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Prostate-specific antigen (PSA) remains the most widely used biomarker for prostate cancer diagnos-
tics and monitoring. The development of highly informative, sensitive, and reproducible immunoassays for
PSA determination is essential for improving diagnostic accuracy. The aim of the study was to develop and
optimize a non-competitive “sandwich” ELISA for the determination of total PSA, using a panel of monoclo-
nal antibodies (mAbs) of different specificity groups and epitopes. “Sandwich” ELISA configurations were
designed using different capture and detecting antibody pairs. Antibody sorption conditions, reagents work-
ing concentrations, incubation parameters and buffer composition were optimized. Analytical performance
was evaluated using PSA preparations standardized against the WHO International Standard (96/670). The
most effective antibody combinations were found among mAbs targeting epitopes P2 (capture: 21B7, 11GS5,
26BY9) and P3 (detection: 21F4, 23B4, 27C10), with the high-affinity pair 26B9-27CI10 showing the best sorp-
tion—detection properties. The use of mixed conjugates did not improve sensitivity in the range of 1-10 ng/ml
PSA. Hydrophilization of polystyrene plates surface increased the ELISA signal up to 1.39-fold, depending
on the antibody isotype and origin. The developed optimized “sandwich” ELISA demonstrates high specific-
ity and sensitivity for total PSA determination, with analytical characteristics suitable for potential clinical
diagnostic applications.

Keywords: prostate-specific antigen, monoclonal antibodies, ELISA, immunoassay, assay optimization,
conjugates, sensitivity, hydrophilization, diagnostics.

to as gamma-seminoprotein or kallikrein-3,
KLK3) is a glycoprotein enzyme with a mo-
lecular mass of approximately 34 kDa, comprising
237 amino acid residues. It belongs to the family of
serine proteases (EC 3.4.21.77) and is encoded by the
KLK3 gene located on the long arm of human chro-
mosome 19 (19q13). Within the seminal plasma, PSA
exerts its physiological function through the proteo-
lytic cleavage of semenogelins, the major structural
components of the seminal coagulum. The concen-
tration of total PSA in blood serum is elevated under
various pathological conditions, including prostati-
tis, benign prostatic hyperplasia (BPH), and prostate
carcinoma, thereby rendering PSA an essential bio-
marker for the risk stratification and monitoring of
prostatic disease.
In the circulation, protease inhibitors,
most notably a,-antichymotrypsin (0,-ACT), a,-

P rostate-specific antigen (PSA, also referred

macroglobulin (0,-M), and other acute-phase
proteins, form irreversible complexes with PSA,
effectively abrogating its enzymatic activity. Conse-
quently, in seminal plasma as well as in serum, PSA
can be detected either in its free, enzymatically in-
active form or as part of stable complexes with seri-
ne protease inhibitors. Approximately 75% of PSA
released into the peripheral bloodstream is neutrali-
zed via complex formation with al-ACT (~90 kDa),
while less than 1% binds to a,-M, generating a high-
molecular-mass complex of about 800 kDa [1].
Quantitative determination of serum PSA is a
well-established clinical practice for the manage-
ment of patients with both benign prostatic hyper-
plasia and prostate cancer. Current diagnostic algo-
rithms assess total PSA, free PSA, and their ratio
to enhance specificity [1,2]. A broad repertoire of
analytical platforms has been devised for PSA detec-
tion, encompassing electrochemical assays, chemi-
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luminescent and electrochemiluminescent methods,
fluorescence-based detection, surface plasmon
resonance, enzyme-linked immunosorbent assays
(ELISA), immunochromatographic tests, and mass
spectrometry [3-5].

Among these modalities, ELISA can be re-
garded as the most practicable and, simultaneously,
the most informative approach for routine clinical
laboratory diagnostics. This methodology is widely
implemented across healthcare systems of varying
levels of resource availability, owing to its advanta-
geous balance of analytical sensitivity and specific-
ity compared with alternative clinical assays [6-9].
The continuous development and refinement of sero-
logical immunoassays for the detection of clinically
relevant analytes remain a cornerstone of modern
analytical biochemistry.

The enzyme-linked immunosorbent assay
(ELISA) developed for the quantitative determina-
tion of prostate-specific antigen (PSA) concentra-
tions in human serum should be designed and vali-
dated in accordance with the requirements of EU
Regulation (EU) 2017/746 on in vitro diagnostic
medical devices (IVDR/MDR) [10].

The overarching objective of the study was to
design and validate a high-sensitivity, high-infor-
mativeness enzyme-linked immunosorbent assay
for the quantitative assessment of prostate-specific
antigen concentrations in human serum.

