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The introduction of spacers in coating steroid protein complexes and/or enzyme
conjugates or immunogens is known to exert an influence on the sensitivity of
steroid enzyme immunoassays. We investigated the impact of different
homobifunctional spacers, ranging in atomic length from 3 to 10, on the
sensitivity and specificity of prednisolone (PSL) enzyme immunoassays. In this
study, four homo-bifunctional spacers, namely, carbohydrazide (CH), adipic acid
dihydrazide (ADH), ethylene diamine (EDA), and urea (U), were incorporated
between PSL and horseradish peroxidase (HRP) for preparing the enzyme
conjugate with an aim to improve the sensitivity of the assay without
compromising assay specificity. The assays were developed using these
enzymes conjugated with antibodies raised against the PSL-21-HS-BSA
immunogen. The sensitivity of the PSL assays after insertion of a bridge in the
enzyme conjugate was 1.22 ng/mL, 0.59 ng/mL, 0.48 ng/mL, and 0.018 ng/mL
with ADH, CH, EDA, and urea as a spacer, respectively. Among the four
combinations, the PSL-21-HS-BSA-antibody with PSL-21-HS-U-HRP-enzyme
conjugate gave better sensitivity and less cross-reaction. The percent recovery of
PSL from the exogenously spiked human serum pools was in the range of
88.32%-102.50%. The intra and inter-assay CV% was< 8.46%. The PSL
concentration was estimated in the serum samples of patients on PSL
treatment. The serum PSL values obtained by this method correlated well with
the commercially available kit (> = 0.98). The present study suggests that the
nature of the spacer is related to assay sensitivity and not the spacer length.
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GRAPHICAL ABSTRACT

Highlights

+ The spacer length is not significant as the spacer structure;
it plays a remarkable role in improving the sensitivity
of ELISA.

% The physicochemical nature of the bridge and steroid is
determinant in defining the assay parameters.

+ The in-house developed assay is simple, sensitive, direct, and
convenient to use for prednisolone in serum.

+* The procedure adopted for coating primary antibodies does
not require affinity-purified antibodies.

1 Introduction

The PSL (1, 4-Pregnadiene-113,170,,21-Triol-3, 20-Dione/1-
Dehydrocortisol) is a synthetic analog of endogenous cortisol,
with potent glucocorticoid and low mineralocorticoid activity,
which makes it useful for the treatment and management of a
broad range of autoimmune diseases (such as lupus, arthritis, and
nephritis). It is also widely used in veterinary medicine, particularly

Abbreviations: PSL, Prednisolone; HS, hemisuccinate; BSA, bovine serum
albumin; HRP, horseradish peroxidase; ADH, adipic acid dihydrazide; CH,
carbohydrazide; EDA, ethylenediamine; U, urea; GABA, gamma amino butyric
acid; 6ACA, 6-amino caproic acid; ODA, oxy diamine; BODA, bis-oxy diamine;
NHS, N-hydroxysuccinimide; EDAC.HCI, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride; FAC, Freund’s adjuvant complete; DMF, dimethyl
formamide; TMB, tetramethylbenzidine; H,0,.U, hydrogen peroxide urea;
MALDI-TOF, Matrix assisted laser desorption ionization-time of flight;
ARASG, anti-rabbit anti-serum in goat.
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to treat inflammatory diseases, shock, stress, circulatory collapse,
and ketonemia, and to lower fever and reduce pain.

There is evidence that long-term exposure to low
concentrations of glucocorticoid may increase negative toxic
effects on public health, leading to diabetes and metabolic
disorders. Prolonged use of therapy doses may cause depression,
hypertension, weight loss, muscle atrophy, bone pain, increased
susceptibility to infection, sleep disturbances, delayed wound
healing, decreased sex hormone production, and a reduction in
growth rates in children. Therefore, there is a growing demand for
more sensitive, specific, rapid, and cost-effective methods for the
determination of the low concentration of PSL residues in
the samples.

Compared with physicochemical methods (HPLC, LC-MS/MS,
GC-MS, etc.), enzyme-linked immunosorbent assay (ELISA) is rapid,
simple, effective, and needs fewer or no sample preparation. ELISAs
are presently the most used and successful technique for the
immunologically-based detection of a wide variety of antigens. Its
popularity has increased rapidly due to its high-throughput
competencies, where it is capable of analyzing many samples in a
relatively short period of time. It is not always easy to develop a
specific and sensitive ELISA for a small molecule such as
prednisolone, a synthetic steroid that is not naturally present in the
body. One of the most important factors that determine the
sensitivity and specificity is the combination of antibody and
enzyme conjugate used in the assay (1-10).

The ELISAs for steroids (hapten) developed so far are either in a
heterologous or homologous combination. The heterologous or
homologous combinations of antibody and enzyme conjugate in
steroid enzyme immunoassay (EIA) effects unlabeled steroid
recognition which affects the sensitivity of the assay. In
heterologous assays, the haptens used as antigens to produce the
antibody are different from the haptens used for tagging the
enzyme. In homologous immunoassays, the haptens are similar in
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both cases. It is often found that in a heterologous assay (11-17)
certain differences, such as that of site, bridge, or antigen (steroid),
exist between the steroid derivatives used for the preparation of the
immunogen and enzyme conjugate, while the assay is more
sensitive due to improved fitting of the steroid into the antibody
binding pocket and reduced bridge recognition (12, 14, 17).
However, the homologous combination does not provide
satisfactory sensitivity, because the binding affinity of the labeled
antigen to the antibody is higher than that of the antigen to be
measured (18, 19). Few sensitive homologous assays for steroids
have been developed (1-4, 20-29).

A remarkable improvement in the sensitivity of ELISA has been
observed by various researchers using spacers between antigens and
coupling protein when used as a coating antigen in the antigen
immobilized format (14-17) or between antigen and enzyme when
used as an enzyme conjugate in the antibody immobilized format (30,
31). It was demonstrated that in the antigen-immobilized format,
varying the lengths of the spacer arm of the coating antigen had a
significant effect on the sensitivity of ELISA (29, 32-36). A 19-atom
linker, an oligoethylene glycol (OEG), was conjugated between
progesterone and ovalbumin (OVA) and used as a coating antigen
in the surface plasmon resonance (SPR) flow-through biosensor
format. Its hydrophilic nature allows good projection of the antigen
(progesterone) into the aqueous mobile phase (27-29, 32).

In the antibody-immobilized format, spacers have been coupled
between steroid derivative and label protein to minimize the orthodox
bridge recognition effects and to overcome steric constraints between
the two high molecular weight proteins, i.e., the antibody and label (5-
11, 14, 19, 20). Shrivastav et al. studied the differential behavior of
spacers such as adipic acid dihydrazide (ADH), ethylenediamine
(EDA), carbohydrazide (CH), urea (U), gamma amino butyric acid-
ADH (GABA-ADH), and 6-amino caproic acid-ADH (6ACA-ADH)
in the steroid-horseradish peroxidase (HRP) enzyme conjugate in the
direct ELISA format. The study revealed that the use of a spacer
between the steroid and enzyme in the enzyme conjugate increases the
sensitivity and specificity of the assay. It has also been reported that the
spacer length does not bear any correlation with the assay sensitivity in
an ELISA of steroids (1, 5-11, 14, 19, 20). Further, the nature of the
spacer (hydrophilic, hydrophobic, flexible, or rigid) is related to assay
sensitivity and not to spacer length (5-11, 14, 33). This disparity in the
behavior of spacers towards the sensitivity and specificity of assays
might be due to the difference in the magnitude of overall forces of
attraction between

the antibody and the enzyme conjugates (9). Sathe et al. coupled
spacers (urea, ADH and oxy diamine (ODA), bis-oxy diamine
(BODA)) between an organophosphorus pesticide and HRP and
studied the effect of spacers on the sensitivity of the assay. The use of
deliquescent spacers helped to increase the antibody binding signal
and improve the sensitivity of the assay (28).

