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a b s t r a c t

A novel electrogenerated chemiluminescence peptide-based (ECL-PB) biosensor for highly sensitive and

selective determination of prostate-specific antigen (PSA) was developed. A helix peptide (CHSSKLQK)

was served as a molecular recognition element and ruthenium bis(2,20-bipyridine) (2,20-bipyridine-

4,40-dicarboxylic acid)-N-hydroxysuccinimide ester (Ru(bpy)2(dcbpy)NHS) was used as an ECL label.

The helix peptide was labeled with the ECL label at NH2-containing lysine and utilized as ECL probe

(Ru-peptide). The ECL-PB biosensor was fabricated by immobilizing the ECL probe onto a gold electrode

surface via self-assembling technique through a thiol-containing cysteine at the end of the peptide. The

principle of ECL measurement is based on the specific proteolytic cleavage event of Ru-peptide on the

gold electrode surface in the presence of PSA, resulting in a decrease of ECL signal. The decreased ECL

intensity was directly linear to the concentration of PSA in the range from 1.0�10�10 g/mL to

8.0�10�9 g/mL with a detection limit of 3.8�10�11 g/mL. This work demonstrates that the direct

transduction of peptide cleavage events into an ECL signal provides a simple and sensitive method for

detecting target protein.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Sensitive and accurate measurement of disease-related protein
is critical to many aspects of modern biochemical and biomedical
research. In particular, the clinical measurement of a cancer
biomarker shows a great promise for early disease detection
and highly reliable prediction [1]. Prostate-specific antigen
(PSA), belonging to the human kallikrein family, has been recog-
nized as the premier tumor marker for the detection of early stage
prostate cancer and for monitoring the recurrence of the disease
after treatment [2,3]. A variety of methods have been developed
to determine PSA, such as enzyme-linked immunosorbent assay
[4], colorimetric immunoassay [5,6], fluorescence immunoassay
[7,8], surface-enhanced Raman scattering immunoassay [9], elec-
trochemical immunoassay [10–12], chemiluminescence [13] and
electrogenerated chemluminescence immunoassay [14,15]. These
assays are usually based on immunoassay, in which antibodies
are used as molecular recognition elements due to their strong
and selective binding. However, the antibody drawbacks asso-
ciated with their production, stability and manipulation have
prompted researchers to seek alternatives and the assay usually
requires multiple steps and long incubation time [16].
ll rights reserved.
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Short linear binding peptides obtained using phage display, as
substitute antibodies, have several advantages as compared to
antibodies, including that peptides can be created synthetically in
a reliable and cost-effective manner; peptides are more stable and
resistant to harsh environments and peptides are more amenable
than antibodies to engineering at the molecular level [16,17].
Several peptide-based biosensors for the detection of protein have
been developed, including troponin I [18], prostate-specific antigen
(PSA) [19,20], protein kinase [21], HIV [22,23], bacteria [24], etc.
The signal transduction approaches were mainly based on optical
[18,24] and electrochemical biosensor [19–23]. For example, Zhao
et al. reported an electrochemical method to determine the PSA by
using the ferrocene-functionalized helix peptide (CHSSKLQK) [19].
The direct transduction of peptide cleavage events into an elec-
trical signal provides a simple, sensitive method for the detection
of PSA.

Electrogenerated chemiluminescence (also called electroche-
miluminescence and abbreviated ECL), known for high sensitivity,
rapidity and easy controllability, has attracted increasing atten-
tion in recent years, leading to the development of various ECL
sensing approaches in immunosensing [25], DNA hybridization
assays [26] and enzymatic biosensors [27]. Although phage
display has been widely applied to identify peptides or proteins
with specific binding capabilities, the application of peptide in the
development of ECL biosensor for detection of PSA has not been
published.



