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Abstract: The evolutionary pathway of diagnostic testing
methods can be traced through the historical development
and refinement of analytical tools. These tools are designed to
identify sources, decipher mechanisms, and control processes
inseparable from functional and morphological organization
of living organisms under both normal and pathological
conditions. In essence, this pathway represents a shift
from subjective observation to objective formalization. The
importance of this transition has been long recognized and is
difficult to overestimate, as illustrated by the consequences of
reckless human interference with nature. Furthermore, analysis
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Pesome: DBOAIOLMOHHBIN MYyTh PasBUTHA MeTOAOB AMarHo-
CTUYECKOTO TeCTUPOBaHMs I10 CYIIIeCTBY CBOAUTCS K UCTOPUH,
CBsI3aHHOM C pa3pabOTKON I COBepPIIIeHCTBOBaHMEM MHCTPY-
MEHTOB, ITO3BOAAIOIINX BBLABUTL MCTOUYHMKY, paciindpoBaTth
MeXaHM3MBI, IPOKOHTPOAMUPOBaATh TeueHUe ITPOIleccoB, HeOT-
AeAVMBIX OT (PYHKIIMOHAaABHO-MOPQOAOTMIECKON OpTraHM3a-
LMY VI/VIAVL COCTOSIHUS SKMBBIX OPTaHI3MOB, IIpITIeM He TOABKO
B ITaTo10rmy, HO 1 B HopMe. ITo cyTu 9TO ImyTh OT CyOBeKTUBHO-
ro HabAI0AeHNs K 00beKTUBHOI popmaansanym. ITytu u 3Ha-
9IIMOCTDH COBEPIIIEHCTBOBAHIL IT0CAEAHEN A0ATO IepedncasITh
U TPYAHO IepeoleHnTs. JocTaToyHo oOpaTUTh BHUMaHMe Ha
II0CAeACTBMSI HeAaAbHOBMAHO pPeaAl30BaHHOIO BMelllaTeab-
CTBa 4e/l0BeKa B IIPMPOAY M Ha BCe, UTO C DTUM cBs3aHo. Kpome
TOTO, 0 MHOTOM TOBOPUT aHaAM3 pocTa MUPOBOTO PhIHKa AMa-
THOCTMYECKUX CHCTeM, KOTopbiit pukcupyer 14,51 mapa A044.
CHIA 5 2021 1. n ero mporHo3upyemsiii poct K 2029 r. —
25,88 mapg aoaa. CHIA (Data Bridge Market Research). B cuay
3HAYMTEeALHOTO KOAMYeCTBa MeTOA0B AMarHOCTIYeKOTO TeCTU-
pOBaHIL B IIpeACTaBA€HHOM 0030pe IIPH ONMCAHNY DBOAIOIIN-
OHHOTO ITyTU CITOCOOOB U MHCTPYMEHTOB MMMYHOaHaAM3a 00-
pamaloT Ha cebs BHUMaHNe AUIIL Te, KOTOpble 3a4e/ICTBOBaHbI
B peaAbHOII IpaKTKe AabopaTOPHOIO ¥ BHeAabOpPaTOPHOTO
TeCTUPOBaHMS.

KioueBble ca0Ba: aHTUTeAa, aHTUTEHBI, CEPOAVATHOCTIIKA, IM-
MYHOaHaAW3a, ITAIOTMHAIVANMMYHO-(pepMEeHTHBIN aHaAM3,
adppuHHOCTD
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Applications of analytical tools range from the diagnosis of plant and animal
diseases and the monitoring of human health (including both pathological processes
and somatic conditions), to the testing of biological specimens in field and in
laboratory settings, to the study of natural disasters and the consequences of active
human interference with the environment (wars, ecological disasters, etc.). These
tools underpin the methodologies used to objectively evaluate phenomena associated
with living organisms.

Immune-analytical systems currently dominate global diagnostic sales. At
the same time, growing attention is being paid to nucleic acid fragment detection
tests, flow cytometry (which enables simultaneous assessment of a broad range of
indicator factors), and various systems suitable for in situ analysis. As diagnostic
equipment develops and becomes increasingly complex, there is a need for more
research into improving the stability and shelf life of analysis reagents. This is
particularly important under diverse environmental conditions, including variations
in temperature and humidity. Equally important is minimizing reagent consumption
per test, a requirement that extends beyond instrumentally arranged systems [1].

Every story has its beginning

When, in 1890, von Behring and Kitasato obtained antiserum against diphtheria
and tetanus toxins and demonstrated its neutralizing properties, few could have
anticipated that this would mark the dawn of the serological research era. Their
work paved the way to systematic studies of antibody properties and their role in
bacterial infections. The diagnostic value of antibody detection was soon confirmed
for diseases such as typhoid fever [2] and syphilis [3]. Yet the use of antibodies—
originally identified as a key defense mechanism against infection —extended beyond
infectious disease diagnosis.