To the best of our knowledge, no reported studies exist on the
development of ELISA for PSL using bridge heterology in enzyme
conjugates. Also, the PSL derivatives of different bridge lengths are
not available commercially to produce enzyme conjugate. It is not
easy to synthesize novel hapten derivatives with different bridge
lengths as it requires knowledge of synthesis, isolation, and
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purification of hapten derivatives. To overcome this, we first
introduced spacers in the enzyme and purified the spacer-
incorporated enzyme using simple dialysis or column
chromatography. This spacer incorporated enzyme carboxyl
derivative of PSL was coupled. We have incorporated four
homobifunctional molecules, ADH (10 atomic length spacer), CH
(5 atomic length spacer), EDA (4 atomic length spacer), and U
(3 atomic length spacer) as spacers between PSL-21-HS and -NH,
blocked HRP for preparation of the enzyme conjugates. The
influence of these spacers on assay parameters such as sensitivity,
EDsp, and specificity has been studied with respect to their length
and physiochemical nature.

2 Methods

The experimental protocols were approved by the institutional
animal ethics committee (IAEC) of the National Institute of Health
and Family Welfare (NIHFW), New Delhi, India. All animal
experiments were performed in accordance with the guidelines of
the Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), Government of India.

2.1 Materials

All solvents, chemicals, and salts used in the present study were of
analytical grade and were used without prior purification. All steroids
used for the conjugation and cross-reactivity were obtained from
Steraloids, Inc. (Newport, RI, USA). Bovine serum albumin (BSA), N-
hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDAC.HCI), Freund’s adjuvant
complete (FAC), Dioxan, dimethyl formamide (DMF),
Tetramethylbenzidine (TMB), Hydrogen peroxide urea (H,O,.U)/
carbamide peroxide, ADH, EDA, CH, urea, and thimerosal were
purchased from Sigma Chemical Company (St. Louis, MO, USA).
Horseradish peroxidase was purchased from Bangalore Genei,
Bangalore, India. An ELISA kit of prednisolone was purchased from
Sincere Biotech Co. Ltd., Beijing, China. Microtitre plates were
procured from Corning Life Sciences (Tewksbury, MA 01876, USA).

2.2 Instrumentation
Tecan Spectra micro-plate reader from Tecan Austria GmbH
(5082 Grodig, Austria). A lyophilizer from Haryson (New Delhi,

India) and a matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) spectrometer from Bruker Daltonic, Germany.

2.3 Preparation of PSL-21-HS-
BSA immunogen

PSL-21-HS was coupled to BSA by using N-hydroxysuccinimide
mediated carbodiimide reaction (21). The plan of the chemical
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FIGURE 1
Mass spectra of PSL-21-HS, BSA, and PSL-21-HS-BSA by MALDI-TOF.

reaction is shown in Scheme 1. In brief, 200 UL of both DMF and
dioxan, and 100 uL of distilled water containing 10 mg of NHS and
20 mg of EDAC.HCI were added to 5 mg of PSL-21-HS. The reaction
mixture was mixed and kept at 4°C for activation overnight.
Following the overnight activation, aqueous BSA solution (1 mg/0.5
mL) was added to the activated steroid reaction mixture and vortex-
mixed and kept at 4°C overnight for the formation of an amide bond.
The PSL-21-HS-BSA conjugate was dialyzed against distilled water
for 3-4 changes at 4°C. The dialysate was frozen at -20°C, lyophilized,
and stored at 4°C in aliquots of 1 mg for immunization.

2.4 Preparation of enzyme conjugate

All the conjugation reactions were carried out as previously
described by an active ester method with modification (10).

HOO o)

ONOH
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2.5 Preparation of enzyme conjugates with
spacer (PSL-21-HS-ADH-HRP, PSL-21-HS-
CH-HRP, PSL-21-HS-EDA-HRP, and PSL-
21-HS-U-HRP)

The enzyme conjugates with spacers were prepared as shown in
Schemes 2 and 3 by an active ester method (7).

2.5.1 Coupling of spacers to HRP

As per Scheme 2, 5 mg of NHS-acetic acid was added to 10 mg of
HRP per 1 mL of milli q water. The reaction mixture was vortex-mixed
and kept overnight at 4°C to form an amide bond with the -NH, group
of HRP that led to the formation of acetylated HRP (blocking of the —
NH, group). Thereafter, the reaction mixture was extensively dialyzed
against water. Carboxyl moieties of HRP were activated by the addition
of 10 mg of NHS plus 20 mg of EDACHCI. The activated HRP was
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Conjugation of PSL-21-HS (a carboxylic derivative of prednisolone) to BSA.
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then divided into four equal portions; 10 mg each of ADH, CH, EDA,
and urea was added to the respective activated HRP portion and kept
overnight. After overnight incubation, the reaction mixture was
extensively dialyzed against water.

2.5.1.1 Coupling of prednisolone to spacers
containing HRP

As per Scheme 3, 200 uL each of dioxan and DMF and 100 pL of
distilled water containing 10 mg NHS and 20 mg EDAC were added

to 10 mg of PSL-21-HS; the reaction mixture was kept at 4°C for
activation for 24 hours. The activated PSL-21-HS solution was
divided into four equal parts, and each part was added to HRP-U,
HRP-EDA, HRP-CH, and ADH-HRP, respectively, and kept for 24
hours at 4°C. Thereafter, each reaction mixture was passed
separately through a G-25 column, formerly equilibrated with 10
mM PBS containing 0.01% thimerosal. The brown-colored fractions
containing enzyme activity were pooled, and 1% of sucrose,
ammonium sulfate, BSA, and an equal volume of ethylene glycol
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were added to them. The solution was kept at -30°C for future
use (10).

2.6 Characterization of immunogen and
enzyme conjugates by a matrix-assisted
laser desorption ionization-time of
flight spectrometer

Matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS) has been effectively utilized for the molecular weight
determination of various proteins with a claimed limit of 500 000
Da. The practical limit for the routine study of proteins is
approximately 300 000 Da with a sensitivity in the low pmol
range and an accuracy of up to + 0.1%. Protein-hapten conjugates
were characterized by employing MALDI-TOF. The mass of PSL,
BSA, HRP, PSL-BSA, PSL-HRP, PSL-ADH-HRP, PSL-CH-HRP,
PSL-EDA-HRP, and PSL-U-HRP were determined using a
MALDI-TOF spectrometer. The 1 mg of sample/mL of distilled
water was mixed with 1 mL of a matrix (3, 5-dimethoxy-4-
hydroxycinnamic acid (Sinapinic acid) was prepared in 33%
acetonitrile) in a 1:1 ratio (v/v), thereafter, 0.5 uL of 0.1%
trifluoroacetic acid (TFA) was added. The samples were analyzed
in linear mode with a 337 nm laser light at 30 kV and spectra for
each sample were recorded at a threshold laser irradiance for 50
shots and the data obtained were analyzed using the software
provided with the system (22, 30). Each spectrum contained at
least two larger and shorter peaks and were in singly (M+H) * and
doubly (M+2H)*" charged states. The molecular weight of each
sample was calculated from the singly centroid (M+H) * peak. The
number of haptens attached per molecule of protein was
determined using the formula:

Number of haptens

_ [conjugate molecular weight (MW)] — [Protein (BSA/HRP) MW]
- (hapten (PSL) + spacer MW)

2.7 Immunization of rabbits and collection
of antiserum

The polyclonal antibody was raised in New Zealand white
rabbits against PSL-21-HS-BSA as per the procedure described
elsewhere (20). Briefly, PSL-21-HS-BSA (1mg) was dissolved in
0.9% saline (0.5 mL) and emulsified with 0.5 mL of Freund’s
complete adjuvant. The prepared emulsion (250 uL) was injected
intramuscularly in each limb of the rabbits. Primarily, the first five
booster injections were prepared with Freund’s complete adjuvant
and given per week and were further followed by monthly booster
injections prepared using Freund’s incomplete adjuvant. Further,
the rabbits were bled after 9-14 days after the booster dose
injections. Blood was collected from the rabbits and after clotting,
antiserum was separated by centrifugation at 1000 g for 15 min. The
separated antiserum was collected and stored at -30°C.
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2.8 Collection of normal rabbit
serum and generation of anti-rabbit
anti-serum in goat

For the collection of normal rabbit serum, blood was withdrawn
from the non-immunized New Zealand white rabbits. After
clotting, the blood was centrifuged at 2000 rpm for 10 min. The
separated serum was collected and stored as NRS at -30°C until use.
The anti-rabbit anti-serum was generated in goats (ARASG) by
immunizing the immunoglobulin (IgG) of rabbits (1-3, 21).
Further, the booster injection blood was collected from the goat
and centrifuged after clotting. The obtained antiserum was collected
and stored at -30°C for further use.

