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Three-dimensional porous microarray of gold
modified electrode for ultrasensitive and
simultaneous assay of various cancer biomarkers†

Lei Shi, Zhenyu Chu, Yu Liu, Jingmeng Peng and Wanqin Jin*

A three-dimensional (3D) microarray of a gold modified electrode with a nanoporous surface was

successfully fabricated in this work. The special gold micro/nanostructure possessed an extremely high

surface area (ca. 20 times its geometrical area), as well as highly stable and easily chemically modified

properties, which could distinctly increase the binding sites for biological probes, facilitate the diffusion

profile and enhance the electron transfer. Owing to these advantages, an ultrasensitive biosensor was

designed on the porous microarray of the gold modified electrode (PMGE), which realized the

simultaneous assay of cancer biomarkers of angiogenin (Ang) and thrombin (Tob). Under optimal

experimental conditions, an impressively ultralow detection limit of 0.07 pM for Ang (a linear range from

0.2 pM to 10 nM) and a limit of 20 fM for Tob (a linear range from 50 fM to 5 nM) were obtained.

Besides, the fabricated biosensor showed an excellent stability, good reproducibility and a high selectivity

towards other biological proteins, which also exhibited promising potential for the application in a real

serum sample analysis. Such a micro/nanostructure of gold could have widespread applications in

biological sensing and quantitative biochemical analysis.
Introduction

Aptamer biosensors (aptasensors), a special category of DNA
biosensors, have received enormous interest, on account of
their distinctive properties of high affinity and specicity
toward extensive targets, e.g. small molecules, biological
proteins and cells.1–4 Generally, the construction of various
aptasensors has mainly been based on uorescence, colori-
metric and electrochemistry techniques.5–11 Among these
methods, the electrochemical method is considered as one of
the most attractive techniques for the simplicity, low cost,
portability, and easy miniaturization. However, most of the
known electrochemical aptasensors are restricted to the assay of
a single analyte. Actually, in many advanced and practical
applications, the simultaneous assays of multiplex analytes are
encouraged and expected, because they can shorten the
analytical time and decrease the detection cost.12,13 Accordingly,
the developing of multifunctional aptasensors with high
ted Chemical Engineering, College of
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performance are desired for measuring a large panel of disease
markers present at ultralow levels during the early stages of
disease progress. Recently, many efforts have been dedicated to
the development of the simultaneous assay of different analy-
tes. In these researches, two strategies were usually adopted in
the sensing scheme. Firstly, various aptamer probes were
adopted, to capture the corresponding targets respectively, in
which the “signal on” sensing mechanism was achieved to
acquire the enormous signal gain.14–16 Secondly, a dual-func-
tional probe consisting of different aptamer sequences was
introduced.17 In this condition, the adoption of a single aptamer
probe effectively simplied the immobilization procedure and
especially, made the fabricated aptasensor more reproducible.
However, the introduction of different aptamer probes made
the immobilization procedure complex and may not ensure the
reproducibility of the assay results,17 while the “signal-off”
related architecture of the dual-functional probe limited the
signal gains.18 Therefore, it has remained a challenge to develop
facile and sensitive assay strategies for the simultaneous assay
of multiplex analytes.

In addition to a promising sensing scheme, the development
and selection of new electrode materials is also considered a
critical strategy to construct an excellent aptasensor.13,15,16

Various micro/nanostructures based gold materials have been
widely used in the construction of chemical and biological
sensors, due to their unique physical and chemical properties,
large surface area and easy chemicalmodication.19–24 Among the
multitudinous gold micro/nanostructures, three-dimensional
This journal is © The Royal Society of Chemistry 2014
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(3D) structures, e.g. the ordered macroporous gold lm,25,26 gold
nanowires,27,28 and fractal gold micro/nanostructure,29 have
attracted special interest in electrochemical biological assays. In
these sensing systems, the 3D micro/nanostructures enhanced
the acquisition and transmission of the signals and nally,
contributed to the increased performance, which wasmainly due
to the large surface area of the 3D structures increasing the
binding sites for the probe molecules, providing more reaction
positions for interfacial reactions and making the biomolecule
easily accessible to the electrode surface. Therefore, it is highly
inspired and deserved to fabricate novel 3D gold micro/nano-
structures with a signicantly enlarged surface area for con-
structing sensitive biosensors.