Specificity is a defining feature of antigen-antibody interaction. This became the
foundation not only for studying microorganism cell antigens but also for detecting a
wide range of molecules, including those with a molecular weight above 5000 Da. It
has been demonstrated that smaller molecules (haptens) cannot, on their own, induce
the production of specific antibodies. However, when conjugated to a larger carrier
(e. g., bovine serum albumin), they can elicit antibody production with the required
specificity [4].

In 1930, Karl Landsteiner received the Nobel Prize for his discovery of human
blood groups identification, work that began in 1900 when he first described the
agglutination of red blood cells in one person caused by the serum of another
individual. Immunoassay, as an empirical method for antigen study, rested on two
fundamental insights: the specificity of antibodies, and the quantitative character of
antibody-antigen interactions. It was demonstrated [5] that the ability of antiserum
to precipitate soluble antigens represents a quantitative reaction of antibody-antigen
interaction. This was demonstrated using Vibrio cholerae culture medium, described
in the late 19" century [6].

The basis of analysis is specificity! But what is the basis of specificity?

In his pioneering paper on the quantitative evaluation of diphtheria antiserum,
Paul Ehrlich formulated fundamental principles of antibody formation and
specificity [7]. His work laid the foundation for immunochemistry development, and
outlined approaches to studying quantitative antigen-antibody interactions. Later,
Heidelberger introduced methods for quantitively evaluating precipitation. He also
became the first to obtain a purified antibody product.



Cospemeniivie Hanpasaetus 6 uomedutjutie 2025 10 of 107

The polyvalent specificity of antisera results in antigen precipitation, which became
the foundation for modern immunoassay methods. Antibodies in antiserum bind to
multiple antigenic determinants on complex antigens, forming a three-dimensional
precipitate lattice that sediments when optimal antigen-antibody concentration
ratios are reached. Although this principle was established in theory [8], it could not
be applied in practice even in simple immunoassay methods with single-antigen
systems. This limitation was overcome when researchers showed that diffusion of
antibodies and antigens in the liquid phase across the surface of adjoining agar gels
could be used to evaluate their relative concentrations by the location of precipitation
bands [9]. This breakthrough led to the development of the double-immunodiffusion
assay in gel, which, with minor modifications, remains widely used today [10; 11].
For the first time, this method enabled the characterization of antigenic interaction
between molecules and the assessment of antiserum specificity.

Subsequent innovations led to the development of immunoelectrophoresis
technology [12], followed by quantitative radial immunodiffusion assays [13]. The
discovery of antigen electrophoretic migration in gels in complex with antibody
precipitation formed the basis for the development of rocket immunoelectrophoresis
method [14], which allowed rapid quantification of individual antigens in mixtures
using monospecific antibodies incorporated into gels. A further modification, two-
dimensional (crossed) immunoelectrophoresis, made it possible to perform both
qualitative and quantitative analysis of complex antigen mixtures using polyspecific
antisera.

Gel precipitation methods played a significant role in antigen analysis and
quantification, and were widely used to assess antibody specificity and determine
precipitating antibody titers. However, their sensitivity rarely exceeded 5 pg/ml, and
they could not be applied to quantify low molecular weight antigens that formed
only soluble complexes. These limitations spurred the development of alternative
approaches to antigen quantification.

In 1945, Coombs and colleagues introduced an assay [15] first described by
C. Moreschi in 1908, in which antihuman immunoglobulin antiserum induced the
agglutination of erythrocytes (EA) coated with the corresponding immunoglobulins.
This reaction, later known as the Coombs antiglobulin test, became an important
clinical tool. Additionally, Coombs was the first to use erythrocytes as an indicator
system in immunoassays, paving the way for the creation of numerous erythrocyte-
based diagnostic methods [16; 17].

Erythrocytes can bind not only antibodies specific to their membrane antigens
(direct tests) but also antibodies targeting antigen-coated erythrocytes (indirect or
passive tests). This principle gave rise to additional methods, such as the antigen-
coated erythrocyte agglutination assay [18—23]. In both direct and indirect quan-
titative hemagglutination tests, an erythrocytes suspension is added to serial dilu-
tions of antiserum. If a given dilution contains enough agglutinating antibodies to
cross-link surface antigens on neighboring erythrocytes, the cells clump together,
or agglutinate; otherwise, they settle to the bottom of the wells in a microtiter
plate, forming a compact plaque. The titration endpoint, or serum titer, is defined
as the highest dilution that still causes erythrocyte agglutination. For their time,
hemagglutination tests represented a major breakthrough in immunodiagnostics,
offering high sensitivity, specificity, and technical simplicity.