2.9 Coating of antibody to microtiter plates

The 96-well microtitre plates were coated using the
immunobridge technique for primary antibody immobilization
(11). Briefly, 250 uL of normal rabbit serum (NRS) diluted (1:
250) in water was dispensed into each well and incubated overnight
at 37°C. Following incubation, the plate was washed 2-3 times using
a washing solution (buffer E). To the NRS coated wells, 250 uL of
1:1000 diluted anti-rabbit anti-serums in goat (ARASG) was added
and incubated for 5 hours at 37°C or overnight at 4°C. Thereafter
the plate was washed carefully using a washing solution (buffer E).
The raised antiserum against immunogen (PSL-21-HS-BSA) was
serially diluted in antibody dilution buffer to 1:500, 1:1000, 1:2000,
and 1:4000, and 150 puL was added per ARASG coated wells (single
dilution per eight-well strip). For non-specific binding (NSB), 150
UL of antibody dilution buffer was added in a separate ARASG-
coated eight-well strip and incubated for 2 hours at 37°C. The
unabsorbed antibody was then decanted and the microtitre plate
was washed with buffer E. Thereafter, 250 UL of buffer ‘D’ was
added and kept at room temperature (RT) for 1 hour to block the
unoccupied sites of the plate. The contents of the plate were
decanted, packed, and stored at 4°C in zip-lock bags for further
use and the plate was dried at RT.

2.9.1 Determination of optimal dilution of primary
antibody and enzyme conjugates

To determine the amount of immobilized primary antibody and
enzyme conjugates required to develop the assay, 100 pL of serially
diluted (1:500, 1:1000, 1:2000, and 1:4000) enzyme conjugate in buffer
B (PSL-21-HS-ADH-HRP, PSL-21-HS-CH-HRP, PSL-21-HS-EDA-
HRP, or PSL-21-HS-U-HRP) was added in the above coated plates
for respective assays (one dilution per two wells in vertical fashion).
The plates were incubated at RT for 1 hour. Unbound contents were
decanted and the plate was washed with buffer E. The bound enzyme
activity was assessed by adding 100 pL of TMB/H,O, substrate to
each well followed by incubation at RT for 15 min. The reaction was
stopped by the addition of 100 UL of 1 N HCI, and the color intensity
was measured at 450 nm in a Tecan-spectra ELISA plate reader. The
dilutions of antiserum and enzyme conjugate that showed maximum
zero binding (optical density more than 2.5) and minimum
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nonspecific binding (optical density less than 0.1) were selected for
each combination for assay development.

2.9.2 Preparation of prednisolone standard

Eight PSL working standards (0.0, 0.62, 1.25, 2.5, 5.0, 10.0, 20.0,
and 40.0 ng/mL) were prepared in stripped pooled serum. The
stripping of steroids from the serum was carried out by adding
activated charcoal at a concentration of 50 mg/mL to pooled serum,
stirring for two hours at 45 °C, and centrifuging at 3000 x g to
eliminate the charcoal, followed by filtration through 0.45 uM
membrane filter. Thimerosal 0.01% was added as a preservative.

2.9.3 Preparation of recovery pools

Six recovery pools were prepared in the serum by spiking the
serum with different known concentrations of prednisolone, viz.,
0.0, 0.62, 2.5, 5.0, 15.0, and 25.0 ng/mL.

2.9.4 Standard displacement assay
(assay procedure)

To the antibody-coated wells (PSL-21-HS-BSA-antibody),
100 pL of different concentrations of the standard were added in
duplicate. Next, 100 pL of the working dilution of the enzyme
conjugates (PSL-21-HS-ADH-HRP, PSL-21-HS-CH-HRP, PSL-21-
HS-EDA-HRP, or PSL-21-HS-U-HRP) was added to all of the wells.
The incubation, washing, and measurement of the bound enzyme
activity were as described in section 2.9.2.

2.9.5 Measurement of serum prednisolone by
commercial ELISA kit

Five working standards (0, 15, 30, 60, 120, and 240 pg/mL) were
freshly prepared by serially diluting the stock standard with diluent.
To the pre-coated wells, 10 pL of different concentrations of
standards or samples were added followed by 40 pL of sample
diluent and incubated for 30 min at 37 °C. Thereafter, the plate was
washed thoroughly using washing solution and 50 uL of HRP-
conjugate was added to all the wells except the blank well and
incubated at 37°C for 30 min. The wells were washed again with a
washing solution, and the bound enzyme activity was developed by
adding 100 pL of TMB/H,O, substrate to each well and incubating
at 37°C for 15 min. The enzymatic reaction was stopped by adding
100 uL of stop solution, and the color intensity was measured at
450 nm in a Tecan-spectra ELISA plate reader (TECAN, Austria).

3 Data analysis

3.1 Preparation of the standard
curve, determination of affinity
constant, and sensitivity

The standard curve was plotted using GraphPad Prism 6.0 and
Microsoft Excel software. The concentration was plotted on the X-
axis (log scale) and the A/A0x100 on the Y-axis. The values of the
unknown samples were calculated by an in-house-developed
personal computer program written in QBASIC language using the
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logit-log linear regression method according to the method described
elsewhere (5). The affinity constant of the PSL antibody for PSL was
estimated by a Scatchard plot according to the method described
elsewhere (10). The sensitivity of the developed method was
determined according to the method described elsewhere (21, 32-41).

3.2 Goodness of fit

The goodness of fit was expressed as the estimated non-linear
squared correlation coefficient (R?) of the standard data. An R?
value that approaches 1.0 is indicative of a precise fit for the data to
the standard curve.

4 Results

4.1 Determination of hapten density by
MALDI-TOF spectrometry

4.1.1 In immunogen

The molecular weights of PSL-21-HS, BSA, and PSL-21-HS-
BSA were determined by MALDI-TOF and found to be 483.737
Kelo Dalton (KDa), 69144.654 KDa and 66528.848 KDa
respectively as shown in Figure 1. The quantity of hapten (PSL)
density was calculated by the formula given under section 2.6 and
found to be 5.40 per molecule of BSA as shown in Table 1.

4.1.2 In enzyme conjugates

The molecular weights of HRP, PSL-21-HS, PSL-21-HS-ADH-
HRP, PSL-21-HS-CH-HRP, PSL-21-HS-EDA-HRP, and PSL-21-
HS-U-HRP were determined by MALDI-TOF and found to be
43348.001 KDa, 483.737 KDa, 50231.004 KDa, 49524.341 KDa,
46221.734 KDa, and 48962.172 KDa, respectively as shown in
Figure 2. The quantity of hapten (PSL) density was calculated by
the formula given in section 2.6 and found to be 10.46, 10.76, 5.28,
and 10.32 per molecule of the PSL-21-HS-ADH-HRP, PSL-21-HS-
CH-HRP, PSL-21-HS-EDA-HRP, and PSL-21-HS-U-HRP enzyme
conjugates respectively. The observed mass, changes in mass, and
the hapten density of enzyme conjugates are shown in Table 2.

