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Abstract

A green, environmentally friendly protocol was developed for ultrasensitive and highly specific recognition of prostate-
specific antigen (PSA) based on the ECL effect of luminol supported by chitosan-silver nanoparticles (CS/AgNPs) nano-
composites. The transducing surface was fabricated through two consecutive electrodeposition steps of gold nanoparticles
(AuNPs) and chitosan (CS)-AgNPs-luminol electrochemiluminophore onto the glassy carbon electrode. In addition to
an appropriate desirable biocompatibility, the electrochemical synthesis presents low-cost preparation and ultrafast deter-
mination opportunity. AgNPs play a linking role to attach luminol, as an ECL agent to the CS support via donor-acceptor
bonds between Ag atoms with NH groups of luminol and CS. Also, AgNPs can amplify the ECL intensity as a consequence
of their excellent specific surface area and conductivity. To enhance the performance of the nanobiosensor, AuNPs were also
used due to their high-specific surface area and excellent affinity toward amine groups of CS. Based on this high-performance
analysis strategy, ultrasensitive screening of PSA was attained with a desirable limit of detection of 0.6 ng mL™! and a broad
linear range between 1 pg mL™' and 10 ng'mL"! (R>=0.994). Approximately, the same results were recorded for the analysis
of the unprocessed serum samples of patients with prostate cancer at different stages. This research provided significant
insight into electrografting methods to construct ECL transducers for clinical monitoring of PSA and other tumor biomark-
ers in the clinical setting.
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Introduction

Electrochemiluminescence (ECL) is a photon-induced
process accompanied by a luminescence molecule that
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strategy, rGO enhanced the loading capacity and also the
attachment ability of the lumnophore on the electrode [8].
Wang et al. developed an ECL biosensor for the detec-
tion of miRNA-141. They used reduced graphene oxide/
Au nanoparticles (rGO/NPs) and AuPd NPs to acceler-
ate N-(4-aminobutyl)-N-(ethylisoluminol) (ABEI)/H,0,
ECL system. The proposed nanobiosensor could detect
miRNA-141 as low as 31.9 aM [9]. Huang and coworkers
introduced an aptasensing of MUC-1 protein. The pro-
tocol relied on zinc meso-tetra(4-sulfonatophenyl) por-
phine (Zn-TP) as electrochemiluminophore and Zn-based
metal-organic frameworks with pyridine (Zn-Bp-MOFs)
as ECL enhancer. After the combination of Zn-Bp-MOFs
and Zn-TP, the obtained nanostructure was deposited onto
the working electrode. The ECL signals were increased by
32 times more than Zn-TP alone. K,S,04 was also used
as a co-reactant to enhance the ECL. The method repre-
sented a high LOD of 0.23 pg mL! for detecting MUC-1
[10]. In another research, Rebeccani et al. utilized carbon
nanotubes (CNTs) to boost ECL emission of [Ru(bpy)3]2+.
CNTs are conductive materials that fasten the electrode
surface's electron transferring rate and boost ECL sig-
nals. An increase of ~4 magnitudes was obtained In ECL
readouts [11]. Biosensors have critical role in the early-
stage diagnosis of most types of cancers, neurodegenera-
tive diseases, stem cell biology, and also in differentiation
[12-17].

Prostate-specific antigen (PSA) is secreted by pro-
static epithelial cells and is a single-chain glycoprotein
[18]. Early-stage monitoring of PSA levels in serum can
increase the survival rate and treatment efficiency in
patients with prostate cancer [19]. To this end, tremen-
dous efforts have been done in the development of bio-
sensing strategies for PSA detection using ECL assays.
Owning to the advantages and properties described for
ECL-based strategies, trace levels of PSA can be measured
in the early stage of prostate gland disorders [20]. How-
ever, the healthcare utility of these ECL systems to recog-
nize prostate cancer have several shortages prevent them
for miniaturization and commercialization. The imparting
luminohpores to the trasducing surfaces is a key parameter
which could answer many of the current challenges. This
step affect the accuracy, stability, repeatability, and con-
sumed time of the designed systems. Therefore, the devel-
opment of new methods to approach commercialization
of the bioelectronic tools for on-site, rapid, and reliable
PSA assessment in biological fluids needs to be addressed.

