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Abstract

Background: The prostate-specific antigen (PSA) is one of the best markers for detecting prostate
cancer. Rapid and real time recognition of PSA biomarker could be helpful in the early diagnosis
and efficient treatment of prostate cancer. One of the usual methods to identify this biomarker is
ELISA, which has a picomolar detection range but requires specialized personnel and also this
technique is time-consuming and expensive.

Methods: Cost-effective POC devices are great solutions because they are very cost-effective,
sensitive and simple, do not require expert operators and have a high response time in a short
time. With that in mind, in this work, a novel and simple label-free paper-based electrochemical
immunosensor were designed by using conductive Ag-ink and designed directly by pen on
paper technique on the surface of photographic paper, which is a suitable substrate for antibody
immobilization, for rapid detection of PSA.

Results: Based on the obtained results, under the optimum conditions, the synthesized Ag ink
has a great substrate for antibody (Ab) and antigen (Ag) immobilization. The linear range was
from 0.001 to 30 pg/L and the obtained low limite of quantification (LLOQ) was 0.001ug/L.
This immunosensor also tested in human plasma samples, which had good analytical power.
Conclusion: The proposed paper-based immunoassay could be a hopefully new and cheap tool

for the diagnosis of other biomarkers.

Introduction

The biosensor is a chemical sensing device in which a
biologically derived recognition is coupled to a transducer,
to allow the quantitative development of some complex
biochemical parameter. The biological element can be
an enzyme, an antibody or a nucleic acid. Depending on
their particular application, biosensors are also known
as immunosensors, aptasensors and genosensors.! One
of the great applications of biosensors is point of care
(POC) testing, which provides physicians with essential
information.>® The urgent need for these tests poses a
new challenge for biosensor researchers. Microfluidic
biosensors are a new type of bioassays that have attracted
special attention due to their great features such as, good
sensitivity, easy transportation and using a small number

of samples.**

One of the most common cancers among men is
prostate cancer, which is known as the sixth deadliest
cancer.” The cancer-specific antigen is called PSA, which
is one of the best markers for detecting prostate cancer.
PSA is a 28.4 kDa serine protease secreted by epithelial
cells of the glands around the urethra and healthy prostate
cells. Normally, the concentration of this antigen is 0-4
ng/ml, which increases with cancer and ageing. According
to studies, increasing it to 4-10 ng/ml increases the risk
of cancer.®” Therefore, rapid and timely detection of
PSA with a low detection limit could be helpful in the
early treatment of prostate cancer. One of the common
methods to identify this biomarker is ELISA, which has
a picomolar detection range but requires specialized
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personnel and also this technique is time-consuming and
expensive.® Cost-effective POC devices are great solutions
because they are very cost-effective, sensitive and simple,
do not require expert operators and have a high response
time in a short time.” Recently, great advances have been
made in the field of microfluidic biosensors, which has
integrated and intelligent reading systems that have led to
many advances in POC diagnostic devices.'’ Paper-based
biosensors usually consist of one or more layers of paper
composed of hydrophilic paper channels and designed by
hydrophobic materials."" By employing these biosensors,
the concentration of different fluids such as saliva, blood,
urine, plasma and serum can be analyzed in one or two
stages in a fast and accurate manner."” On the other hand,
electrochemical paper-based biosensors have low design
and manufacturing costs, high accuracy and sensitivity
and can reduce in small size for easy movement, so they
can be a great tool in identifying cancer biomarkers. In
electrochemical paper-based biosensors, paper is valuable
in point-off care tests because of its good electrical
resistance and flexibility.”*""* The use of conductive nano-
inks that contain metal nanoparticles is also an excellent
option in the design of paper in paper-based biosensors
due to their low toxicity, high availability, biocompatibility
and excellent conductivity. Metal nanoparticles such as
gold and silver nanoparticles also have good oxidation
stability and electrical conductivity, which makes them a
strong element in paper-based biosensors.'>'¢

With that in mind, in this work, a novel and simple label-
free paper-based electrochemical immunosensor were
designed by using conductive Ag-ink, which is a suitable
substrate for antibody immobilization and rapid detection
of PSA. Unlabeled immunosensors are very fast and
accurate enough due to the direct binding of antibodies
to the surface compared to sandwich and labelled
immunosensors.” The engineered immunosensor also
tested in real samples, which had a high detection limit.
Also, a Field scanning electron microscope (FE-SEM) and
EDC used to study the morphology and element analysis
of the prepared biosensor.