Materials and Methods

PSA preparations. For the purposes of valida-
tion experiments, a preparation of total PSA was
employed, obtained from human seminal plasma by
means of immunoaffinity chromatography, a proce-
dure that ensures a high degree of purification while
preserving the native conformational and enzymatic
properties of the protein. The isolated antigen was
subsequently standardized (calibrated) against the
First International Standard of the World Health
Organization: WHO International Standard Pros-
tate Specific Antigen (90:10), NIBSC code: 96/670.
This reference preparation contains both molecu-
lar forms of PSA, namely, inhibitor-complexed and
free antigen, in a physiologically relevant ratio of
9:1, corresponding to the proportions characteristic
of PSA circulating in human serum. Utilization of
such a calibrated standard guarantees a high level of
reproducibility of the obtained results and enables
reliable comparison with internationally established
reference values.
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Solid-phase ELISA procedure (“antibody sand-
wich” format). Sorption of anti-PSA monoclonal an-
tibodies (mAbs) onto the solid phase was performed
in 0.05 M carbonate-bicarbonate buffer (pH 9.6) at
4°C overnight, using an antibody concentration of
2 pg/ml (100 pl per well). Washing steps were car-
ried out with phosphate-buffered saline containing
0.05% Tween-20 (PBST, pH 7.2). Aliquots of 100 pl
of test serum or plasma samples, as well as standard
PSA solutions, were dispensed into the wells, fol-
lowed by incubation for 1 h at 37°C and subsequent
washing with PBST. Detection of bound PSA within
the immune complexes was achieved by means of
a horseradish peroxidase (HRP)-labeled monoclonal
antibody directed against a non-overlapping epitope.
Incubation with the conjugate was performed for
1 h at ambient temperature, after which the plates
were washed three times with PBST and once with
distilled water. The substrate solution consisted of
0.003% hydrogen peroxide in 0.15 M citrate buffer
(pH 5.0), with 3,3",5,5'-tetramethylbenzidine (TMB)
as the chromogenic indicator. The enzymatic reac-
tion was terminated by the addition of 50 pl of 2 M
sulfuric acid, and the optical density (OD) was sub-
sequently measured at 450/620 nm.

Synthesis of peroxidase-antibody conjugates.
Conjugation of mAbs with a horseradish peroxidase
(HRP) was carried out at an antibody-to-enzyme
mass ratio of 2:1, using the periodate oxidation
method described by P. Tijssen [11] with modifi-
cations [5]. HRP (Sigma, USA) was dissolved in
0.1 M bicarbonate buffer (pH 8.3) at a concentra-
tion of 15 mg/ml and mixed with an equal volume
of 14 mM sodium periodate solution. The oxidation
reaction was allowed to proceed at room temperature
for 2 h. In parallel, the mAb solution, pre-dialyzed
against 0.1 M carbonate buffer (pH 9.2), was com-
bined with the oxidized HRP. The mixture was ap-
plied to a chromatography column, supplemented
with one-third of the volume of dry Sephadex G-25,
and incubated at room temperature for 3 h. The re-
sulting conjugate was eluted, and 1/20 volume of
an aqueous sodium borohydride solution (5 mg/ml)
was added. After 30 min of incubation, an additional
3/20 volume of sodium borohydride was introduced,
and incubation was continued for 60 min. The final
HRP-mAb conjugate was transferred into 0.02 M
phosphate buffer containing 0.15 M NaCl by dialysis.

Chemical modification of polystyrene. Chemi-
cal modification of microtiter plate wells, aimed at
enhancing their surface hydrophilicity, was per-
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formed by immersion in a 0.2 M aqueous solution of
ammonium perchlorate (AP). Such treatment induc-
es partial structural degradation of polystyrene [12],
accompanied by an increase in its hydrophilic prop-
erties. The degree of hydrophilization was controlled
by varying the incubation time in the solution. Due
to complexity of direct quantitative assessment of
hydrophilicity by contact angle measurement [13]
caused by the geometry of the wells, preliminary
calibration was performed using Petri dishes made
of chemically pure polystyrene. For the selected so-
lution concentration at 38 £ 0.5°C, maximum hydro-
philization was achieved after 4.8 days of exposure,
at which point the contact angle decreased below
10°, making precise measurement technically chal-
lenging. In subsequent experiments, the hydrophili-
zation degree of strips was conventionally estimated
according to their exposure time in AP solution (one
unit corresponding to one day of treatment). The
process was carried out in a TA-50 dry-air thermo-
stat, designed for microbial culture incubation. To
prevent evaporation of solution from the wells, the
strips were hermetically sealed with Parafilm.

Statistical analysis. Data were expressed as
M + SEM and analyzed by one-way analysis of vari-
ance (ANOVA), followed by Tukey’s post hoc test,
using OriginPro 7.5 software. Differences were con-
sidered statistically significant at P < 0.05.