Among some frequently used ECL emitters, such as
Ru (bpy)32+, luminol, and transition metal quantum dots,
luminol and its derivatives have attracted tremendous atti-
tudes with specific features such as high quantum yields,
acceptable stability, and easy availability [21-23]. In this
research, we implemented an ECL biosensor capable of
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PSA recognition in serum samples of patients with prostate
cancer. In this regard, for the first time we used an electro-
chemical deposition methodology as a green, time-effective,
and highly repeatable strategy to prepare a novel ECL sys-
tem, chitosan-silver nanoparticles-luminol (CS-AgNPs-Lu).
AgNPs are employed as linkers between CS and luminol
via Ag-NH interactions. In contrast to previously reported
ECL frameworks based on luminol composites, the proposed
platform has several advantages including but not limited to
the following: (i) CS is a biocompatible polymer with excel-
lent attachability, functionality, and stability in high and low
potentials; (ii) AgNPs increase the luminescence of luminol
by binding it to CS and also boost the charge transferring on
the electrode surface leading to higher ECL quantum yield;
(ii1) most importantly, the electrodeposition strategy used
for grafting luminol on the electrode present many tremen-
dous benefits including decreased deposition time, stability,
increase the repeatability, and reliability of the framework.
The produced framework was then employed for the analysis
of PSA in untreated PSA-positive sera.

Experimental
Materials

PSA antibody (Ab) and PSA were obtained from Abcam. CS
powder and luminol were purchased from Merck. AgNO;
salt was acquired from Sigma-Aldrich. Phosphate buffer
(PB, pH= 7.4) was prepared by dissolving 200 mg KCl, 1.44
g Na,HPO,, 8 g NaCl, and 245 mg KH,PO,, in the double-
distilled water (DDW) under ambient conditions. All salts
utilized in this study were purchased from Merck.

Instrumental

A Metrohm Autolab system and Nova software were used
for all the electrochemical measurements. A commonly used
three-electrode system was employed for all the experiments,
which included a gold electrode (AuE) (diameter = 2 mm)
as the working electrode, a Pt wire as the counter electrode,
and an Ag/AgCl electrode as the reference electrode. All the
ECL experiments were performed by utilizing a homemade
ECL instrument with a photomultiplier transducer (PMT,
Hamamatsu, Japan) at a wavelength of 450 nm. The ECL
results were recorded through a homemade interface coupled
with Autolab. All analyses were performed under ambient
conditions. An ultrasonic bath (Model: 420; Transsonic) was
utilized to homogenize the solutions before use. The pH of
solutions was adjusted via a pH meter (Corning, model 120).
Scanning electron microscope (SEM) images, electron dis-
persive X-ray spectroscopy (EDX), and dot mapping were
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recorded by a Tescan instrument (Model: MIRA3). UV—Vis
absorption spectra were obtained by employing a UV—-Vis
spectrophotometer (Shimadzu UV-2550).

Methods
Stepwise preparation of CS/AgNPs-luminol

The luminol/AgNPs nanocomposite was successfully syn-
thesized according to the previously reported procedures
with some modifications [24-26].

Electrodeposition of AuNPs and chitosan/luminol/
AgNPs

Electrochemical precipitation of AuNPs was performed
on the gold electrode using chronoamperometry (—0.5 V)
in a solution containing HAuCl, (1 mM) and H,SO, (0.5
M). After rinsing the electrode with distilled water, the
AuNPs-modified electrode was placed into the as prepared
CS/AgNPs/Lu solution (under light-protected conditions).
Afterward, the CS/AgNPs/Lu nanocomposite was deposited
onto the AuNPs-modified gold electrode via chronoamper-
ometry (—2.5V, for 80 s). The electrode was then rinsed
with ultrapure water and employed for PSA analysis.