Fig. 1. Schematic diagram of the fabrication of ECL-PB biosensor for the detection of PSA.
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The aim of the present work is to develop an ECL peptide-
based (ECL-PB) biosensor for the determination of protein. As a
model system, PSA is chosen as an analyte and a helix peptide
(CHSSKLQK) is taken as molecular recognition element. The
principle scheme of the designed ECL-PB biosensor is demon-
strated in Fig. 1. The helix peptide with a sequence of CHSSKLQK
was labeled with an ECL label, ruthenium bis(2,20-bipyridine)
(2,20-bipyridine-4,40-dicarboxylic acid)-N-hydroxysuccinimide
ester (Ru(bpy)2(dcbpy)NHS, Ru), and immobilized on a gold
electrode surface by self-assembling technique through a thiol-
containing cysteine incorporated at the end of the peptide. The
principle of ECL measurement is based on the specific proteolytic
cleavage event of the Ru-peptide on the gold electrode surface in
the presence of PSA, resulting in the decrease of the ECL signal of
the electrode. In this work, the principle concept of ECL-PB
biosensor for determination of PSA was proposed and the fabrica-
tion and characterization of the ECL-PB biosensor for PSA were
presented. The kinetic studies of peptide with PSA were performed
and compared with that of anti-PSA antibody with PSA.
2. Experimental section

2.1. Reagents and apparatus

A peptide (8 mer, CHSSKLQK, MW¼929.48) was designed
according to Ref. [19] and chemically synthesized and obtained
from Sinoasis Pharmaceuticals, Inc. (China). Prostate-specific
antigen (PSA, MW¼34,000) from human semen was obtained
from Fitzgerald Industries International, Inc. (USA). PSA-specific
antibody was obtained from Zhongshan Goldenbridge Biotech-
nology Co. Ltd (China). Ruthenium bis(2,20-bipyridine) (2,20-
bipyridine-4,40-dicarboxylic acid)-N-hydroxysuccinimide ester
(Ru(bpy)2(dcbpy)NHS, Ru) and 6-mercaptohexanol (MCH) was
obtained from Sigma-Aldrich (USA). Trypsin was obtained from
Beijing BioDee Biotechnology Co. (China). All solutions were
prepared with Millipore Milli-Q water (18.2 MO cm).

ECL measurements were performed with a MPI-E ECL detector
(Xi’an Remax Electronics, China). The experimental set-up for ECL
measurement was same as the previous paper [28]. A commercial
cylindroid glass cell was used as an ECL cell, which contained a
conventional three-electrode system consisting of either a gold
electrode (2.0 mm diameter) or a ECL-PB sensor as the working
electrode, a platinum plate as the counter electrode, and an Ag/
AgCl (saturated KCl) as the reference electrode, respectively. ECL
emissions were detected with a photomultiplier tube (PMT) that
was biased at �900 V unless otherwise stated.

2.2. Preparation of ECL probes

The ECL probe, ruthenium bis (2,20-bipyridine) (2,20-bipyri-
dine-4,40-dicarboxylic acid)-N-hydroxysuccinimide ester-peptide
(Ru-peptide), were synthesized according to literatures with
some modifications [28,29]. Two milligrams of peptide
(0.00215 mmol) was dissolved in 10 mL of absolute ethanol.
The peptide was labeled by adding a 10-fold molar excess of
Ru(bpy)2(dcbpy)NHS to the stirred peptide solution, followed by
an overnight incubation at 4 1C. The labeled peptide was purified
by gel filtration chromatography on Sephadex G-15 using 50 mM
phosphate buffer solution (PBS) containing 0.15 M NaCl (pH 7.2).
The concentration of Ru-peptide solution was calculated to
be 1.77�10�5 M according to the value of UV absorption of
Ru(bpy)2(dcbpy)NHS at 457 nm [30,31].

For control, the ECL probe, Ru(bpy)2(dcbpy)NHS labeled anti-
body (Ru(bpy)2(dcbpy)NHS-antibody), was synthesized as follow-
ing. A 10-fold molar excess of Ru(bpy)2(dcbpy)NHS was added into
200 mL 1.5�10�5 M of stirred antibody solution, followed by an
overnight incubation at 4 1C and purification with ultrafiltration
centrifugal tube (3000 MWCO) using 0.1 M PBS (pH 7.4). The
concentration of Ru(bpy)2(dcbpy)NHS-antibody solution was cal-
culated to be 1.16�10�5 M according to the value of UV absorp-
tion of Ru(bpy)2(dcbpy)NHS at 457 nm.