Ethical considerations. The study involved
only in vitro experiments using purified and standar-
dized prostate-specific antigen (WHO International
Standard, NIBSC 96/670) and previously character-
ized monoclonal antibodies. No human participants
or animals were involved in this study. All proce-
dures were conducted in compliance with the prin-
ciples of the Declaration of Helsinki, OECD Good
Laboratory Practice and Biosafety in Microbiologi-
cal and Biomedical Laboratories.

Results and Discussion

Determination of the optimal monoclonal an-
tibody combinations for the development of a non-
competitive “sandwich” ELISA. The selection of
antibody pairs was performed on the basis of our
previously published findings [14], within the frame-
work of which a panel of highly active and rigorously
characterized monoclonal antibodies specific to PSA
had been generated and subjected to detailed immu-
nochemical profiling. Information concerning those
antibodies deemed most promising for application in
immunobiotechnology is summarized in Table 1.

Monoclonal antibodies belonging to specifici-
ty group I recognize epitopes of PSA that become
sterically concealed upon complex formation with
o,-antichymotrypsin (a,-ACT). Consequently, these
antibodies are suitable exclusively for the detection
of the free antigenic form of PSA. By contrast, mAbs
assigned to specificity group II are directed against
epitopes that remain accessible even after PSA binds
a,-ACT, thereby permitting their use in the detection
of total PSA, comprising both the free antigen and its
inhibitor-complexed counterpart (Fig. 1).

At the subsequent stage of the investigation,
particular emphasis was placed on the selection
of the most suitable pair of monoclonal antibodies
for the construction of a non-competitive sandwich
ELISA intended for the quantitative determination
of total PSA. According to the results of detailed
epitope mapping [14], the greatest spatial divergence
was observed between epitopes P2-P4 and P2-P3.
Taking into consideration the epitope specificity of
antibodies belonging to distinct groups, the most
promising candidates for the development of an im-
munoassay for total PSA detection were identified
as those directed against the P2-P3 epitopes, namely
clones 11G5, 23B4, 21B7, 21F4, 27C10, and 26B9.
For the purpose of pairwise evaluation, peroxidase
conjugates of these antibodies were synthesized, and
their efficacy in detecting total PSA was assessed in
a sandwich ELISA format by combining mAbs that
recognize topographically distinct epitopes of the
antigen.

To determine the optimal orientation of mono-
clonal antibodies (mAbs) within the test system,
antibodies recognizing distinct epitopes were sys-
tematically evaluated both as immobilized cap-
ture reagents and as HRP-conjugated detection
antibodies (Table 2). When mAbs directed against
epitope P2 were employed in the form of enzyme
conjugates and those specific for epitope P3 were
immobilized as the capture component, the mean
ELISA signal reached 1.182 OD units. Conversely, in
the reciprocal configuration — where the P3-specific
mADbs were conjugated with HRP and P2-specific
antibodies were used as the immobilized sorbent —
the mean signal intensity was substantially lower,
amounting to 0.700 OD units. Among all combina-
tions examined, the antibody pair 26B9 (P2)-27C10
(P3) demonstrated the most favorable performance.

Accordingly, for the development of a non-
competitive “sandwich”-format ELISA intended for
the determination of total PSA, the use of P2-spe-
cific antibodies (26B9, 21B7, 11G5) as immobilized
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Table 1. Characteristics of monoclonal antibodies against PSA [14]

Degree of inhibition of
PSA enzymatic activity

Epitope
specificity

group

Epitop

Affinity
constant?,

10° Mt

Titer?

mADb
isotype

)

hK?2
0.039
0.141

(tested against ..

PSA— 0,-ACT

OD1 in indirect ELISA

PSA

Origin
(inbred murine

strain)

mADbs

18.0

P4
P2

16
16
20
16

1:800
1:800
1:1600
1:300
1:300
1:1600
1:1600
1:800

IgG2a

0.015
2.051

2141
2.224
2.574
2.479

Balb/c
Balb/c

14C8
11G5
21D7
23B4
21B7
21F4

-0.2

II

IgG2a
IgGl

-3.4

P4
P3
P2

0.042

0.054

NZB
NZB
NZB
NZB

924

11
II

1gG2b
1gGl
IgG1

0.045
0.066

2.051

98.7

8
16

20

2.054
2.603
2197

2.158
2.469

60.3

II
II
II

P3

0.057

26.2

P3

IgG2a
1gG1

0.032

2.425

NZB
NZB

27C10
26B9

3.6

P2

16

1.935 0.074

1.984
Note. *Data represent mean values obtained from hybridoma supernatant assays performed in four replicates (P < 0.05)

capture reagents, in conjunction with P3-directed
mAbs (21F4, 23B4, 27C10) as enzyme conjugates,
appears to be the most rational strategy. It should be
emphasized that prior experimental evidence from
analogous ELISA systems indicated the feasibility of
enhancing the analytical signal, without concomitant
elevation of background noise, through the employ-
ment of mixtures of antibody conjugates exhibiting
closely related epitope specificities [14]. On this ba-
sis, we investigated the efficacy of mixed conjugates
comprising 27C10 + 21F4 and 27C10 + 23B4. How-
ever, the results (Fig. 2) clearly demonstrated that, in
the context of total PSA determination, these com-
binations failed to yield any statistically significant
improvement in assay signal.