PSA detection procedure

After electrodeposition of AuNPs and chitosan/luminol/
AgNPs nanocomposite onto the working electrode (CS/
AgNPs/Lu-AuNPs-AuE), 10 pL of streptavidin solution (10
pg mL~!) was incubated onto the modified gold electrode
denoted as Str-CS/AgNPs/Lu-AuNPs-AuE. In the following,
a 10 pL biotinylated monoclonal anti-PSA antibody (10 pg
mL~") was drop-casted onto Str-CS/AgNPs/Lu-AuNPs-AuE
denoted as Ab-Str-CS/AgNPs/Lu-AuNPs-AuE and incu-
bated at 8°C for 1 h. The electrode was then washed with
distilled water and finally, a 10 pLL PSA protein solution was
drop-casted on the modified electrode and rested for 2 h.

Results and discussion
Electrode preparation steps

ECL method was employed to screen the stepwise prepa-
ration of the proposed framework. As for the ECL inves-
tigation, the cyclic voltammetry (CV) and ECL of each
modification stage including CS/AgNPs/Lu-AuNPs-AuE,
Str-CS/AgNPs/Lu-AuNPs-AuE, Ab-Str-CS/AgNPs/Lu-
AuNPs-AuE, and PSA-Ab-Str-CS/AgNPs/Lu-AuNPs-
AuE were assessed in 10 mL PB solution containing 50

pL H,0, (30% solution in H20) in the potential range of
—0.15 to 0.45 V with a scan rate of 0.1 V/s. The transmis-
sion wavelength of PMT was set at 450 nm. As revealed
in Fig. 1, a strong and stable ECL emission was observed
after electrodeposition of the CS/AgNPs/Lu nanocom-
posite, and this value declined after incubation of Str/
Ab, and PSA in a logical manner. These resulted from
the steric hinderance of the Str, Ab, and PSA which pre-
vented H,0, from reaching to the electrode surface where
it could rreact with luminol. To evaluate the impact of
the electrodeposited AuNPs on the signals’ quality, two
discrete immunosensors were prepared in the presence
and absence of electrodeposited AuNPs. Figure 2 repre-
sents the 8 repetitive ECL readouts for both fabricated
platforms. The signal stability was dramatically boosted
after electrodeposition of AuNPs. This could be correlated
to the increased specific surface area after the electrodepo-
sition of AuNPs, resulting in the enhancement of loading
and attaching capability of CS/AgNPs/Lu nanocomposite
onto the AuE.

UV-Vis evaluation

UV-Vis spectrum is a nice instrument to study and moni-
tor the formation of nanomaterials via the location and/or
intensity alteration of absorption bands. In this context, three
previously prepared solutions including CS (4 mg mL™}),
CS-AgNPs, luminol, and CS-AgNPs-Lu were screened using
UV-Vis spectrometry. Water was used as a blank solvent to
correct background noises. CS-AgNPs-Lu mixture was used
in two different dilutions. Also, CS-AgNPs were prepared
as same as CS-AgNPs-luminol but without luminol addition
and were diluted by 4 times before UV—Vis monitoring. In
Figure S1, an intense absorption band below about 420 nm
appeared after the formation of AgNPs. The peak intensity
(absorbance) declined after the addition of luminol. This
effect would be associated with the linkage of luminol to Ag
atoms and the change in the absorption quality of AgNPs.
The presence of luminol was also confirmed via two bands
at 295 and 355 nm which are observed for both luminol and
CS-AgNPs-luminol but with different intensities. The phys-
icochemical properties of CS-AgNPs nanocomposites were
relatively similar to the other studies [24, 26].

Morphological studies

To further evaluate the as-fabricated nanobiosensor, mor-
phological studies were performed using SEM, EDX, and
dot mapping analyses. Figure 3 represents the obtained
SEM images with AuNPs-GCE and Lum/AgNPs/CS-
AgNPs-GCE electrodes. Data showed that the nanoscale-
sized particles in the deposited matrix in electrodes could
be associated with AuNPs and AgNPs structures. The two
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modified surfaces are different in terms of structure and
morphology, indicating the successful deposition of the
Lum/AgNPs/CS nanocomposite. Furthermore, to confirm
the results of SEM, EDX quantitative elemental analy-
sis, and dot mapping techniques were also done. Data
revealed that two different compositions were found on
AuNPs-GCE and Lum/AgNPs/CS-AgNPs-GCE elec-
trodes, showing appropriate electrodeposition of the emit-
ting nanocomposite on the electrode surface.

