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Background: Measurement of serum prostate specific antigen (PSA) concentrations re-
mains one of the leading methods for diagnosing prostate cancer. We developed and eval-
uated an immunoglobulin Y (IgY)-based ELISA to measure total PSA (tPSA) concentra-
tions in human serum that could be used as an alternative to commercially available in vi-
tro diagnostic assays that rely on mouse monoclonal IgG.

Methods: A sandwich ELISA based on an anti-PSA IgY antibody was developed. We eval-
uated the ability of the anti-PSA IgY antibody to detect free and complexed PSA at the 
same molar ratio. The assay was optimized, and its analytical performance was verified by 
calculating limit of background (LoB), limit of detection (LoD), and limit of quantification 
(LoQ). We performed correlation and regression analyses between tPSA concentrations 
measured by our ELISA and those from commercial assays: Cobas 6000 (Roche Diagnos-
tics, Warszawa, Poland) and PSA total ELISA (IBL International, Hamburg, Germany). 

Results: LoB, LoD, and LoQ, were 0.061, 0.083, and 0.100 ng/mL, respectively, and lin-
earity range was 0.100–3.375 ng/mL. tPSA concentrations from our IgY-based ELISA 
strongly correlated with those from the commercial assays. 

Conclusions: Our IgY-based ELISA is an efficient equivalent to the above commercial as-
says. The use of IgY as the detecting agent could reduce the risk of false positive results, 
as well as decrease the overall cost of analysis.
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INTRODUCTION

Prostate cancer screening and early diagnosis is based on digi-

tal rectal examination and prostate specific antigen (PSA) sero-

logical testing [1]. If necessary, transrectal ultrasound-guided 

prostate biopsy is used; however, this is an invasive method that 

requires local anesthesia and antibiotic cover or multiparametric 

magnetic resonance imaging [2]. In either case, proper inter-

pretation of the results, extensive experience, and close collabo-

ration with urologists is mandatory, which contributes to the over-

all difficulty of both diagnostic approaches [3].

In 1986, the U.S. Food and Drug Administration (FDA) ap-

proved the Hybritech Tandem PSA assay (Hybritech Inc., San 

Diego, CA, USA) to measure serum PSA concentrations [4]. Ini-

tially, the assay was introduced for monitoring the course of dis-

ease; however, eight years later, it was accepted for screening 

potential prostate cancer development with a cut-off value of 4 

ng/mL of total PSA (tPSA) in serum [5]. However, the reference 

1 / 1CROSSMARK_logo_3_Test

2017-03-16https://crossmark-cdn.crossref.org/widget/v2.0/logos/CROSSMARK_Color_square.svg

https://orcid.org/0000-0002-5593-5167
https://orcid.org/0000-0002-4064-2409
https://orcid.org/0000-0001-5193-8697
https://orcid.org/0000-0002-7577-5340
https://orcid.org/0000-0002-6696-6129
https://orcid.org/0000-0002-5528-5264
https://orcid.org/0000-0002-5528-5264
http://crossmark.crossref.org/dialog/?doi=10.3343/alm.2019.39.4.373&domain=pdf&date_stamp=2019-02-26


Łupicka-Słowik A, et al.
IgY-based ELISA to measure total PSA in serum

374  www.annlabmed.org https://doi.org/10.3343/alm.2019.39.4.373

cut-off value for prostate cancer screening remains the subject 

of continuous debate, and several attempts have been made to 

find a compromise between the specificity and sensitivity of the 

PSA assay, including setting age- and race-specific reference 

ranges [6].