Further progress came in the late 1970s and early 1980s with the development
of the erythroimmunoadsorption method (EIA) [24—26]. This approach relied on a
simple detection system where erythrocytes served as a visual indicator, functioning
as optically dense corpuscular labels. The key event in EIA was the affinity binding
of marker erythrocytes on the walls of U- or V-shaped wells in the immunosorbent
carrier, to specifically bound target ligands (antigens or antibodies). While the method
offered a convenient one-step detection scheme, assay’s simplicity, cost-effectiveness
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and accessibility of the corpuscular label, these strengths were offset by low sensitivity,
lack of responsiveness and the instability of erythrocyte markers. These shortcomings
were largely overcome by the works of Plaksin, who developed a technology for
producing stable erythrocyte-based diagnostics and designed an original ultramicro
EIA method with superior analytical and procedural performance. This method was
successfully applied in the diagnosis of a wide range of diseases.

Tools: replace or supplement?

The development of immune-analytical tests proceeded in two main directions.
The first involved the integration of detection instrumentation into immunoassays.
While this made diagnostic efficiency and outcomes dependent on advancements in
optics, physics, mechanics, electronics, and related fields, it also allowed results to be
quantitively formalized. The latter greatly improved accuracy, reproducibility and
sensitivity by reducing much of the subjectivity in result interpretation.

The second direction focused on enhancement methods based on the principles
and best practices of hemagglutination and erythroimmunoadsorption. Specifically,
it involved developing and optimizing instrument-free analytical systems with direct
visualization of stereospecific interactions.

The pioneering work of Berson and Yalow was the beginning of the widespread
use of radioisotopic labeling in immunoassays. They demonstrated the extraordinary
sensitivity of detecting trace amounts of radioiodine-labeled insulin through its
binding to specific antibodies. This achievement led to radioimmunoassay (RIA)
being used to measure very low concentrations of serum insulin, which quantitatively
competed with a radioactive hormone for corresponding antibody binding [27]. The
principle of competitive inhibition with standardized radioactive antigens soon
became a universal strategy for liquid-phase RIA, widely used to quantify hormones,
pharmaceutical drugs, and other low-molecular-weight ligands.

RIA methods evolved along two main lines. On the one hand, there were
improvements in labeling techniques and expansion of anti-ligand types that could
be modified with radioactive isotopes. On the other, significant effort was directed
towards the enhancement of the signal registration during detection processes, which
gave rise to two distinct approaches: instrumentally arranged immunoradiometric
assays (IRMA) and photodetection in radioautography [27 —31]. In recognition of her
work in developing RIA, Rosalyn Yalow was awarded the Nobel Prize in Physiology
and Medicine in 1977.

Another important milestone in immunoassay development was the introduction
of the non-competitive radioallergosorbent test (RAST), first described in 1967 [32].
A simple and visually interpretable heterogeneous assay was used, later adopted by
numerous researchers, where anti-IgE antibodies were immobilized on a solid phase.
The immune complex that formed after the contact with test samples containing IgE
was detected using iodine-131-labeled secondary antibodies.

At the same time, several factors limited the widespread diagnostic use of RIA: the
need for special work conditions with radioactive isotopes; the reliance on expensive
equipment and qualified personnel; the limited lifetime of radioactive labels; as well
as associated health risks.

«Veni, vidi, vici»

The inherent drawbacks of RIA, combined with advances in enzymology,
stimulated the development of novel immunochemical methods based on the use
of various enzymes as labels. In the early 1970s, three research groups (in Sweden
[33—36], Netherlands [37], and the United States [38]) independently proposed
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the enzyme-linked immunosorbent assay (ELISA) in nearly identical forms. This
development was foreshadowed by earlier studies demonstrating the possibility of
conjugating enzymes with antibodies and antigens [39; 40].

Engvall and Perlmann described an assay that used an alkaline phosphatase-
antibody conjugate. In this system, soluble IgG and the conjugate-bound IgG competed
for binding to antibodies immobilized on a solid phase. Quantification of the ligand
was achieved by measuring the enzymatic conversion of colorless p-nitrophenyl
phosphate into yellow p-nitrophenol, detected by absorbance at 400 nm. Shortly
thereafter, Van Weemen and Schuurs used horseradish peroxidase as the enzyme
label in a conjugate system for quantifying urinary chorionic gonadotropin [37].
These two enzymes — alkaline phosphatase and horseradish peroxidase — became
the primary tools for subsequent ELISA development.

The fact that specific reaction components interact on a solid-phase surface, and
that their sequential replacement is possible, became the basis for designating such
assays as solid-phase or heterogeneous. In contrast, homogeneous assays occur within
the reaction mixture volume and involve similar steps but without dependence on a
solid phase. Indeed, the advent of ELISA marked the beginning of an entire era of
immune-analytical methods, the development of which continues today [41—46].

