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ABSTRACT: This work reports a novel electrochemical
immunoassay protocol with signal amplification for determi-
nation of low-abundance protein (free prostate-specific
antigen, PSA, used as a model) with high sensitivity and
high selectivity by coupling metal sulfide (PbS)-based
nanolabels with cleavage of the corresponding lead ion-
induced DNAzymes. The assay mainly consists of an antigen—
antibody immunoreaction with metal nanolabel in a trans-
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parent 96-well polystyrene microplate, the release of metal ions from the nanolabel, and cleavage of metal ion-induced
DNAzyme. The signal is amplified by the labeled redox tag (ferrocene) on the DNAzyme-based sensor. In the presence of target
analyte, the sandwiched immunocomplex can be formed between the primary antibody on the microplate and the corresponding
metal sulfide nanolabel. The carried nanolabel can release numerous metal ions by acid, and induce the cleavage of the
corresponding DNAzyme, thus resulting in the change of electrochemical signal. Under optimal conditions, the DNAzyme-based
immunoassay presents an obvious electrochemical response for the detection of PSA, and allows detection of PSA at a
concentration as low as 0.1 pg mL™". Intra-assay and interassay coefficients of variation (CV) were less than 9.5% and 10%,
respectively. No significant differences at the 0.05 significance level were encountered in the analysis of 12 clinical serum
specimens between the developed immunoassay and a commercially available enzyme-linked immunosorbent assay (ELISA).

B INTRODUCTION

Sensitive and specific detection of disease-related biomarkers is
essential in biological studies, clinical diagnostics, and treat-
ment."” Typically, the assay can be implemented by using
certain affinity ligands including the corresponding aptamers
and antibodies that specifically interact with the biomolecules
and thus mediate a target-responsive signal transduction
cascade.”* Enzyme labels and fluorophore labels are usually
employed for detectable signal amplification. Unfortunately, the
conventional enzyme labels often exhibit low sensitivity, since
there is usually a ratio of 1:1 for enzymes and biomolecules
used for steric reasons. Hence, greatest attention has been
recently focused on nonenzymatic signal amplification strat-
egies, e.g., by employing nanolabels and molecular biological
methods comprising polymerase chain reaction (PCR), rolling
circle amplification (RCA), and hybridization chain reaction
(HCR).>®

Metal sulfide nanoparticles (ZnS, CdS, PbS, and CuS) have
shown great potential in the fluorescence and electrochemical
immunoassays owing to their unique merits: nanoscale size
similar to proteins, broad excitation spectra for multicolor
imaging, robust, narrowband emission, and versatility in surface
modification.” ™ Hansen’s group utilized metal sulfide nano-
particle as labels to design a new electrochemical method that
provided detection capabilities down to 100 attomol of target
DNA.” The nanostructures exhibited sharp and well-resolved
stripping voltammetric signals due to the well-defined oxidation
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potentials of metal components.'®'" Unfavorably, metal ions of
interest are electroplated on an in situ formed mercury drop
electrode during a deposition step and oxidized from the
electrode during the stripping step.'”'> Moreover, the stripping
process usually consists of a 1.0-min pretreatment and 2.0-min
accumulation at high potential. Possible interfering materials
might be adsorbed on the electrode during the accumulation,
thus affecting the electrochemical response signal. To tackle
this issue, our motivation in this work is to exploit a novel
signal-transduction method by coupling the nanolabels with
molecular biological techniques for signal amplification.
DNAzymes that can catalyze a broad range of chemical and
biological reactions such RNA cleavage have been isolated in
test tubes."*"> Most require certain metal ions as the cofactors
for structure and function, and many DNAzymes show high
metal-binding affinity and specificity.'"®™'® For practical
applications, DNAzymes are cost-effective to produce, much
more stable than protein-based enzymes, and can be denatured
and renatured many times without losing activity or binding
ability."” DNAzymes were first used in lead-ion dependent
RNA cleaving, and the catalytic action of them was 100-fold
that of the noncatalyzed process.”* > These intrinsic
advantages of DNAzymes make them many potential
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applications as components for DNA logic gates and nano-
machines, DNA computing circuits, proofreading units in
nanomaterial assembly, and high-efficiency tools for metal ion
monitoring.23’_25 To the best of our knowledge, however, there
is no report focusing on the cleavage method of metal ion-
induced DNAzymes for development of electrochemical
immunoassays by coupling with metal sulfide nanolabels.