PSA is a serine protease belonging to the kallikrein family. It is 

synthesized as preproPSA that is sequentially cleaved to form 

the proPSA zymogene and then the mature enzyme [7, 8]. Ad-

ditionally, PSA can be hydrolyzed at alternative positions, lead-

ing to the formation of catalytically inactive nicked forms [7, 9, 

10]. The diagnostic approach is further complicated by the fact 

that PSA is present in the serum not only as free PSA (fPSA), 

but also in complexes with serpins: α-1-antichymotrypsin (PSA-

ACT) or α-2-macroglobulin (PSA-α2M; a form that escapes im-

munological detection) [9, 10]. Nicked PSA does not form com-

plexes with ACT and α2M and therefore participates in the fPSA 

fraction [7]. Assays used to measure tPSA need to detect not 

only the fPSA sub-fractions but also the PSA-ACT complexes, 

which constitute 70–90% of tPSA in human serum [11]. How-

ever, the concentration and ratio of various PSA sub-fractions 

provide valuable information on health status and are consid-

ered as a supplement to tPSA measurements [12-15]. Thus, al-

though not ideal, PSA remains one of the most tested, validated, 

and commonly used prostate cancer biomarkers. 

We propose the application of a recently developed PSA-spe-

cific chicken immunoglobulin Y (IgY) antibody as an alternative 

to currently used mammalian IgG antibodies [16]. The interac-

tion between the Fc region of IgG with rheumatoid factor (RF), 

the presence of human anti-mouse antibodies (HAMA) in se-

rum, as well as the activation of the complement system might 

result in the interferences observed in immunoassays based on 

mammalian antibodies [17]. Since IgY antibodies do not partici-

pate in the above described interactions, their application leads 

to a reduction in these types of cross-reactions in serological as-

says [18-20]. 

The isolation method of IgY antibody from egg yolks is simple, 

efficient, and non-invasive. There are also significant economic 

and ethical aspects involved in the utilization of antigen-specific 

IgY antibodies as an alternative to IgG that need to be consid-

ered [21]. We describe the application of an anti-PSA IgY anti-

body in a sandwich ELISA and evaluate its diagnostic potential 

compared with the assay on Cobas 6000 analyzer (Roche Diag-

nostics, Warszawa, Poland) and PSA total ELISA (IBL Interna-

tional, Hamburg, Germany) used to measure serum PSA con-

centration.

METHODS

IgY antibodies
PSA-specific IgY antibodies were obtained by immunizing 22- 

week-old white leghorn laying hens with fPSA (Fitzgerald Indus-

tries International, Acton, MA, USA) as the antigen [16, 22]. Egg 

yolk antibody isolates were subjected to affinity chromatography 

purification with PSA conjugated to CNBr-sepharose (Thermo 

Fisher Scientific, Gdańsk, Poland), following the manufacturer’s 

protocol. The next steps were performed as described previously 

[23]. All subsequent IgY-based experiments were performed 

with affinity purified anti-PSA IgY with confirmed antigen-reac-

tivity to ensure reproducible results in all IgY-based experiments.

 

Equimolar detection of fPSA and PSA-ACT
Equimolar detection of the commercially obtained fPSA and the 

PSA-ACT complex by specific anti-PSA IgY was determined by 

ELISA. For this purpose, a microtiter plate (Nunc MaxiSorp, Ther mo 

Fisher Scientific) was coated with a mouse monoclonal anti-PSA 

IgG antibody (clone M1709PSA1; Fitzgerald Industries Interna-

tional) in carbonate buffer (pH 9.600) at 3.000 µg/mL (100.000 

µL/well). After four hrs of incubation at 37°C, the plate was wash ed 

and blocked overnight with 5.000% skim milk in phosphate buff-

ered saline (PBS) containing 0.050% of Tween-20 (PBST) at 

4°C. After washing with PBST, the plate was incubated (1 hour, 

37°C) with fPSA and the PSA-ACT complex (Fitzgerald Indus-

tries International) at tPSA protein concentrations of 2.500, 5.000, 

10.000, and 20.000 ng/mL and with different fPSA:PSA-ACT 

ratios: 100:0, 75:25, 50:50, 25:75, and 0:100 for each tPSA 

protein concentration (100.000 µL/well in PBS supplemented 

with 1.000% bovine serum albumin [BSA]). Next, the plate was 

washed, and 1.000 µg/mL of the anti-PSA IgY antibody in 

0.500% skim milk in PBST was applied (100.000 μL/well, 1 

hour, 37°C). After washing, an anti-IgY IgG-horseradish peroxi-

dase (HRP) conjugate (1:5,000, in 0.500% skim milk in PBST; 