Since the early 1970s, ELISA methods have become widely used in medical
diagnostics, biotechnology, and laboratory practice, largely replacing alternative
techniques due to their distinctive advantages. Enzyme-linked immunosorbent assay
is highly sensitive and allows simultaneous processing of multiple samples in fully
or partially automated systems, without requiring extensive sample purification and
preparation.

Nevertheless, ELISA has some drawbacks. It requires demanding storage
conditions, and both both substrates and enzymatic reaction products are unstable.
These issues reduce the reliability of the enzyme-linked immunoassay test systems.
ELISA efficacy is determined by the quality of the solid phase (its capacity to bind
and stably preserve anti-ligands), the quality of immunospecific reagents, enzyme
activity (as the main component of the reporter system), the properties of the substrate
system, and the accuracy of the recording equipment.

Much of what has been stated about ELISA equally applies to immunofluorescence,
another important immunoassay variant. In 1950, it was shown that fluorescent dyes
could covalently bind antibodies without compromising their specific binding ability
[47]. Subsequent development of fluorescence-based methods progressed along two
parallel paths. Methodologically, immunofluorescence closely resembles enzyme-
linked immunosorbent assay. The only difference is that the enzyme label requires
a substrate for visualization, where the conversion product serves as a quantitative
measure of the target ligand, whereas a fluorescent label 'shows’ it directly through
its own emission. In both assays, reliable result detection equipment is essential: an
ELISA reader for enzyme-based assays and a fluorimeter for fluorescence-based
assays. In each case, the results are formalized by a device that compares either
the colorimetric difference between reference and test samples or their relative
fluorescence intensities [48 —51].

Chemiluminescent immunoassay combines features of both ELISA and
immunofluorescence. Its defining feature is the detection of specific interactions
through the registration of luminescent energy released by a chemical reaction
[52]. This method has become widely used and is well established, primarily due
to advanced detection equipment, which provides excellent analytical performance
with particularly high sensitivity. The synthesis of affinity compound-luminophore
conjugates is generally similar to that of fluorescent reagents [53 —55].
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There is no limit to perfection!

The development and improvement of immunoanalytical researches equipment,
advances in the synthesis of fluorochrome conjugates and affinity compounds, and
most importantly, researchers’” desire to obtain quantitative data rather than solely
visualizing cells and tissues in microscopy, led to the emergence of flow cytometry.
First described in 1976 [56; 57], flow cytometry provided a means to detect the
distribution of cellular antigens that were difficult or impossible to observe with
conventional microscopy, while also offering faster and more accurate analysis.

Flow cytofluorimetry has developed more rapidly than any other quantitative
immunoassay technique. It allows the evaluation of antigen expression at the level
of cell population. Individual cells labeled with fluorescently tagged antibodies
exhibit varying luminous intensity depending on their antigen expression. The flow
cytometer automatically detects and records these fluorescence signals for each cell.
This method can reliably detect even small populations of cells expressing target
antigens at very low frequencies.

The high-speed analytical capacity of flow cytometry enables precise quantification
of fluorescent labels in individual cells. By using two or more antibody preparations
with different specificities, each labeled with a distinct fluorochrome, it is possible
to assess the expression of molecules reacting with these antibodies across the entire
investigated cell population. Experimental results, along with controls, can be stored
and used for comparison in subsequent experiments [58 —61].

Inessence, aflow cytometerintegrates the operational principles of both fluorescence
microscopy and hematology analyzers. It combines three core components to
implement the method: a light source with a flow system, an optical system, and an
electronic data processing module [62—69].

The evolutionary development of immunological diagnostics detailed in this paper
can be seen as a continuous path of technological improvement in detection systems.
It originated from researchers” desire to quantitatively formalize immune complexes
formation using instrumental techniques. This ongoing process of advancement, and
the increasing complexity of instrument-based methods, began with the simplest
photoelectric colorimeters, which measured changes in luminous flux intensity
passing through turbid solutions. These devices led to the the turbidimetric assay
(from Latin turbidus — murky) [70—74].

Although the development of immunoassay techniques has been closely associated
with advancements in instrumental result registration, they do not cover the full
range of possible methodological approaches. This article focuses only on analytical
methods that are widely used in global diagnostic and scientific research practice.
Literature describes numerous alternative techniques developed in specific research
laboratories [52; 75—85]. These methods illustrate the broader potential of analytical
approaches rather than representing a strategic focus in diagnostic science.