4.2 Dose-response study

The dose-response studies of the four enzyme conjugates PSL-21-
HS-ADH-HRP, PSL-21-HS-CH-HRP, PSL-21-HS-EDA-HRP, and
PSL-21-HS-U-HRP were carried out with the antibody raised against
PSL-21-HS-BSA. Figure 3 depicts the composite standard curves of the
ELISA for prednisolone using the PSL-21-HS-BSA antibody with PSL-
21-HS-HRP (with different length spacer) enzyme conjugates, where
concentrations of PSL are plotted on the X axis and bound fraction (A/
A0%) on the Y axis. The CVs for the A/A0 ratio of each standard
ranged from 1.38% to 9.93% for the enzyme immunosorbent assays.
Each value is a mean + SD of eight assays (in duplicate). Thus, the
standard curves achieved over several assays remained stable and
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TABLE 1 Estimation of hapten density in immunogen.

10.3389/fimmu.2023.1200328

Analyte MW Conjugate MW (KDa) Change in mass Hapten density
(KDa) (Conjugate MW - BSA MW)  (Change in mass/hapten M.W.)
Prednisolone (PSL)-21-HS 483.737
Bovine Serum Albumin (BSA) 66528.848 - -

PSL-21-HS-BSA 69144.654

precise. The slope and intercept of the curves were calculated by logit-
log transformation of standard curve data, the affinity constant of the
PSL antibody for the PSL was estimated by a Scatchard plot, and the
goodness of fit was the estimated non-linear squared correlation
coefficient (R?) of the standard data and is shown in Table 3.

4.3 Sensitivity

The lower detection limit of the PSL assay after insertion of the
spacers in the enzyme conjugate was 1.22 ng/mL (ADH spacer),
0.59 ng/mL (CH spacer), 0.48 ng/mL (EDA spacer), and 0.018 ng/
mL (urea spacer) and are shown in Table 3. Among the four
combinations, the PSL-21-HS-BSA antibody and PSL-21-HS-U-
HRP enzyme conjugate had better sensitivity.

4.4 Specificity

The specificity of the anti-PSL-21-HS-BSA-antiserum with
PSL-21-HS-U-HRP, PSL-21-HS-EDA-HRP, PSL-21-HS-CH-HRP,
and PSL-21-HS-ADH-HRP was estimated as the percentage of
cross-reaction with commercially available 53 analogous steroids.
Only 4 to 5 steroids showed cross-reaction and are shown in
Table 4. Among the four combinations, the PSL-21-HS-BSA-

2615.806 5.40

antibody with the PSL-21-HS-U-HRP-enzyme conjugate had
better sensitivity and less cross-reaction. The percentage of cross-
reaction was calculated from the following formula:

cross reaction

concentration of prednisolone, required for 50% inhibition

concentration of related steroid, required for 50% inhibition

x 100

4.5 Selection of the best combination of
antibody and enzyme conjugate

Since, among all four combinations, anti-PSL-21-HS-BSA
and PSL-21-HS-U-HRP enzyme conjugate had better sensitivity,
EDsy, affinity, and specificity thus, this combination was further
studied for analytical variables such as recovery, precision, and
correlation coefficient.

4.6 Recovery

The ability of an assay to accurately quantify PSL in serum was
tested. Table 5 represents the percentage of recoveries of known
amounts of PSL added to five aliquots of serum pools. After spiking,
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TABLE 2 Estimation of hapten density in enzyme conjugate.

Analyte Conjugate MW Change in mass Hapten density
MW (KDa) (conjugate MW - (change in mass/hapten
HRP MW) +spacer M.W.)
Horseradish peroxidase (HRP) 43348.001
KDa
Prednisolone-21-hemisuccinate 483.737 KDa
(PSL-21-HS)
Adipic acid dihydrazide (ADH) 174.2 g/mol
PSL-21-HS-ADH-HRP - 50231.004 6883.00 10.46
Carbohydrazide (CH) 90.09 g/mol
PSL-21-HS-CH-HRP - 49524.341 6176.34 10.76
Ethylenediamine (EDA) 60.10 g/mol
PSL-21-HS-EDA-HRP - 46221.734 2873.733 5.28
Urea (U) 60.06 g/mol
PSL-21-HS-U-HRP - 48962.172 5614.171 10.32

the concentration of PSL was measured and recovery was intended 4.7 Precision
for each pool. The recovery ranged from 88.32 — 102.50%.

The percentage of recovery was calculated by using the formula: The levels of precision are estimated by studying the intra-assay
(C - B)/A *100. Where A = a known amount of analyte, B=abase  and inter-assay variations. Serum pools of very low, low, medium,
(B), and C = measuring the concentration. high-medium, and high PSL concentrations were utilized for
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TABLE 3 Slope (m), intercept (c), sensitivity, affinity, EDso, and R? of prednisolone assays, using PSL-21-HS-BSA-antibody and PSL-21-HS-HRP (with
spacers) enzyme conjugates.

Assay combination of PSL-21-HS-BSA- Slope (m) Sensitivity of the assay Affinity of the EDsq R?
antibody with and (ng/mL) assay (ng/mL)
intercept (mole/L)

PSL-21-HS-ADH-HRP -2.47 | 2.06 1.22 1.18x 107 6.79 0.9
Enzyme conjugate

PSL-21-HS-CH-HRP -1.80 | 1.87 0.59 507 x 10° 4.03 1.0
Enzyme conjugate

PSL-21-HS-EDA-HRP -2.15 | 161 0.48 471x10% 3.60 1.0
Enzyme conjugate

PSL-21-HS-U-HRP -1.84 | 1.03 0.018 509 x 10 1.89 1.0
Enzyme conjugate

TABLE 4 Cross-reactivity of analogous steroids in bridge heterologous ELISA of PSL using the PSL-21-HS-BSA antibody and PSL-21-HS-HRP (with
spacers) enzymes conjugate.

Steroid Measured % Cross-reactions with PSL-21- = % Cross-reactions with PSL -21- % Cross- % Cross-
HS-EDA-HRP HS-Urea-HRP reactions with reactions with
PSL-21-HS-CH- PSL-21-HS-ADH-
HRP HRP
C-27 Steroid
Cholesterol ‘ <0.025 ‘ <0.025 ‘ <0.025 ‘ <0.025
‘ C-22 Steroid
Danazol ‘ <0.025 ‘ <0.025 ‘ <0.025 ‘ <0.025
‘ C-21 Steroid
Progesterone 4.7 1.65 221 9.46
5 o Dehydro Progesterone <0.025 <0.025 <0.025 <0.025
5 B Dehydro Progesterone <0.025 <0.025 <0.025 <0.025
1701 20B Dioh Progesterone <0.025 <0.025 <0.025 <0.025
170. 20 o Dioh Progesterone <0.025 <0.025 <0.025 <0.025
1100 OH Progesterone <0.025 <0.025 <0.025 <0.025
16-dehydroprogesterone <0.025 <0.025 <0.025 <0.025
Medroxy Progesterone <0.025 <0.025 <0.025 <0.025

Acetate (MPA)

Pregnenolone <0.025 <0.025 <0.025 <0.025
170.-OH progesterone 21.25 6 12.5 14
170-OH pregnenolone <0.025 <0.025 <0.025 <0.025

5 Pregnene 3 B 20 o diOL <0.025 <0.025 <0.025 <0.025

500 Pregnane 3p, 200 diOL <0.025 <0.025 <0.025 <0.025

50, Dihydropregnanolone <0.025 <0.025 <0.025 <0.025

5B-pregnane-3,20-dione <0.025 <0.025 <0.025 <0.025

Betamethosone <0.025 <0.025 <0.025 <0.025

Pregnanediol <0.025 <0.025 <0.025 <0.025

Cortisol 11.6 4.5 12.5 10.4

(Continued)
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TABLE 4 Continued