2.3. Fabrication of ECL biosensor

The Ru-peptide was immobilized on a cleaned gold electrode
surface by self-assembling technique [19]. Prior to the experiment,
the gold electrode (2.0 mm diameter) was pretreated according
to previously published protocols [28,29]. The self-assembly of
Ru-peptide onto the gold electrode surface was performed at 4 1C
by dipping the electrode into 10 mM Ru-peptide solution for 30 min.
The Ru-peptide modified gold electrode was thoroughly rinsed with
ethanol to remove the unbinding ECL probe on the gold electrode.
The Ru-peptide modified gold electrode was then immersed in
1 mM mercaptohexanol solution for 30 min. The resulting electrode
was washed with water and used as the ECL-PB biosensor.

For control, ECL immunosensor was fabricated with the
reduction of in situ generated aminophenyl diazonium cation
generated from p-phenylenediamine on gold electrode, followed
by covalent bonding of Ru(bpy)2(dcbpy)NHS-antibody to the
aminophenyl group according to Ref. [32] (see Supporting Infor-
mation section for the immunosensor fabrication).

2.4. ECL measurement

The ECL-PB biosensor or the ECL immunosensor fabricated was
immersed in 100 mL of 10 mM PBS (pH 7.4) containing different
concentrations of PSA for 30 min at room temperature. After the
reaction, the formed electrode was rinsed thoroughly with 10 mM
PBS (pH 7.4) to remove the nonspecific adsorption. The ECL
measurement was performed at a constant potential of þ0.85 V
in 1.0 mL of 0.10 M PBS (pH 7.4) containing 50 mM tripropyla-
mine (TPA) and 0.10 M NaCl. The concentration of PSA was
quantified by a decreased ECL intensity (DI¼ I0–IS), where IS was
the ECL intensity of ECL-PB biosensor reacted with PSA and I0 was
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the blank ECL intensity of ECL-PB biosensor. All experiments were
carried out at room temperature.
Fig. 3. ECL intensity vs time profiles of the ECL-PB biosensor fabricated before

(line a) and after incubation in 10 mM PBS(pH 7.4) in the absence of PSA (b), in the

presence of 0.5 ng/mL PSA (line c) and in the presence of 5 ng/mL PSA (line d).

Cleavage time, 30 min; detection solution, 0.10 M PBS (pH 7.4) containing 50 mM

TPA; applied potential 0.85 V.
3. Results and discussion

3.1. Characterization of the ECL probe

The ECL probe (Ru-peptide) synthesized according to the
process described in the experiment section was characterized
by UV–vis spectroscopy and electrogenerated chemiluminescence
technique. UV–vis spectra of the Ru-peptide are shown in Fig. 2A.
From Fig. 2A, it can be seen that the characteristic peaks appear at
214 nm, 246 nm, 287 nm and 457 nm for the ECL probe (line a), at
214 nm for peptide (line b), at 245 nm, 287 nm and 457 nm for
Ru(bpy)2(dcbpy)NHS (line c). This indicates that Ru(bpy)2(dcbpy)
NHS has been labeled to the peptide.

The ECL probe was also characterized by the ECL method at a
gold electrode using a cyclic voltammetry technique. Fig. 2B shows
ECL intensity-potential profiles of Ru(bpy)2(dcbpy)NHS (line a) and
Ru-peptide (line b) in 0.10 M PBS (pH 7.4) containing 50 mM TPA.
From Fig. 2B, it can be seen that ECL peak of Ru(bpy)2(dcbpy)NHS
appears at 0.83 V and ECL peak of Ru-peptide appears at 0.85 V.
The ECL peak potential of Ru-peptide is more positive than that of
Ru(bpy)2(dcbpy)NHS. The ECL intensity of Ru(bpy)2(dcbpy)NHS
was nearly 2-fold higher than that of Ru-peptide at the same
concentration. Similar phenomena was observed by Xu for
Ru(bpy)3

2þ labeled prostate-specific antigen [33]. Xu reported that
the ECL intensity of Ru(bpy)3

2þ labeled antigen was inversely
proportional to molecule’s mass and size. Moreover, the diffusion
coefficient was related with the molecule’s mass and size [34].
Therefore, the decrease of ECL intensity may be ascribed to the
increase of the molecular weight and the decreases of diffusion
coefficient of Ru-peptide.