Pierce, Gdańsk, Poland) was used for detection (100.000 µL/

well, 1 hour, 37°C). Subsequently, the plate was washed, and 

the peroxidase substrate solution (o-phenylenediamine [OPD]; 

Pierce) in citrate buffer (pH 5.000) supplemented with 0.015% 

H2O2 was added. The reaction was stopped with 1 M H2SO4, 

and the absorbance at 490 nm was measured with a microplate 

reader (Multiscan FC; Thermo Fisher Scientific). The results are 

expressed as optical density at 490 nm (OD490)±SD. All mea-

surements were performed in duplicate.
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IgY-based ELISA
Sandwich ELISA was performed to measure tPSA concentration 

in 255 serum samples using 16 microtiter plates. A microtiter 

plate (MaxiSorp) was coated with a mouse monoclonal anti-PSA 

IgG antibody (2.500 µg/mL, 100.000 µL/well; clone M1709PSA1, 

Fitzgerald Industries International) in carbonate buffer (4 hours, 

37°C). Subsequently, the plate was washed and blocked with 

5.000% skim milk in PBST (overnight, 4°C). Standard curves, 

as well as the blank samples, were prepared based on commer-

cially available calibrators (lyophilized serum containing 64.900 

ng/mL and serum without PSA, Total PSA G2 CS Elecsys V2.1, 

Roche Diagnostics). The samples for the standard curve were 

used in a concentration range of 0.031–5.060 ng/mL. Serum 

samples, as well as the calibrator, were diluted in PBS supple-

mented with 0.100% BSA. Serum samples and calibrators were 

incubated in the plate for one hour at 37°C. The plate was 

washed with PBST and incubated with affinity purified anti-PSA 

IgY at a concentration of 2.500 µg/mL in 0.500% skim milk (1 

hour, 37°C). Mouse monoclonal anti-PSA IgG and primary poly-

clonal anti-PSA IgY antibody coating concentrations were opti-

mized in a separate ELISA assay (Supplemental Data Fig. S1). 

Next, the anti-IgY IgG-HRP conjugate was added (1:5,000, 

100.000 µL/well; Fitzgerald Industries International) and incu-

bated for one hour at 37°C. The plate was washed, and the sig-

nal was developed as described above. The reaction was 

stopped after 10 minutes with 1 M H2SO4, and the absorbance 

was measured with a microplate reader (490 nm).

Sample collection and storage
Two hundred and fifty five randomly selected serum samples 

were obtained from patients 55–70 years old with prostate can-

cer from the Greater Poland Cancer Center, Poznań, Poland. 

The study was approved by the local ethics committee (Bioethi-

cal Commission at the Medical University of Poznań, Poland; 

UMP No10/2012). All patients provided informed consent for 

blood collection and data processing. The blood samples were 

collected, stored at room temperature (21–22°C) for 15–30 min-

utes, and centrifuged at 1,800×g in a serum separator tube. 

The serum samples were stored at -20°C for three months. 

Commercial assays
Serum tPSA was analyzed using the Cobas assay on the day of 

blood collection, according to the manufacturer’s protocol. This 

assay is based on the principle of sandwich electrochemilumi-

nescent assay with a biotinylated mouse monoclonal PSA-spe-

cific antibody and a mouse monoclonal PSA-specific antibody 

labeled with ruthenium complex, which forms a sandwich com-

plex with PSA. The method was standardized against Reference 

Standard/WHO 96/670. The obtained results were used as a 

reference. Of the 255 examined samples, 142 samples showed 

a tPSA concentration ranging from 0.100–50.000 ng/mL and 

were used for statistical analysis.