Steroid Measured % Cross-reactions with PSL-21- % Cross-reactions with PSL -21- % Cross- % Cross-
HS-EDA-HRP HS-Urea-HRP reactions with reactions with
PSL-21-HS-CH-  PSL-21-HS-ADH-
HRP HRP
5 o, Dihydro Cortisol <0.025 <0.025 <0.025 <0.025
5 B Dihydro Cortisol <0.025 <0.025 <0.025 <0.025
Prednisolone 100 100 100 100
Prednisone 42 8 27 24
Aldosterone <0.025 <0.025 <0.025 <0.025
Dexamethasone <0.025 <0.025 <0.025 <0.025
Flutamide <0.025 <0.025 <0.025 <0.025
Corticosterone 8.6 <0.025 7.48 4.44
5 o, Dihydro Corticosterone <0.025 <0.025 <0.025 <0.025
5 B Dihydro Corticosterone <0.025 <0.025 <0.025 <0.025
Cortisone <0.025 <0.025 <0.025 <0.025
5 o Dihydro Cortisone <0.025 <0.025 <0.025 <0.025
5 B Dihydro Cortisone <0.025 <0.025 <0.025 <0.025
Deoxycorticosterone (DOC) <0.025 <0.025 <0.025 <0.025
C-19 Steroid
Testosterone <0.025 <0.025 <0.025 <0.025
6 Dehydro Testosterone <0.025 <0.025 <0.025 <0.025
17 oo Methyl Testosterone <0.025 <0.025 <0.025 <0.025
11 Keto testosterone <0.025 <0.025 <0.025 <0.025
Dihydrotestosterone (DHT) <0.025 <0.025 <0.025 <0.025
Etiocholanolone <0.025 <0.025 <0.025 <0.025
Dehydroepiandrosterone <0.025 <0.025 <0.025 <0.025
(DHEA)

Dehydroepiandrosterone <0.025 <0.025 <0.025 <0.025
Sulfate (DHEAS)

Dehydroisoandrosterone <0.025 <0.025 <0.025 <0.025
Androstenedione <0.025 <0.025 <0.025 <0.025
Androstanedione <0.025 <0.025 <0.025 <0.025

Androsten 3 B, 17 B -Diol <0.025 <0.025 <0.025 <0.025
Androstenediol <0.025 <0.025 <0.025 <0.025
Mesterolone <0.025 <0.025 <0.025 <0.025
Nandrolone <0.025 <0.025 <0.025 <0.025

C-18 Steroid
Estrone <0.025 <0.025 <0.025 <0.025
Estrone 3-Glu (E, 3G) <0.025 <0.025 <0.025 <0.025
Estradiol <0.025 <0.025 <0.025 <0.025
Estriol <0.025 <0.025 <0.025 <0.025
2 Methoxy Estradiol <0.025 <0.025 <0.025 <0.025
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TABLE 5 Recovery of prednisolone from exogenously spiked human serum pools using the PSL-21-HS-BSA-antibody and PSL-21-HS-Urea-HRP-
enzyme conjugate.

Human serum Prednisolone observed Prednisolone expected % Recovery

Prednisolone added (ng/

pools mL) (ng/mL) (ng/mL)

Pool A (Basal) - 0.75 - -
Pool B 0.62 121 1.37 88.32
Pool C 1.25 2.05 2.00 102.50
Pool D 5.0 5.55 5.75 98.26
Pool E 15.0 *15.50 1575 98.41
Pool F 25.0 25.80 25.75 100.19

determining the level of imprecision in the assay by assessing the PSL in
each pool eight times in the assay and in eight different assays. Table 6
depicts the intra and inter-assay coefficient of variations. The
coefficient of variation (CVs) of five serum pools for intra and inter-
assay variation (n=8 and N=8, replicate of each pool) was< 8.46%. The
percentage of coefficient of variation is calculated as % CV = (SD/X) *
100 at a particular analyte level, where X = mean, SD = standard
deviation, and CV = coefficient of variation.

The intra-assay coefficients of variation ranged from 2.50%-—
7.09% whereas, the inter-assay coefficients of variation ranged from
1.47%- 8.46%.

4.8 Correlation coefficient

The newly developed technique must yield results analogous to
those of the already available conventional method. The correlation
coefficient for values of PSL in serum samples (n = 103) measured
by developed ELISA and ELISA kit of prednisolone purchased from
Sincere Biotech Co. Ltd., Beijing, China was found to be 2 =0.98.
The regression analysis was performed in which both X and Y were
subject to measurement error. Figure 4 shows that the method fit a
straight line to a two-dimensional data where both the variables, X
and Y, are measured with errors that can accommodate differences
in measurement error between the test and the reference method.
The linear regression curve of the correlated data was plotted using
Graph Pad Prism version 6.0 for Microsoft Windows (42-46).

4.9 Estimation of prednisolone in patients
treated for different diseases

We determined the prednisolone concentration in human
serum using samples from healthy volunteers (17 males and 11
females) and in human patients taking treatment with prednisolone
through oral, local, or injection forms for chronic asthma (20 males
and 5 females), rheumatoid arthritis (16 males and 11 females), and
allergies (11 males and 12 females) with ages between 10 to 72 years.
We followed all institutional guidelines and ethical approval as per
the norm was taken before the initiation of the study (44-46).
Samples values as determined by the developed ELISA are described
in Table 7 and also presented in the form of a box and whisker
diagram (plotted using Graph Pad Prism version 6.0 for Microsoft
Windows), as shown in Figure 5.

5 Discussion

In the present study, we investigated the use of different spacers
in enzyme conjugates to develop a sensitive and specific enzyme-
linked immunosorbent assay (ELISA) for prednisolone. Four
homobifunctional spacers, namely ADH, CH, EDA, and urea,
were introduced between the PSL-21-HS carboxyl derivative of
prednisolone and horseradish peroxidase (HRP) as the enzyme
label. The influence of spacer length on the functional parameters of
the prednisolone ELISA was examined. The terminal functional

TABLE 6 Inter and intra-assay coefficient of variation for the measurement of prednisolone in human serum pools using the PSL-21-HS-BSA-antibody
and PSL-21-HS-U-HRP-enzyme conjugate.

Variation Sample value (ng/mL) (mean + S.D.) Coefficient of variation (%)
Intra-assay 0.80 + 0.02 2.50
n=28 1.41+ 0.10 7.09
545+ 0.21 3.85
15.72 + 0.84 5.34
25.85 £ 0.94 3.63
Inter-assay 0.77 £0. 05 6.49
N=38 1.30 £ 0.11 8.46
14.92 +£0.22 1.47
15.72 £ 0.44 2.79
26.02 + 1.04 3.99
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Regression graph of the correlation between the serums prednisolone concentrations as estimated by the developed ELISA and an established
ELISA kit

TABLE 7 Estimation of prednisolone by developed ELISA in human serum of healthy volunteers and patients taking treatment.

Variable Healthy Asthma Rheumatic Allergic
Gender Male Female Male Female Male Female Male Female
No. of samples 17 11 20 5 16 11 11 12
Age 18-64 10 -72 40-62 16-60
Prednisolone (mean + SD) (ng/mL) (0.00 £ 0.00) (24.06 + 8.09) (8.17 £ 3.15) (1.80 + 1.24)

groups of these spacers do not spontaneously react with the
functional group of steroid/carrier protein/enzyme, and therefore,
necessitate some bioconjugate reagent as an in-between to carry out
the effective coupling of these spacers (10). Carbodiimide along with
N-hydroxysuccinimide has been the optimal reagent for coupling

steroid and proteins through spacers as they do not introduce any
additional atoms in the conjugate.