In conclusion, the comparative analysis of alter-
native antibody pairings identified the combination
26B9-27C10 as the most promising configuration
for the construction of a non-competitive sandwich
ELISA system for quantifying total PSA.

Optimization of monoclonal antibody adsorp-
tion conditions via modulation of the hydrophilic
properties of the solid phase. For the construction of
enzyme immunoassay kits, polystyrene microplates
with variable sorption characteristics are employed
as the solid phase. The selection of a particular plate
type is dictated by the physicochemical properties
not only of the analyte under investigation but also
of the biomolecules intended to be immobilized onto
the solid surface.

The adsorption of any molecule onto a solid sur-
face is governed by intermolecular interactions and
ionic bonding. In this context, intermolecular forces
are primarily mediated by the polarity of molecules,
which can manifest as either variable (dynamic) or
constant (stationary) polarity. In the case of varia-
ble polarity (VP), molecules bearing heterogeneous
surface charges are capable of interacting through
mutual orientation. Moreover, the magnitude of VP
correlates with molecular dimensions analogous to
the manner in which the melting and boiling points
of nonpolar hydrocarbons increase with the number
of carbon atoms in the chain. Variable and station-
ary polarities exhibit distinct distance-dependent
behaviors: whereas the strength of VP interactions
decreases with increasing intermolecular separation,
the opposite trend is characteristic of stationary po-
larity (SP). It should be emphasized that among all
SP-mediated interactions, hydrogen bonding is by
far the most prominent, its strength being at least
an order of magnitude greater than that of other in-
termolecular forces; consequently, its contribution
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Principle of the “Total PSA” assay
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Fig. 1. Schematic representation of the sandwich ELISA for the determination of different PSA forms [5]

Table 2. Efficacy of total PSA detection by mAbs directed against distinct epitopes in a sandwich ELISA

Conjugate
Sorbtion Epitopes and mAbs
P2 P3

21B7 11G5 26B9 21F4 23B4 27C10
Epitopes P2 21B7 - - - 1.205 0.927 1114
and mAbs 11G5 - - - 1105 0.998 1.220
26B9 - - - 1118 1.429 1.524

P3 21F4 0.651 0.591 0.459 - - -

23B4 0.574 0.748 0.534 - - -

27C10 0.999 0.817 0.928 - - -

Note. The table summarizes mean OD values from ELISA performed with a 10 ng/ml PSA standard in

quadruplicate;P < 0.05

to the processes of biomolecular adsorption on solid
substrates is the most significant. [15]

According to our experimental observations,
the signal intensity in immunoenzymatic assays is
determined by several interdependent factors. Fore-
most among these is the amount of biomolecule im-

mobilized on the solid phase, in the present case
anti-PSA monoclonal antibodies. It should be em-
phasized that once a certain threshold concentration
of adsorbed protein is surpassed, a saturation phe-
nomenon may emerge, and the identification of such
concentration ranges is generally achieved through
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Fig. 2. Outcomes of the sandwich-type ELISA for the determination of various concentrations of PSA employing
the 27C10 mAb conjugate, as well as its binary mixtures with HR P-conjugated mAbs 21F4 and 23B4

empirical procedures rather than theoretical predic-
tion. At the same time, within specific intervals of
surface coverage, an increase in signal intensity may
be observed concomitantly with an augmentation of
surface hydrophilicity. The extent of protein adsorp-
tion from solution is strongly dependent on its hy-
drophilic or hydrophobic character. Considering that
antibodies, both polyclonal and monoclonal, possess
carbohydrate moieties that are inherently variable in
terms of their degree of hydrophilicity, such struc-
tural features may substantially influence the effi-
ciency of adsorption as well as the spatial orientation
of the immobilized molecules.