In this work, we present a novel 3D porous microarray of a
gold modied electrode (PMGE), which was suitable for con-
structing ultrasensitive aptasensors. The proposed porous
microarray of gold was successfully prepared, based on an inor-
ganic–organic hybrid template. The 3D PMGE possessed an
extremely large surface area, which could signicantly increase
the binding sites for biological probes and thence, improve the
performance. Here, two important analytes, angiogenin (Ang)
and thrombin (Tob) were selected as samples, to demonstrate the
superior ability of the PMGE in sensing applications, because
these two analytes are closely related to the activation and
proliferation of cancer cells and the corresponding concentra-
tions of the analytes would increase obviously in the serum.30–33

Accordingly, an aptasensor was designed for the simultaneous
assay of cancer biomarkers of Ang and Tob, based on the PMGE
for the rst time, in which a “signal on” sensing scheme was
realized by introducing a single capture probe. The constructed
aptasensor showed an excellent performance in the assay of Ang
and Tob, which also presented a fascinating application in a real
serum sample. It was conrmed that a reliable and constructive
aptasensor was developed on the 3D PMGE.

Experimental section
Chemicals and materials

Gold(III) chloride trihydrate (HAuCl4, 99.99%) was obtained
from Alfa Aesar, gold nanoparticles (AuNPs) with a 10 nm
diameter were purchased from Strem Chemicals. Thrombin
(Tob), angiogenin (Ang), lysozyme (Lzm), bovine serum albumin
(BSA), hemoglobin (Hb), immunoglobulin G (IgG), 6-mercapto-
1-hexanol (MCH), Tri(2-carboxyethyl) phosphine hydrochloride
(TCEP, 98%), Hexaammineruthenium(III) chloride (RuHex), and
tris(hydroxymethyl)aminomethane (Tris–base) were obtained
from Sigma-Aldrich. All the oligonucleotides were synthesized
by TaKaRa Biotechnology Co., Ltd. (Dalian, China), and their
base sequences were as follows: capture probe: 50–SH–(CH2)6–
AGT CCG TGG TAG GGC AGG TTG GGG TGA CT TGA GAA TGA
ACG CTG GAT CCA-30, the sequence of “AGT CCG TGG TAG
GGC AGG TTG GGG TGA CT” represented the aptamer for Tob
(Apt-T), and the sequence “TGA GAA TGA ACG CTG GAT CCA”
was partially complemented with the aptamer for Ang (Apt-A).
Apt-A: 50-CGG ACG AAT GCT TTG ATG TTG TGC TGG ATC CAG
CGT TCA TTC TCA-30, reporter probes of Ang (Rp-A): 50–SH–TGG
ATC CAG CGT-30 (Rp-A I) and 50–SH–GGG AAA AAA GGG–MB-30
This journal is © The Royal Society of Chemistry 2014
(Rp-A II), reporter probes of Tob (Rp-T): 50–SH–GGT TGG TGT
GGT TGG-30 (Rp-T I, another aptamer for binding with the brin
exosite on Tob)34 and 50–SH–GGG AAA AAA GGG–Fc-30 (Rp-T II).
Here, the sequences of Rp-A I and Rp-T I were adopted to bind
with the capture probe and Tob respectively, and the Rp-A II and
Rp-T II were served as the electrochemical indicators in the
assay of Ang and Tob respectively, on account of the MB and Fc
in the sequences. The other chemicals employed were all of
analytical grade and triple distilled water was used throughout.

Fabrication of the 3D PMGE

A highly oriented hybrid microarray, prepared in previous work,
was used as the template for the preparation of a porous gold
microarray.35,36 The amperometric i–t curve technique was
employed for the electrochemical deposition, the electrolyte
contained 5 mM of HAuCl4 and a potential of 0.5 V was adopted
here. A different deposition time was applied to investigate
the effect of the deposition charge on the morphologies of the
fabricated gold structures. Aer the electrodeposition, the
modied electrode was dipped into 0.1 M HNO3 to sufficiently
remove the hybrid template and the 3D PMGE was subsequently
obtained. Then, the PMGE was cycled in a 0.5 M H2SO4 aqueous
solution to remove any residual impurities. Finally, the freshly
cleaned PMGE was dried with nitrogen gas and served for the
immobilization of the capture probes.

