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ABSTRACT

Objectives: The aim of this study was to design an enzyme immunoassay based on a
modified ELISA with high sensitivity for detecting digoxin.

Methods: The first step in development involved the conjugation of digoxin to the
HRP (Horse Radish Peroxidase) enzyme via sodium metaperiodate oxidation. Surface
modification, and thus assay modification, was achieved by the covalent immobilization
of an anti-digoxin monoclonal antibody on a functional plate using 3-ATPES
(3-aminopropyltriethoxysilane).
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Results: The developed ELISA demonstrated superior sensitivity (0.026pg/ml) and

lower variability in measurements repeated throughout a day, compared to a conventional
ELISA (0.051pg/ml). This assay detected the exact amount of digoxin. The sensitivity
and specificity of the modified ELISA surpassed other methods, and measurements were
performed within a few hours.
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Conclusion: An efficient ELISA kit was produced, characterized by its affordability,
ease of learning, and absence of a hand-washing step.
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has a narrow therapeutic index, and thus, without proper
dosing and monitoring, toxicity can easily occur (4). If
kidney function is normal, the myocardial concentration
of digoxin in serum is relatively constant. The heart and
serum digoxin distribution ratio is approximately 29 to
1. Therefore, it is possible to monitor digoxin therapy by
measuring the levels of the drug in serum. A practical

Introduction

igoxin is a cardiac glycoside that has
been in use since the early twentieth
century to improve symptoms and
reduce hospitalization for heart failure
patients by reducing the left ventricular

ejection fraction (LVEF). It has also been used to
control supraventricular arrhythmia in patients with
atrial fibrillation (1-3), and its overall effect is to boost
muscle strength in patients with heart failure. Digoxin

and sensitive method for the quantitative measurement
of digoxin in serum is enzyme immunoassay. In this
method, a patient’s serum specimen or control sample is
first added to the microplate wells. After a washing step,
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digoxin conjugated enzyme is added, and the reactants
are mixed. Digoxin conjugated enzyme and digoxin in a
patient’s serum react competitively for a limited number
of antibodies stabilized on a palate surface. After
incubation, the antibody linked to digoxin conjugated
enzyme is released via aspiration. The activity of the
enzyme present in the wells is measured by reaction
with a suitable substrate and producing color. Using
multiple control samples with specified concentrations
of digoxin, a graph of activity and concentration can be
drawn. Surface modification can enhance the efficiency,
sensitivity, and reproducibility of the assay and also
decrease the assay time. Strategies that allow the
retention of the functional conformation of the antigen-
binding sites of antibody molecules are essential and can
be achieved by site-specific and orientated presentation
of the antibodies on the surface used for immobilization
(5, 6). In the current study, covalent stabilization is
used to capture antibodies on the surface. In covalent
immobilization, antibody molecules react chemically
with the functional groups of the surface via free reactive
groups such as amine or carboxyl groups. Covalent
strategies are generally categorized on the basis of the
chemical reaction approaches used. The importance of
covalently immobilized antibody systems for achieving
high sensitivity assays has already been demonstrated
with various diagnostic platforms (7-10). Improved
analyst sensitivity may be attributed at least in part to
reduced protein losses due to antibody leaching and
antibody exchange, which could increase the antibody
surface coverage (7, 8).

Materials and Methods

The assay was designed in two main stages: the
conjugation of digoxin to the HRP enzyme and the
modification of antibodies and surface for the covalent
binding of the anti-digoxin monoclonal antibody to the
ELISA plate surface.

Digoxin Conjugation to HRP Enzyme
The conjugation of digoxin to the HRP enzyme by

sodium metaperiodate oxidation was done as follows:
5.3 mg of digoxin was added to 360 pul of absolute
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ethanol, and the suspension was stirred on a magnetic
stirrer for 10 min. 450 ml of freshly prepared sodium
metaperiodate (0.07 M) was slowly added to the digoxin
while it was being mixed. After about an hour, 170 ul of
ethylene glycol (0.05 M) was added and stirred for 10
minutes on a shaker. 3 mg of HRP enzyme was dissolved
in 500 ml of PBS (phosphate buffered saline 1M, pH 7.4)
and was placed on a magnetic stirrer until completely
dissolved. The sodium metaperiodate solution was
slowly added to the HRP solution while stirring, at room
temperature for 1 h. 2.1 mg of sodium borohydride
was dissolved in 400 pl of deionized water (DIW) and
added to the solution and placed at room temperature
for about 4h. The pH of the solution was brought to 6
by formic acid. By ammonium hydroxide (0.1 M), the
pH was raised to about 9.0. The resulting solution was
centrifuged for 30 min at 4°C with a rotational speed of
3000 rpm.

