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Sensitive double antibody sandwich ELISA for the
quantification of phosvitin
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Hoon Sunwoo a

aFaculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, Canada; bCenter for
Nutraceutical and Pharmaceutical Materials, Myongji University, Yongin, Republic of Korea

ABSTRACT
An effective double antibody sandwich ELISA (DAS-ELISA) method
based on monoclonal (mAb) and chicken egg yolk IgY antibodies
was developed to determine phosvitin (PV) content in therapeutic
and functional products. Leghorn laying hens were immunized
with purified PV to produce anti-PV IgY antibody in the egg yolk.
High anti-PV IgY titer obtained from the egg yolks collected
during 4–10 weeks of the immunization period contained
approximately 6.2% of specific anti-PV IgY in total IgY. The PV
detection range of the DAS-ELISA and biotinylated DAS-ELISA was
16.8–90 and 7.5–40 ng/mL, respectively. However, biotinylated
DAS-ELISA was the better method for PV quantification in terms
of accuracy and sensitivity. This highly efficient PV detection
method may recuperate the performance of the existing protein
assay methods as well as facilitate future research on PV
bioactivities and applications.
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Introduction

Phosvitin (PV), one of the highly phosphorylated proteins in nature, is produced by pro-
teolytic cleavage of chicken vitellogenin (a metal-binding protein), which is disseminated
in the hen blood and picked up by developing oocytes (Richards, 1997). Vitellogenin is
cleaved into lipovitellin and PV yolk proteins, sometimes during or after transport into
the oocyte (Yamamura et al., 1995).

PV accounts for 60% of total egg yolk phosphoproteins and contains about 90% of the
egg yolk phosphorus (Xu, Katayama, &Mine, 2007). The numerous phosphorylated serine
residues in PV exhibit a strong affinity for divalent metals such as iron, calcium and mag-
nesium (Grizzuti & Perlmann, 1973), which helps in preventing metal-induced lipid oxi-
dation in lipid-containing food and biological systems (Lu & Baker, 1986). PV has also
displayed strong antimicrobial and emulsifying properties (Gujral, Yoo, Bamdad, Suh,
& Sunwoo, 2017; Khan, Babiker, Azakami, & Kato, 1998). It is considered that the emul-
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sifying activity of PV is better than that of bovine serum albumin, β-casein and soy protein
(Chung & Ferrier, 1992; Khan et al., 1998).

In recent years, PV has gained the attention of researchers, scientists and industries as an
ingredient for food and nutraceutical formulations, due to its phosphopeptide content and
unique bioactive properties (Samaraweera, Zhang, Lee, & Ahn, 2011). PV is considered as
an efficient source of bioactive phosphopeptides, however, the high cost along with com-
plicated detection and purification methods hinders its applications, particularly in the
food industry. Also, there is a huge potential of PV applications in the cosmetic industry
as naturally derived antioxidant and anti-aging copper-binding peptides. To the best of
our knowledge, there is no well-established method for direct detection or quantification
of PV. Currently available methods for PV detection include only an indirect determination
of phosphate content and semi-quantitative assessment of the phosphorylation level.
Accordingly, an efficient, precise and reproducible method for quantitation of PV is
necessary for the development of extraction and purification techniques.

Antibodies, being highly specific in nature, are persuasive candidates for PV protein
identification (Jensenius, Andersen, Hau, Crone, & Koch, 1981). Antibodies are typically
produced by immunization of animals, mostly mammals. However, mammalian anti-
bodies are produced by invasive means in limited quantities, and their purification is
time-consuming, as well as expensive. As an alternative, the use of avian antibodies has
increased spectacularly to replace mammalian antibodies. The major advantage of avian
antibodies is ease of harvest from their eggs, instead of serum. Also, an egg-laying hen anti-
body productivity is much higher than that of a similar-sized mammal (Hau & Hendrik-
sen, 2005). Today, hens are recognized as an expedient and economical source of
antibodies.

Our aim in this study is to develop an accurate ELISA method based on monoclonal
(mAb) and chicken egg yolk IgY polyclonal antibodies for the quantitation of microgram
to nanogram levels of PV. The quantitation method developed here, may be applied in
studies on PV for its accurate quantification and to further improve the detection
methods of other challenging proteins.