PSA total ELISA is based on a sandwich enzyme-linked assay 

principle that employs anti-PSA antibodies specific for different 

epitopes. The secondary antibody is conjugated to HRP. Experi-

ments were performed according to the manufacturer’s protocol. 

 

Data analysis
All data were analyzed using GraphPad Prism version 5.0 (Graph-

Pad Software Inc., La Jolla, CA, USA) or MedCalc 16.4 (Med-

Calc Software, Ostend, Belgium). The results of equimolar de-

tection of fPSA and PSA-ACT and IBL tPSA measurement are 

presented as the mean±SD of experiments performed in dupli-

cate, whereas those of the IgY-based ELISA are presented as 

the mean±SD of two independent experiments performed in 

duplicate. Our ELISA’s analytical performance was determined 

on the basis of the definitions presented by Armbruster and Pry 

[24]; we calculated the limit of background (LoB), limit of detec-

tion (LoD), and limit of quantification (LoQ). Pearson correlation 

coefficient (r) together with P values and 95% confidence inter-

vals (CIs) for r were determined to measure the precision of the 

results [25]. The combined measure of precision and accuracy 

was used to evaluate the concordance correlation coefficient. 

The measure of precision is fixed as an r, whereas accuracy is 

expressed as a bias correction factor, which measures how far 

from the 45° line through the origin passes the line of the best-

fit [26]. As the Pearson correlation coefficient does not enable 

the determination of whether there is a fixed or proportional dif-

ference between compared methods, we applied Passing-Bablok 

[27] and Bland-Altman [28] methods of comparison. To evalu-

ate how well linear model fits to the obtained data, the CUSUM 

test for linearity was used [27]. As a complement to the Bland-

Altman difference plot, the folded empirical cumulative distribu-

tion plot (mountain plot) was used to indicate the distribution of 

differences [29]. 

To evaluate the diagnostic potential of our ELISA, we compared 

serum tPSA concentrations measured by it with those from the 

Cobas and PSA total ELISA assays.

RESULTS

For each analyzed tPSA concentration, the affinity purified (Fig. 1) 
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anti-PSA IgY antibody displayed the ability to bind both free and 

complexed PSA at nearly the same molar ratio (Fig. 2; Supple-

mental Data Fig. S2). 

The standard curve prepared for the developed IgY-based 

ELISA was based on the commercial Total PSA calibrator (IBL 

International) to ensure the most accurate measurement condi-

tions. LoB, LoD, and LoQ, were 0.061, 0.083, and 0.100 ng/mL, 

respectively (also see Supplemental Data Fig. S3 and S4). The 

linearity of the standard curve ranged from 0.100 to 3.375 ng/mL 

(R2 =0.990, R2: goodness-of-fit measure, average value for 16 

separate microplates).

As shown in Fig. 3, the concordance correlation coefficient 

was 0.950 (95% CI, 0.933–0.963) with a bias correction factor 

of 0.991 for the comparison between IgY-based ELISA and the 

IBL assay results and 0.947 (95% CI, 0.932–0.959; bias cor-

rection factor=0.968) and 0.965 (95% CI, 0.953–0.975; bias 

correction factor=0.992) for both IgY-based ELISA and IBL as-

PSA
0.500 μg/mL

Non-purified anti-PSA IgY (1.000 μg/mL)

Affinity purified anti-PSA IgY (1.000 μg/mL)

Control IgY (1.000 μg/mL)

Buffer control

a

b

c

d

Fig. 1. Purification of an anti-PSA IgY antibody by affinity chroma-
tography.
Abbreviations: PSA, prostate specific antigen; control IgY, antibodies ob-
tained from egg yolks of hens inoculated with Freund’s adjuvant only.