Developing an ELISA Procedure to Ensure Digoxin
Binding to HRP

100 pl of anti-digoxin monoclonal antibody (3.145 ug/
ml) was coated in 6 wells, and also 100 ul of BSA (10 pg/
ml) was added in 2 wells as a control, at 4°C overnight.
The wells were washed by PBST and then blocked with
100 ml of blocking solution (BSA 100 pg/ml) at room
temperature. After 1 h, the wells were washed by PBST
to remove all extra blocking solution. Then, 100 pl of
digoxin-HRP in 3 concentrations of 1, 0.1, and 0.01 pg/
ml were added to each well, respectively. 2 wells were
coated by BSA, and then 100 pul of Digoxin-HRP (1 pg/
ml) was added and placed in room temperature for 1
h. After washing the wells by PBST, 100 ml of TMB
substrate was added to each well, and the plate was
incubated for about 10 minutes at 37 °C. The enzyme
reaction was terminated, and the color development was
measured at 450 nm.

Modification of antibodies and surface for covalent
binding of anti-digoxin monoclonal antibody to the
ELISA plate surface

In the next step, for the covalent binding of the anti-
digoxin monoclonal antibody to the plate, the surface

Table 1: Comparative analysis of the modified ELISA procedure and the commercially used conventional ELISA procedure in terms of
timings of various assay steps.

Immunoassay Conventional ELISA Modified ELISA
Steps and Parameters (passively adsorbed Ab) (covalently captured Ab)
Immobilization of antibody Overnight at RT 2 hrs 30 min
Binding of HRP 2 hrs at RT 1 hrat37°C
TMB substrate assay 20 min at RT 20 min at 37°C

Total immunoassay duration ~20 hrs ~ 6 hrs

Sensitivity 0.053pg/ml 0.026pg/ml
Immobilization strategy applicable to many Not possible Possible

polymeric surfaces
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modification of polystyrene plates was performed using
the scheme shown in Fig. 1.

ELISA plate modification

Each well of the 96-well plate was treated with 100 puL

of absolute ethanol for 5 min at 37 °C and washed five
times with 300 uL. of DIW. Subsequently, each well was
treated with 100 uL of 1.0% (w/v) KOH at 37 °C for 10
min, followed by five washings with 300 uL of DIW.
The KOH-treated wells were then functionalized with
amino groups by incubation with 100 uL of 2% (v/v)
APTES per well at 80°C for 1 h inside an incubator, in
order to achieve maximum salinization. The reaction
mechanism following the KOH activation and APTES-
based surface fictionalization involves mild oxidation
followed by a hydrolytic APTES polymerization on the
oxidized surface through its alkoxy groups. The plate
was equilibrated to room temperature for 20 min. The
amine-functionalized plate was subsequently washed
five times with 300 4L of DIW in order to remove excess
unbound 3-APTES from the surface.

Anti-digoxin monoclonal antibody binding to amine
functionalized plate

5 ul of monoclonal digoxin antibody (629 pg/ml) was
mixed with 995 ul of PBS 1X. This mixture was then
combined with a premixed solution of I-ethyl-3-[3
dimethylaminopropyl] carbodiimide hydrochloride
(EDC) (4 mg/mL) and N-hydroxysulfosuccinimide
(SNHS) (11mg/mL) at a ratio of 99:1 for 15 min at 37°C.
The result was EDC cross-linked anti-digoxin antibody.

Development of ELISA to compare the modified and
unmodified plate

To evaluate and compare the modified and unmodified
plate (covalent and non-covalent binding of the
monoclonal antibody to the surface), an ELISA test was
performed. 100 ul of the resulting EDC cross-linked anti-
digoxin antibody solution in four varying concentrations
from 0.3ug/mL to 3.1pg/mL (prepared in 0.1 M PBS,
pH 7.4) were added to each of the functionalized
wells (100 pL). Additionally, four different dilutions
of unmodified anti-digoxin antibody were added to six
typical wells and incubated for 1 h at 37°C. The wells
were then washed five times with 300uL of PBS 1M.
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The wells were blocked with skimmed milk (100 u1) and
were incubated for 30 min at 37°C, and subsequently
washed five times with 300 uL of PBS. 100ul of HRP-
Digoxin conjugation (1pg/mL) was added and incubated
for 1 h at 37°C, followed by five PBS washes. The
3,3',5,5'-tetramethylbenzidine (TMB) substrate was
subsequently added, and the plate was incubated at 37°C.
The reaction was stopped after 10 min by the addition
of 100 uL of 1IN H,SO,. The absorbance was recorded
at a primary wavelength of 450 nm with a reference
wavelength of 540 nm. This assay was repeated several
times, and average data were recorded (Fig. 2 and 3).
The control for this study was 0.1 M PBS, pH 7.4, and
the absorbance of the control was subtracted from all the
assay values.