Herein, we report the proof-of-concept of a novel and
powerful electrochemical immunoassay of free prostate-specific
antigen (PSA, as a model protein) in biological fluids by
coupling the signal amplification strategy of metal sulfide
nanolabels with highly selective lead-specific DNAzymes. The
assay protocol mainly consists of (i) the antigen—antibody
reaction with the nanolabels in a transparent 96-well
polystyrene microplate, (ii) the release of lead ions from the
nanolabels, (i) cleavage of Pb**-induced DNAzymes on the
lead-specific DNAzyme sensor, and (iv) electrochemical
measurement.

B EXPERIMENTAL PROCEDURES

Materials. Mouse antihuman monoclonal prostate-specific
antibody (anti-PSA, designated as mAb;) was purchased from
Amyjet Scientific Inc. (Abgent products, Wuhan, China, 0.1 mg
mL™'). Rabbit antihuman polyclonal anti-PSA antibody
(designated Ab,) and PSA standards were obtained from
Biocell Biotechnol. Co., Ltd. (Zhengzhou, China). Transparent
96-well polystyrene microplates were obtained from Greiner
(Frickenhausen, Germany). Diethylene glycol (DEG, 99 wt %),
thiourea (TU, 99 wt %), N-hydroxysulfosuccinimid sodium salt
(NHS), N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hy-
drochloride (EDC), and polyacrylic acid (PAA) were obtained
from Alfa Aesar (Beijing, China). All other reagents were of
analytical grade and were used without further purification.
Ultrapure water obtained from a Millipore water purification
system (18 MQ, Milli-Q, Millipore) was used in all runs. Tris-
acetic acid stock buffer solution was the product of Sigma-
Aldrich (USA). Phosphate-buffered saline (PBS, 0.1 M)
solutions with various pHs were prepared by mixing the
stock solutions of 0.1 M NaH,PO, and 0.1 M Na,HPO,, and
0.1 M KCI was added as the supporting electrolyte. Clinical
serum samples were made available by Fujian Provincial
Hospital, China.

All oligonucleotides used in the experiments were obtained
from Sangon Biotech. Co. Ltd. (Shanghai, China). The
sequences of oligonucleotides and ferrocene (Fc)-labeled
probes are listed as follows: Catalytic strand: $'-HS-(CH,)¢-
CATCTCTTCTCCGAGCCGGTCGAAATAGTGAGT-
(CH,)4-Fc-3'. Substrate strand: S’-ACTCACTATrAGGA-
AGAGATG-3".

The design of DNAzyme molecular beacons was adapted
from the literature.”® In the molecular beacons, lead ion-specific
catalytic strands (33 bases labeled with ferrocene) and substrate
strands with a ribo-adenosine (rA) (19 bases) were designated
as Pb-Enz and Pb-Sub, respectively.

Preparation and Bioconjugation of Water-Soluble,
Carboxylated PbS Colloids. Water-soluble, carboxylated PbS
nanoparticles were synthesized based on the high-temperature
polyol-mediated reaction according to the literature with a
slight modification.”” Briefly, 8.0 mmol of thiourea was initially
added into 20 mL diethylene glycol (99.9 wt %). After heating
to 100 °C for 60 min under the protection of nitrogen
atmosphere, the resulting mixture was cooled to room
temperature (RT) for preparation of TU/DEG stock solution
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(A). Meanwhile, another mixture (B) containing 0.4 mmol
Pb(II) acetate, 6.0 mmol PAA, and 6.0 mL DEG was prepared,
which was heated to 215 °C under N,. Following that, 8.0 mL
of TU/DEG stock solution was injected rapidly into the hot
mixture (B). Upon addition of solution (B), the mixture turned
black quickly. Afterward, the mixture was heated to 210 °C for
15 min. Subsequently, the suspension was cooled to RT, and
centrifuged 10 min at 11 000 g. Finally, the water-soluble and
carboxylated PbS nanoparticles were obtained and dispersed in
2.0 mL of distilled water for further use.

