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Article Type ABSTRACT

Research Paper Background and Objective: Early detection of all cancers, including prostate cancer, is

considerably helpful in their treatment. In addition to clinical examination of the prostate gland,
prostate-specific antigen (PSA) is also used to diagnose prostate cancer. Methods such as ELISA,
PCR, radioimmunoassay, etc. have been used to detect PSA, which, in addition to being expensive,
require an experienced technician, complex equipment, and a lot of time. The aim of this study is to
design and produce a rapid test for PSA measurement in Iran, contribute to its production, reduce
imports and prevent capital outflow.
Methods: In this experimental study, colloidal gold nanoparticles were covalently conjugated with
monoclonal antibodies, and different components of the diagnostic test strip were examined in terms
of type and pore size, and different parts of the test strip were assembled and the antibodies were
loaded onto the substrate. Serum samples from healthy subjects and patients with different serum
dilutions ranging from 1 to 9 ng/mL for prostate-specific antigen were obtained from a diagnostic
laboratory which had previously been measured with VIDAS. Then, the sera were measured with the
designed test strip. Finally, the test strip was examined for accuracy and precision.

Received: Findings: In measuring different serum dilutions of prostate-specific antigen from 1 to 9 ng/mL, the

test strip designed in this study showed similar results to the commercial kit, demonstrating the
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. accuracy and sensitivity of the test strip designed in this study.
Revised: Conclusion: A rapid prostate cancer detection test strip based on PSA measurement was designed
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Introduction

Prostate-specific antigen (PSA) is a serine protease produced by epithelial cells of the prostate and its
main function is liquefaction. PSA is currently a biomarker for the diagnosis and screening of prostate cancer
and is the first cancer biomarker approved by the FDA. Serum PSA levels and isoforms in men allow the
distinction between carcinoma and benign inflammatory disease of the prostate. Initially, it was thought that
PSA was produced only by the prostate and was therefore a protein expressed exclusively in men. However,
PSA has been reported to be a protein expressed by several non-prostatic tissues not only in men but also in
women. Some investigators also report that in women, the expression of this protein is highly correlated
with breast and colorectal cancer and therefore could serve as a potential biomarker for the early detection,
diagnosis, and prognosis of these cancers in women (1).

The first report on the properties of antigens in the prostate was made by the American urologist, Flocks,
in 1960 (2, 3). In 1966, Hara, a Japanese forensic scientist, reported a protein and named it “gamma-
seminoprotein.” He suggested its possible value as forensic evidence in rape cases (4). In 1970 and 1973,
Lietal. (5, 6) reported antigens in human semen, one of which was later found to have the same amino acid
sequence as PSA. In 1970, Ablin et al. reported finding two antigens specific to the human prostate, one of
which was distinct from acid phosphatase (7, 8).

Prostate cancer is the second most common cancer in men worldwide (9). Prostate cancer is generally
asymptomatic until it reaches an advanced stage. Therefore, screening for early detection is of great
importance to reduce the risk of death from prostate cancer. Routine screening for prostate cancer relies on
measuring the level of prostate-specific antigen in the blood and digital rectal examination (10). Men with
a positive PSA test result (serum PSA above 4 ng/ml) usually undergo transrectal ultrasound-guided prostate
biopsy, which is the gold standard for diagnosing PCa (11). Only with early and timely detection can we
hope that the cancer is confined to the prostate gland, does not metastasize, and is completely curable
(12, 13). Based on the research, the use of the prostate-specific antigen (PSA) tumor marker test in
conjunction with clinical symptoms of the prostate is recommended for the diagnosis of prostate cancer.
PSA has been shown to be the most reliable tumor marker for detecting prostate cancer in its early stages
and monitoring disease recurrence after treatment (14).

Nowadays, various classical methods such as enzyme immunoassay, polymerase chain reaction, labeled
immunoassay and electrochemical immunosensors are used for the detection of PSA biomarker. However,
these methods are expensive and difficult, and the need for complex instruments and the long period can be
mentioned as their disadvantages (15, 16). Measurement of PSA levels is widely used to identify men with
a high risk of prostate cancer. PSA testing is currently performed in central laboratories, which is
accompanied by a long period between blood collection and PSA results. Accordingly, the development of
simple and accessible techniques for early detection and treatment of PSA in these patients is highly
significant. In recent years, optical immunochromatographic or lateral flow assay techniques have been
widely used for the rapid detection of biologically active compounds and diagnosis of diseases. One of
the advantages of these methods is very simple detection, low cost, and short laboratory turnaround time
(17-19).

Another advantage of this method is that it does not require expensive equipment or a trained technician,
and anyone can easily perform it at home (20). The advantages and disadvantages of the lateral flow
immunoassay method are reviewed in Table 1 (21). The currently available serum or plasma-based
immunoassays are time-consuming and require complex technical equipment. Therefore, various strip tests
have been developed for the qualitative and semi-quantitative determination of PSA based on serum or
whole-blood immunochromatographic measurements (21, 22).
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The rapid tests available in Iran for measuring this antigen are of foreign brands and are imported,
therefore, the aim of this study is to design and produce a rapid test for measuring prostate-specific antigen
domestically and to contribute to its production, reduce imports and prevent capital outflow.