Fig. 2. Equimolar detection of fPSA and PSA-ACT using the gener-
ated anti-PSA IgY antibody tested by sandwich ELISA. 
Abbreviations: OD, optical density; fPSA, free prostate specific antigen; PSA-
ACT, prostate specific antigen complexed with α-1-antichymotrypsin; tPSA, 
total prostate specific antigen.
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Fig. 3. Analysis of the precision of our IgY-based ELISA. 
Abbreviations: PSA, prostate specific antigen; CI, confidence interval; tPSA 
ELISA, total serum PSA concentration determined by IgY-based ELISA; tPSA 
IBL, total serum PSA concentration determined with the PSA total ELISA 
(IBL International, Hamburg, Germany); tPSA Cobas, total serum PSA con-
centration determined with the Cobas 6000 (Roche Diagnostics, Warszawa, 
Poland).
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say results versus the values obtained in the Cobas assay. The 

Passing-Bablok analysis results obtained for all three assays re-

vealed correlation with no significant deviation from linearity (Fig. 
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4). A similar comparison in which tPSA concentration was de-

termined using a four-parameter logistic regression model (4PL) 

instead of linear regression is provided in Supplemental Data 

Fig. S5. 

Fig. 5A shows the agreement between IgY-based and IBL ELI-

SAs. The differences between measurements for IgY-based ELISA 

and the Cobas assay (Fig. 5B) as well as for IBL ELISA and the 

Cobas assay (Fig. 5C) did not meet the 95% limit of agreement. 

The folded empirical cumulative distribution plot provides infor-

mation on the distribution of the differences between the ana-

lyzed assays (Fig. 5D-F). Both the ELISA-based methods over-

estimated the PSA concentration compared with the Cobas assay. 

DISCUSSION

Determining the concentration of tPSA often carries the risk of 

obtaining different results due to inter-assay variability, which in 

turn can lead to the misinterpretation of results and an incorrect 

diagnosis. It has been postulated that due to possible differences, 

the tPSA determination should be consistent during the whole 

patient history of diagnosis and treatment [30]. Thus, several 

comparative studies regarding different tPSA assays have been 

published in which the results of Passing-Bablok and Bland-Alt-

man analyses have been taken into consideration. The correla-

tion between various methods tested varies depending on the 

analyzed range of concentrations, type of method (manual vs 

automated), or calibrators used [31-33]. Importantly, although 

the recalibration of assays for tPSA determination according to 

the WHO 96/670 standard has significantly improved the com-

pliance between the obtained results, discordances between 

tPSA concentration values among different assays are still ob-

served [34]. This highlights the importance of consistently using 

a particular tPSA assay. We endeavored to ensure the optimal 

comparison conditions including the selection of a commercial 

calibrator and by comparing our IgY-based ELISA with certified 

tests for IVD.

Avian IgY represents an interesting alternative to mammalian 

IgG antibodies and can often be applied in immunochemical 

assays for diseases [35]. Thus, we analyzed the diagnostic po-

tential of a specific anti-PSA IgY antibody. 