It is well established that antibodies synthe-
sized by animal cells represent typical glycoproteins,
which may contain no fewer than ten monosaccha-
ride residues and are classified into two principal
categories, namely N-glycoproteins, in which the
carbohydrate moiety is covalently linked to the pro-
tein backbone through the nitrogen atom of an as-
paragine residue, and O-glycoproteins, where the
carbohydrate chain is attached to the oxygen atom
of serine or threonine residues of the polypeptide
chain. At present, N-glycans have been investi-
gated in greatest detail [16, 17]. The glycans of Fc
and Fab fragments of human and animal IgG, while
sharing a common biantennary structure consisting
of a branched heptasaccharide core and two disac-
charide antennae, differ considerably with respect
to their specific monosaccharide composition. In
healthy individuals, approximately 15-25% of IgG
Fab fragments are glycosylated [18]. N-glycosylation
of the Fab fragment may either decrease or enhance
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the antigen-binding capacity of the immunoglobulin,
its serum half-life, and its propensity for aggregation
and immune complex formation [19, 20]. The most
frequently invoked explanation for these phenomena
is the hypothesis that carbohydrate residues exert
their effect through modulation of the conformation
of the antibody variable region [17].

Although the glycosylation of Fc fragments of
IgG has been studied far more extensively than that
of Fab regions, the majority of these investigations
have been directed toward the potential modulation
of the functional activity of therapeutic antibodies.
Consequently, given that the present study is focused
on the in vitro application of monoclonal antibodies,
a detailed discussion of Fc glycosylation data lies
beyond the scope of our work. Nevertheless, it has
been demonstrated recently [21] that the pattern of
N-glycosylation of murine IgG Fc fragments varies
between distinct antibody isotypes and across inbred
mouse strains, including Balb/c, C57BL/6, CD-1,
and Swiss Webster. This consideration is of particu-
lar relevance for the present study, as the antibody
panel employed for the development of the two-site
immunoenzymatic assay comprises monoclonal an-
tibodies of different isotypes (namely IgG2a, IgGl,
and IgG2b) obtained from animals of distinct inbred
strains (Balb/c and NZB) [14].

When considering antibodies of biotechno-
logical origin, it is essential to emphasize the pro-
nounced variability in both the quantitative and
qualitative composition of their glycan moieties.
As noted by [17], the vast majority of monoclonal
antibodies are produced either through expression
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and cultivation in Chinese hamster ovary (CHO)
cells or via hybridoma technology employing mu-
rine myeloma-derived cell lines such as Sp2/0 and
NSO. Although both biotechnological platforms are
based on mammalian cells belonging to the same
taxonomic class, comparative analyses of the gly-
cosylation profiles of the resulting antibodies reveal
substantial differences. These discrepancies are at-
tributable to the divergent intracellular glycosylation
environments, which include variations in the pools
of nucleotide sugar precursors, in the activities of
specific synthetases, glycosyltransferases, and gly-
cosidases, as well as in the abundance and specific-
ity of nucleotide sugar transporter proteins [22-24].
Consequently, the composition of the culture me-
dium in the case of in vitro hybridoma cultivation,
and, analogously, the physiological status of animals
in the case of in vivo antibody accumulation, exert a
profound influence on the structural characteristics
of antibody glycosylation.

A critical factor in the development of a highly
informative antibody-based sandwich-type ELISA is
the concentration of monoclonal antibodies used for
solid-phase immobilization and the concentration of
the antigen to be detected, as well as in their rela-
tive ratios and the geometrical dimensions of these
molecules. The establishment of optimal antibody
concentrations for adsorption is essential not only
from the standpoint of achieving superior analyti-
cal performance but also with regard to the techno-
economic feasibility of the assay design. According
to the manufacturer’s specifications for polystyrene
microtiter plates [25], the maximum sorptive capac-
ity of the polystyrene surface for monomeric IgG
molecules is approximately 650 ng/cm?, with an
average value of 400 ng/cm? when considering the
steric dimensions of the immunoglobulin molecule.
Given that total PSA represents a combination of
free PSA, with a molecular mass of 37 kDa, and PSA
complexed with al-antichymotrypsin (a-ACT), with
a molecular mass of approximately 90 kDa, the mass
ratio (and consequently, the relative molecular di-
mensions) between different PSA forms and immu-
noglobulins amounts to (1.9-4.6):1. Such a ratio may
be regarded as relatively favorable in comparison
with high-molecular-weight antigens. Nevertheless,
it is evident that the spatial dimensions of PSA, and
particularly of the PSA—a -ACT complex, preclude
the maximal realization of antigen-antibody binding
potential. The putative steric constraints inherent to
the sandwich-type ELISA format for the determina-

tion of total PSA are schematically depicted in Fig. 1.
It becomes apparent that all of the aforementioned
factors influencing the analytical parameters of the
sandwich-type ELISA can only be empirically estab-
lished, including the optimal concentrations of cap-
ture and detection antibodies, the dynamic range of
analyte concentrations, and the idiosyncratic charac-
teristics of each monoclonal antibody employed. As
part of the overall ELISA development process, the
optimal incubation conditions — both in terms of
temperature and duration — for each analytical step
were also systematically determined.