Next, the as-synthesized PbS nanoparticles were utilized for
the labeling of polyclonal rabbit antihuman PSA antibodies
(Ab,) by using the classical carbodiimide coupling method.
Initially, 2.2 mg of NHS and 3.0 mg of EDC were dissolved into
500 uL of PbS colloids, followed by continuous stirring for 45
min at RT. Afterward, 100 uL of Ab, (1.0 mg mL™") was added
into the mixture, and the mixture was gently stirred for 12 h to
make the antibodies conjugate onto the PbS nanoparticles. The
excess chemicals and antibodies were removed by centrifuga-
tion. Finally, the as-prepared Ab,-PbS nanolabels were
dispersed into 1.0 mL PBS (0.1 M, pH 7.4) for detection of
PSA in the following experiments.

Fabrication of Lead-Specific DNAzyme-Based Sensor.
A gold electrode (3 mm in diameter) was polished repeatedly
with 0.3 and 0.05 ym alumina slurry, followed by successive
sonication in bidistilled water and ethanol for S min and dried
in air. Before modification, the gold electrode was cleaned with
hot piranha solution (a 3:1 mixture of H,SO, and H,0,.
Caution!) for 10 min, and then continuously scanned within the
potential range of —0.3 to 1.5 V in freshly prepared
deoxygenated 0.5 M H,SO, until a voltammogram character-
istic of the clean gold electrode was established. After thorough
rinsing with water and absolute ethanol, the cleaned gold
electrode was immersed into a 0.2 M Tris-HCI buffer (pH 7.4)
containing 2.0 OD Pb-Enz and 8.0 mM Tris-(2-carboxyethyl)
phosphine hydrochloride (TCEP) (Note: The aim of using
TCEP was to reduce the disulfide-bonded oligonucleotides) for
16 h. After rinsing with distilled water, the modified gold
electrode was incubated with 1.0 mM 6-mercaptohexanol in 10
mM Tris-acetate buffer, pH 7.4, for 60 min. Following that, the
Pb-Enz-modified electrode was dipped again into 2.0 OD
substrate strand solution to make catalytic strands hybridize
with substrate strands in an oven at 65 °C for 10 min.
Afterward, the hybridization process was further carried out at
RT for 12 h. Finally, the obtained DNAzyme sensor was stored
at 4 °C when not in use.

Electrochemical Measurement. Route 2 in Scheme 1
displays the measurement process of the DNAzyme-based
immunoassay. A high-binding polypropylene 96-well microtiter
plate (ref. 655061, Greiner, Frickenhausen, Germany) was
coated overnight at 4 °C with 50 yL per well of Ab, at a
concentration of 10 ug mL™" in 0.05 M sodium carbonate
buffer (pH 9.6). The microplate was covered with adhesive
plastic plate sealing film to prevent evaporation. On the
following day, the plate was washed three times with pH 7.4
PBS, and then incubated with 300 yL per well of blocking
buffer for 1 h at 37 °C with shaking. The plate was then washed
as before. Following that, S0 uL of PSA standards or samples
with various concentrations in pH 7.4 PBS were added into the
microtiter plate, and incubated for 1 h at 37 °C under shaking.
After washing, S0 uL of the above-prepared Ab,-PbS
suspension was added into the well and incubated for 1 h at
37 °C with shaking. After washing again, a 20 uL aliquot of 1.0
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Scheme 1. Schematic Representation of Two Different
Detection Protocols toward Metal Sulfide Nanoparticle-
Labeled Probes®

Route 1. Conventional anodic stripping voltammetric method Fbs
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“Route 1: Conventional anodic stripping voltammetric method. Route
2: DNAzyme-based immunosensing strategy.

M HNO; was added into each well to release lead ions from the
Ab,-PbS (~3 min). The resulting acid solution containing the
dissolved Pb*" ions was transferred onto the DNAzyme-
modified sensor, and incubated for 60 min at RT. During this
process, the liberated lead ion could induce the specific cleavage
of substrate strand on the DNAzyme, thus resulting in the
conformational change of catalytic strand. Meanwhile, the
differential pulse voltammetric (DPV) measurement was
implemented on a CHI 620D Electrochemical Workstation
(Chenhua, Shanghai, China) with a conventional three-
electrode system comprising a Pt-wire counter electrode, an
Ag/AgCl reference electrode, and a modified gold working
electrode. The DPV measurement was carried out after a 2-s
rest period (without stirring) at an applied potential range of 0
to 0.4 V with a pulse amplitude of 20 mV and a pulse width of
50 ms. A baseline correction of the resulting voltammogram
was performed with CHI 620D software (Note: The waste after
each immunoassay should be collected in a bottle to be
disposed of safety).