The sandwich ELISA used for the study was based on mono-

clonal anti-PSA IgG as the capture antibody and affinity purified 

polyclonal anti-PSA IgY as the detecting antibody. In addition to 

the IgY characterization previously described [16], we estab-

lished the ability of the developed PSA-specific IgY for equimo-

lar detection of fPSA:PSA-ACT. This feature is key to accurate 

Fig. 4. Passing-Bablok analysis for quantitative tPSA measurement 
assays: tPSA ELISA vs tPSA IBL (A), tPSA ELISA vs tPSA Cobas (B), 
and tPSA IBL vs tPSA Cobas (C). P was calculated using the CU-
SUM test for linearity. The turquoise, green, and purple lines indi-
cate regression lines; the dashed line indicates confidence interval 
curves.
Abbreviations: PSA, prostate specific antigen; tPSA ELISA, total serum PSA 
concentration determined by our IgY-based ELISA; tPSA IBL, total serum 
PSA concentration determined by the PSA total ELISA (IBL International, 
Hamburg, Germany); tPSA Cobas, total serum PSA concentration determined 
by Cobas 6000 (Roche Diagnostics, Warszawa, Poland). 
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Fig. 5. The correlation between quantitative tPSA measurement assays by Bland and Altman algorithm (A-C) and the percentile distribu-
tion of differences (D-F). The dashed line indicates the limit of agreement line; the thin solid lines indicate the confidence interval lines; the 
thick solid line indicates the average difference line; the dashed dotted lines indicate the confidence interval of the average differences line.
Abbreviations: PSA, prostate specific antigen; tPSA ELISA, total serum PSA concentration determined by IgY-based ELISA; tPSA IBL, total serum PSA con-
centration determined with the PSA total ELISA (IBL International, Hamburg, Germany); tPSA Cobas, total serum PSA concentration determined with Cobas 
6000 (Roche Diagnostics, Warszawa, Poland); μX, mean difference. 
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determination of serum PSA concentration, as the PSA-ACT com-

plex represents 70–90% of tPSA in human blood [9-11].

The obtained data show a strong correlation for the IgY-based 

ELISA and commercially available tPSA ELISA certified for IVD 
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(IBL). It is worth emphasizing that besides different antibody 

sources, both assays rely on independent calibrators for stan-

dard curve preparation. The statistical and Passing-Bablok re-

gression analyses indicated a good agreement between the IgY-

based and commercial IBL ELISA. However, neither of the ELI-

SAs met the 95% limit of agreement in the Bland-Altman corre-

lation analysis when compared with the Cobas assay. Most discrep-

ancies between ELISAs (IgY-based and IBL) and the Cobas as-

say were observed for high serum tPSA concentrations (>20.000 

ng/mL), which might be the result of different assay principles. 

Although the CUSUM test for linearity did not indicate any sig-

nificant deviation from linearity (P >0.050) in all three Passing-

Bablok regression analyses, the slope value differed significantly 

from one when comparing the IgY-based or IBL commercial 

ELISA with the Cobas assay, which indicates a proportional dif-

ference between the compared assays. 

The major limitation of the present study is the time-consum-

ing process of specific IgY antibody purification via affinity chro-

matography, and since they are polyclonal, possible batch-to-

batch differences of generated IgYs. Future steps of our research 

will focus primarily on assay re-design including the elimination 

of the mammalian antibody used for antigen capture and opti-

mizing its application as a point-of-care device. Nevertheless, 

the developed IgY-based ELISA represents an alternative method 

to commercial ELISA for determining the PSA serum concentra-

tion. 
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SUPPLEMENTAL MATERIALS

Optimization of the IgY-Based ELISA 

Optimization of the IgY-based ELISA for PSA detection was performed for different concentrations of PSA-specific mouse monoclo-

nal IgG and avian polyclonal IgY antibodies (Supplemental Data Fig. S1). The microtiter plate was coated with an anti-PSA mouse 

monoclonal IgG antibody, blocked, and incubated with fPSA at different concentrations (5.000, 0.500, and 0.050 ng/mL). For the 

detection of an antigen, affinity purified anti-PSA IgY antibodies were used at different concentrations (1.000, 2.500, 5.000, and 

7.500 µg/mL). The results are presented as EI±SEM values. As optimal conditions, we assumed both antibody concentrations were 

2.500 μg/mL because of the highest ELISA Index (where EI=ODsample/ODcontrol). Values of >1.200 were considered positive [36] for 

50.000 pg/mL of PSA protein, which was determined as the detection limit, as previously shown [16].

Supplemental Data Fig. S1. Optimization of IgY-based sandwich ELISA for two different concentrations of IgY antibodies (A. 2.500 µg/mL, 
B. 5.000 µg/mL).
Abbreviation: fPSA, free prostate specific antigen.