Given the available evidence regarding
differences in the degree of glycosylation across
antibody isotypes and sources of origin, including
distinct inbred animal strains, the subsequent stage
of our study was devoted to establishing the optimal
sorption conditions in terms of both the concentra-
tion ranges of antibodies and the presence of analyte
(PSA) in model test samples, as well as to comparing
these conditions for three distinct monoclonal anti-
bodies employed in the composition of the immu-
nosorbent. Based on our experimental experience,
the signal intensity in the sandwich-type ELISA is
largely governed by the amount of immobilized bio-
molecule, in this case anti-PSA monoclonal antibo-
dies. It must be emphasized that exceeding a certain
threshold concentration of the sorbed protein may
result in a saturation effect, the definition of which
is typically determined empirically within a specific
concentration range.

In the present study, we employed Nunc
MaxiSorp™ 96-well polystyrene plates (Thermo
Fisher Scientific, USA), the surface of which exhibits
enhanced protein-binding capacity due to proprie-
tary chemical modifications introduced during the
manufacturing process. These plates are specifically
recommended for immunoglobulin adsorption, for
which the manufacturer reports a sorptive capacity
of approximately 600-650 ng IgG/cm?. Nevertheless,
the efficiency of analyte detection in sandwich-type
ELISA is determined not solely by the binding ca-
pacity of the sorbent but also by the spatial orienta-
tion of IgG molecules on the solid surface. An opti-
mal orientation is expected to avoid steric hindrance
of antigen interaction with the Fab fragments of IgG,
which harbor the antigen-binding sites specific for
PSA. Although sensitization of wells through passive
antibody adsorption does not generally permit direct
control of molecular orientation, this parameter can
be indirectly modulated by altering the physico-
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chemical properties of the sorbent surface. Given
that antibodies — whether polyclonal, monoclonal,
or recombinant — possess carbohydrate moieties of
variable hydrophilicity, an increase in surface hydro-
philicity may, within a certain concentration range,
yield an enhancement of the analytical signal. This
effect arises from the dual influence of surface hy-
drophilicity on both the extent of protein adsorption
from solution and the spatial arrangement of the ad-
sorbed immunoglobulins.

In the course of our study, we compared the
performance of the sandwich-type ELISA using
plates with their wells in the native state of sur-
face modification and those subjected to additional
chemical treatment intended to enhance surface hy-
drophilicity. The latter approach was based on the
partial disruption of the superficial polystyrene layer
with an aqueous solution of polyacrylic acid, as de-
scribed above. Following such treatment, the well
surfaces exhibited no visible evidence of structural
degradation, irrespective of the degree of hydrophi-
licity attained.

The proposed ranges of concentrations were se-
lected on the basis of our own empirical experience
in conjunction with data reported in the literature
[26-32]. Monoclonal antibodies were immobilized
within the concentration interval of 0.625-5 pg/ml
(with a sorption volume of 100 pl per well). Model
PSA solutions prepared in physiological saline were
employed at concentrations of 1, 5, and 10 ng/ml,
which correspond to levels typically observed in
healthy individuals as well as in patients with pros-
tatitis, benign prostatic hyperplasia, and prostate
carcinoma. For detection, a horseradish peroxidase-
conjugated monoclonal antibody 27C10 was utilized.
A series of three analogous experiments was carried
out with different monoclonal antibodies incorpo-
rated into the immunosorbent, namely 26B9, 21B7,
and 11G5 (Fig. 3-5).

Two of the monoclonal antibodies investigated
for immobilization, namely 26B9 and 21B7, demon-
strated a pronounced enhancement of the ELISA
signal against the background of increased hydro-
philicity of the polystyrene plates. Specifically, for
different PSA concentrations in the sample, this en-
hancement ranged from 1.26 to 1.34 and from 1.35
to 1.39, respectively. In contrast, antibody 11GS5 pro-
duced only a modest increase, with values confined
to the range of 1.13-1.23. For all monoclonal antibo-
dies used within the immunosorbent, we observed
a consistent trend of only minor or negligible signal
elevation at relative degrees of surface hydrophili-
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zation between 0.1 and 0.3, where the optical den-
sity in ELISA did not exceed a 1.09-fold increase.
The most pronounced enhancement of the analytical
signal relative to the baseline method (i.e., without
modification of the physicochemical properties of
polystyrene) was observed at relative hydrophiliza-
tion levels of 2 and 4.8.