The great Darwin proved that simplification is also
a mechanism of evolutionary development

An analysis of the evolution of immunological research methods would be
incomplete without considering an alternative trajectory of analytical development:
namely, instrumental-independent techniques. Numerous agglutination tests
using erythrocytes as indicator systems form the foundation of a distinct branch of
analytical immunochemistry. These methods focus on the detection of stereospecific
interactions through diagnostics with indicator element either generated through
colorimetric reactions or inherently colored and visible to the human eye. This feature
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makes the tests suitable for “in situ” and “at-home” testing, now more commonly
referred to as “point-of-care” testing, which is currently a major development priority
in immune-analytical assays.

All these methods share a key feature: they are either entirely or almost entirely
instrumental-independent. They are applied across a range of disciplines, including
biology, medicine, agriculture, and criminology; and are suitable not only for
specialized medical facilities, but also for small clinical laboratories, doctors” offices,
for home and field use.

The evolution of these methods is influenced by two main factors. First, medical
staff require rapid diagnostic assessment during patient encounters. Second, there
is a growing public demand for personal health monitoring. Interest is especially
high for lifestyle-related conditions such as obesity, drug addiction, alcoholism and
atherosclerosis. The current economic climate also favors the development of self-
diagnosis analytical systems. For example, the increasing trend among working
women to delay childbearing has driven demand for ovulation prediction and early
pregnancy detection tools [86—88].

Finally, rapid, instrument-free diagnostic systems are particularly valuable in
clinical and emergency medical settings, where they can facilitate urgent blood
transfusions during acute emergencies or large-scale epidemic events.

Immunoanalytical testing methods have recently gained considerable importance
in veterinary medicine and food industry. They are applied not only in specialized
animal clinics and diagnostic laboratories, but also in field conditions and on
individual farms. Technological innovations originally developed for human disease
diagnostics have proven equally effective in this context [89; 90]. Three main areas of
immunodiagnostic application in veterinary medicine and the food industry are as
follows:

1) fertility assessment, including measurement of progesterone and estrone sulfate
levels in bovine milk [91—95]);

2) diagnostics and detection of infectious diseases, such as parvovirus infection,
leukemia and enteritis pathogens [96—98]);

3) food safety monitoring, including detection of toxins and harmful substances in
produce [99—102].

The development of simplified, instrument-free immunoassay methods essentially
follows the improvement patterns of instrument-based immunoanalytical techniques.
One direction focuses on modifying the solid-phase reagent (immunosorbent) to
increase the amount of sorbed anti-ligand or to incorporate anti-ligand compound
with superior binding characteristics. The other direction concerns improving the
detection method, which can be achieved either by optimizing the characteristics of
the affinity compound bound to the label, enhancing its reporter characteristics, or
increasing the amount of label bound during detection.

Enzyme-linked immunosorbent systems are increasingly used in non-laboratory
settings. Particular emphasis is placed on the substrate systems that generate insoluble
colored products. Horseradish peroxidase, alkaline phosphatase, and glucose oxidase
are the primary enzymes used as labels in such systems.

This approach yields clear visualization of varying colors and staining intensities,
as the enzymatic reaction product accumulates precisely at the sites of enzyme label
localization. Yet this method has significant limitations: enzyme conjugates retain
their analytical properties only for a short period, and the test kits require strict
storage and transportation conditions. Other disadvantages include the instability of
chromogenic substrates and their products, poor solubility of chromogens in water,
insufficient color intensity of certain reaction products, and most critically, toxic,
carcinogenic and mutagenic properties of most of the chromogenic compounds.
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What if it’s even simpler? One step and you're done!

A particularly attractive approach involves the use of non-enzymatic labels, which
enables detection through simple visual readout without the need for multi-step
addition of manifesting components. This method has two main advantages: first, it
ensures the safety of the analysis procedure; second, it reduces labor and processing
time. Fundamentally, the aim was to build upon and refine the original advances in
hemagglutination and erythroimmunoadsorption systems. This involves enhancing
the visualization capabilities of conjugate reporter groups and developing stable,
reproducible methods for diagnostics synthesis.

Researchers have now turned their attention to optically contrastive microparticles
ofbothnaturaland syntheticorigin thathave the potential to serve aslabelsin diagnostic
reagents. Earlier work focused on attempts to use of anti-ligands conjugated with
colloidal gold particles [103—111], likely building on prior experience of using these
particles as electron-dense markers in microscopy [112—115]. This method allowed
direct visual detection of stereospecific interactions without additional visualization
steps. By synthesizing particles ranging in size from 5 nm to 1 um, researchers
produced conjugates suitable for nearly all known assay configurations, as will be
discussed below.

Although technological methods used to obtain colloidal gold particles [116 —120]
will not be detailed here, it is important to note that almost all authors reported
instability of the resulting sols. Particle stabilization was accomplished through the
conjugate synthesis by mixing metastable colloidal sols with antibodies [121]. The
antibody binding capacity was controlled by monitoring red color retention; with
excess anti-ligand causing the colloid color to shift from red to blue. Further conjugate
particle stabilization was achieved through polyethylene glycol supplementation
[118], while more refined size-based fractionation was carried out via density gradient
centrifugation with glycerol or sucrose [121].