Optimization of the experimental conditions
To obtain the best results with the proposed nanobiosen-

sor, the experimental conditions were optimized in sev-
eral steps.

Optimizing the electrodeposition time of AuNPs

According to data from “Electrode preparation steps,” the
electrodeposited AuNPs have a significant effect on the
stability and intensity of ECL response. To achieve more
benefits from AuNPs on framework performance, the
electrodeposition time was investigated. To this end, four
different deposition times (30, 100, 150, and 200 s) were
examined at the same analysis conditions (10 mL PB, 50
pL H,0,, pH=7.4, —0.5 V). Results indicated that ECL
intensity was increased from 30 to 150 s after the elec-
trodeposition of AuNPs (Figure S2). The further increase
of electrodeposition time has no positive effect on the
performance. It can be told that the loading capacity and
surface-to-volume ratio were stimulated after increasing
electrodeposition time from 30 to 150. At this time inter-
val, the amounts of the nanobiocomposite loaded onto
the electrode were increased, resulting in higher ECL
intensity. Increasing electrodeposition time by more than
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150 s could not enhance the loading capacity of nano-
composite and then no obvious change in ECL readouts
was observed. As a result, the 150 s was selected as an
optimum deposition time for the next experiments.

Optimizing the electrodeposition time of CS/AgNPs/
luminol

In the next step, the electrodeposition time of the nano-
composite was assessed. In this regard, five electrodeposi-
tion times (20, 40, 80, 150, and 300 s) were tested at the
same conditions (10 mL PB, 50 pL H,O,, pH=7.4, -2.5
V) and with the previously optimized deposition time used
for AuNPs (150 s). As represented in Figure S3, the ECL
readouts are stimulated with the electrodeposition time of
CS/AgNPs/Lu. The ECL signal during the first 80 s reaches
maximum levels at and then remained approximately con-
stant as the time increased. This could be correlated with
the loading amount of CS/AgNPs/Lu which enhances as the

time raise from 20 to 80.Consequently, the 80 s was selected
as an optimum electrodeposition time for CS/AgNPs/Lu
nanocomposite.

Analytical performance
Calibration plot

The proposed ECL strategy was utilized for the recognition
of PSA under the optimal experimental conditions. For this
purpose, five PSA standard solutions were analyzed by the
as-fabricated biosensor. According to the results, the ECL
signal is decreased by reducing the concentration of PSA to
10 pg MI'L. This phenomenon indicates that the constructed
framework presents a high sensitivity for the detection
of PSA. In addition, the ECL signal is declined with the
increasing concentration of PSA. As can be seen from Fig. 4,
an appropriate linear relationship was obtained between the
ECL response and the logarithmic concentrations of PSA.
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Fig.3 Morphological studies of the proposed flamework onto the
working electrode. A, B, C SEM images, EDX analysis, and dot map-
ping analysis of the AuNPs-modified GCE (AuNPs-GCE), respec-
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tively. D, E, F SEM images, EDX analysis, and dot mapping analysis
of the Lum/AgNPs/CS-AuNPs-GCE, respectively (blue dots: Ag, red
dots: N, yellow dots: C
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Fig.4 Calibration plot of the 1000 | A B
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It is noted that the linear fitting equation is (y = —179.93x
+ 339.28) R? =0.983 which obtained from 1 pg mL™! to 10
ng-mL"! with the limit of detection is 0.6 ng mL™! (S/N = 3).