Materials and methods

Materials

PV (from chicken egg yolk), phosphatase, Freund’s incomplete adjuvant, purified
chicken IgG, rabbit anti-chicken IgG, rabbit anti-chicken IgG conjugated with horse-
radish peroxidase and streptavidin-HRPO were purchased from Sigma (St. Louis,
MO, USA). Biotinaimdohexanoic acid-3-sulfo-N-hydroxysuccinimide ester (NHS-
PEO4-Biotin), Slide-A-Lyzer®, 1-Step™ ABTS (2,2′-Azinobis [3-ethylbenzothiazoline-
6-sulfonic acid]) substrate solution and tetramethylbenzidine (TMB) were purchased
from Thermo Fisher Scientific (Burlington, ON, Canada) and KPL (Gaithersburg,
MD, USA), respectively. Anti-PV (PPP-6) mAb was obtained from Myungji University
(Yongin, Korea). Bio-Rad protein assay kit, glycine, Precision Plus Protein Standard,
sodium dodecyl sulfate (SDS), Mini-PROTEAN® TGX™ Any kD precast gels in Tris-
Glycine-SDS buffer was purchased from Bio-Rad Laboratory (Mississauga, ON,
Canada). All analytical grade chemicals and solvents were from commercial sources.
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Experimental design

The schematic representation of the development of an ELISA-based detection system for
PV is demonstrated in Figure 1.

Production of anti-PV polyclonal IgY

Production of polyclonal IgY directed against PV was followed by chicken immunization.
The Sigma PV was dephosphorylated with acid phosphatase as described by Miller,
Benore-Parsons, and White (1982). The dephosphorylated PV was suspended in sterilized
PBS at a concentration of 100 μg/mL and emulsified with an equal volume of Freund’s
incomplete adjuvant. Twelve 23-weeks-old Single Comb White Leghorn chickens were
intramuscularly injected with the emulsified saline with or without PV at four different
sites (0.25 mL per site) of breast muscles (two sites per left or right breast muscle), as pre-
viously described (Sunwoo, Gujral, Lutz, & Suresh, 2012). Two booster immunizations

Figure 1. Experimental flowchart of the development of PV ELISA detection system.
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were given at the end of 2nd and 8th week after the initial immunization. Eggs were col-
lected daily and stored at 4°C until the extraction of the antibodies.

Purification of anti-PV IgY

The egg yolk from immunized hens was physically separated from egg white and mixed
gently with 8 volumes of cold distilled water (acidified with 0.1 M HCl to give a pH of
4.0) to avoid possible disruptions of egg yolk granules due to the presence of high con-
centrations of acid. Cold acidified distilled water (pH 2.0) was then added to make the
final dilution of 1:10. After mixing well, the mixture was adjusted to a pH of 5.0–5.2
and incubated at 4°C for 12 h. Water-soluble fraction (WSF) was obtained by centrifu-
gation (3125 × g) at 4°C for 20 min. The supernatant was collected as the IgY-rich WSF
and titrated by Indirect ELISA (described in the following section) using Sigma PV as
coating antigen. The fractions found to have high titers, particularly the fractions col-
lected during weeks 4–10 of the immunization period were further purified by
ammonium sulfate (40%) followed by Sephacryl S-300 gel filtration column (GE Health-
care Bio-Sciences Corp, Piscataway, NJ, USA) (Ishikawa, Tamaki, Arihara, & Itoh,
2007). Control IgY antibody was extracted from eggs obtained from non-immunized
chickens.

Detection of anti-PV IgY by Indirect ELISA

Microtiter plates were coated with 100 μL per well of PV in carbonate-bicarbonate buffer
(0.05 M, pH 9.6) at a concentration of 8 μg/mL and incubated at 37°C for 1 h. The plates
were then washed four times with PBS containing 0.05% Tween 20 (PBS-Tween). After
washing, 100 μL of 1% BSA solution (w/v) in PBS-Tween was added to each well, and
the plates were incubated at 37°C for 30 min. The BSA solution was then discarded,
and the wells were washed. Egg yolk WSF (diluted 1:1000 in PBS-Tween) containing
specific IgY against PV or non-immunized egg yolk IgY antibody (control) was added
to each well (100 μL per well), and the plates were further incubated at 37°C for 1 h.
After washing the plates, 100 μL of rabbit anti-chicken IgG conjugated with horseradish
peroxidase (HRPO, diluted 1:5000 in PBS-Tween) was added to each well and incubated
at 37°C for 1 h. The plates were washed again with PBS-Tween, followed by the addition of
100 μL of 1-Step™ ABTS Substrate Solution without stop solution. OD405 was taken after
30 min using an ELISA Vmax kinetic microplate reader (Molecular Devices Corp, Sunny-
vale, CA, USA). The optical density value for antibody activity was determined by sub-
tracting the value of the control antibody from the value for specific antibody.