Researchers successfully developed a stable, optically contrastive label and a
detectionreagent that maintained stability for several months[122]. However, technical
challenges in producing stable reagents, combined with insufficient sensitivity due to
the label’s low chromophoricity, have limited their widespread use. The large-scale
introduction of colloidal gold particle-based detection systems into the diagnostic
market has not been realized. Presumably, these systems could not compete with
more contrast-rich and stable diagnostic reagents, although they did find application
where high sensitivity is not required [179].

Colored liposomes have been proposed as particle labels in approaches that enable
simple visual result interpretation. One illustrative liposome preparation method
involves first mixing a egg lecithin in a chloroform/methanol system with cholesterol
in chloroform, followed by replacing the organic solvent with water. Such particles can
carry detectable marker under defined conditions; for example, phosphatidylcholine-
based liposomes are saturated with sulforhodamine B, and antibodies specific to
human chorionic gonadotropin beta-subunit are covalently attached to their surface.
Antibodies targeting the hormone’s alpha-subunit are immobilized on a nitrocellulose
filter. After sample interaction with the membrane carrier and subsequent incubation
with liposome-conjugated antibodies, matrices with distinct spot patterns are formed.
A similar approach was successfully implemented in digoxin immunoassay, achieving
detection for substance concentrations of 1—2.5 ng/ml in serum [123—125]. In this
system, liposomes bound to immune complexes were lysed, and ligand concentration
was determined either from the quantity of enzymes released during liposome lysis
(horseradish peroxidase or alkaline phosphatase), or from the quantity of dyes
saturating the colloidal particles. Despite these successes, liposomal diagnostics
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methods have not been widely used in analytical practice, likely either due to the
instability of liposomes under changing conditions (pH, ionic strength) resulting in
colloid degradation, or to the insufficient label contrast for reliable results.

Latex particles offer substantially greater potential and can be manufactured in a
wide size range, similar to colloidal gold particles. Efforts in latex particle synthesis
have focused on obtaining functionally active particles with surface groups that are
capable of covalent binding to proteins. The glutaraldehyde method represents a
straightforward approach to crosslinking affinity compounds to particle surfaces.
It established covalent bonds between amino groups on latex particles and target
peptides [123]. The use of latex diagnostics in various arrangement formats enables
the development of a broad spectrum of analytical systems: agglutination tests (for
e. g., streptolysin antibody detection, leptospirosis diagnosis [126—129]), group A
streptococcus detection [130—132]; immunochromatographic (lateral flow) assays
that provide results within 3—5 minutes (for e.g., pregnancy testing via urinary
human chorionic gonadotropin detection) [133; 134]; group A streptococcus
detection [135; 136]; influenza diagnostic [137; 138]; and fertility monitoring [139;
140]. Limitations include insufficient sensitivity due to chromophore properties,
strict technological requirements for synthesis which increase the risk of non-specific
interactions, insufficient stability of latex microspheres during storage (anti-ligand
leakage), particularly under non-ideal conditions (e.g., temperature fluctuations),
and the hook-effect, which is discussed further below.

Magnetic particles, whose early development was linked to latex technology, are
noteworthy for immunoassays, although they require special equipment to realize
their potential. Norwegian researchers were among the first to study magnetic
particle applications [141; 142], using 4.5 pm magnetic particles to isolate T- and
B-lymphocytes from blood. For this purpose, latex particles were loaded with
magnetic compounds, and monoclonal antibodies were crosslinked to the polystyrene
surface. Following incubation with whole blood, the particles were separated with
cobalt-samarium magnets and subsequently analyzed for quantitative evaluation,
essentially establishing a magnetic separation technique for sample preparation.
Recent years have seen significant advances in applying magneticiron-carbon particles
to immunoassays based on nuclear magnetic resonance. In these constructions, the
reporter moment is the change in the fixed proton relaxation time (T2) in the system
containing an affinity compound initially adsorbed on a solid phase, the target
ligand, magnetic iron-carbon particles functionalized with ligand-specific molecules
like antibodies. The proton relaxation time in such a system is inversely proportional
to the quantity of magnetic particles bound by the immune complex, which in turn
is proportional to the quantity of bound ligand [143; 144]. This method illustrates
a hybrid immunodetection approach because it complements the spectrum of both
instrumental and non-instrumental immunoassay systems, as both principles are
present in the test procedure [145; 146].