3.2. ECL response of the ECL-PB biosensor for PSA

In this work, we employed a helix peptide with a sequence of
CHSSKLQK as recognition molecule. Ru(bpy)2(dcbpy)NHS was
covalently labeled onto peptide at NH2-containing lysine via
acylation reaction. Fig. 3 shows that ECL intensity vs time profiles
of the ECL-PB biosensor fabricated before (line a) and after
cleavage with 0.5 ng/mL PSA (line c) and 5 ng/mL PSA (line d),
respectively. Compared line a with line c, ECL-PB biosensor with
Fig. 2. (A) UV–vis spectra of Ru-peptide (a, red line), peptide (b, blue line) and

Ru(bpy)2(dcbpy)NHS (line a) and Ru-peptide (line b) in 0.10 M PBS (pH 7.4) containin

figure legend, the reader is referred to the web version of this article.)
interaction of 0.5 ng/mL PSA displayed a small signal. Compared
line c with line d, it can be clearly observed that the ECL intensity
decreases from 5133 to 3870 as the PSA concentration is elevated.
A control experiment performed by incubating the ECL-PB bio-
sensor in 10 mM PBS (pH 7.4) in the absence of PSA found that
ECL signal had negligible change (3.1% drop, line b) after 30-min
incubation. It was reported that peptide was recognized and
cleaved between the glutamine(Q) and lysine (K) position in the
presence of target PSA [19,35–37]. This leads to the decrease of
the amount of Ru(bpy)2(dcbpy)NHS on the electrode surface,
thus, resulting in the decrease of ECL signal detected. Therefore,
the ECL-PB biosensor possibly can be used to detect target PSA.
Not only ECL peak height but also peak width were changed after
the PB-based biosensor reacted with PSA. Although the integral
ECL intensity was more accurate for the quantitative analysis, the
ECL peak height was utilized because data handling was simpler
and more convenient. As a result, the direct transduction of
Ru(bpy)2(dcbpy)NHS (c, green line). (B) ECL intensity vs potential profiles of

g 50 mM TPA. Scan rate 50 mV/s. (For interpretation of references to color in this
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peptide cleavage events into an ECL signal can provide a simple,
sensitive route to detect the concentration of PSA.
3.3. Optimization of conditions

The applied potential to ECL-PB biosensor designed is an
important parameter because it is related to the sensitivity of
the ECL-PB biosensor. The dependence of the ECL intensity of the
ECL-PB biosensor on applied potential was checked. The results
are shown in Fig. 4A. From Fig. 4A, it can be seen that when the
electrode potential is positive than 0.70 V, an obvious ECL
appears, attributed to the oxidation of TPA at modified electrode
[38]. Experimentally, þ0.90 V was found to be the optimal
potential (Fig. 4A). A negative potential shift of 0.25 V from the
reversible redox potential of Ru(bpy)3

2þ (1.15 V vs SCE) [39] in
solution could result from the effect of the electrode material
[29]. The decrease in ECL intensity at a potential higher than
þ0.9 V remains unclear but could be related to the desorption of
Ru-peptide and the oxidation of water that produces extra
amounts of oxygen, resulting in the consumption of TPA. radicals
needed for the generation of the Ru(bpy)2(dcbpy)NHSn species
[40,41]. It was also found that the reproducibility of the ECL-PB
biosensors was dwindled at þ0.9 V. This is attributed to the
oxidative desorption of thiol of the ECL probe on the gold
electrode at the higher potentials [42,43]. It was lucky enough
to obtain a much highly enhanced ECL value at þ0.85 V. There-
fore, the constant potential of þ0.85 V was chosen in following
experiments.

We studied the effect of cleavage time on the ECL signal of
ECL-PB biosensor in the presence of PSA and found that the ECL
signal decreased with the increase of the incubation time. There-
fore, the dependence of the ECL intensity on cleavage time, that is,
the time of immersing the ECL-PB biosensors in the PSA solution,
was investigated to obtain the optimum cleavage time. When a
series of the ECL-PB biosensors fabricated were immersed in 5 ng/
mL PSA solution for different times, the ECL signals were recorded
in 0.10 M PBS containing 50 mM TPA at a constant potential of
þ0.85 V. The results showed that the ECL intensity decreased
with the increase of cleavage time from 5 to 30 min and then
became stable after 30 min (as shown in Fig. 4B, a). The decreased
ECL intensity reached maximum value and kept stable when the
cleavage time was up to 30 min (as shown in Fig. 4B, b). This
suggests that 30 min is enough for the system to reach
Fig. 4. (A) Dependence of the ECL intensity of the ECL-PB biosensor on applied potential

intensity of ECL-PB biosensor (a) and the decreased ECL intensity (b) with interaction of
equilibrium. Therefore, 30 min was chosen as cleavage time in
the following experiments.
3.4. Performance of ECL-PB biosensors