Total IgY concentration

To quantify the total IgY concentration purified from egg yolks, ELISA was performed as
mentioned in the section on titer of anti-PV IgY by Indirect ELISA. A microtiter plate was
coated with 100 μL of rabbit anti-chicken IgG per well at a final concentration of 20 μg/
mL. Samples of the PV-specific IgY were diluted 1:10,000 in PBS. Specific and non-specific
IgY were reconstituted and serially diluted in PBS. Two-fold serial dilutions of purified
chicken IgG in PBS (0.5–0.031 μg/mL) were used as the reference antibody to prepare a
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standard curve. Total and specific IgY concentrations were determined using the five-
point standard curve.

Total protein assay

The Bio-Rad protein assay, based on the method of Bradford, was performed using pur-
ified chicken IgY (1 mg protein/mL) as the reference protein. Serial dilutions of the pur-
ified IgY, and the reference protein in PBS (0.5–0.0625 mg/mL) were analyzed using the
microtiter plate. OD595 was taken after 5 min using an ELISA Vmax kinetic microplate
reader.

Electrophoresis and Western blot

Sigma PV samples were run on Mini-PROTEAN® TGX™ Any kD Precast Gels in Tris-
Glycine-SDS buffer and stained with a solution of 0.05% Coomassie Blue R-250, 0.1 M
aluminum nitrate, 25% isopropanol, 10% acetic acid and 1% TritonX-100. Gels were
destained with 7% acetic acid. Bio-rad Precision Plus Protein Standards were loaded
as a molecular weight marker at a constant voltage (100 V). Images of gels were
scanned in the Bio-Rad Gel Doc™ EZ Imager (Bio-Rad Laboratory, Mississauga, ON,
Canada).

For Western blot assay, the gel was electrophoretically transferred to nitrocellulose
membrane in Tris-borate electrophoresis buffer without SDS at 40 V for 2 h. Nitrocellu-
lose membrane was then soaked in 2% BSA in PBS (pH 7.2) for 1 h at room temperature.
After washing with PBS (three times for 5 min each), the nitrocellulose membrane was
incubated with anti-PV IgY antibodies (in PBS containing 1% BSA) for 1 h at room temp-
erature. The incubation was followed by washing in PBS and 1 h incubation with rabbit
anti-chicken IgG conjugated with HRPO (diluted 1:3000 in PBS-Tween). Finally, the
samples were treated with 0.05% diaminobenzidine tetra-hydrochloride in PBS containing
hydrogen peroxide (0.01%, w/v) and cobalt chloride (0.033%, w/v) for 5 min to develop
the color. Stained blots were then washed five times with water and dried.

Double antibody sandwich ELISA for PV quantification

A microtiter plate was coated with 100 µL of anti-PV mAb (PPP-6, 1 µg/mL) in 0.05 M
carbonate buffer, pH 9.6, at 4°C overnight. Unbound sites on the microtiter plate
binding were blocked with 120 µL of 3% BSA for 45 min. After each step the plate was
washed four times with PBS-Tween. The PV was serially diluted from 0.7 to 180 µg/mL
in PBS, pH 7.0 (containing 0.05% Tween 20) and added to each well, and then the
plate was incubated at 37°C for 1 h. The plate was washed, and 100 μL of the anti-PV
IgY (1 µg/mL) was added to each well and incubated at 37°C for 1 h. After incubation,
the plate was washed, and rabbit anti-chicken IgG conjugated to HRPO was added and
incubated at 37°C for 45 min. TMB substrate was added and OD at 650 nm was taken
after 10 min using an ELISA Vmax kinetic microplate reader. The antibody titer was deter-
mined by subtracting the value of the control antibody from that of specific antibody. The
schematic representation of double antibody sandwich ELISA (DAS-ELISA) steps is
shown in Figure 2(A).

838 N. GUJRAL ET AL.



Biotinylated DAS-ELISA for PV quantification

Anti-PV IgY polyclonal antibodies were biotinylated using long arm NHS-PEO4-
Biotin. One mg of anti-PV IgY in PBS (pH 7.2) was added to 20 μL of long chain bio-
tin (3 mg/mL) and then incubated at room temperature for 1 h. A 10 μL volume
glycine (100 μg/μL) was added and the solution kept on a shaker for 10 min. The sol-
ution was then dialyzed in a Slide-A-Lyzer against PBS (pH 7.2) overnight at 4°C.