Several attempts have been made to develop original detection systems based on
any optically dense particles, including spherical particles of silicon dioxide [147 —
149], polyacrylamide microspheres with a diameter of 3—10 um [150], iron (III) oxide
particles [151], colored polymers [152; 153], and elemental particles (sulfur, selenium,
tellurium, and phosphorus [154 —158]). While all these attempts produced functional
analytical systems, they were not adopted in global diagnostic practice. Based on our
experience in the field, this can be attributed to limitations in sensitivity, specificity,
and stability of reagents, which in turn affect overall reliability of such systems.

Of particular interest there are studies using dyes as labels. Unlike dyed latex
particles, where the loading of chromophores is constrained by the physicochemical
parameters of the heterogeneous organic phase / dye system, these approaches use
the dye particles themselves as immobilisation matrices for affinity compounds [159 —
163]. This configuration achieves complete chromophore saturation. Immunoreagents
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are produced from water-soluble dyes, which can be converted into fine suspensoid
particles in the aqueous phase. Under optimized conditions, the particle surface
sorbs well due to hydrophobic interactions and electrostatic forces of various
immunoreactive compounds, forming convenient reagents for immunodiagnostics.
However, commercial application is greatly limited by instability, particularly under
variable storage conditions, including temperature, pH, and ionic strength of the
solution.

The issues discussed above underscore major trends in the evolution of detection
methods used in immunoassay systems. It is evident that, to satisfy the demands of
the developing test systems, detection components themselves must combine at least
two elements optimally: a signal-generating element with reporter properties that
require no additional steps or efforts for visualization or amplification, and an anti-
ligand with sufficient affinity and specificity. A critical factor in test kits development
is the stability of these components, particularly the bonding strength between
the label and the immunoreactive compound, which is typically achieved through
covalent bonding. Equally important is the stability of the label itself, which is
determined by its origin. Beyond these component requirements, the development of
new high-efficiency detection also hinges on the establishment of robust production
technologies, ensuring the generation of durable and stable reagents. Consequently,
the main challenges in immunoanalitical systems development include both the
careful selection and optimization of component preparation methods, on the one
hand, and the design of novel high-yield synthesis technologies for detection reagents,
on the other.

As noted above, erythrocytes, dyed latex particles, colloidal gold, and other
materials have been used as labels in detection reagents development. This article will
primarily focus on analyzing the current state of suspended dye particles as labeling
agents, which will be discussed in the sections below.

For several years, Adamov pursued the development of suspension antigens
and antibodies as immunodiagnostic reagents [164]. By the late 1960s, Adamov’s
research stopped for unclear reasons. His approach involved using suspension
antigens and antibodies as diagnostic reagents. The antigens and antibodies were
immobilized onto particle surfaces via adsorption. To achieve this, various stable in
saline solution compounds—including rosolic acid, phenol red, phenolphthalein,
alizarin, lead hydroxide hydrate, carmine, methyl orange, thionine, bismuth citrate,
a-aminoanthraquinone, dermatol, infusorial earth, polyvinyl chloride F, thymol
blue, anthragallol, animal charcoal, and tribasic calcium phosphate —were mixed
with solutions of either antigens or immune serum. The resulting reagents were
used to detect relevant antibodies and antigens through agglomeration reactions,
essentially functioning as agglutination tests. The cessation of this research may have
been caused by the following factors: 1) difficulty in producing stable suspension in
solutions; 2) instability of the reagents during storage; 3) a high degree of nonspecific
interactions.

Nearly 15 years later, an article [165] presented a practical approach to the same
concept of developing immunodiagnostic reagents for direct visualization with the
usage of hydrophobic dyes as labels. The dyes included four Palanil colors, two Terasil
colors, Cubacet, Foron, Resolin, Procinyl, and four Samaron colors. The researchers
obtained conjugates of suspension particles of dyes with sheep, rabbit and mouse
monoclonal immunoglobulins against hCG. The same method of direct sorption of
immunospecific compounds on the particles surface was used. The reagents enabled
the hCG determination in the agglutination reaction, but the stability of these reagents
did not exceed 2.5 months. Later, the same author reported improvements in assay
sensitivity using the previously described reagents, achieving detection limits of



Cospementivie Hanpasaerus 6 Ouomeduijuite 2025 18 of 107

2—13 IU/L for hCG and 10—1000 ng/mL for alpha-fetoprotein in a sandwich assay
format. Despite these enhancements, the problem of reagent storage stability persisted
[159].

These challenges likely account for the absence of commercial diagnostic kits
with instrument-free test systems with direct ligand visualization via colorimetric
dyes in the global biotechnological market. Nevertheless, the attractive prospect of
highly sensitive direct visualization continues to drive research efforts toward new
diagnostic reagents.

