measured using a Raman spectrometer. SERS 

immunoassays offer ultra-high sensitivity, molecular 

specificity, and potential for multiplex detection in 

clinical diagnostics and biomedical research. [19] 

5.3. Recent Advancements of Sers Immunoassay 

 Core–Shell Nanotags with Ultra-High 

Enhancement for Attomolar Sensitivity: Recent 

development of engineered core–shell plasmonic 

nanoparticles (e.g., Au@Ag and alloy 

nanostructures) with optimized “hot spots” has 

significantly increased SERS enhancement factors. 

These nanotags enable attomolar level detection of 

protein biomarkers in complex biological samples, 

enhancing assay sensitivity and lowering limits of 

detection compared to conventional SERS 

probes.[20] 

 Microfluidic-Integrated and Multiplex SERS 

Immunoassays: Integration of SERS 

immunoassays with microfluidic lab-on-chip 

platforms has improved fluid control, reaction 

kinetics, and reproducibility. Combined with 

spectrally distinct Raman reporter labels, these 

systems achieve simultaneous, high-throughput 

detection of multiple analytes on a single chip, 

supporting advanced diagnostic panels in clinical 

and point-of-care settings.[20] 

5.4. Future Perspectives of Immunoassay 

 Next-Generation Sensitivity via Nanotechnology 

and Signal Amplification: Future immunoassays 

will increasingly harness engineered nanomaterials 

— such as quantum dots, plasmonic nanoparticles, 

and upconversion nanoparticles — to amplify 

detection signals far beyond current limits. 

Structural and surface modifications of 

nanoparticles can create “hot spots” for enhanced 

optical or Raman signals, enabling ultra-low limit of 

detection (LOD) in the femtomolar to attomolar 

range. Additionally, digital immunoassay formats 

that count single binding events — such as digital 

ELISA — will further enhance sensitivity and 

enable early disease detection.[21] 

 Integrated and Portable Point-of-Care 

Platforms: Traditional immunoassays often require 

centralized laboratory infrastructure. Future 

prospects include fully integrated point-of-care 

(POC) devices that combine immunochemical 

reactions with on-board fluidics, detection, and data 

processing. Portable formats such as smartphone-

based readers, microfluidic cartridges, and lab-on-

chip immunoassays will support rapid, decentralized 

diagnostics, particularly in resource-limited settings 

or emergency response scenarios. The integration of 

low-cost optics and miniaturized biosensors will 

make high-performance immunoassays accessible 

outside conventional laboratories.[22] 

 Multiplexed and High-Throughput Assays: 

Advances in fluorescent labels, spectral detection, 

and spatial encoding will enable immunoassays to 

simultaneously quantify dozens to hundreds of 

analytes in a single sample. High-plex 

immunoassays will be critical in fields such as 

systems biology, biomarker discovery, and 

personalized medicine, where comprehensive 

molecular profiling is essential. Techniques such as 

spectral cytometry, DNA barcoding, and mass 

cytometry will further expand multiplexing 

capacities.[23] 

 Digital and AI-Enhanced Data Interpretation: As 

immunoassay data complexity increases — 

particularly with high-parameter assays — 

computational methods will play a central role in 

interpretation. Machine learning and artificial 

intelligence (AI) will automate pattern recognition, 

reduce operator bias, and detect subtle trends in 

large datasets. Predictive modeling can enhance 

assay interpretation in complex matrices and support 

clinical decision-making by correlating biomarker 

patterns with disease states and outcomes.[24] 

 Convergence with Other Diagnostic Modalities: 

Immunoassays will increasingly integrate with other 

analytical platforms such as nucleic acid 

amplification tests, biosensors (electrochemical, 

optical), and sequencing technologies to provide 

multi-modal diagnostic insights. Hybrid assays that 
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combine protein detection with genomic or 

transcriptomic information will support 

comprehensive phenotyping and precision 

medicine.[25] 
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