The data of the present investigation revealed that the insertion
of spacers in the enzyme conjugate affected the lower detection limit
and ED50 of the PSL assay. The assays using ADH, CH, EDA, and

Level of PSL in Human Serum
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FIGURE 5

Box-and-Whisker diagram of level of prednisolone in human serum samples estimated by developed ELISA.
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urea spacers exhibited sensitivities of 1.22 ng/mL, 0.59 ng/mL, 0.48
ng/mL, and 0.018 ng/mL, respectively. Among the different
combinations, the PSL-21-HS-BSA antibody and PSL-21-HS-
urea-HRP enzyme conjugate demonstrated the highest sensitivity
and EDs,,.

The rigid nature of the urea spacer, with its atomic length of
three and non-aliphatic, hydrophilic properties, may have
contributed to the enhanced sensitivity of the assay. This
rigidity could have created a greater distance between the
prednisolone moiety and the enzyme, reducing steric hindrance
and allowing easier access for unlabeled prednisolone to bind to
the antibody. The findings suggest that the nature of the spacer,
rather than its length, is more relevant to assay sensitivity.
Previous studies have also reported similar observations,
highlighting the potential of hydrophilic and rigid spacers to
improve assay sensitivity and specificity. It has also been
previously reported that the spacer length does not bear any
correlation with the assay sensitivity in ELISA (1-5, 11, 19, 20)
as it does have an effect in some other immunoassays and auxiliary
binding systems (9-11, 20). The use of a hydrophilic and rigid
spacer possibly helped in projecting the hapten away from the
enzyme, leading to an enhanced antibody binding signal and
improved sensitivity of the assay (9-11, 14, 20).

Since the assay was based on superior sensitivity, ED50, affinity,
and specificity, the combination of PSL-21-HS-BSA antibody and
PSL-21-HS-urea-HRP enzyme conjugate was selected for further
analysis. The recovery of PSL from exogenously spiked human
serum pools ranged from 88.32% to 102.50%, and the intra-assay
and inter-assay coefficients of variation were<8.46%. Additionally,
the correlation coefficient between the developed ELISA and a
commercially available kit for serum PSL measurement was found

2 = 0.98 and the correlation coefficient for values of

to be r
prednisolone in serum samples (n = 103).

The results of the present study were compared to the
commercially validated accepted kit, the developed assay showed
advantages such as simplicity, single-step immunoassay procedure,
fewer washing steps, lower intra-assay and inter-assay variability,
and the provision of recovery and cross-reactivity data.

To the best of our knowledge, this study is the first to compare
the impact of different spacers in enzyme conjugates on the
analytical variables of an ELISA for prednisolone. All the reagents
used in the assay, including buffers, immunogen, antigen-enzyme
conjugate, and antibody generation, were developed in-house.

6 Conclusions

In the present study, the introduction of different spacers in
enzyme conjugates affected the sensitivity and specificity of the
prednisolone ELISA. The rigid nature of the urea spacer
demonstrated improved sensitivity and reduced steric hindrance.
Due to this rigid nature of urea, it might have projected PSL moiety
away from the enzyme which might have aided in keeping the
bound antibody away from the enzyme, thereby reducing the
inclusive attraction between enzyme and antibody simultaneously.
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The results highlight the importance of spacer properties in
influencing assay performance and provide insights for the
development of more sensitive and specific assays for
prednisolone detection.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The experimental protocols were approved by the institutional
animal ethics committee (IAEC) of the National Institute of Health
and Family Welfare (NIHFW), New Delhi, India. All animal
experiments were performed in accordance with the guidelines of
Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), Government of India.
Written informed consent was obtained from the owners for the
participation of their animals in this study.

Author contributions

DK, TS, HS, and SS conceived and designed the experiments;
DK, SS, HO, MK, and PB carried out the experiments; DK, HS, TS,
SS, and PB analyzed the data; DS, HS, BK, SS, and PB wrote and
finalized the manuscript. All authors contributed to the article and
approved the submitted version.

Funding

This study was supported by the National Institute of Health
and Family Welfare (NIHFW), New Delhi, India.

Acknowledgments

We acknowledge the volunteers for providing their blood for
prednisolone estimation, also thankful to Mr. Subodh Jain from the
Indian Institute of Technology Delhi (IITD) for the MALDI-TOF
study. The Multidisciplinary Research Unit, Maulana Azad Medical
College and Associated Hospital, New Delhi are acknowledged for
providing the required facilities for running the experiments.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1200328
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kumar et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Shrivastav TG, Chaube SK, Kariya KP, Kumari P, Singh R, Kumar D. Influence
of different homologous and heterologous combinations of antibodies and
enzyme conjugates of dehydroepiandrostosterone on the sensitivity and specificity
of DHEA ELISA. ] Immunoassay Immunochem (2011) 32:114-27. doi: 10.1080/
15321819.2010.543221

2. Shrivastav TG, Chaube SK, Kariya KP, Bhanot S, Singh R, Kumar D.
Development of heterologous enzyme linked immunosorbent assay for
dehydroepiandrosterone in serum. J Immunoassay Immunochem (2010) 31:266-78.
doi: 10.1080/15321819.2010.524857

3. Shrivastav TG, Chaube SK, Charu, Rangari K, Kariya KP, Singh R, Nagendra A.
Enzyme linked immunosorbent assay for milk progesterone. J Immunoassay
Immunochem (2010) 31:301-13. doi: 10.1080/15321819.2010.528734

4. Shrivastav TG, Chaube SK, Kariya KP, Kumar D, Singh R. Antigen heterologous
enzyme linked immunosorbent assay for the measurement of DHEA in serum.
J Immunoassay Immunochem (2011) 32:326-41. doi: 10.1080/15321819.2011.570117

5. Kumar D, Azad RMR, Oulkar D, Oberoi HS, Jacob S, Koner BC, et al. A
quantification method for trace level of oxytocin in food matrices using LC-MS/MS.
Front Anal Sci (2022) 2:1039606. doi: 10.3389/frans.2022.1039606

6. Kinneer K, Wortmann P, Cooper ZA, Dickinson NJ, Masterson L, Cailleau T, et al.
Design and preclinical evaluation of a novel B7-H4-directed antibody-drug conjugate,
AZDB8205, alone and in combination with the PARP1-selective inhibitor AZD5305. Clin
Cancer Res (2023) 29(6):1086-101. doi: 10.1158/1078-0432.CCR-22-2630

7. Weng W, Meng T, Zhao Q, Shen Y, Fu G, Shi J, et al. Antibody-exatecan
conjugates with a novel self-immolative moiety overcome resistance in colon and lung
cancer. Cancer Discovery (2023) 13(4):950-73. doi: 10.1158/2159-8290.CD-22-1368

8. Roas M, Vick B, Kasper MA, Able M, Polzer H, Gerlach M, et al. Targeting FLT3
with a new-generation antibody-drug conjugate in combination with kinase inhibitors
for treatment of AML. Blood (2023) 141(9):1023-35. doi: 10.1182/blood.2021015246

9. Lai W, Zhao S, Lai Q, Zhou W, Wu M, Jiang X, et al. Design, synthesis, and
bioevaluation of a novel hybrid molecular pyrrolobenzodiazepine-
anthracenecarboxyimide as a payload for antibody-drug conjugate. ] Med Chem
(2022) 65(17):11679-702. doi: 10.1021/acs.jmedchem.2c00471

10. Zhou T, He G, Hu C, Wu K, Liu Y, Li ], et al. Development of a highly sensitive
and specific monoclonal antibody-based ELISA coupled with immuno-affinity
extraction for the detection of anticancer drug 5-fluorouracil in blood samples.
Talanta (2022) 249:123655. doi: 10.1016/j.talanta.2022.123655

11. Shrivastav TG, Chaube SK, Kariya KP, Singh R, Kumar D, Pandit D, et al.
Influence of different length linker containing DHEA-7-CMO-enzyme conjugates on
sensitivity and specificity of DHEA-17-CMO-antibody. ] Immunoassay Immunochem
(2011) 32:269-83. doi: 10.1080/15321819.2011.560325

