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Abstract

An electrochemiluminescence (ECL) biosensor was fabricated for the evaluation of prostate specific antigen (PSA). The sensor
was developed by successively modifying glassy carbon electrode (GCE) electrodes with CdS/Chito/g-C5N4 nanocomposites
and DNA1 was labeled at the 5’ end with thiol. The aptamer DNA was labeled at the 3’ end with a quencher ferrocene (Fc) was
ligated to DNAT1 by the principle of complementary base pairing. In the absence of PSA, the ECL intensity signal is effectively
quenches through the energy transfer and photoexcitation electron transfer between CdS/Chito/g-C3N, emitter and quencher Fc.
After incubation with target PSA, the aptamer DNA interacts with PSA and then moved away from the electrode surface together,
which will recover the ECL intensity. Under the optimal conditions, the ECL intensity increases linearly with the logarithm of
PSA concentration in the range of 1 pg'mL " to 100 ng'mL ", and the detection limit is 0.14 pg'mL ™" (S/N=3). The biosensor

has been successfully applied to the determination of PSA in serum sample.
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Introduction

Currently, prostate cancer has surpassed skin cancer to be-
come the most common cancer in North American males
[1-4]. Prostate specific antigen (PSA) and miRNA are typical
biomarkers of prostate cancer. PSA is the most important early
detection indicator of clinically significant prostate cancers
[5—7]. Therefore, the early determination of PSA is particular-
ly important. To date, various technical means have been pro-
posed, such as enzyme-linked immunosorbent assay (ELISA)
[8], photoelectrochemical (PEC) [9], fluorometric [10], and
electrochemical [11]. However, great challenges still remain
to find new approaches that could increase the sensitivity and
selectivity of analytical methods at ultra-low concentrations in
the earlier diagnosis of diseases. Therefore, there is a great
need to develop a simple and highly sensitive method for
determination of PSA.
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Electrochemiluminescence (ECL) analytical technique is
widely favored by researchers because of its high sensitivity,
low background signal, easy operation, and high controllabil-
ity [12—17]. Compared with commonly used ECL illuminants
(such as Ruﬂ)py)32+, luminol), g-C3N, is widely used as ECL
sensor due to good thermal stability and non-toxic [18-20].
However, as the cathode potential increases, the ECL stability
of g-C3N, drops sharply, and electrode passivation may occur
[21-24]. This limits the application of g-C3N4 to a certain
extent. Therefore, it is necessary to improve the performance
of g-C3N,. [25, 26]. As a commonly used semiconductor ma-
terial, CdS has received extensive attention due to its excellent
electrical, optical and electrochemical properties [27].
However, the electroluminescence stability of the pure CdS
quantum dots in the aqueous reaction system is poor, so it is
attempted to combine g-C3;N4 with CdS. Due to the proper
band gap and conduction band position, ECL strength and
stability were found to be significantly improved compared
to pure g-C5Ny. Chitosan is a biopolymer rich in hydroxyl and
amino groups with excellent permeability and affinity. In this
study, it served as a stabilizer and binder between CdS and g-
C3N,4 nanocomposites, which was applied for establishing an
ECL biosensor.

In this work, we proposed an ultra-sensitive ECL biosensor
based on CdS/Chito /g-C3N,4 composite material for effective
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determination of PSA. CdS/Chito/C5N4 not only increases
ECL strength and improves ECL stability, but also indirectly
provides a binding point for PSA aptamers. As shown in
Scheme 1, the CdS/Chito/g-C3;N4 nanocomposite was firstly
added to the surface of the glassy carbon electrode, and then
DNAI1 was attached to the electrode through the Cd-S bond,
followed by the dropwise addition of mercaptoethanol (MCH)
to block the excess active site. Subsequent to the principle of
complementary pairing, the quencher ferrocene (Fc)-labeled
DNA2 was modified onto the electrode, resulting in
quenching of the ECL signal by energy transfer and photoex-
citation electron transfer [26, 28-30]. When the target PSA is
present, DNA?2 specifically binds to the target PSA, and then
together with the electrode surface, the ECL signal will sig-
nificantly recover. The sensor can detect PSA with high sen-
sitivity and high selectivity, and is expected to be used for
clinical diagnosis.
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Experimental section
Materials