Compared with most of the other published studies in the
literature, the present ECL protocol has a better or compa-
rable LOD with a broad linear range, indicating excellent
performance for PSA analysis. Table 1 presents a compari-
son between our suggested protocol and the other reported
bioassays. Thanks to all the scientists whose research has put
the spotlight on our achievements, there are some tips and
suggestions in this comparison to improve future works. The
first tip is LOD which is very important, especially in trace
analysis and somehow is a definitive parameter for proposed
biosensors. Considering the stronger LOD of other notified

papers in Table 1, it should be mentioned that we reported
LOD which means practically achieved LOD not theoreti-
cally. By the way, the proposed nanobiosensor presented a
nice sensitivity toward PSA recognition. The obtained sen-
sitivity is related to the high loading capacity resulting from
the CS moieties which hold luminol, AgNPs, and antibodies
firmly onto the electrode. The most important achievement
of the suggested bioassay is that the proposed biosensor is
prepared very rapidly than most other reported research
which arises from the fact that electrochemical deposition
is much more rapid than the simple drop-casting methods.
Also, electrodeposition is a green synthesis method com-
pared to many other preparation techniques with excellent
controllability over the resulted films and moieties on the

Table 1 Comparison of the proposed nanobiosensors with previously reported research studies

Modification of electrode Preparation strategy Detec- Incubation/deposi-  LOD (ng'mL™') LDR (ng'mL"') Ref
tion tion time (min)
method
AglnS, NPs (capture) Sandwich type PEC Not mentioned 0.06 x 1073 0.1 x 1073100 [27]
EDC/NHS, -CD, DCS, 720
NH,-CuO (probe) DCS, 120
AuNPs (capture) Sandwich type ECL EDP, 30 s 5x%107° 10x 107°-10  [28]
Ni(OH),/NGQDs (capture) Not mentioned
Fe;0,@MnO, (probe) Not mentioned
AuNPs (capture) Sandwich type EC EDP, 5 0.76 x 1073 5x1073-10 [29]
GO-Fe;0,-Thi (probe) IMS: 180
AuNPs Sandwich type ECL EDP, 30 s 0.17 x 1073 0.5x1073-5.0 [30]
GO@AuNRs/GOD 60
AuNPs/rtGO Sandwich type ECL EDP, 20 0.038 x 1073 0.1x 107310 [31]
Ag+@UIO-66-NH,/CdWS QDs DCS, 80
Au/Ag/rGO-NH,GQDs/COOH-GQD Label-free ECL DCS, not mentioned 0.29% 1073 1x1073-10 [32]
AuNPs Label-free ECL EDP, 150 s 0.60 10-1 x 1073 This project
CS/AgNPs/Lum EDP, 80 s

PEC photoelectrochemical, NHS N-hydroxysuccinimide, EDC 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride, #-CD mono-(6-
amino-6- deoxy)-B-cyclodextrin, DCS drop-casting, EDP electrodeposition, Thi thionine, EC electrochemical, /MS immersing, GOD glucose
oxidase, AuNRs gold nanorods, GODs graphene quantum dots, GO reduced graphene oxide
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Fig.5 The specificity of the 1000 | A PSA B
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electrode. This strategy could bring more repeatability and
reproducibility to ECL strategies to be employed in a more
accurate and reliable route. To the best of our knowledge,
there is no report on electrodeposition of luminol nanocom-
posite in the literature making the presented methodology
novel in this field.

Selectivity

To inform the specificity of the proposed nanobiosensors for
PSA against other biomarkers, four possible interferences
were selected and tested for the selectivity. In this regard,
five discrete solutions of PSA (0.1 ng-mL'l), CA-153 (15 0),
CA-19-9 (15 U), CA-125 (15 ng'-mL""), and a mixture solu-
tion included PSA, CA-153, CA-19-9, CA-125 (0.1 ng'mL"",
15U, 15U, and 15 ng'mL"!, respectively) were prepared and
examined via the nanobiosensor in the optimal conditions.
The results were shown in Fig. 5 which indicates a high
specificity of the proposed framework toward PSA in the
presence of the interferences.