12. Basu A, Chaube SK, Kariya KP, Singh R, Kumar D, Pandit D, et al. The influence
of spacer-containing enzyme conjugate on the sensitivity and specificity of enzyme
immunoassays for hapten. Clin Chim Acta (2006) 366:287-92. doi: 10.1016/
j.cca.2005.10.024

13. Hosoda H, Kobayashi N, Ishii N, Nambara T. Bridging phenomena in steroid
immunoassays. The effect of bridge length on sensitivity in enzyme immunoassay.
Chem Pharm Bull (Tokyo) (1986) 34:2105-11. doi: 10.1248/cpb.34.2105

14. Shrivastav TG, Chaube SK, Prasad PKV, Kariya KP, Kumar D. Heterologous
enzyme linked immunosorbent assay for measurement of testosterone in serum.
J Immunoassay Immunochem (2012) 33:252-68. doi: 10.1080/15321819.2011.638525

15. Nara S, Tripathi V, Chaube SK, Rangari K, Singh H, Kariya KP, et al. Influence
of hydrophobic and hydrophilic spacer-containing enzyme conjugates on functional
parameters of steroid immunoassay. Anal Biochem (2008) 373:18-25. doi: 10.1016/
j.ab.2007.10.042

16. Shrivastav TG, Chaube SK, Kariya KP, Prasad PKV, Kumar D. Influence of
different length spacers containing enzyme conjugate on functional parameters of
progesterone ELISA. ] Immunoassay Immunochem (2013) 34:94-108. doi: 10.1080/
15321819.2012.686470

17. Shrivastav TG, Chaube SK, Kariya KP, Singh R, Kumar D, Jain P, et al. Influence
of different length linker containing DHEA-7-cmo-enzyme conjugates on sensitivity
and specificity of DHEA-3-hs-antibody. ] Immunoassay Immunochem (2012) 33:1-17.
doi: 10.1080/15321819.2011.591475

18. Hallaj S, Rasaee MJ, Haerian M, Paknejad M, Kashanian S, Rahbarizadeh F, et al.
A heterologous enzyme linked immunosorbant assay of morphine using penicillinase
as label. Iran ] Biotechnol (2003) 1:239-46.

Frontiers in Immunology

15

10.3389/fimmu.2023.1200328

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

19. Tripathi V, Nara S, Chaube SK, Rangari K, Saroha A, Kariya KP, et al.
Development of rapid and sensitive one-step direct enzyme linked immunosorbent
assay for 17-alpha-OH-progesterone in serum. J Immunoassay Immunochem (2008)
29:117-27. doi: 10.1080/15321810801887599

20. Shrivastav TG. Incorporation of different bridge length linkers in enzyme and its
use in the preparation of enzyme conjugates for immunoassay. | Immunoassay
Immunochem (2004) 25:215-25. doi: 10.1081/TAS-200028007

21. Wang Y, Wang M, Zhou L, Geng X, Xu Z, Zhang H. Development of a
competitive ELISA based on estrogen receptor and weak competitive molecule for the
screening of potential estrogens in foods. Food Chem (2023) 401:134084. doi: 10.1016/
j.foodchem.2022.134084

22. Yang]JY, Zhang Y, Wang H, Xu ZL, Eremin SA, Shen YD, et al. Development of
fluorescence polarisation immunoassay for carbofuran in food and environmental
water samples. Food Agric Immunol (2015) 26:340-55. doi: 10.1080/09540105.
2014.914890

23. Alhajj M, Zubair M, Farhana A. Enzyme linked immunosorbent assay. In:
StatPearls. Treasure Island (FL: StatPearls Publishing (2023). Available at: https://www.
ncbi.nlm.nih.gov/books/NBK555922/.

24. Zhang B, Lv S, Qiang Z, Guo M, Tan X, Li H, et al. Improved sensitivity and wide
range detection of small analytes using a two-antigen-combined competitive
immunoassay. ACS Omega. (2022) 7(51):48121-9. doi: 10.1021/acsomega.2c06126

25. ZHANG X, DONG X, ZHAO S, KE Y, WEN K, ZHANG §, et al. Synthesis of
haptens and production of antibodies to bisphenol A. Front Agr. Sci Eng. (2017) 4
(3):366-372. doi: 10.15302/J-FASE-2017132

26. Zhang Q, Wang L, Ahn KC, Sun Q, Hu B, Wang J, et al. Hapten heterology for
a specific and sensitive indirect enzyme-linked immunosorbent assay
for organophosphorus insecticide fenthion. Anal Chim Acta (2007) 596:303-11.
doi: 10.1016/j.aca.2007.06.009

27. Mitchell JS, Wu Y, Mitchell JS, Wu Y. Surface plasmon resonance biosensors for
highly sensitive detection of small biomolecules. Biosensors (Basel) (2010). doi: 10.5772/
7208

28. Sathe M, Srivastava S, Agrawal SK, Ghorpade R. Effect of spacer and the
enzyme-linked immunosorbent assay. Def Sci J (2016) 66:471-8. doi: 10.14429/
dsj.66.10700

29. Kumar D, Singh H, Shrivastava TG. Homologous ELISA for detection of
prednisolone in human serum. FoodAgric Immunol. (2018) 29(1):369-85. doi:
10.1080/09540105.2017.1376184

30. Kim D, Herr AE. Protein immobilization techniques for microfluidic assays.
Biomicrofluidics (2013) 7(4):41501. doi: 10.1063/1.4816934

31. Zhang B, Yu ], Liu C, Wang J, Han H, Zhang P, et al. Improving detection
sensitivity by oriented bioconjugation of antibodies to quantum dots with a flexible
spacer arm for immunoassay. RSC Adv (2016) 6:50119-27. doi: 10.1039/C6RA09279A

32. Rajesh K, Rana KV, Suri CR. Characterization of hapten-protein conjugates:
antibody generation and immunoassay development for pesticides monitoring.
Bionanoscience (2013) 3:137-44. doi: 10.1007/s12668-013-0083-8

33. Adamczyk M, Gebler JC, Mattingly PG. Characterization of protein-hapten
conjugates. 2. Electrospray mass spectrometry of bovine serum albumin-hapten
conjugates. Bioconjug Chem (1996) 7:475-81. doi: 10.1021/bc960035h

34. Moody MT, Ringel MM, Mathews CM, Midthun KM. Determination of cross-
reactivity of contemporary cannabinoids with THC direct immunoassay (ELISA) in
whole blood. J Anal Toxicol (2022) 46(8):844-51. doi: 10.1093/jat/bkac051

35. Colby JM, Patel PC, Fu DY, Rutherford NJ. Commonly used fluoroquinolones
cross-react with urine drug screens for opiates, buprenorphine, and amphetamines.
Clin Biochem (2019) 68:50-4. doi: 10.1016/j.clinbiochem.2019.04.009

36. Koirala N, McLennan G. Mathematical models for blood flow quantification in
dialysis access using angiography: A comparative study. Diagnostics (Basel). (2021) 11
(10):1771. doi: 10.3390/diagnostics11101771

37. Garg S, Singh VK, Sonkar SC, Kelkar H, Singh S, Garg S, et al. Pattern of serum
protein capillary electrophoretogram in SARS- CoV-2 infection. Clin Chim Acta (2022)
527:11-6. doi: 10.1016/j.cca.2022.01.003