It is noteworthy that the pattern of signal modu-
lation across the range of hydrophilization values
differed somewhat depending on the antibody em-
ployed. For immunosorbents based on 26B9 and
11G5, the relationship between polymer hydrophili-
zation and ELISA response (at varying PSA concen-
trations) was characterized by a relatively gradual
increase, whereas in the case of antibody 21B7, a
stepwise transition was evident at a relative hydro-
philization degree of 0.8. It can further be concluded
that at low immobilization concentrations of all
tested monoclonal antibodies (0.625 and 1.25 pg/
ml), no appreciable changes in ELISA signal were
observed, irrespective of the hydrophilization level.
Another interesting observation should be empha-
sized: when comparing the signal-dependence pro-
files for antibody concentrations of 5 and 2.5 pg/ml,
a convergence of values was apparent at relative hy-
drophilization degrees of 2 and 4.8.

The two monoclonal antibodies, 26B9 and
21B7, whose incorporation into the immunosorbent
was associated with a more pronounced increase in
the ELISA signal, were generated from splenocytes
of NZB mice and belong to the IgGl isotype. In con-
trast, antibody 11GS5, which exerted only a negligible
effect on the signal intensity, was derived from sple-
nocytes of Balb/c mice and is classified as an IgG2a
immunoglobulin. Although the small number of
monoclonal antibodies examined in this study pre-
cludes the formulation of any definitive conclusions
regarding potential correlations between antibody
isotype or origin on the one hand, and their ability
to adsorb onto polystyrene surfaces on the other, the
data unequivocally demonstrate that even antibo-
dies of identical specificity, produced by the same
hybridoma technology under comparable conditions,
may exhibit marked differences in physicochemical
properties that govern their adsorption efficiency.

These findings bear significant implications for
the development of immunosorbent production pro-
tocols by biotechnology companies engaged in the
design and manufacture of ELISA-based diagnostic
reagents. Specifically, they underscore the potential
for substantial reductions in the quantity of mono-
clonal antibodies required for efficient adsorption, a
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Fig. 3. Results of the experiment with an immunosorbent incorporating monoclonal antibody 2689

factor of particular importance when the biomolecu-
lar components involved are of high economic value,
thereby directly influencing the cost-effectiveness
and scalability of the production technology.
Development of the quantitative ELISA proto-
col and its validation. Following the identification
of the optimal monoclonal antibody pair for the
“sandwich” ELISA format and the optimization of
their adsorption conditions, the subsequent stage in-
volved fine-tuning the analytical parameters of the
assay. This optimization included determination of
the working concentrations of capture and detection
antibodies, adjustment of the concentration of the
enzyme conjugate, evaluation of incubation condi-
tions (time and temperature), selection of the sam-
ple volume, and optimization of the reaction buffer

composition. The final protocol, derived from these
studies and presented below, represents an optimized
“sandwich” ELISA configuration for which the ana-
lytical performance characteristics were established.

The assay development was initiated with a
systematic analysis of the biochemical properties
of the mAb panel [14]. For selection of an effective
antibody pair in the sandwich format, the primary
criteria included epitope specificity and assignment
to the appropriate specificity group. In accordance
with the principles of ELISA design for total PSA
determination (Fig. 1), the optimal antibody combi-
nation must comprise members of Group II specifici-
ty recognizing distinct epitopes. Based on this ra-
tionale, antibodies targeting epitope P2 (21B7, 11GS5,
26B9) and those targeting epitope P3 (21F4, 23B4,
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Fig. 4. Results of the experiment with an immunosorbent incorporating monoclonal antibody 21B7

27C10) were selected for evaluation in different as-
say configurations (either immobilized on the solid
phase or used as enzyme conjugates).

A separate aspect of the optimization process
was the assessment of the feasibility of employing
antibody mixtures. Previous reports have indica-
ted that combining conjugates with closely related
epitope specificities may occasionally enhance signal
intensity [5, 14]. In this study, we examined the per-
formance of mAb conjugate mixtures (27C10 + 21F4
and 27C10 + 23B4) relative to the single conjugate
mADb 27C10, which had demonstrated the highest
individual activity (Table 2). The expansion of this
comparison to include additional combinations was
limited by the availability of suitable antibodies. Ul-
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timately, the results confirmed that the use of con-
jugate mixtures did not improve assay sensitivity in
PSA detection and, therefore, was not considered a
practical strategy.

Conclusions. A comprehensive characteriza-
tion of anti-PSA monoclonal antibodies demonstra-
ted that antibodies directed against epitopes P2 and
P3 (belonging to the same specificity group) repre-
sent the most suitable “sandwich” combination for
the development of a non-competitive ELISA. The
sorption-detection performance of different antibody
pairs correlated with their binding affinity. The most
effective antibodies for immobilization on the solid
phase were mAbs 21B7, 11GS5, and 26B9 (epitope P2,
specificity group II), whereas the most effective de-
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Fig. 5. Results of the experiment with an immunosorbent incorporating monoclonal antibody 11G5

tection antibodies (used as enzyme conjugates) were
mAbs 21F4, 23B4, and 27C10 (epitope P3, specificity
group II). Among these, the high-affinity pair 26B9-
27C10 exhibited the strongest sorption-detection
properties. In contrast, the use of conjugate mixtures
(27C10 + 21F4 or 27C10 + 23B4) did not enhance the
sensitivity of PSA detection within the concentration
range of 1-10 ng/ml.