Prostate specific antigen (PSA) was synthesized by Shanghai
Sangon Biotechnology Co. (Shanghai, China, www.sangon.
com). 3-mercaptopropionic acid (MPA), thioacetamide (TAA)
were bought Macklin Biochemical Co. Ltd. (Shanghai, China,
www.macklin.cn). Cadmium (CdCl,), chitosan (CS) were ob-
tained from Aladdin Industrial Company (Shanghai, China,
www.aladdin-e.com), sodium phosphate monobasic
dihydrate (NaH,PO,4-2H,0), Potassium phosphate
monobasic (Na,HPO,), Potassium ferrocyanide trihydrat
(K4Fe(CN)¢'3H,0), potassium ferricyanide (K;Fe(CN)g)
was purchased from Tianjin Guangfu Technology
Development Co., Ltd. (Tianjin, China, www.
guangfubiaowu.com). Glacial acetic acid (HAC), potassium
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Scheme 1 Schematic diagram of an ultrasensitive biosensor for detection of PSA
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chloride (KCI), potassium persulfate were bought from
Sinopharm Group (Shanghai, China, www.
sinopharmholding.com). Melamine (C3;HgNg), Tris-(2-
carboxyethyl)-phosohine hydrochloride (TCEP), TE buffer,
were bought Shanghai Sangon Biotechnology Co.
(Shanghai, China, www.sangon.com). Sodium chloride
(NaCl), sodium hydroxide (NaOH) were purchased Tianjin
Damao Chemical Reagent Factory (Tianjin, China, www.
dmreagent.com). 6-mercaptohexan-1-ol (MCH) was obtained
Saan Chemical Technology (Shanghai) Co., Ltd.(Shanghai,
China, www.energy-chemical.com).

DNA was synthesized by Shanghai Sangon
Biotechnology Co.

DNA sequence was as follows:

DNA1: 5’-SH-(CH,)s-GCTATTTGATGGCGAGCTTT
AAT-3".

DNA2(Fc-DNA): 5’-ATTAAAGCTCGCCATCAAAT
AGC-(CHy)g¢-Fc-3°.

The DNA solution was set to the appropriate concentration
with TE buffer solution, and PSA was diluted to varying con-
centrations with phosphate-buffered saline (PBS) (pH 7.4).

Apparatus

Electrochemical measurement and ECL signal measurement
were performed using a CHI 650D (Chenhua, Shanghai,
China, www.chinstr.com) and RFL-1 ultra-weak
chemiluminescence/bioluminescence detector (Remax,
Xi’an, China, www.chinaremex.com). Electrochemical
impedance spectroscopy (EIS) was recorded using a CIMPS
photoelectrochemical comprehensive test instrument (Zahner,
Germany, www.zahner.com), with a three-electrode system: a
platinum wire electrode, which acts as a counter electrode,
Ag/AgCl as the reference electrode, and glassy carbon elec-
trode (GCE, ® =4 mm) as the working electrode. JEM-2100
transmission electron microcopy (JEOL, Japan, www.
instrument.com), UV-3600 UV-Vis absorption spectroscopy
(Shimadzu, Japan, www.esugimoto.com), and X-ray powder
diffractions (XRDs) were performed on an D/max-rA X-ray
diffractometer (Rigaku, Japan, www.rigaku.com).

Synthesis of CdS/Chito/g-C3N, nanocomposites

The g-C3N,4 was synthesized according to the method de-
scribed in the literature with slight modifications [25, 26].
Briefly, 2 g of melamine was placed into the muffle furnace
for calcination at 550 °C for 4 h at a heating rate of 3 °C-min .
After cooling to room temperature, the obtained bulk was
milled into powder and then furtherly heated at 500 °C for
2 h at a heating rate of 5 °C'min”". The resultant powder was

redispersed in ultrapure water with a concentration of 1 mg/

mL and continuously ultrasonicated for 12 h. The upper sus-
pension was sonicated at 6000 rpm for 10 min. The resultant
supernatant was collected and stored at 4 °C. The g-C5Ny4
supernatant was mixed firstly with a 0.5 wt% of chitosan
solution for 30 min, then centrifuged several times with de-
ionized water. The precipitate was dispersed with deionized
water to form 1 mg-mL™" solution.