Table 1. Advantages and disadvantages of the lateral flow immunoassay method
Advantages Disadvantages
Single-step process with no washing step. Single-step
Inappropriate sample volume affects
measurement accuracy.
Limitations in sample size limit the sensitivity
of the test.

Fast, low cost and small sample size

Qualitative or semi-quantitative result

It is not possible to enhance the response with an . L .
. . Good antibody preparation is essential.
enzymatic reaction.

Simpleltest method The time to analyze the sample depends on its

viscosity.
Proteins, haptens, nucleic acids, and amplicons can  Possibility of clogged pore due to sample
be identified. components
. . L Pretreatment is required for non-liquid
Pretreatment is not required for liquid samples. samples

Methods

This applied experimental research was approved by the Ethics Committee of Babol University of
Medical Sciences with the code IR.MUBABOL.REC.1400.135.
Preparation of chemicals: Gold nanoparticles (AuNP) (Iranian Nanomaterials Company, Iran), human
anti-PSA antibody (Zist Fanavaran Company, Iran), polyclonal antibody (Zist Fanavaran Company, Iran),
nitrocellulose membrane and cellulose membrane (ATR-MED Company, Iran) were prepared.
Preparation of 1 mM Phosphate Buffer Saline (PBS) solution: 3.2gr Nacl+0.08gr KCL+0.868gr
Na2HPO4.7H20+0.103gr KH2PO4 reached 40 cc with distilled water and then its pH was adjusted to 7.4.
Preparation of sample pad buffer: A 10cc solution (Shafamol Company, Iran) was prepared and used to
treat the sample pad.
Preparation of nitrocellulose bed treatment buffer: A 25cc solution (Shafamol Company, Iran) was
prepared and used to treat the bed.
Sample collection: Serum samples from healthy individuals and patients with prostate malignancy, as well
as positive ELISA control and PSA autoanalyzer calibration solution, were obtained from Ibn Sina Medical
Diagnostic Laboratory and Razi Pathobiology and Genetic Lab in Babol.
Preparation of AuNp-Anti PSA Antibody Conjugates: For this purpose, 20-25 nm nanoparticles were
mixed with ethylene glycol (Sigma, Germany) and incubated for 2 hours at room temperature in the dark.
At this stage, EDC solution (Shafamol Company, Iran) was added to the nanoparticles and ethylene glycol
solution and then NHS solution (Shafamol Company, Iran) was added to the mixture. Then, it was incubated
for 30 minutes at room temperature with gentle shaking and after incubation, centrifuged at 3600 rpm and
the supernatant was discarded. Anti-PSA antibody was added to the final precipitate after dissolving in PBS
and incubated for 3 hours at room temperature (21, 23).
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Covalent bonding is typically achieved through carbodiimide cross-linking chemistry using
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS). This
method has been previously used to efficiently attach primary amines on antibodies to carboxyl-terminated
AuNPs. Primary amines on an antibody molecule act as identification sites that can detect and bind antigens
(24).

Sample pad preparation: The sample pad was cut to 0.4x1 cm, treated with a sample pad buffer, and then
dried at room temperature (14).

Conjugate pad preparation: The conjugate pad was cut to 0.4 cm wide and 1 cm long. The conjugate
solution was poured onto the substrate and allowed to dry at room temperature (25).

Preparation of nitrocellulose membrane for lateral flow: The nitrocellulose substrate was cut to
dimensions of 0.4x2.5 cm and two areas for test and control lines were determined on it.

Preparation of test and control areas: After preparing the nitrocellulose substrate, monoclonal and
polyclonal antibodies were loaded onto the test and control lines (25).

Assembly (assembly of substrates): The sample pad, conjugate pad, and finally, the nitrocellulose
substrate were assembled (25).

Lateral flow immunoassay process: 100 puL of serum sample was slowly poured onto the sample pad to
move along the test strip. The solution was transferred from the sample pad to the conjugate pad and the
conjugate solution was washed from the conjugate pad and carried with it to the nitrocellulose substrate. In
that area, the reaction was performed in the test and control line.

Lateral flow immunoassay strip test with clinical samples: Serum samples from patients with prostate
cancer and healthy subjects for this cancer, previously measured by VIDAS immunoanalyzer, were
evaluated by the test strip designed and synthesized in this study.

Test validation: For this purpose, the test strip designed in this study was compared with the ABON Rapid
Test Strip, and several serum samples with different concentrations were measured by both tests.

Results

Preparation of AuNp-Anti PSA conjugates: As a result of covalent conjugation, a stable solution without
precipitation and with the same ruby red color was formed, and the antibodies were bound to the
nanoparticles with the correct orientation (26, 27) (Figure 1).

3600 15:00

Figure 1. A view of the implementation of the covalent conjugation method. a: A view of the color of the
colloidal solution of gold nanoparticles, b: Freshly prepared solutions of EDC and NHS powders, c: A view of the precipitate
formed from nanoparticles after centrifugation, d: Precipitation of nanoparticles dissolved in PBS, e: A view of the
appropriate time and distance for the formation of precipitate in the colloidal solution of gold nanoparticles
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Assembly: The best mode of sample movement along the test strip was when different parts of the test strip
were selected with the same length and width ratio as mentioned in the working method and were assembled
in the same ratio and order (Figure 2).