Except indicated otherwise, the plates were washed four times with PBS-Tween
between each step. A microtiter plate was coated with 100 µl of anti-PV mAb (PPP-6,
1 µg/mL) in 0.05 M carbonate buffer, pH 9.6, at 4°C overnight. Unbound sites on the
microtiter plate were blocked with 120 µL of 3% BSA for 45 min. The Sigma PV was seri-
ally diluted from 0.3 to 160 ng/mL in PBS, pH 7.0, containing 0.05% Tween 20 and added
to each well and then incubated at 37°C for 1 h. The plate was washed, and 100 μL of the
biotinylated anti-PV IgY (1 µg/mL) was added to each well and incubated at 37°C for 1 h.
After incubation, the plate was washed and streptavidin-HRPO was added and incubated
at 37°C for 45 min. TMB substrate was added and OD650 was taken after 10 min using an

Figure 2. Diagram of the detection steps of DAS-ELISA (A); and biotinylated DAS-ELISA (B).
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ELISA Vmax kinetic microplate reader. The antibody titer was determined by subtracting
the value of the control antibody from that of specific antibody. The experimental steps of
DAS-ELISA are illustrated in Figure 2(B).

Validation of the assay

The DAS-ELISA and biotinylated DAS-ELISA methods developed were validated by
determining the specificity, accuracy, precision and sensitivity (US department of
Health and Human Services Food and Drug Administration (FDA), Center for Drug
evaluation and research (CDER), Center for Veterinary Medicine (CVM). Guidance,
September 2013). To determine the accuracy, recovery studies were performed. A
saline solution was spiked with Sigma PV standard at levels of 1, 10, 50 and 100 µg/
mL sample in a total volume of 10 mL. For the determination of recovery rates, the
extractions were done in triplicates and analyzed by the DAS-ELISA and biotinylated
DAS-ELISA. Intra-assay (within plate) precision was determined as the mean coeffi-
cients of variation (CV) based on five replicates per day for 3 days. Inter-assay
(between plates) precision was also determined as the mean CV by triplicate analyses
on five plates per day for 3 days. The accuracy and precision determined at each con-
centration level should not exceed 15% of the CV.

To determine the sensitivity of the method, the limit of detection (LOD) and limit of
quantification were calculated as follows:

LOD = 3.3(STEXY)
Slope

,

LOQ = 10(STEXY)
Slope

.

Three saline solutions were determined on the basis of five experiments. Linearity and
range of detection were determined from serially diluted Sigma PV standard curve plot.

Statistical analysis

The student t-test (one-tailed t-test) was used to analyze the significant difference in anti-
body titer between weeks of the immunization period (p < .05).

Results

Production of anti-PV IgY

The anti-PV IgY titer of hyperimmunized egg yolks against PV was determined by
Indirect ELISA method during the immunization period (Figure 3). A primary antibody
response was determined by the slight increase of IgY titer after the first PV immuniz-
ation. After the first booster at 2nd week, a rapid secondary response characterized with
a high PV-specific IgY activity was peaked at 5th week (p < .05). Thereafter the titer
decreased, but reached a peak, a week after the second booster at 8th week (p < .05).
As a result, a high antigen-binding specificity of anti-PV IgY could be obtained from
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the egg yolks collected from immunized eggs during weeks 4–10 of the immunization
period.

The crude WSF of egg yolk was isolated, further purified using ammonium sulfate
precipitation, followed by Sephacryl S-300 gel chromatography. The content of total
IgY in the egg yolk was found to be constant (9.0 ± 1.1 mg/mL) among the chickens
immunized with PV during the experimental period, as reported previously (Sunwoo,
Gujral, & Suresh, 2011). The total content of IgY in the hyperimmunized egg yolks
was approximately 1.1 times greater than that of the yolks from non-immunized chick-
ens (p > .05). As expected, the PV-specific IgY was not detected in the non-immunized
control group, while the proportion of PV-specific IgY in the total egg yolk IgY was
6.2% in the immunized egg yolks (Table 1).

The gel electrophoretogram of PV is shown in Figure 4. Sigma PV showed high purity
with a dominant 37 kDa band (Figure 4(A), Lane 2). Western blot analysis confirmed the
specificity of IgY antibodies to Sigma PV (Figure 4(B), Lane 2). Non-specific IgY was used
as negative control in place of a primary anti-PV IgY antibody to evaluate non-specific
staining (Figure 4(C)).