Results and discussion

As shown in Fig. 2, in the case of surface modification
(covalent binding of the antibody to the plate) at a
concentration of 1.3 pg/ml of the monoclonal antibody,
the absorption was about 2.1. In contrast, in the case of
unmodified (non-covalent binding of the antibody to
the plate), the absorption was about 1.1. This difference
can also be observed at a concentration of 0.62 pg/ml
of the monoclonal antibody. As observed in Fig. 3, in
the case of surface modification (covalent binding
of the antibody to the plate), at a concentration of 1.5
pug/ml of the monoclonal antibody, the absorption was
1.05. However, in the unmodified case, the absorption
was observed to be about 0.63. This difference was
also observed at a concentration of 0.3 pg/ml of the
monoclonal antibody.

In this study, a modified ELISA was developed to
detect digoxin in serum. The anti-digoxin antibody was
immobilized on aminopropyltriethoxysilane-mediated
amine-functionalized  plates using 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride and
N-hydroxysulfosuccinimide-based  heterobifunctional
cross-linking. The analytical sensitivity was determined
using the following formula:

[Average absorbance of blank + 3 (SDblank)]

The analytical sensitivity of the developed assay
was 0.026pg/mL, compared to 0.053ug/mL for the
conventional assay. Therefore, the new approach
has considerably more advantages compared to the
conventional ELISA. Conventional ELISA procedures
have been followed for decades for the detection of
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Figure 1: Schematic of the ELISA plate surface modification.
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Figure 2: The average of optical density of HRP bound digoxin at a primary wavelength of 450 nm for modified and unmodified monoclo-
nal antibody in two varying concentrations (0.62 and 3.1 pg/ml).
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Figure 3: The average of optical density of HRP bound digoxin at a primary wavelength of 450 nm for modified and unmodified monoclo-
nal antibody in two varying concentrations (0.3 and 1.5 pg/ml).
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Figure 4: Analytical comparison of developed ELISA and conventional ELISA

analysts of importance in industrial, healthcare, and
academic research. However, improvements on existing
ELISA technologies are continuously attempted by
many groups (11, 12). The developed ELISA in this
study has comparatively better (0.026 pg/ml) and lower
variability in the measure repeated during a day. Digoxin
was taken as the model assay system to demonstrate
the utility of the developed ELISA procedure since all
the assay components were commercially available
in kit form. This is essential to do robust and highly
precise comparison of the developed ELISA with the
commercially existing conventional ELISA procedures,
as the same assay components were used under the same
conditions. This approach of immobilizing antibody
on chemically modified solid supports has potential
applications in many other assays and formats.

In this study, the conventional ELISA plate with 96
wells made of PS (polystyrene) was used for chemical
modification and stabilization of the antibody. The most
important factor that may be attributed to the enhanced
sensitivity of the modified assay is the covalent
immobilization of the anti-digoxin capture antibody,
since the covalently cross-linked antibodies should not
leach out during the assay procedure in comparison to
the use of passively adsorbed antibodies, where leaching
may occur more easily. The orientation of antibody
molecules in the developed ELISA with covalent bound
is another reason for higher sensitivity and antigen
capture efficiency compared to the conventional ELISA.
All assays were performed under the same conditions
to decrease variability. A standard EDC-based cross-
linking strategy was employed to immobilize the anti-
digoxin antibody. The developed ELISA procedure
decreased the overall assay duration. Thus, the reported

procedure is a rapid ELISA format with the additional
benefit of being generic in nature. Hence, using the
reported surface modification technique, it is possible to
develop rapid and high sensitivity assays.

It was demonstrated that the covalently cross-linked
monoclonal antibodies captured significantly higher
amounts of digoxin. This has improved the detection limit
and the overall assay sensitivity of the developed ELISA
procedure in comparison to the conventional ELISA.
However, the commercially available ELISA kits have
different capture and detection antibody combinations,
which may be a factor in their reduced sensitivities (13).
The sensitivity and specificity of any immunoassay
are dependent on the antigen capture efficiency of an
antibody, which is subsequently governed by the nature
of the antibody.

Conclusion

In the study under discussion, a rapid ELISA procedure
was developed for the highly sensitive detection of
digoxin. This was based on the covalent immobilization
of anti-digoxin antibody on a 3-APTES-functionalized
plate. The developed ELISA demonstrated comparatively
better analytical sensitivity (0.026 pg/ml) and lower
variability in measurements repeated during a day,
compared to conventional ELISA (0.051 pg/ml). This
strategy can be employed for rapid assay development
for specific biosensor/diagnostic applications.
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