Figure 2. a: General view of the assembled test strip, b. Detail view of the assembled test strip: S:
sample pad, C: conjugate pad, M: nitrocellulose substrate, A: absorbent pad

LFIA strip assay with clinical samples: The lateral flow assay produced a darker and clearer band in the
test line as PSA level increased in serum samples, and the control line was formed in all assays (Figure 3).
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Figure 3. Measurement of serum samples with the test strip designed in this study. a: Measurement of
serum sample with a concentration of 1 ng/ml, b: Measurement of serum sample with a concentration of 2 ng/ml, c:
Measurement of serum sample with a concentration of 3 ng/ml, d: Measurement of serum sample with a concentration of 5
ng/ml, e: Measurement of serum sample with a concentration of 7 ng/ml, f: Measurement of serum sample with a
concentration of 8 ng/ml, g: Measurement of serum sample with a concentration of 9 ng/ml

When measuring different serum dilutions of prostate-specific antigen from 1 to 9 ng/mL, the test strip

designed in this study showed similar results to the commercial kit, demonstrating the accuracy and
sensitivity of the test strip designed in this study (Figure 4).
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o

Figure 4. Comparison of measurements by the test strip designed in this study and the ABON Kit. a:
Serum measurement with a PSA level of 1ng/ml in test strip designed in this study, b: Serum measurement with a PSA level
of 1ng/ml in ABON Kkit, ¢: Serum measurement with a PSA level of 28ng/ml in test strip designed in this study, d: Serum
measurement with a PSA level of 28ng/ml in ABON Kit.

Note: The ABON kit is a semi-quantitative kit and the kit designed in this design is a qualitative kit. Serum with a PSA level
of 1ng/ml is considered a negative sample. Serum with a PSA level of 28ng/ml is considered a positive sample.

Discussion

In this study, we achieved an optimal method for conjugating gold nanoparticles with anti-PSA antibody
and designed a test strip based on the lateral flow immunoassay technique that has the ability to qualitatively
measure prostate-specific antigen in serum.

Prostate cancer is one of the most common cancers and the third leading cause of cancer death in men.
Therefore, early, definitive, and sensitive diagnosis of this disease is essential for timely initiation of
treatment. Previous studies have shown that PSA is the most reliable tumor marker for early detection of
prostate cancer and monitoring disease recurrence after treatment (28). A simple, qualitative, one-step test
(PSA Rapid Screen) has been evaluated to increase uptake and reduce the cost of prostate cancer screening
programs. The PSA Rapid Screen test is a lateral flow chromatographic immunoassay that provides positive
or negative results for PSA levels >4 ng/ml (29, 30).

Point-of-care (POC) testing is a diagnostic method in clinical and environmental analysis and food safety
that provides rapid results in shorter times compared to centralized laboratories. Lateral flow assay (LFA)-
based (POC) devices are one of the fastest growing strategies for qualitative and quantitative analysis.
Favorable substrate interactions must be developed for the use of antibodies in biosensors (18).

Antibody molecules can be attached to surface-functionalized AuNPs through chemisorption and various
functionalities such as cysteine or amine groups or electrostatic interactions using ionic interactions or
hydrophobic targeting. Antibody-bound AuNPs must be stable under a wide range of wet chemistry
conditions (such as pH, salt concentration, and type or temperature). Therefore, covalent attachment is
preferred. In direct competition, strong amide bonds through pegylated carboxyl groups around AuNPs have
enhanced directional functionalization with increased accessibility to the functional site (31, 32).

The range of orientations and packing density resulting from crosslinking nanoparticles to antibodies at
the primary amine can potentially lead to antibodies with poor binding to their target antigens. Despite
significant drawbacks, such as unfavorable antibody orientation, EDC/NHS conjugation has the distinct
advantage of providing a stable and consistent covalent bond (33). The EDC/NHS covalent conjugation
method was also used in this study.
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The PSA test has been widely used in recent years. Although mass screening for prostate cancer is one
of the most controversial topics in oncology, two large, high-quality clinical trials have been conducted to
evaluate PSA screening. A study by Gronberg et al. showed that prostate cancer mortality rates decreased
by 44% among men aged 55 to 69 years based on 14-year screening (11). Ashida et al. reported a 21%
reduction in prostate cancer mortality rate based on screening over 13 years of follow-up (34).

An important issue in PSA screening is the possibility of detecting asymptomatic prostate cancer that
never leads to death (overdiagnosis) and then treating this prostate cancer (overtreatment). Other issues
include cost and convenience, which are possible reasons for the low PSA screening rate in Japan. The one-
step PSA test is provided free of charge (35).

Based on the results of the evaluations in this study, we were able to design and produce a test strip for
measuring PSA in the serum of individuals based on the lateral flow assay with markers made of gold
nanoparticles and their reaction visible to the naked eye.
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