Materials and methods

Substances and chemicals

Human PSA ELISA Kkits, were gained from CanAg
Diagnostic AB Technology Co. (Gothenburg, Sweden,
with PSA antigen, antibody (anti-PSA) standard, standard
buffer. N-Hydroxy succinimide(NHS), 1-Ethyl-3-(3-
dimethylaminopropyl) (EDC), Potassium ferrocyanide
(K4 [Fe (CN)s]), Potassium ferricyanide (Ks [Fe (CN)s]),
Sodium hydroxide (NaOH), bovine serum albumin
(BSA), Silver nitrate (AgNO,), Diacetone Alcohol(DAA),
Poly Acrylic acid (PAA), Diethanolamine (DEA), Human
plasma samples were found from the Iranian Blood
Transfusion Research Center (Tabriz, Iran).

Apparatuses

EDS (Energy scattering spectroscopy) was employed to
study chemical elements. A High-resolution field emission
scanning electron microscope (FE-SEM) Hitachi SU8020,
Czech with a 3kV effectual voltage used for considering
the morphology of the surface of electrodes. For
electrochemical measurements, a Palm Sense 4c device
(Palm Instruments, Utrecht, Netherlands) connected to a
laptop and analyzed by PS Trace software was used. The
three-electrode system (reference, counter and working
electrode) drawn on the surface of the photographic paper
by using synthesized conductive Ag-ink (Figure 1).

Synthesize of conductive Ag nano ink

First, DEA, PAA and DW (915.1-40-50 g, respectively)
were mixed for 2 hours in a water bath. AgNO, solution
was then added and stirred for 22 h (20 g in 15 ml DW).
In the next step, the prepared solution was sonicated for
1.5 hours at 65 ° C and combined with 300 ml of ethanol
and centrifuged (20 minutes, 9000 rpm). The resulting
solution washed again three times with deionized water
and centrifuged. Finally, 2% by weight of hydroxypropyl
cellulose solution in a ratio of 1: 1 (v: v) methanol and
water added to the above composite. Finally, the prepared
mixture homogenized for three minutes (2000 rpm).
Scheme 1 shows various steps of preparation of Ag ink.

Conductivity study of the synthesized Ag nano ink

To study the conductivity of synthesized Ag- ink, different
lines and shapes with various thicknesses were drawn
on the surface of photographic paper. A battery and an
LED lamp (both three volts) placed on the surface of
photographic paper, the cathode part of the battery was
connected to the lines using a conductive wire and the
anode part was connected to the lamp (Figure 2). When
current flows from the anode to the cathode, an electrical

Figure 1. Indicates the connection of the designed three-electrode
system by conductive Ag-ink (reference, working and counter
electrode) to the electrochemical device
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Scheme 1: Conductive ink preparation procedure

circuit was formed and the lamp turned on. Also, an
ohmmeter was used to check the resistance of the lines.

Also, according to Figure 3, the conductive lines of Ag-
ink drawn on paper have good flexibility and the prepared
ink does not spread on the paper after drying, which
indicates the stability of the synthesized conductive Ag-
ink on the surface of photographic paper.

Characterizations

FE-SEM and EDS of bulk Ag nano-ink

FE-SEM imaging was used to study the morphology of
the synthesized Ag nano ink. According to Figure 4, the
uniform and spherical structure of silver nanoparticles
have shown. There is no accumulation of nanoparticles.
Also, as shown in Figure 4A, the average size of
nanoparticles is about 50 nanometers. EDS spectrometer
was also used to examine the elements and analyze the
prepared assignment. As shown in Figure 5, the presence
of silver nanoparticles in large quantities indicates the
successful synthesis of conductive Ag-ink.

FE-SEM and EDS of various steps of prepared paper-based
immunosensor
The morphology of each step of the immunosensor

preparation was recorded by FE-SEM imaging. In the first
step, as shown in Figure 6 (A-C), the conductive Ag-ink
nanoparticles are spherical and have created an uneven
surface on the paper. After incubation of the antibody,
the morphology of the surface completely changes and
they have observed as crystalline sheets. Again, as shown
in Figure 6 (G-I), after incubation of PSA antigen and
BSA, the morphology changes indicate the successful
stabilization of antibodies and antigens on the surface of
the photographic paper designed with Ag ink.