Reproducibility and repeatability

Using three different gold electrodes, three distinct bioas-
says were prepared at the same conditions as presented in
“Electrode preparation steps,” and then were employed for 1
ng-mL"! PSA recognition under the same ambient conditions

Table2 The obtained ECL results and the calculated concentrations
with PSA-positive serum samples and recovery percentages

ELISA Developed biosensor Recovery %
(n=3)
Sample 1 0.41 0.44 107.31
Sample 2 1.67 1.54 92.21
Sample 3 53 5.02 94.71

to assess the reproducibility of the method. According to
the present data, the relative standard deviation (RSD) was
4.22%, indicating high precision for the immunosensor in
detecting PSA with different electrodes. The results were
illustrated in Figure S4 (A-B). For repeatability, we recorded
the electrical data for one biosensor at the 5 ng ml~! concen-
tration of PSA and the desirable repeatability was obtained
as 2.95%.

Stability of the Lum/AgNPs/CS

Furthermore, the ECL stability of the framework has been
obtained with no obvious change after cycle 20 (Figure S4-
C). The electrodeposition of AuNPs and Lum/AgNPs/CS
were set at 150 s and 80 s, correspondingly. According to the
results, the electrodeposited electroluminophore represents
desirable stability against bleaching and releasing from the
electrode surface during the ECL measurements.

Real sample analysis

The suggested strategy was also used for screening serum
samples (Emam Reza Hospital, affiliated with Tabriz Univer-
sity of Medical Sciences) after the completion of informed
consent. For this purpose, after electrodeposition of the
AuNPs and CS/AgNPs/luminol consecutively, anti-PSA
antibodies were attached to the electrode, as discussed in
“Electrodeposition of AuNPs and chitosan/luminol/AgNPs”
and “PSA detection procedure.” The prepared framework
was incubated with untreated serum samples (10 pL) for 2
h to recognize the concentration of PSA protein. To avoid
possible errors and interferences, a freshly prepared biosen-
sor was fabricated for each sample. The results are summa-
rized in Table 2. The obtained results by the proposed ECL
framework were in agreement with the ELISA data recorded
by the clinical setting, representing the applicability for
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Fig.6 The analysis of real

1200 A
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and B the related histograms 1000
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5
400
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O 1
530 580

Time (S)

clinical point-of-care usage. Based on the calibration equa-
tion obtained with standard solutions, the concentration of
the PSA in real samples was high (1 ng'-mL! and higher) for
the carcinoma state, which proved the applicability of the
proposed framework in the monitoring of PSA protein and
prostate cancer patients (Fig. 6).

It is clear that the proposed method presents good appli-
cability, considering the advantages in the preparation and
detection steps as figured in previous sections. Future works
should focus on integrating low-cost nanomaterials into the
CS-luminol unity to reduce the final costs for large-scale
applications. Also, generating new portable tools combined
with the advantages of our proposed platform brings ben-
efits for point-of-care diagnostics in clinical settings. In
this regard, employing the introduced nanocomposite with
screen-printed electrodes with different materials especially
paper-based microfluidics provides extraordinary applicabil-
ity in future studies.

Conclusion

We fabricated a new-style ECL nanobiosensor based on
CS-AgNPs-luminol nano-luminocomposite prepared by
an electrodeposition protocol for detecting PSA protein
in serum samples. Such an operation provides unique
advantages over conventional drop-casting of lumino-
phore on the electrode surface, including high uniform-
ity of the luminophore on the electrode, easy preparation,
low-consumed time, and producing signals with higher
repeatability. It has demonstrated that adding AuNPs
increases the nanocomposite’s loading capacity, leading
to enhanced ECL signals and sensitivity with about two-
fold amplification. Trials performed on possible interfer-
ences reveal the applicability of the proposed assessment
in analyzing untreated serum samples. Such development
is able to be exploited in miniaturized ECL systems where
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drop-casting could be much more complicated. Integrating
this protocol with microfluidics and on-chip methods with
long-term stability could be the next step in developing
this framework, fastening the fabrication of decentralized
luminescence biosensors for PSA and other cancer-related
proteins.
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