The CdS quantum dots were synthesized as previously
reported [31]. 172 uL of Mercaptopropionic acid (MPA)
was added to 40 mL of 20 mM CdCl, solution. NaOH
(1 M) was added to adjust the pH value to 11, then pure
N, bubbled through for 30 min to remove O,. Thioacetic
acid (TAA; 40 mL of 20 mM) was then poured into a
three-necked flask and heated in an oil bath at 80 °C.
After 2 h of continuous operation, the reaction liquid
was removed and cooled naturally. Ethanol was added
the above solution and then was centrifuged at
6000 rpm for 10 min. The precipitate was redispersed in
the 8 mL of deionized water.

To prepare CdS/Chito/g-C3N,4 nanocomposites solution,
1 mg'mL™" g-C3N4/Chito solution was mixed with 0.01 M
CdS QDs solution with the volume ratio of 1:3 by mild son-
ication for 30 min.

Fabrication of the electrochemiluminescence DNA
sensor and the measurement procedure

Prior to fabrication, the GCE was carefully polished with
0.3 uM R-Al,05 powder and washed ultrasonically with de-
ionized water and dried with nitrogen. As shown in
Schemes 1, 10 uL of CdS/Chito/g-C3;N, suspensions were
dropped onto the pretreated GCE and dried at room tempera-
ture. Next, DNA1 (15 pL) was dropped onto the electrode
surface. Following incubation at room temperature, 10 puL of
6-mercaptohexanol (MCH) solution was dropped (overnight
at 37 °C) to block the non-specific active binding sites. The
electrode was then coated with 15 uL of Fc-DNA at 37 °C for
1.5 h. Finally, the GCE|CdS/Chito/g-C3N4DNA1MCH|Fc-
DNA modified electrode was incubated in 15 puL of the vary-
ing target PSA concentration samples at 37 °C. The electrode
was washed thoroughly with deionized water to remove su-
perfluous reagents and dried with nitrogen after each step of
the incubation process.

Electrochemiluminescence determination

ECL measurements were carried out in 5 mL of 0.1 mol-L ™
PBS (pH 7.4) containing 0.1 mol'L ™! of K,S,05 and 2.7 mol-
L™ of KCI with the photomultiplier tube voltage setting at
400 V. The working potential was from —1.45 Vto 0 Vata
scan rate of 0.1 V/S.
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Results and discussion

Characterization of CdS/Chito/g-C3N,
nanocomposites

Figure 1 shows the XRD peaks of CdS, g-CsN, and CdS/
Chito/g-C3N,4 nanocomposite, respectively. The CdS quantum
dots showed peaks at 20 =52.1°, 43.9° and 26.5°, matching
the crystal faces of (311), (220) and (111) (PDF#10-0454)
[32]. The 2D g-C;N4 nanostructure had two characteristic
peaks at 27.4° and 13.2°, corresponding to (002) and (100)
diffraction planes. For the CdS/Chito/g-C5N, nanocompos-
ites, a characteristic diffraction peak of CdS at (111) was de-
tected, and the others were uniformly paired. This preliminary
test confirmed that CdS/Chito/g-C3N,4 nanocomposites was
fabricated successfully.

Figure 2 shows the microstructure and morphology of g-
CsNy4 and CdS/Chito/g-C3Ny. As shown in Fig. 2a, pure g-
C3N,4 was successfully stripped from large fragments, clearly
showing the thin layered structure of g-C;N. Figure 2b shows
that CdS is evenly distribute on the surface of g-C3Ny, indi-
cating that CdS is tightly immobilized on the surface.
Figure 2c is a high-resolution transmission electron micro-
graph (HRTEM) of CdS/Chito/g-C5Ny4, which clearly shows
the lattice fringes of CdS quantum dots. The average particle
size is ~2.5 nm, corresponding to the (111) crystal plane of
CdS [32, 33]. Energy dispersive spectroscopy (EDS) was used
to evaluate the chemical composition of the nanocomposite
CdS/Chito/g-C3Ny4. As shown in Fig. 2d, peaks corresponding
to the C, N, Cd, and S elements were observed. The other peak
originates from the substrate of the sample disk.