According to Figure 7 and the results of EDC
spectroscopy, in the first stage, the large amount of silver
element is due to the presence of Ag- ink on the surface

of the paper. In the second stage, after the antibody
incubation, the amount of phosphate and sulfur elements

Figure 2. Images of different shapes with different thicknesses of
synthesized Ag nano-ink on the surface of photographic paper

Figure 3. Flexibility of the synthesized Ag-ink designed on surface of photographic paper

ImmunoAnalysis, 2021, 1:6 | 3
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Figure 4. FE-SEM descriptions of the bulk Ag nano-ink. (A to F)

40000 AgLa
35000
30000—]
25000—]
20000
15000—
1 ]
10000
INKa
1 Ka
5000
1 PKa
ot LU e s ] KOV

Figure 5. EDS descriptions of the bulk Ag nano-ink

increases, which indicates the successful incubation of
biological materials on the electrode surface. In the last
stage, after adding PSA antigen and BSA, the amount
of Ag has decreased, i.e. the presence of antigen has
overshadowed the amount of Ag.

Fabrication of the paper-based electrochemical
immunosensor
To  prepare the  electrochemical  paper-based

immunosensor, the synthesized Ag nano-ink was designed

on the surface of photographic paper and allowed to dry at
room temperature for 5 minutes. Then, biotinylated-anti-
PSA combined with NHS /EDC 1:1 (v/v). After 20 minutes,
5 pl of activated antibody was immobilized on the surface
of the sensing zone of the electrode and incubated for 1
hour at 4 °C. In the next step, after rinsing the electrode,
the BSA solution was immobilized on the electrode for
half an hour to block the remaining connection points.
After incubation, the electrode surface washed again
with deionized water to remove contamination. Finally,
PSA antigen incubated on the electrode, after washing
with buffer, it connected to the device for electrochemical
evaluation. Scheme 2 displays the fabrication stages of the
electrochemical paper-based immunosensor.

Results and discussion

Electrochemical evaluation of the prepared immunosensor
The electrochemical behavior performance of the prepared
immunosensor in diverse steps has evaluated by using
the DPV technique in 0.01 M aqueous [Fe (CN)|*"*/
electrolyte containing KCI. According to Figure 8, the
peak current intensity of the synthesized Ag-ink is equal
to 500 pA, According to previous studies prepared Ag-ink
have a good surface and current intensity and also have
high oxidation stability and electrical conductivity.'*
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Figure 6. FE-SEM descriptions of the various steps of prepared paper-based immunosensor. (A to 1)

Photegraphic paper-Ag ink- Photographic paper-Ag ink- Photographic Photugraphic
untihody-BSA anribody Jraper-Ag ink Paper

Artibody

BSA

PSA anrigen ﬁ

Scheme 2. Schematic illustration of preparation steps of electrochemical paper-based immunosensor for detection of PSA
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Figure 7. (A) EDC images of the Ag-ink. (B) EDC images of the Ab-
Ag-ink, (C) EDC images of Ag/BSA/Ab-Ag-ink (D) on the surface of
photographic paper

They provide an appropriate condition for immobilization
of Ab against intended purpose analyte such as PSA
biomarker.*?' After incubation of the antibody, the
current increases to 547 WA which reveals a suitable
appropriate substrate for the incubation of PSA antibody.
Also, after immobilization of BSA and PSA, the current
intensity increases to 625 pA, which shows the successful
hybridization of the antigen-antibody complex.

Analytical approach

Analytical study of the prepared paper-based immunosensor
in different concentrations of PSA biomarker

To investigate the effect of concentration, the DPV
technique used. In this way, the various concentration of
PSA (30-0.001 pg/L) immobilized on the surface of the

prepared immunosensor (BSA/Ab/Ag ink) and incubated
at 4° C for an hour. As shown in Figure 9 in the highest
concentration (30 pg/L) the peak currency was 35 pA,
when the concentration decreases to 0.001 ug/L, the
current intensity increases to 143 pA. To recapitulate
the previous concepts, it can be said that the current
intensity is inversely related to the PSA concentration.
In a way, as the concentration decreases, the current
intensity increases. The cause of this reaction can be
related to the relationship between the concentration of
macromolecules and the intensity of the current, that
results from the barrier behavior of the macromolecules
against the electrochemical current.”>*

Also, the calibration curve and the standard curves have
drawn for different concentration of PSA.

Under optimum conditions, the obtained lower limit of
quantification (LLOQ) was 0.001pg/L.

The linear regression equations were as follow:

Ip (nA) =-0.0562C ., +1.982, R? = 0.983.

(PSA)
The results show that the engineered immunosensor has
a high ability for detection of PSA at low concentration.
Based on the previous studies presented in Table 1,
the prepared Ag-ink immune sensor is so simple, easy,
disposable, cost-effective, sensitive, and present in a
short time and does not require specialized personnel.
Compared to conventional methods such as ELISA, these
features are very important and could be used in clinical
laboratories in the not-too-distant future.