The influence of hydrophilization of the poly-
styrene surface on ELISA signal intensity was also
investigated. The most pronounced increase in assay
signal (1.26-1.39-fold) following surface hydrophili-
zation was observed with mAbs 26B9 and 21B7. The
maximum increase in optical density was noted at
relative hydrophilization levels of 2-4.8. This effect

is likely attributable to differences in the carbohy-
drate composition of antibodies of distinct isotypes
(IgG1 vs. IgG2a) and different origins (Balb/c vs.
NZB mouse strains).
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[Ipocratocrerudpiuanit  anturen  (IICA)
3QIMINAETHCS  HAWUTIOIMUPEHIIHUM  OloMapKepoM
JUIsl Ji1arHOCTUKH Ta MOHITOPHHTY pakKy HpocTa-
td. Po3poOka BHCOKOIH(pOPMATHBHHUX, UYTIUBUX
Ta BiJITBOPIOBAaHUX IMYyHOEH3WMHHX aHAII3iB IS
BusHaueHHS [ICA € BaXIHUBOIO JJISA ITiABUIICHHS
TOYHOCTI JiarHOCTUKHU. MeTOI0 MOCTiKeHHS 0yI10
pPO3pOOMTH Ta ONTUMI3yBaTH HEKOHKYPEHTHHMH
«ceanBlu»-ELISA g BU3HAYEHHS 3arajbHOIO
[ICA i3 BUKOpHUCTAaHHAM TIAHENI MOHOKJIOHAIb-
HHAX aHTHTIN (MAb) pi3HUX Tpyn crernudiqHoCTi
ta emitomiB. Kondpirypamii «cenasiun-ELISA
OyJI0 CKOHCTPYHOBAaHO 3 BUKOPHCTAaHHSM PI3HHX
map aHTHTUI IS 3aXOIUICHHS Ta BHUSBICHHS.
OnTuMi30BaHO YMOBH COpOIii aHTHTIN, pobodi
KOHIIGHTpaIlii peareHTiB, MapamMeTpu iHKyOarii
Ta ckiax Oydepa. AHamiTHYHa e(EKTHBHICTH
OIliHIOBaJiacs 3 BUKOpucTaHHAM mpemapatiB [ICA,
CTaHJapTU30BaHMUX BiJIMTOBIAHO 10 MiXHApPOIHOTO
crangapty BOO3 (96/670). HaiiedextuBHimmi
KOMOIHAIIi1 aHTHUTLI BUSIBJICHO CEpeJl MOHOKIIOHAIb-
HUX aHTHTLJI, CIPIMOBAaHUX Ha emitonu P2 (3axo-
mnerHs: 21B7, 11GS, 26B9) ta P3 (neTextyBanHS:
21F4, 23B4, 27C10), npuyomy BUCOKOadiHHA mMapa
26B9-27C10 nemoHCTpyBaia HAWKpaIli coOpOIiitHO-
JETEKTOPHI BIIACTUBOCTI. BUKOpHCTaHHS 3MillIaHUX
KOHFOTaTiB HE IMOKPAIIHIIO Yy TIMBICTh Y Jiana3oHi
1-10 mr/mn  TICA. Tigpodinizamis mOBEepXHI
MOJICTUPOJIBHUX MJIACTUH MiJBHUINYBaja CHUTHAI
IEA no 1,39 pasa, 3aJ€XHO BiJ i30THITY Ta TIOXOI-
JKeHHSI aHTUTiNA. Po3pobnenuit ontumizoBaHmit
«cennasiv»  [EA  mpomeMoHCTpyBaB  BHCOKY
cnenu]ivHICTh Ta YyTAUBICTH JJISI BU3HAYCHHS 3a-
rajgpHOrO [ICA, 3 aHAMITHIHUMH XapaKTepUCTHKA-
MU, IPUAATHUMHU JIJ151 IOTEHLIMHOr0 3aCTOCYBaHHS
B KJIIHIYHIN JIarHOCTHII.
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KnwouoBi cnoBa: npocrar-cneunuianuii
AHTUTEH,  MOHOKJIOHanbHI  aHtuTima, IEA,
IMyHOaHaJIi3, ONTHUMI3allisl aHali3y, KOH IraTH,
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