Figure 3. The anti-PV IgY antibody levels in the WSF of egg yolk (at 1:1000 dilution) measured by Indir-
ect ELISA and expressed as absorbance at 405 nm. Values are the means of quadruple samples. Vertical
bars indicate the standard deviation. X axis indicates the weeks of immunization. Arrows indicate
immunization time points.

Table 1. Concentration of total IgY and specific IgY purified from the hyperimmunized and non-
immunized egg yolks.

Egg yolks

Content (mg/mL)

Total IgYa Anti-PV-specific IgY

Hyperimmunized 9.0 ± 1.1 0.56 ± 0.04
Non-immunized 8.2 ± 1.1 N/A

Note: Values are the mean of quadruple samples ± SD.
a No significant difference between total IgY content in hyperimmunized and non-immunized egg yolks.
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Double antibody sandwich ELISA

Sigma PV was used to prepare the standard curve of DAS-ELISA using PV-specific mAb
as capture and IgY as detection antibodies (Figure 5(A)). The lower LOD of PV was deter-
mined to be 5.6 μg/mL. The linear range of the assay, as determined using a five-point cali-
bration curve (R2= 0.99; Y= 0.0971 + 0.0067X ), was 16.8–90 µg/mL. At lower or higher
concentrations, reproducibility and repeatability of PV content were not validated.

Biotinylated DAS-ELISA

Sigma PVwas used to prepare a standard curve of biotinylatedDAS-ELISA using PV-specific
mAb as capture and biotinylated IgY as detection antibodies (Figure 5(B)). The LOD of PV
was determined to be 2.5 ng/mL. The linear range of the assay, as determined using a five-
point calibration curve (R2 = 0.99; Y= 0.1302 + 0.0189X ), was 7.5–40 ng/mL. At lower or
higher concentrations, reproducibility and repeatability of PV content were not validated.

Accuracy

Blank saline solutions, spiked with four different amounts of Sigma PV, were used to
determine the recovery rates as shown in Table 2. The recovery of the Sigma PV in

Figure 4. SDS-PAGE analysis of Sigma PV (A); Western blot of Sigma PV developed by anti-PV IgY
as primary antibody (B); Western blot of Sigma PV developed by non-specific IgY as primary antibody
(C, negative control). Lane 1: standard molecular marker; Lane 2: Sigma PV.
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the saline solutions determined by DAS-ELISA and biotinylated DAS-ELISA was
between 80–92% and 88–97%, respectively, independent of spiked PV level. The bio-
tinylated DAS-ELISA being a more accurate assay was selected for the further
validation.

Intra- and inter-assay precision

Five saline solutions were spiked with the different concentrations of the Sigma PV and
analyzed by the developed biotinylated DAS-ELISA to determine the intra-assay and

Figure 5. Standard curve for PV detection by DAS-ELISA (A); biotinylated DAS-ELISA (B).
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inter-assay precision (Table 3). The PV content in the saline solutions ranged from 0.05 to
68.9 µg/mL. The intra-assay precision expressed as the percentage of CV (% CV) was 7.6%
average of five spiked saline solutions. The inter-assay precision was 9.8% in the saline
solutions.

Discussion

Egg yolk is a mixture of lipids, lipoproteins, PV and other water-soluble proteins (WSP).
The WSP fraction, including α-, β- and γ-livetins, was separated from the lipids and gran-
ular proteins using the acidified water (pH 5.0–5.2) dilution method (De Meulenaer &
Huyghbaert, 2001; Yoo, Bamdad, Gujral, Suh, & Sunwoo, 2017). The remaining granules
are the yolk micelles containing lipovitellin and PV (Ren, Li, Offengenden, & Wu, 2015).
PV is one of the most highly phosphorylated proteins in nature, which contains more than
80% of the phosphorous present in the egg yolk (Joubert & Cook, 1958). The high density
of polar residues results in a substantial number of charged side chains in physiological pH
which lead to different functionalities such as metal chelating, antioxidant and antimicro-
bial activities (Sunwoo & Gujral, 2014).