38. Irungbam M, Chitkara A, Singh VK, Sonkar SC, Dubey A, Bansal A, et al.
Evaluation of performance of detection of immunoglobulin G and immunoglobulin M

antibody against spike protein of SARS-coV-2 by a rapid kit in a real-life hospital
setting. Front Microbiol (2022) 13:802292. doi: 10.3389/fmicb.2022.802292

frontiersin.org


https://doi.org/10.1080/15321819.2010.543221
https://doi.org/10.1080/15321819.2010.543221
https://doi.org/10.1080/15321819.2010.524857
https://doi.org/10.1080/15321819.2010.528734
https://doi.org/10.1080/15321819.2011.570117
https://doi.org/10.3389/frans.2022.1039606
https://doi.org/10.1158/1078-0432.CCR-22-2630
https://doi.org/10.1158/2159-8290.CD-22-1368
https://doi.org/10.1182/blood.2021015246
https://doi.org/10.1021/acs.jmedchem.2c00471
https://doi.org/10.1016/j.talanta.2022.123655
https://doi.org/10.1080/15321819.2011.560325
https://doi.org/10.1016/j.cca.2005.10.024
https://doi.org/10.1016/j.cca.2005.10.024
https://doi.org/10.1248/cpb.34.2105
https://doi.org/10.1080/15321819.2011.638525
https://doi.org/10.1016/j.ab.2007.10.042
https://doi.org/10.1016/j.ab.2007.10.042
https://doi.org/10.1080/15321819.2012.686470
https://doi.org/10.1080/15321819.2012.686470
https://doi.org/10.1080/15321819.2011.591475
https://doi.org/10.1080/15321810801887599
https://doi.org/10.1081/IAS-200028007
https://doi.org/10.1016/j.foodchem.2022.134084
https://doi.org/10.1016/j.foodchem.2022.134084
https://doi.org/10.1080/09540105.2014.914890
https://doi.org/10.1080/09540105.2014.914890
https://www.ncbi.nlm.nih.gov/books/NBK555922/
https://www.ncbi.nlm.nih.gov/books/NBK555922/
https://doi.org/10.1021/acsomega.2c06126
https://doi.org/10.15302/J-FASE-2017132
https://doi.org/10.1016/j.aca.2007.06.009
https://doi.org/10.5772/7208
https://doi.org/10.5772/7208
https://doi.org/10.14429/dsj.66.10700
https://doi.org/10.14429/dsj.66.10700
https://doi.org/10.1080/09540105.2017.1376184
https://doi.org/10.1063/1.4816934
https://doi.org/10.1039/C6RA09279A
https://doi.org/10.1007/s12668-013-0083-8
https://doi.org/10.1021/bc960035h
https://doi.org/10.1093/jat/bkac051
https://doi.org/10.1016/j.clinbiochem.2019.04.009
https://doi.org/10.3390/diagnostics11101771
https://doi.org/10.1016/j.cca.2022.01.003
https://doi.org/10.3389/fmicb.2022.802292
https://doi.org/10.3389/fimmu.2023.1200328
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kumar et al.

39. Dubey A, Kotnala G, Mandal TK, Sonkar SC, Singh VK, Guru SA, et al. Evidence
of the presence of SARS-CoV-2 virus in atmospheric air and surfaces of a dedicated
COVID hospital. ] Med Virol (2021) 93(9):5339-49. doi: 10.1002/jmv.27029

40. Sonkar SC, Sachdev D, Mishra PK, Kumar A, Mittal P, Saluja D. A molecular-
beacon-based asymmetric PCR assay for easy visualization of amplicons in the
diagnosis of trichomoniasis. Biosens Bioelectron. (2016) 86:41-7. doi: 10.1016/
j.b10s.2016.06.025

41. Sonkar SC, Arora G, Wasnik K, Ali M, Mittal P, Saluja D. Improved
management can be achieved by introducing additional parameters in the syndromic
diagnosis of nonviral sexually transmitted infections at low-resource settings. AJOG
Glob Rep (2021) 2(1):100037. doi: 10.1016/j.xagr.2021.100037

42. Sachdev D, Wasnik K, Patel AL, Sonkar SC, Desai P, Mania-Pramanik J, et al.
Multi-centric validation of an in-house-developed beacon-based PCR diagnostic assay
kit for Chlamydia and Neisseria and portable fluorescence detector. ] Med Microbiol
(2018) 67(9):1287-93. doi: 10.1099/jmm.0.000803

Frontiers in Immunology

16

10.3389/fimmu.2023.1200328

43. Sonkar SC, Wasnik K, Kumar A, Sharma V, Mittal P, Mishra PK, et al.
Evaluating the utility of syndromic case management for three sexually transmitted
infections in women visiting hospitals in Delhi, India. Sci Rep (2017) 7(1):1465.
doi: 10.1038/541598-017-01422-y

44. Sonkar SC, Wasnik K, Kumar A, Mittal P, Saluja D. Comparative analysis of
syndromic and PCR-based diagnostic assay reveals misdiagnosis/overtreatment for
trichomoniasis based on subjective judgment in symptomatic patients. Infect Dis
Poverty. (2016) 5:42. doi: 10.1186/s40249-016-0133-x

45. Sonkar SC, Yadav S, Malla N, Dhanda RS, Khurana S, Bagga R, et al. Evaluation
of DNA based techniques for the diagnosis of human vaginal trichomoniasis in North
Indian population. Br Microbiol Res ] (2016) 17(6):1-2. doi: 10.9734/BMR]J/2016/29557

46. Mishra PK, Sonkar SC, Raj SR, Chaudhry U, Saluja D. Functional analysis of
hypothetical proteins of Chlamydia trachomatis: a bioinformatics based approach for
prioritizing the targets. ] Comput Sci Syst Biol (2013) 7(1):010-014. doi: 10.4172/
jesb.1000132

frontiersin.org


https://doi.org/10.1002/jmv.27029
https://doi.org/10.1016/j.bios.2016.06.025
https://doi.org/10.1016/j.bios.2016.06.025
https://doi.org/10.1016/j.xagr.2021.100037
https://doi.org/10.1099/jmm.0.000803
https://doi.org/10.1038/s41598-017-01422-y
https://doi.org/10.1186/s40249-016-0133-x
https://doi.org/10.9734/BMRJ/2016/29557
https://doi.org/10.4172/jcsb.1000132
https://doi.org/10.4172/jcsb.1000132
https://doi.org/10.3389/fimmu.2023.1200328
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Development and optimization of an in-house heterologous ELISA for detection of prednisolone drug in enzyme conjugates using spacers
	Highlights
	1 Introduction
	2 Methods
	2.1 Materials
	2.2 Instrumentation
	2.3 Preparation of PSL-21-HS-BSA immunogen
	2.4 Preparation of enzyme conjugate
	2.5 Preparation of enzyme conjugates with spacer (PSL-21-HS-ADH-HRP, PSL-21-HS-CH-HRP, PSL-21-HS-EDA-HRP, and PSL-21-HS-U-HRP)
	2.5.1 Coupling of spacers to HRP
	2.5.1.1 Coupling of prednisolone to spacers containing HRP


	2.6 Characterization of immunogen and enzyme conjugates by a matrix-assisted laser desorption ionization-time of flight spectrometer
	2.7 Immunization of rabbits and collection of antiserum
	2.8 Collection of normal rabbit serum and generation of anti-rabbit anti-serum in goat
	2.9 Coating of antibody to microtiter plates
	2.9.1 Determination of optimal dilution of primary antibody and enzyme conjugates
	2.9.2 Preparation of prednisolone standard
	2.9.3 Preparation of recovery pools
	2.9.4 Standard displacement assay (assay procedure)
	2.9.5 Measurement of serum prednisolone by commercial ELISA kit


	3 Data analysis
	3.1 Preparation of the standard curve, determination of affinity constant, and sensitivity
	3.2 Goodness of fit

	4 Results
	4.1 Determination of hapten density by MALDI-TOF spectrometry
	4.1.1 In immunogen
	4.1.2 In enzyme conjugates

	4.2 Dose-response study
	4.3 Sensitivity
	4.4 Specificity
	4.5 Selection of the best combination of antibody and enzyme conjugate
	4.6 Recovery
	4.7 Precision
	4.8 Correlation coefficient
	4.9 Estimation of prednisolone in patients treated for different diseases

	5 Discussion
	6 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References