700 | A Ag ink
600
500 Ag ink+Ab
400
< Ag ink+Ab+BSA+Ag
= 300
=
200 —_—
100 P o
0 P
-100
-1.5 -1 -0.5 0 0.5 1 15
E/V
700
600 | B
500
<« 400
3
= 300
200
100
0
Ag ink Ag ink+Ab Ag ink+Ab+BSA+Ag

Type of electrode

Figure 8. A) DPVs of immunosensor fabrication steps. (step
potential=1.0V, E | =0.1,t_, =0.2sand scan rate= 10 mV/s). B)
Histogram of peak current against the type of electrode. Supporting
electrolyte was 0.01TM [Fe (CN) 6P~#/KCl solution
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Figure 9. A) DPVs of the different concentration of PSA antigen
(0.001 to 30) on the surface of photographic paper (Step potential=
1.0V, E pulse= 0.1, t pulse= 0.2 s and scan rate= 10 mV/s). B) DPVs
calibration curves. Supporting electrolyte was 0.0TM [Fe (CN) >4~/
KCl solution
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Figure 10. A) DPVs of the different concentration of PSA antigen
(0.09 to 60) in human plasma samples on the surface of photographic
paper (Step potential= 1.0V, E pulse= 0.1, t pulse= 0.2 s and scan
rate= 10 mV/s). B) DPVs calibration curves. Supporting electrolyte
was 0.01M [Fe (CN),]*7*7/KCl solution

Analytical ~ performance of prepared  paper-based
immunosensor in Real sample
To investigate the effect of different concentration of
PSA in human plasma samples as the real sample, PSA
antigen was mixed with plasma 1:1 (v/v) and incubated
on the surface of the engineered electrode (BSA/Ab-Ag
ink). Figure 10 shows the DPV techniques diagrams in
varjous concentration of PSA in human plasma samples.
The intensity of the peak increases with decreasing the
concentration. The obtained LLOQ was 0.09 ug/L and the
attained linear range was from 0.09 to 60 pg/L.

The calibration curve plotted with the linear regression
equivalence obtained from DPV in human plasma samples
is as follows:

Ip (A) = -0.0337 C,y, +2.148, R? = 0.8944.

Most of the methods shown in Table 1 have good
sensitivity and detection power. But the prepared label-free
immunosensor is much simpler and more cost-effective.
Due to its unlabeled, its preparation and analysis time is
short (approximately 180 minutes). It also has acceptable
stability and also, the conductive Ag ink used in this work
has a higher conductivity. Therefore, it can be said that
the proposed immunosensor can be an alternative to
common methods in clinical laboratories and can use in
the identification of other biomarkers.

Selectivity of the paper-based immunosensor

To study the detection power of the designed
immunosensor, several interferers used as serum proteins
that are also present in real human blood samples. In this

Table 1. Evaluation of sensitivity and performance of designed immunosensor to detect PSA in comparison with other studies

Strategy/nanomaterials Detecting technique LODYLOQYLLOQ ¢  Detection range Ref
SP-modified rGO nanosheets/anti-PSA. Label free Electrochemical (DPV)  0.053 ng.ml~' (LOD) 0.15-0.058 ng.ml"' 24
Peptide biosensor based on in situ silver deposition  Electrochemical (DPV- . p
Graphene (GR)-based gold (Au) composite CV) 0.001ng.mlI™ (LOQ)  0.001-30 ng.ml 25
Magnetic sandwich type immunosensor based on Fe304  Electrochemical (SWV)  0.001 pg. L' (LOQ) 0.001-1 pg. L 26
Label free based on SiO,- AgNPs 0.001 pg. L' (LOD)  0.03-0.001 pg. L' 27
Label free immunosensor based on 6-mercapto-b- Electrochemical (DPV) . ,
cyclodextrin SAM/anti-PSA. 0.0003 ng.ml=" (LOD)  0.001-1 ng.ml 28
|L>§I/O\el free immunosensor based on HDT SAM/AuNPs/anti- Electrochemical (SWV) 0.01 ngml (LOQ) 0.2-200 ng.ml" 29
Magnetic sandwich type immunosensor based on KCC-1-  Electrochemical (SWV- r .
npr-NH,. KCC-1-npr-NH, DPV) 0-01 pg. L (LOD) 1-60 pg. L7 30
Paperbased immunosensor based on Citrate AgNPs-GQDs 0.05pg. L' (LOD) 10-0.05 pig. L 21
nano-ink/Cys A