A B
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Equimolar Detection of PSA and PSA-ACT by Generated Anti-PSA IgY Antibody

The methodology of this assay is described in Materials and Methods section (Equimolar Detection of fPSA and PSA-ACT). Statisti-

cal analysis for different PSA : PSA-ACT ratios at different tPSA concentrations (Supplemental Data Fig. S2) was performed using a 

nonparametric Kruskal-Wallis test followed by Dunn's multiple comparisons test. The Kruskal-Wallis analysis for the tPSA concentra-

tion equal to 20.000 ng/mL showed significant differences in the dataset. Dunn’s multiple comparisons test was unable to deter-

mine the exact sets within the dataset for which these differences were significant (with P ≤0.050), but the lowest P was obtained 

for the ratios 100:0 vs 0:100 (P =0.082). At a concentration of 10 ng/mL of tPSA, the Kruskal-Wallis test revealed statistically signifi-

cant differences, and once again, multiple comparisons Dunn’s test was unable to determine the exact sets with P >0.050; however, 

the lowest P values were obtained for the ratios 100:0 vs 0:100 PSA:PSA-ACT ratios (P =0.082). For the concentration of 5.000 and 

2.500 ng/mL of tPSA, there were no statistically significant differences according to Kruskal-Wallis analysis. The nonparametric test 

was used because of the statistically significant Brown-Forsythe test result.

Supplemental Data Fig. S2. Equimolar detection of fPSA and PSA-ACT using the generated anti-PSA IgY antibody tested by sandwich 
ELISA. 
Abbreviations: fPSA, free prostate specific antigen; tPSA, total prostate specific antigen; OD, optical density; PSA-ACT, PSA complexed with α-1-antichy-
motrypsin. 
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Performance of the IgY-Based ELISA Assay

To determine whether the samples with a PSA protein concentration above the limit of quantification can be diluted into the valid 

range for analysis, we performed dilutional linearity evaluation with a tPSA ELECSYS calibrator (Cal2, 64.900 ng/mL; Roche Diag-

nostics).

The microtiter plate was coated with an anti-PSA mouse monoclonal IgG antibody (2.500 µg/mL), blocked, and incubated with a 

commercial calibrator sample (64.900 ng/mL), serial dilutions (50.000–0.050 ng/mL) of the calibrator, a selected serum sample 

(62.730 ng/mL), and serial dilutions of the serum sample ranging from 50.000 to 0.050 ng/mL. To detect the antigen, an affinity 

purified anti-PSA IgY antibody was used (2.500 µg/mL). The results are presented as OD490 ±SD values.

Unfortunately, because of the calibrator concentration, we were unable to reach a concentration high enough to examine the 

presence of the Hook Effect, and the possibility of diluting the sample was limited (Supplemental Data Fig. S3). As a result, samples 

diluted from the Cal2 64.900 ng/mL with assay buffer (0.100% BSA in PBS) or with the tPSA ELECSYS calibrator “0” (Cal1; Roche 

Diagnostics) allowed us to obtain similar values for samples diluted to 5.000 and 0.500 ng/mL. The ratios between determined and 

expected values were 1.230 and 1.180, respectively, when calculated from the 4PL curve (for linear regression equation, the values 

were 1.260 and 1.210, respectively). For the serum sample selected according to the criterion of similar concentration (62.730 ng/

mL), the ratio of the sample and the commercial Cal2 (64.900 ng/mL) was equal to 1.110 from the 4PL curve (1.200 when calcu-

lated from the linear regression equation).  