Figure 2e shows the UV-Vis absorption spectra of CdS, g-
C3N,4 and CdS/Chito/g-C5Ny, respectively. It shows that the
maximum absorption peak of the CdS quantum dots was

002
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— CdS
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Fig. 1 XRD patterns of g-C3N,, CdS and CdS/Chito/g-C3Ny

Intensity/a.u.
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~380 nm, and g-C3N, has a characteristic absorption peak at
328 nm, which is consistent with the previous report [31]. The
figure shows that the two absorption peaks of CdS/Chito/g-
C3N, coincide with the absorption peaks of CdS quantum dots
and g-C;Ny, respectively, which proves that the CdS quantum
dots have been successfully supported on the surface of g-
C3N4.

Electrochemiluminescence behavior and mechanism

Based on the CdS/Chito/g-C3N, sensor for detecting PSA,
chitosan is favored because of its good adhesion and biocom-
patibility, DNA1 is attached to the surface of GCE by Cd-S
bond. DNAL is treated with TCEP before addition, and the
disulfide bond is broken while forcing the modified DNA1 to
be in vertical contact. The MCH solution is added to block
non-specific active binding sites on the electrode surface, and
then combined with the Fc-attached DNA2 by the principle of
complementary base pairing. The introduction of ferrocene
aptamer DNA was achieved by energy transfer and optometry.
Electron transfer can effectively quench the ECL signal, that
is, the excited CdS/Chito/g-C;N4* energy is transferred to the
Fc. When the target PSA is present, the aptamer DNA binds to
the target, i.e., it leaves the electrode surface, and the ECL
signal is recovered due to the adaptation. The binding force
between the bulk DNA and the target is stronger than the
hydrogen bond strength between the double-stranded comple-
ments. Otherwise, the ECL signal is annihilated. According to
previous studies [34], the ECL mechanism of CdS/Chito/g-
C3;N,4 may be as follows:

CdS/Chito/g—C3Ny + ¢ —CdS/Chito/g—C3Ny"~ (1)
$,08% + e —80,7 + 8047 (2)
CdS/Chito/g—C3N;" 4+ SO, —CdS/Chito/g—C3N, "

+ 804 (3)
CdS/Chito/g—C3N, " —CdS /Chito/g—C3Ny + hv (4)

During the negative potential scanning, CdS/Chito/g-C3;N4
is reduced to CdS/Chito/g-C3N," ~ (Eq. (1)), and the co-
reactant S,0g> is reduced to strong oxidant SO, ~ (Eq.
(2)). Then CdS/Chito/g-C3N, ° ™ can be excited by SO, ~ to
form excited state CdS/Chito/g-C3N4*(Eq. (3)). CdS/Chito/g-
CsN," is very unstable, easily loses electronic transition to
ground state, and produces ECL luminescence (Eq. (4)).

Characteristics of the sensor construction process

To verify the successful assembly of the sensor layer, we car-
ried out cyclic voltammetry (CV) and EIS tests. As shown in
Fig. 2f, the bare electrode (curve a) showed a good redox peak
current. When the CdS/Chito/g-C3N,4 nanocomposite (curve
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Fig. 2 TEM image of a g-C3N, and b CdS/Chito/g-C5N,4. ¢ HRTEM
image of CdS/Chito/g-CsNy. d EDS spectra of the CdS/Chito/g-C5N,. e
UV-Vis absorption spectra of g-C3Ny4, CdS and CdS/Chito/g-C3Ny. f The
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cation measured in 2.0 mM [Fe(CN)G]H 4 containing 0.1 M KClI, with
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the scan range of —0.2 to 0.6 V and rate of 100 mV/s. (a) bare GCE. (b)
CdS/Chito/g-C3Ny. (¢) GCE|CdS/Chito/g-C3N4/DNAL. (d) GCE|CdS/
Chito/g-C3N4/DNA1|MCH. (e) GCE|CdS/Chito/g-C3Ny,/
DNAI|MCH|DNA2. (f) GCE|CdS/Chito/g-C3Ny,/
DNA1MCH|DNA2|PSA
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b) was coated onto the surface of the electrode, the peak cur-
rent was remarkably lowered, and the electron transfer rate
slowed. As the DNAT1 (curve ¢), MCH (curve d), and DNA2
(curve e) layers were assembled onto the surface of the mod-
ified electrode, the peak current gradually decreased. This was
mainly due to the fact that the non-conductive substance mod-
ified on the surface of the electrode greatly reduced the elec-
tron transfer process. When the target antigen PSA (curve f)
was continuously added and incubated on the electrode sur-
face, the PSA specifically bound to the DNA2 and left the
electrode surface altogether, such that the redox peak current
of the modified electrode increased. Thus, the above
results indicate that the layer assembly of the sensor
was successful.