3.4.1. Linear range and detection limit

The quantitative behavior of the ECL-PB biosensor fabricated
was assessed according to the protocol described in ECL measure-
ment. Fig. 5A shows the ECL profiles of the ECL-PB biosensors
after interacting with different concentrations of PSA under the
optimized conditions. From Fig. 5A, it can be seen that the ECL
intensity decreases with an increase of the concentration of
PSA. The decreased ECL intensity had a linear relationship with
the concentration of PSA in the range from 1.0�10�10 g/mL to
8.0�10�9 g/mL. The linear regression equation was DI¼2038
lgCþ2612 (unit of C is 10�9 g/mL) and the correlation coefficient
was 0.9591. The detection limit (DL) was 0.038 ng/mL (3s) [44]. The
detection limit is comparable with that reported in Refs. (enzyme-
linked immunosorbent assay (1�10�10 g/mL [4]), colorimetric
immunoassay (1�10�12 g/mL [5]), fluorescence immunoassay
(1.0�10�12 g/mL (34fM) [7] and 6�10�10 g/mL [8]), electrochemi-
cal immunoassay (1�10�10 g/mL [10] and 7.6�10�10 g/mL [11])
and electrochemical peptide-based assay (2�10�10 g/mL [19]). DL of
the ECL-PB biosensor was slightly larger than that of 4�10�11 g/mL
PSA on ECL immunoassay by employing carbon nanotube forests and
[Ru(bpy)3]2þ-doped silica nanoparticles [14] and of 1�10�12 g/mL
PSA on ECL immunosensor array [15]. Since age-adjusted cutoff
values for the normal range are o2.5, o3.5, o4.5, and o5.5 ng/
ml for men aged 40–50, 51–60, 61–70, and 71–80 years, respectively,
the ECL-PB biosensor DL is still well below the normal serum levels
of PSA, and the ECL-PB biosensor presents a clinically viable concen-
tration range [45].

In order to illustrate the good recognition molecular ability,
a control immunosensor was fabricated with the reduction of
in situ generated aminophenyl diazonium cation generated from
p-phenylenediamine on gold electrode, followed by covalent bonding
of antibody to the aminophenyl group. When the immunosensor
reacted with target PSA, an immunocomplex of antibody-PSA was
formed and a decrease of ECL intensity was observed. Fig. 5B shows
the ECL profiles of the ECL immunosensor after interaction with
different concentrations of PSA. The results showed that the
decreased ECL intensity of immunosensor had a linear relationship
with the increase of concentration of PSA in the range from
1.0�10�9 g/mL to 4.0�10�8 g/mL. The regression equation was
obtained in 0.10 M PBS (pH 7.4) containing 50 mM TPA. (B) Dependence of the ECL

5 ng/mL PSA on cleavage time. The ECL measurement conditions are same as Fig. 3.



Fig. 5. (A) ECL responses of the ECL-PB biosensors with interaction of different concentrations of PSA. (a) 1.0�10�10 g/mL; (b) 5.0�10�10 g/mL; (c) 1.0�10�9 g/mL;

(d) 2.0�10�9 g/mL; (e) 5.0�10�9 g/mL and (f) 8.0�10�9 g/mL. (B) ECL responses of the ECL immunosensor biosensors with interaction of different concentrations of

PSA. (a) 1.0�10�9 g/mL; (b) 5.0�10�9 g/mL; (c) 1.0�10�8 g/mL; (d) 2.0�10�8 g/mL; (e) 3.0�10�8 g/mL and (f) 4.0�10�8 g/mL. The ECL measurement conditions are

same as Fig. 3.
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DI¼1009 lgCþ655.2 (unit of C is 10�9 g/mL) and the correlation
coefficient was 0.9823. The detection limit was 0.33 ng/mL, which
was 10 fold higher than that of at ECL-PB biosensor. The slope at the
ECL-PB biosensor was 2 fold higher that that at the ECL immuno-
sensor. Therefore, a high sensitivity of the ECL-PB biosensor devel-
oped was obtained.