For comparison, the liberated lead ion was also monitored by
using conventional anodic stripping voltammetric method as
follows (Route 1 in Scheme 1). Initially, the resulting acid
solution containing the dissolved Pb*" ion was transferred into
2 mL acetate buffer (0.2 M, pH 5.6) containing 10 g mL™" of
mercury ion (from Hg(II)acetate). And then, the square wave
anodic stripping voltammetric (SWASV) measurement was
conducted on a CHI 620D Electrochemical Workstation
(Chenhua, Shanghai, China) with a conventional three-

electrode system comprising a Pt-wire counter electrode, an
Ag/AgCl reference electrode, and an in situ formed mercury
drop electrode (on a glassy carbon electrode surface, effective
working area: 3.14 mm?®). The stripping process contained a
1.0-min pretreatment at +0.6 V and 2.0-min accumulation at
—1.4 V. The SWASV measurement was carried out after a 15-s
rest period (without stirring) at an applied potential range of
—0.7 to —0.3 V with a potential step of 4 mV, a frequency of 25
Hz, and an amplitude of 25 mV.

B RESULTS AND DISCUSSION

Principle and Characteristics of DNAzyme-Based
Electrochemical Inmunoassay. In this work, the signal is
amplified by the labeled ferrocene tag on the DNAzyme-based
sensor. In the presence of PSA, the sandwiched immunocom-
plex can be formed between mAb,-coated microplate (mAb,)
and PbS-labeled Ab,. The carried PbS nanoparticles can release
numerous Pb** ions by acid, which can induce the cleavage of
the corresponding DNAzyme, thus resulting in the amplifica-
tion of electrochemical signal within the applied potentials
owing to the conformational change of DNAzyme.

Figure 1A shows typical transmission electron microscope
(TEM) of water-soluble, carboxylated PbS nanoparticles. The
mean size was 20 nm, which exhibited the homogeneous
dispersion in the distilled water. Using the carbodiimide
coupling method, anti-PSA detection antibodies could be
covalently conjugated onto the surface of PbS nanoparticles. As
seen from inset in Figure 1A, the UV—vis absorption spectra of
pure PbS colloids were complicated, and increased with the
decreasing wavelength in the range 600—200 nm (curve a),
while the as-synthesized Ab,-PbS exhibited one absorption peak
at 278 nm (curve b). The peak at 278 nm derived from the
labeled anti-PSA antibodies.*® The results indicated that anti-
PSA detection antibody could be covalently conjugated on the
PbS nanoparticle.

As mentioned above, the electrochemical signal was mainly
from the cleavage of Pb**-induced DNAzyme. Logically, a
question was whether lead ions could cause the current change
of DNAzyme-based sensor. To clarify this issue, the DNAzyme-
based sensor was used for determination of various
concentrations of lead ions in pH 8.2 Tris-acetate buffer (50
mM, 0.5 M NaCl) by using differential pulse voltammetry
(DPV). As indicated from Figure 1B, the peak current
increased with increasing Pb** concentration. The relationship
between peak current and Pb** level was i (nA) = 1.907 X Cppy,)

Current (nA}

140

1054
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Potential vs. Ag/AgCl (V)

Figure 1. (A) TEM image of PbS nanoparticles [Inset: UV—vis absorption spectra of (a) PbS colloids and (b) Ab,-PbS]. (B) DPV response of