In order to better understand the layer assembly process of
the modified electrode, Fig. 2g shows the EIS spectra of dif-
ferent modified electrodes. The bare electrode showed a rela-
tively small electron transfer resistance (Ret) (curve a). When
CdS/Chito/g-C3N,4 was modified to the surface of the GCE,

the Ret value was larger than that of the bare electrode (curve
b), showing that CdS/Chito/g-C3sN, can block the electrons on
[Fe(CN)s]> " on the electrode surface. As DNA1, MCH and
DNA2 were successively modified on the surface of the elec-
trode prepared above, the Ret value was further increased
(curves c, d and e), and when the target PSA was added,
DNA2 specifically binds to the target PSA and then leaves
the electrode surface together, the Ret had slightly decreased
(curve f). These EIS results are consistent with what was ex-
pected, indicating that the proposed ECL biosensor had been
successfully constructed.

Optimization of the experimental conditions

In order to obtain a strong and stable ECL signal, the optimi-
zation experiments with different volume ratios of Chito/g-
C;N4 and CdS were studied. When the volume ratio of
Chito/g-C3N,4 to CdS is 3: 1, the nanocomposite has the largest
ECL intensity (Fig. 3a). To control the variables, the DNAI
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concentration was determined as 2 M. The optimal DNA2
concentration, the optimal DNA2/DNA1 incubation time, and
incubation time of PSA with sensors directly affect sensor
performance. Figure 3b shows that when the DNA1 concen-
tration was 2 uM, the ECL intensity decreased with increasing
DNA2 concentration. As the DNA2 concentration increased
to 8 uM, the ECL intensity was the lowest, i.e., the quenching
was optimal, and the DNA2 concentration continued to in-
crease. The ECL intensity had a tendency to increase slowly.
Therefore, 8 WM was used as the optimal DNA2 concentration
in the following experiment. Figure 3¢ shows that when de-
termining the optimal DNA2 concentration, as the incubation
time of DNA2 and DNA1 increases, the ECL intensity grad-
ually decreases, and then there is almost no significant change
after 75 min. Therefore, the optimal incubation time for this
experiment is 75 min. From Fig. 3d, we can see that as the
incubation time of the PSA and the sensor increases, the ECL
intensity gradually increased, and then ECL signal had no
longer any obvious change at 90 min. Therefore, the optimal
incubation time was 90 min for the entire experiment. In ad-
dition, the pH value also affect the performance of the sensor.
Figure 3¢ shows that the ECL signal increases firstly and then
decreases as the pH value increases. When the pH value is 7.4,
the ECL intensity reaches a maximum value. This phenome-
non indicates that more negatively charged substances could
promote electron transfer. When the pH value is higher than
7.4, excess anions are accumulate on the electrode surface,
thereby inhibiting the approach of the negatively charged

CdS quantum dots, resulting in a decrease in ECL intensity.
Therefore, the pH value of 7.4 is the best experimental
condition.