The precision was estimated for 1 ng/mL PSA with 6 ECL-PB
biosensors and yielded reproducible results with a relative
standard deviation (RSD) of 3.3%. The day-to-day prepared ECL-
PB biosensors showed good reproducibility with RSD of 2.3%
(n¼6). Therefore, a good reproducibility of the ECL-PB biosensors
developed was obtained.
3.4.2. Selectivity, stability and application

The evaluation of the selectivity of ECL-PB biosensor fabricated
was performed by examining trypsin which belongs to protei-
nases and the mixture of trypsin and PSA (as shown in Fig. S-1).
The ECL intensity of the proposed ECL-PB biosensors was exam-
ined after immersing the ECL-PB biosensors in 5 ng/mL PSA,
50 ng/mL of trypsin, and the mixture of trypsin and PSA according
to the protocol described in ECL measurement, respectively.
A significant decrease induced by the interaction of the ECL-PB
biosensor with PSA and mixture (62.4% for PSA, 63.8% for
mixture) was observed compared with that of trypsin (5.8% for
trypsin), indicating that the developed strategy has a sufficient
selectivity and PSA could be unequivocally identified. This may be
explained by the fact that the peptide with the sequence of
CHSSKLQK could be cleaved by PSA specifically while trypsin
showed lower selectivity of cleavage activity.

The long-term stability of the ECL-PB biosensors is an impor-
tant issue for the development and practical implementation for
the detection of PSA. Therefore, the storage stability of the
fabricated ECL biosensors was investigated. It was found that
the response of ECL-PB biosensors to 5.0 ng/mL PSA did not
significantly change when stored in 10 mM PBS (pH 7.4) at 4 1C
over 10 days and the signal only decreased about 6.4%. Therefore,
a stability of the ECL-PB biosensors fabricated was obtained.

The proposed method was also implemented in the analysis of
control human serum. A series of samples were prepared by
adding different concentrations PSA to human serum, obtained
from Hospital of Shaanxi normal university. The results are shown
in Table S-1. As can be seen from Table S-1, average recovery
determination of prostate-specific antigen is 97.2%, indicating a
feasibility of possibility in clinical application.
3.4.3. Kinetic studies of immobilized peptide interacted with PSA

In order to understand the fundamental of cleavage event and
the performance of designed biosensors, the dissociation constant of
the immobilized peptide with PSA (Kd) and the association constant
of the immobilized antibody with PSA (Kb) were determined by the
ECL method according to Refs. [41,46–49]. For the ECL-PB biosensor,
we supposed that the cleave reaction consists 2 steps [42]. The first
step is represented by the binding of PSA to the Ru-peptide
immobilized on the gold electrode surface, to form a Ru-pepti-
de �PSA complex. In second step, the Ru-peptide is cleaved by PSA,
following releasing one product (Ru-K) in solution and remaining
peptide1 (CHSSKLQ) on the electrode. According to the results as
shown in Fig. S-2, an apparent Kd between immobilized peptide and
PSA of 3.5 ng/mL (1.0�10�10 M) was obtained. For comparison, the
association constant of the immobilized antibody with PSA was
evaluated according to Refs. [41,48,49]. Fig. S-3 shows the correla-
tion between the decreased ECL intensity and the PSA concentra-
tions. According to the results in Fig. S-3, Kb between immobilized
antibody and PSA of 0.24 ng/mL�1 (8.0�109 M�1) are obtained
(Kd¼4.3 ng/mL (1.3�10�10 M)), which is similar with that of
Ref. [[50], Kd¼0.1 and 0.4 nM]. Both the low dissociation constants
indicate that high affinity of peptide/antibody with PSA.
4. Conclusion

In conclusion, a sensitive and selective reagent-less ECL
peptide-based biosensor for the detection of PSA has been devel-
oped. A peptide was used as a molecular recognition element and
ruthenium complex was used as an ECL label. High affinity of
peptide with PSA results in a sensitive detection of PSA with a
detection limit of 3.8�10�11 g/mL. This work demonstrates that
the direct transduction of peptide cleavage events into an ECL
signal provides a simple, reagent-less, rapid, and sensitive method
for disease biomarker assay.
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