DNAzyme-based sensor toward Pb**
between the peak currents and Pb** levels].
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ions with various concentrations in pH 8.2 Tris-acetate buffer (50 mM, 0.5 M NaCl) [Inset: the relationship
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+ 22,63 (nM) (R* = 0.997). In this case, each DNAzyme
consisted of a catalytic strand and a substrate strand. Upon
addition of Pb>* ion, substrate DNA segment in the DNAzyme
was catalytically cleaved. The binding reaction disrupts the
conformational structure of DNAzyme, and liberates a flexible,
single-stranded element to strike the electrode, leading to an
increase in the current due to the approached ferrocene tag.
Based on the results, we might conclude that the designed
DNAzyme sensor could be used for detection of lead ions,
which provided the facilitation for PbS-based immunoassay.
Comparison of Electrochemical Responses of Various
Strategies. Typically, anodic stripping voltammetry is utilized
as a signal-transduction method in the metal sulfide-based
electrochemical immunoassays. To further elucidate the signal
amplification efficiency of using lead-specific DNAzyme sensor,
the square wave anodic stripping voltammetric (SWASV)
method were also used for detection of PSA (0.1 ng mL™" uses
as an example) by using a mercury drop electrode. The
judgment was based on the change in the peak current relative
to zero analyte. As seen from Figure 2, the immunoassay of
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Figure 2. Electrochemical responses of the PbS-based immunoassay
toward (apb,) zero analyte and (a,b) 100 pg mL™" PSA in the Tris-
acetate buffer (S0 mM, pH 8.2) containing 0.5 M NaCl using (a,a5)
conventional anodic stripping voltammetric method and (b,by)
DNAzyme-based sensing strategy.

using the SWASV strategy exhibited a weak current response
(8.9 nA, curve a vs curve a,). In contrast, a high peak current
was achieved by using lead-specific DNAzyme sensor (13.2 nA,
curve b vs curve by). Therefore, the DNAzyme-based sensing
strategy could cause a 148.3 + 16.2% signal increase of the

conventional SWASV method. This is most likely a
consequence of the fact that the labeled ferrocene, as a good
electron mediator, was greatly conducive to electron transfer
between the supporting electrolyte and the base electrode.
Meanwhile, not all of the stripping lead ions from the PbS
nanolabels were accumulated on mercury drop electrode during
a deposition step. Hence, lead-specific DNAzyme sensor could
be considered as the signal-transduction strategy for highly
sensitive electrochemical detection of PSA by coupling with the
PbS-labeling strategy.

Analytical Performance of the DNAzyme-Based
Immunoassay. To acquire an optimal electrochemical
response signal, we also monitored the effect of various
experimental conditions on the current of the developed
immunoassay. As seen from Figures S2—S3 (see Supporting
Information), the optimal parameters were 30 min for the
formation of sandwiched immunocomplex in the microplate
and 60 min for the cleavage of Pb*"-induced DNAzyme on the
Sensor.

Under optimal conditions, the sensitivity and quantitative
range of the electrochemical immunoassay were studied by
assaying routine samples with different PSA concentrations
based on the developed protocol. The currents increased with
the increasing PSA concentration in the sample (Figure 3). A
linear dependence between the peak currents and the logarithm
of PSA levels was obtained in the range from 0.1 pg mL ™" to 20
ng mL™". The detection limit (LOD) was 0.1 pg mL™" at 3sj.
For comparison, we also investigated the analytical properties
of the immunoassay using conventional anodic stripping
voltammetric method. The linear range and LOD were 10 pg
mL™' to 20 ng mL™" and 5.0 pg mL™' PSA, respectively.
Additionally, the analytical performance of the developed
immunoassay was compared with other PSA assay methods. As
seen from Table S1 (see Supporting Information), the
DNAzyme-based immunosensing strategy possessed a wide
linear range and a low LOD. More importantly, the sensitivity
of the developed immunoassay was 220-fold lower than that of
commercially available free PSA ELISA kit (0.022 ng mL™",
Catalogue No.: EL10050, Anogen, Canda).”® The results
further demonstrated the amplified efficiency of DNAzyme-
based sensing strategy.

The reproducibility and precision of the electrochemical
immunoassay were evaluated by using the variation coefficients
(CVs) of intra- and interassays with high—middle—low 3 PSA
levels. Experimental results that the CVs of the intra-assay with
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Figure 3. (a) Typical DPV response curves of the DNAzyme-based immunoassay toward different PSA standards, and (b) the relationship between
DPV peak currents and PSA concentrations. Measurements were performed in the Tris-acetate buffer (50 mM, pH 8.2) containing 0.5 M NaCl.

Each data point represents the average.