Electrochemical (DPV) -
Paper based immunosensor based on conductive Ag-ink 0.09 pg. L' (LLOQ) 60-0.09 pg. L vtolrsk

2LOD; limit of detection
b LOQ limit of quantification
¢ LLOQ; Low limit of quantification

ImmunoAnalysis, 2021, 1:6
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Figure 11. A) DPVs of the prepared immunosensor in the presence
of different interferes (Step potential=1.0V,E_ =0.1,t =0.2

pulse™ pulse

s and scan rate= 10 mV/s). B) Histogram of peak potential and
currents versus of interferes on the surface of photographic paper.
Supporting electrolyte was 0.01M [Fe (CN) ]*#7/KCl solution

method, the DPV technique was employed. According
to Figure 11, the current of the designed immunosensor
is equal to 625 pA, which is drastically reduced in
the presence of interferers. Therefore, the designed
immunosensor does not have good selectivity and protein
compounds interfere with the PSA detection process.

Reproducibility and stability of the paper-based
immunosensor

Considering that stability and reproducibility are some of
the important features for biosensors. Also, the cheapness
of the prepared immunosensor is so important, too. So, the
reproducibility and the types of stability for the designed
immunosensor were investigated.

Cyclic stability

Cyclic voltammetry (CV) and DPV techniques used
to evaluate the stability of the Ag-ink substrate on the
surface of the paper. In this way, the number of 1-2-5 and
10 cycles was applied and then the DPV test performed
after each. According to Figure 12 of the prepared Ag-ink
on the surface of photographic paper, loses its function by
increasing the number of cycles.

Long-term stability test

The prepared paper-based immunosensor stability
evaluated in 72 hours. As shown in Figure 13, after 24
hours the intensity of the current greatly increases and the
location of the peak shifted. After 72 hours it completely
loses its efficiency. According, Figure 14 The stability

of the immunosensor also evaluated in one day with an
interval of 1 hour. The immunosensor loses its function
after almost an hour. Therefore, this immunosensor has
poor stability.

Reproducibility

The DPV technique has used to evaluate the reproducibility
of the immunosensor. Due to the difference in current
recorded between the three electrodes, the prepared
electrodes do not have good reprroducibilty (Figure 15).

Conclusion

In summary, the early detection of PSA helps in the
early detection of prostate cancers. So, in this article, a
novel and simple label-free paper-based electrochemical
immunosensor developed by using conductive Ag-nano
ink and designed directly by pen on paper technique on
the surface of photographic paper. The prepared substrate
was suitable for antibody and rapid detection of PSA.
Although this immunosensor was label-free, it has a high
detection limit. This immunosensor was evaluated by
the DPV technique. Under the optimum conditions, the
linear range was from 30-0.001pug/L and the obtained
LLOQ was 0.001ug/L. This immunosensor also tested in
human plasma samples, which had good analytical power.
The developed immunosensor is so easy, sensitive, cost-
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Figure 12. A) DPVs (Step potential= 1.0 V, E pulse= 0.1, t pulse=
0.2 s and scan rate= 10 mV/s). and B) histograms of engineered
immunosensor stability on the surface of photographic paper.
Supporting electrolyte was 0.01M [Fe (CN) ]**7/KCl solution

8 | ImmunoAnalysis, 2021, 1:6



Farshchi et al

350 A 1st day
300
2nd day
250
200 ~—3rd day
g. 150
=
100
50
0
-50
-0.5 0 0.5
E/V
350 B
300
250
< 200
=
= 150
100
50
0
1 st day 2 nd day 3rd day

time of storage

Figure 13. A) DPVs of Intra-day stability of Ab/ Ag-ink electrode
on the surface of photo graphic paper (Step potential= 1.0 V, E
pulse= 0.1, t pulse= 0.2 s and scan rate= 10 mV/s). B) Histogram of
intraday stability. Supporting electrolyte was 0.01M [Fe (CN) ]34/
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Figure 14. A) DPVs of Inter-day stability of Ab/ Ag-ink electrode
on the surface of photo graphic paper (Step potential= 1.0 V, E
pulse= 0.1, t pulse= 0.2 s and scan rate= 10 mV/s). B) Histogram of
Interday stability. Supporting electrolyte was 0.0TM [Fe (CN) >~/
KClI solution

effective, time-consuming and simple. Therefore, it can be
an accomplished biodevice in clinical laboratories.
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