There is limited information available on the quantification of PV. The highly
phosphorylated nature of PV makes it difficult to be determined accurately by
normal colorimetric assays such as Bradford, bicinchoninic acid and Lowry protein
assays due to the interference from their phosphate groups (Hatta et al., 1997). There-
fore, this study introduces, for the first time, a simple and reliable method to obtain
protein-specific IgY antibodies for direct quantification of PV in combination with
mAb antibodies.

The chicken was used to generate antibody employed in the development of PV detec-
tion system. The avian antibodies are transferred from mother hens’ sera to egg yolks to
confer passive immunity to their offspring in the form of IgY antibody as high as that con-
tained in 30 mL blood per egg (Carlander, Wilhelmson, & Larsson, 2001). This process of
accumulating antibodies in the egg yolk by transfer of IgG from serum to egg yolk has been
exploited, leading to increased use of chicken egg yolk for the production of antibodies to
various antigens (Gujral, Suresh, & Sunwoo, 2012; Lee, Sunwoo, Menninen, & Sim, 2002;

Table 2. Recovery (%) of PV from saline solution sample spiked with 1–100 µg/mL Sigma PV.a

ELISA method

Recovery (%) of sigma PV spiked in µg/mL

1 10 50 100

DAS-ELISA 80 ± 17 90 ± 15 92 + 14 92 + 11
Biotinylated ELISA 88 ± 14 92 ± 12 94 + 10 97 ± 8
aValues represent the average of three spiking experiments and are reported as mean ± SD.

Table 3. Intra- and inter-assay variances (% CV) of biotinylated DAS-ELISA for PV quantification in five
different saline solutions.
Samples PV (µg/mL) Intra-assay variance (% CV) Inter-assay variance (% CV)

Saline solution 1 2.25 7 9
Saline solution 2 4.5 8 11
Saline solution 3 0.05 6 8
Saline solution 4 18 8 10
Saline solution 5 68.9 9 11
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Palaniyappan, Das, Kammila, Suresh, & Sunwoo, 2012). Compared to conventional mam-
malian serum antibodies, the ability to generate a high amount of chicken IgYwithin a short
period is a major advantage in producing significant antigen-specific IgY (Schade et al.,
1994). Therefore, egg yolk IgY can be produced in large quantities and high titers, which
may replace other sources of polyclonal and mAbs conventionally used in ELISA or other
immunological assays, without compromising the accuracy of the assay. The use of chickens
in antibody production is more ethical and would negate the need for blood collection from
animals in the laboratory and considerably reduce research cost (Schade et al., 1994).

For the first time, chickens were used to produce antibody against chicken PV, although
PV is a chicken self-protein. Chickens proved to be highly efficient producers of anti-PV
IgY antibodies (Figure 3). The antibody was produced by the immunization of depho-
sphorylated PV to chickens. The conformational change of dephosphorylated PV
exposed hidden antigenic sites therefore triggering the chicken immune response. In lit-
erature, the percentage of specific antibody in total IgY reported ranged from 5% (anti-
insulin antibody) to 28% (anti-mouse IgG antibody) (Hatta et al., 1997). In this study,
6.2% of the PV-specific IgY per total IgY was obtained (Table 1). The Western blot
results revealed that anti-PV IgY has distinctive paratopes specific for PV (Figure 4). Cor-
respondingly, anti-PV IgY did not cross-react with the other egg proteins purchased from
Sigma, that is, egg white lysozyme (14 kDa), ovalbumin (44 kDa), egg yolk IgY antibody
(180 kDa), determined by an ELISA (data not shown).

Two ELISA systems (DAS-ELISA and biotinylated DAS-ELISA) were developed and
validated via mAb and egg yolk IgY. The biotinylated ELISA ensured a detection range
of 7.5–40 ng/mL (Figure 4) and had higher accuracy of 88–97% (Table 2). This biotinylated
DAS-ELISA system is also highly sensitive with over 2000 times lower LOD, compared to
the DAS-ELISA. Precision studies that were also carried out to validate the developed assay
revealed remarkably low intra- and inter-assay variation coefficients (Table 3).

Conclusion

The newly developed IgY-based biotinylated DAS-ELISA method provides a highly specific,
sensitive, accurate and precise detection system for PV, with a working detection range of
7.5–40 ng/mL. The ability to detect nanogram levels of PV allows this system to be widely
used as a valuable research tool, assisting researchers in characterization, purification and
optimization of the analytical performance of PV. Since there is no well-established detection
orquantificationmethod forPV, this expounded systemhas tremendouspotential to quantify
PV, a promising protein for use in food, nutraceutical and pharmaceutical industries.
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