681

dx.doi.org/10.1021/bc3006557 | Bioconjugate Chem. 2013, 24, 678—683



Bioconjugate Chemistry

the same batch were 5.2%, 9.3%, and 7.5% at 0.001, 0.1, and 10
ng mL™" PSA, respectively. Similarly, the interassay CVs with
various batches were 7.6%, 9.8%, and 8.4% at the above-
mentioned levels, respectively. Thus the developed immuno-
assay could be used repeatedly, and further verified the
possibility of batch preparation.

The specificity of the immunoassay were also investigated by
challenging the system with other several possible components
in human serum, e.g.,, AFP, CEA, CA 125, CA 15-3, CA 19-9,
and IgG. As shown from Figure 4, no obvious currents were

28
|conc. used in this case
!as an example
| 1
|PSA: 1.0 pg mL
269 |ceass gl
| : 50 ng mL
|AFP: 50 ng mL"
—_ | .
< !CA 125: 50 U mL"
£ 2418 (ca 19.9: cA 125:50 U mL”
= |cA 15-3: cA 125: 50 U mL"
g EIgG: 50 ng mL"
5 224
Q
204

o o T et et w°

§¥° 1P p‘! ,.\9 o

pae_.?*"c'ps‘t‘

Figure 4. Specificity of the DNAzyme-based electrochemical immuno-
assay. Initially, the human serum sample used for spiking was assayed
by using the DNAzyme-based immunoassay method, and various
sample matrices were then spiked into the human serum. Following
that, the resulting mixtures were determined by using the same
method.

obtained toward these components alone. Significantly, the
coexistence of PSA target with these interfering components
did not obviously affect the change in the current relative to
target analyte alone. The results manifested the high specificity
of the electrochemical immunoassays.

Analysis of Real Samples and Validation of Method
Accuracy. To monitor the analytical reliability and applicable
potential of the electrochemical immunoassay for testing real
samples, we collected 12 human serum specimens with various
PSA levels from Fujian Provincial Hospital of China according
to the rules of the local ethical committee. Prior to
measurement, these samples were gently shaken at RT (Note:
all handling and processing were performed carefully, and all
tools in contact with patient specimens and immunoreagents
were disinfected after use), and then evaluated by using the
electrochemical immunoassay. The assay results were compared
with those obtained by using the commercially available free
PSA ELISA kit. The assay results are listed in Table 1 and
Figure S4 (see Supporting Information for details). Statistical
analysis of the experimental results was performed using a t-test
and linear regression analysis between two methods. As seen
from Table 1, the t., values in all samples were less than .
(ferit[4, 00s] = 277) Moreover, the slope and intercept of the
regression equation between two methods were close to 1 and
0, respectively, thereby revealing a good agreement between
both analytical methods.

B CONCLUSIONS

In summary, this work describes a novel electrochemical
immunoassay protocol for detection of free PSA with high
sensitivity and high selectivity by using PbS nanoparticle as the
label and lead ion-specific DNAzyme sensor. Highlight of this
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Table 1. Comparison of the Assay Results for Clinical Serum
Specimens Using the Developed Immunoassay and the
Referenced ELISA Method

method; concentration [mean + SD (RSD),

n=3,ng mL"]
sample ~ DNAzyme-based
no.” immunoassay ELISA texp
1 673 + 021 6.54 + 0.43 0.69
2 4.89 + 043 511+ 032 0.71
3 9.87 + 0.12 9.56 + 0.43 121
4 12.5 + 091 132 + 023 129
s 17.8 + 12 169 + 0.78 1.09
6 843 + 0.92 8.56 + 035 0.23
7 123 + 013 1.46 + 0.11 234
8 321 £0.19 3.54 £ 0.13 248
9 0.43 + 0.09 0.37 + 0.05 1.01
10 0.21 £+ 0.07 0.18 + 0.05 0.61
11 0.012 + 0.01 No detection No application
12 0.005 + 0.01 No detection No application

“Samples 1—6 were clinical serum specimens, and samples 7—12 were
the diluted samples by using newborn cattle serum.

work is to avoid the use of anodic stripping voltammetric
method and the accumulation of metal ions on the mercury
drop electrode. Although the present system is focused on the
analysis of target PSA, it can be readily extended for testing
other low-abundance proteins by controlling the target
antibody.

B ASSOCIATED CONTENT
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Characteristics of DNAzyme-based sensor and experimential
optimization. This material is available free of charge via the
Internet at http://pubs.acs.org.
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