Supplemental Data Fig. S3. Dose-response curve in a IgY-based ELISA for different samples and dilution agents. 
Abbreviations: BSA, bovine serum albumin; PSA, prostate specific antigen; tPSA, total PSA; Cal1/Cal2, commercial tPSA calibrators; OD, optical density.
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To determine possible differences in the tPSA concentration values, which might result from the use of a particular assay buffer, 

we performed ELISA using samples with a tPSA concentration within the linear range of our IgY-based ELISA (slightly over 2.000 ng/

mL), prepared/diluted in an assay buffer and in commercial calibrator serum without PSA protein (Cal1) and undiluted. The microti-

ter plate was coated with an anti-PSA mouse monoclonal IgG antibody (2.500 µg/mL), blocked, and incubated with different serum 

samples (undiluted and at a concentration of 1.000, 0.500, and 0.050 ng/mL). The exact concentrations of tPSA (REF values) are 

marked above the x axis. For detection of the antigen, an affinity purified anti-PSA IgY antibody was used (2.500 µg/mL). The re-

sults are presented as OD490 ±SD values.

Based on the obtained absorbance values, we determined and compared linear regression curves (Supplemental Data Fig. S3).

Supplemental Data Fig. S4. Matrix evaluation in an IgY-based ELI-
SA for different samples. 
Abbreviations: PSA, prostate specific antigen; PSA154, PSA166, PSA 190, 
serum samples; Cal0, commercial calibrator; BSA, bovine serum albumin; 
OD, optical density.

In addition, we determined the accuracy and precision of two samples that were prepared as Cal2 dilutions in assay buffer (2.250 

and 0.250 ng/mL) among all 16 ELISA plates. The percent difference was 2.640% for the 2.250 ng/mL sample and 3.850% for the 

0.250 ng/mL sample. The precision, determined as the range between measurements, was 0.140 and 0.090 ng/mL, respectively.

A B
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Passing-Bablok Analysis for Tested Quantitative tPSA Measurement Methods with tPSA 
Concentrations Determined Using the 4PL Equation

Statistical analysis was performed for 118 samples. The difference between the amount of analyzed probes between the linear and 

4PL equation results from the specificity of the parametric test (concentration logarithms) and a limited set of calibrators provided 

by the manufacturer of the commercial kit (PSA total ELISA, IBL International, Hamburg, Germany). The analysis performed for re-

sults obtained for the IgY-based and IBL ELISA revealed a correlation described by the formula y=-0.694+1.178x with no deviation 

from linearity (P =0.640, P >0.050; Supplemental Data Fig. S4A). The correlation of both assays (IgY-based ELISA and IBL) was 

confirmed by the slope (1.178; 95% CI, 1.094–1.256) and intercept (-0.694; 95% CI, 0.966–0.360) values. The linear relationship 

of data obtained for IgY-based ELISA vs REF assay is described by the equation y=-0.212+1.209x with no significant deviation from 

linearity (P =0.64, P >0.05). The determined slope and intercept values were equal to 1.209 (95% CI, 1.162–1.276) and -0.212 

(95% CI, 0.422–0.036; Supplemental Data Fig. S4B), respectively. Passing-Bablok linear regression analysis for results obtained in 

IBL and REF assays enabled the calculation of the regression equation y=0.426+1.055x with no deviation from linearity (P =0.070, 

P >0.050; Supplemental Data Fig. S4C). The slope and intercept values were equal to 1.055 (95% CI, 1.006–1.110) and 0.426 

(95% CI, 0.173–0.636), respectively.

Supplemental Data Fig. S5. Passing-Bablok analysis for tested 
quantitative tPSA measurement assays: tPSA ELISA vs tPSA IBL 
(A), tPSA ELISA vs tPSA Cobas (B) and tPSA IBL vs tPSA Cobas 
(C). P was obtained from the CUSUM test for linearity. The solid 
bold lines indicate regression lines; the dashed line indicates confi-
dence interval curves.
Abbreviations: tPSA ELISA, total serum PSA concentration determined by 
IgY-based ELISA; tPSA IBL, total serum PSA concentration determined with 
the PSA total ELISA (IBL International, Hamburg, Germany); tPSA Cobas, 
total serum PSA concentration determined with Cobas 6000 (Roche Diag-
nostics, Warszawa, Poland).
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