In their search for high-contrast labels, researchers explored the use of tetrazolium
salts and their reduced forms—formazans—for staining latex microspheres [166—
168]. The intense blue and violet colors of reagents based on tetrazolium salts and
formazans offer distinct advantages over derivatives of metallic and non-metallic
compounds. However, these conjugates still face the same stability and sensitivity
limitations. Nevertheless, in the current instrument-free tests diagnostic market, latex-
based systems (primarily those configured for immunochromatography) remain the
dominant technology.

Researchers eventually turned their attention to colloidal carbon particles, whose
intense black color suggested superior potential for reagent development. Early
investigations were advanced by two pivotal studies that systematically evaluated
the possible use of colloid carbon particles in immunodiagnostics [169; 170]. Both
articles reported detailed methodologies for preparing conjugates based on carbon
black particles (namely, products from Cabot Corporation, Vulcan & Monarch, USA),
and outlined application methods of the obtained reagents in immunoanalytical
systems of different formats. Importantly, the method for producing these diagnostic
reagents still relied on non-covalent conjugation of immunoreactive compounds to
the carbon particles.

The main practical challenges lie not only in enhancing detection system sensitivity
through optimal reagent selection, but also in ensuring reagent stability in commercial
test kits. This requires developing conjugation methods that facilitate strong covalent
bonds between affinity compounds and detection labels. Successful resolution of
these challenges would enable the introduction of fundamentally new instrument-
free analytical systems to the diagnostic market.

Research initiated in the early 1990s deserves particular attention. For the first
time, a technology was developed and validated that addressed both critical
requirements for advancing instrument-free diagnostics: strong covalent binding of
affinity compounds and the use of the most optically contrasting label (a nanosized
colloidal carbon particle) [180]. This achievement led to the creation of a functional
diagnostic system and a wide array of test-system models. In terms of both analytical
and procedural characteristics, they successfully competed with instrument-based
enzymatic test systems [171—175]. By employing a highly visible non-instrumental
contrast label and a covalent binding mechanism for the affinity compound, the
researchers ensured reliable diagnostics. The size and properties of the carbon label
facilitated the development of functional instrument-free assay systems across all
express-test formats, including dot-blot assays on both non-porous and porous solid
phases (including multiplex versions, [171; 173]), immunochromatography (IC), and
immunofiltration (IF) [175; 179].

Recent research has introduced a new approach to enhancing the sensitivity of
simplified testing systems with nanozymes—nanoparticles of various compositions
that exhibit horseradish peroxidase-like activity. A representative example is protein
nanoparticles impregnated with hemin molecules. These diagnostic reagents
demonstrate horseradish peroxidase-like activity in the presence of hydrogen
peroxide, catalyzing the conversion of the substrate (TMB) with a visible color change
[176].
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Prussian blue nanoparticles also exhibit horseradish peroxidase-like activity that
exceeds the activity of the natural enzyme [177; 178]. The synthesis of Prussian blue
nanoparticles involves the controlled mixing of two iron salts. These promising
peroxidase alternatives have the potential to replace horseradish peroxidase (HRP),
thereby alleviating significant challenges and costs associated with isolating HRP from
natural sources. This approach offers several advantages: eliminating labor-intensive
purification processes required to achieve reagent purity, and using substantially
cheaper and more readily available starting materials for nanoparticle synthesis.

As for the arrangement formats of non-instrumental test systems, the field
demonstrates low diversity. There is little transition from agglutination tests in wells
of immunoassay plates or Terasaki plates to dot-analysis, immunochromatography,
and immunofiltration. Currently, IC systems dominate the market, which presents a
curious paradox. The IC method has one major drawback, namely, the hook effect.
In certain conditions, it can significantly distort measurement results, particularly
at high concentrations of the target ligand. IF systems are free from this problem.
However, the number of IF systems on the diagnostic market is notably lower. This
discrepancy may be explained by both the technological complexities of IF diagnostic
systems production and by manufacturer conservatism.

Conclusions

Thereisno doubt about the constant demand for relevant toolsin diagnostic practice.
At the same time, it is clear that significant improvements in testing metrics remain
essential —particularly in sensitivity, specificity, accuracy, reliability, reproducibility,
accessibility, speed, procedural simplicity, and affordability. It is evident that uniting
all these features, along with their required enhancement, into a single analytical
system is impossible. Therefore, every type of diagnostic testing used in real clinical
practice requires continuous improvement. Fundamental science, in turn, is capable
of designing the tools and materials that practical medicine demands.

Without high-quality diagnostic tools we will not be able to achieve early, accurate,
and accessible detection of disease symptoms (especially before clinical manifestations
appear) together with near real-time patient monitoring and rapid assessment of the
body’s response to therapeutic interventions. At present, this remains an unfulfilled
aspiration for both doctors and patients. However, the analysis of the evolutionary
pathways of testing methods detailed in this article suggests that this goal may
become attainable in the near future.
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