Performance study of the sensor

After determining the optimal conditions, the sensor perfor-
mance was evaluated by detecting the ECL intensity at a range
of different PSA concentrations. Figure 4a shows that as the
PSA concentration increases, the ECL intensity gradually in-
creases. The reason for this phenomenon is that the aptamer
DNAZ2 binds to the target PSA, and is detached from the elec-
trode surface, thereby restoring the ECL intensity.
Additionally, the ECL intensity change was linear with the
PSA concentration logarithm. Figure 4b shows the sensor ver-
sus PSA determination standard plot. The linear range of de-
termination was 1 pg'mL ™' to 100 ng'mL ', and the linear
equation was /= 10,846.3+ 752.81gC (gmL""). The correla-
tion coefficient was R =0.994, and the detection limit was
1.4x 107" gmL™" (S/N=3). Compared with the previous
report about determination of PSA (As shown in Table 1),
the sensor showed a relatively low detection limit and the wide
linear range.

Adaptability, stability and selectivity of the sensor

To evaluate the repeatability of the sensor, six electrodes were
incubated under the same conditions at the same

Table 1 In contrast to other previously reported PSA immunosensors

Analytical method Electrode materials Linear range Limit of detection Reference
PEC Mn:CdS /g-C3N, 0.01 ng'mL™"-20 ng'mL™" 3.8 pgmL™ [20]

ECL CdS-Au 1 ngmL '-12 ng'mL"™" 0.6 ngmL " [27]
Fluorescence Ag@Si0,@Si0,-RuBpy 0.1 ngmL'-100 ng'mL"™" 27 pgmL™! [10]
ELISA - 0.825 ngmL '-165 ng'mL ™" 0.16 ng'mL ™' (8]

ECL CdS/Chito/g-C5N, 1 pgmL'-100 ng'mL ™" 0.14 pgmL™' This work
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Fig. 5 a The ECL stability of the aptasensor with the concentration of

PSA (10 ng/mL) under a continuous cyclic potential scan for 20 cycles. b

The selectivity of the proposed ECL aptasensor detection of PSA
(10 ng-mL™") against different targets: CEA (10 ug:mL™"), IL-6

concentration, and the ECL intensity values were compared.
The relative standard deviation of the sensor was 2.42%, in-
dicating fairly good repeatability.

To test the stability of the constructed sensor, we carried
out a continuous scan of the incubated electrode for 20 cy-
cles, showing satisfactory results (Fig. 5a). The incubated
electrode was then stored at 0—4 °C. After 2 weeks of
removal, the measured ECL intensity increased by 4.6%
compared with the previous one, without much change,
showing good storage stability.

To evaluate the response of the designed immunosensor
to other interfering substances, we studied urokinase-type
plasminogen activator (UPA, 10 pg-mL™"),
carcinoembryonic antigen (CEA, 10 pg'-mL ") and inter-
leukin-6. (IL-6, 10 p.g~mL71) was used as interference de-
tection for the sensor. As a result, as shown in Fig. 5b, it is
not difficult to find that the ECL intensity change of the
sensor is negligible compared with the blank. However,
when the sensor was incubated with 10 ng-mL™' PSA
and 10 ug'mL ™" of a mixture of the above various interfer-
ing substances, there was no significant change in the ECL
intensity of the sensor compared to incubation with only
PSA. The above results indicate that the sensor shows bet-
ter selectivity.

Table 2 Detection of PSA in human serum samples

Serum PSA hospital This work Relative

samples (ng'mL"~ h (ng'mL h deviation
(%)

1 14.40 14.88 3.06

2 9.42 9.81 4.14

3 8.38 8.13 -2.98

4 5.56 527 -5.22

5 0.42 0.44 4.76

6 0.094 0.098 4.26
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Human serum sample analysis

In order to verify the feasibility and accuracy of the designed
biosensor, the sensor was used to detect real human serum
samples. Compared with the results of the First Affiliated
Hospital of Anhui Medical University (Chemiluminescence
Immunoassay), the results are shown in Table 2. It can be seen
that the designed ECL biosensor maintains good consistency
with the hospital test results, indicating that the sensor has
potential application value in clinical diagnosis in the future.

Conclusions

This work has proven that ECL immunization biosensor can
detect PSA efficiently and sensitively. Based on the presence
of CdS/Chito/g-C3N, nanocomposites, the sensor exhibits a
fairly strong and stable ECL signal. The sensor has the advan-
tages of wide linear range, high sensitivity and easy operation.
This method is expected to have great potential in the appli-
cation in the clinical diagnosis of PSA.
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