Material characterization

The morphologies of the PMGE were observed by eld-emission
scanning electron microscopy (FESEM, Hitachi S4800), and the
chemical composition of the PMGE was determined by energy-
dispersive X-ray spectroscopy (EDX, Hitachi S4800). The anal-
ysis of the X-ray photoelectron spectra (XPS) was performed on
an ESCLAB MKII. The X-ray diffraction (XRD) was measured on
an X-ray diffractometer (D/MAX 2500 V/PC) with a Cu-Ka line
(0.15419 nm). The structure parameters of the PMGE were
investigated by the N2 adsorption–desorption isotherms, which
were performed using an automated surface area analyzer
(Beckman Coulter SA-3100 Gas Adsorption Surface Area and
Pore Size Analyzer). A sample of 0.20 g was rst outgassed at
50 �C, for 60 min, under a vacuum and then the isotherm was
measured over the relative pressure (P/P0) ranging from 0.01 to
0.99 and back. The BET specic surface area (SBET) was deter-
mined using the Brunauer–Emmett–Teller (BET) equation. The
specic surface area of the PMGE was calculated from the BET,
and the pore volume was assessed. The pore volume versus the
diameter distribution was calculated by analyzing the adsorp-
tion branch of the isotherm using the Barrett–Joyner–Halenda
(BJH) method.37,38

Functionalization of AuNPs with Rp-T and Rp-A

The reporter probe–AuNP conjugates were introduced to
amplify the response signals, which were prepared with the
following procedure.39 The AuNPs were rstly added to the Rp-T
and Rp-A in sterilized water and incubated at 4 �C, for 16 h. The
concentration of Rp-T I and Rp-A I was 0.1 mM, while the
concentration of Rp-T II and Rp-A II was 1 mM. Then, reporter
J. Mater. Chem. B, 2014, 2, 2658–2665 | 2659
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Fig. 1 FESEM images of (A) the template of hybrid microarray, (B) the
fabricated 3D PMGE, (C) the gold hexagonal prism, (D) nanoporous
structure on the surface of the gold prism.
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probe–AuNPs conjugates were aged by gradually adding 2 M
NaCl every 30 min, to reach a nal salt concentration of 0.1 M
NaCl. The mixed solution was incubated for 48 h and nally the
solution was centrifuged for 30 min at 4 �C, with the superna-
tant being removed. The red oily precipitate was washed with
10 mM phosphate buffered solution (PBS, pH 7.4), recentri-
fuged, and then redispersed in 10 mM PBS buffer.

Construction of the 3D PMGE based aptasensor for
simultaneous assay of Ang and Tob

The freshly cleaned PMGE was immersed in an immobilization
buffer of 10 mM Tris–HCl, 1 mM EDTA, 10 mM TCEP, and 0.1 M
NaCl at pH 7.4 containing 2 mM of the capture probe for 5 h.
Aer the unbound probes were washed away with a washing
buffer (10 mM Tris–HCl, pH 7.4), the unreacted active surface
groups were subsequently passivated by reaction with a 500 nM
MCH solution for 4 h. Then, it was immersed in 10 mM PBS
(pH 7.4) with 0.25 M NaCl, containing 5 mM Apt-A for 2 h. Aer
the hybridization, the PMGE was extensively rinsed with
washing buffer. Subsequently, the sensing interface was
immersed in a mixture of Ang and Tob with various concen-
trations for 4 h, again followed by thoroughly washed with the
washing buffer. Aerwards, AuNPs labeled Rp-T and Rp-A was
added to the detection system for 6 h at 37 �C.

Quantitative assay of Ang and Tob in human serum

Healthy human serum was used to conrm the applicability of
this aptasensor. The serum sample was loaded into a centrif-
ugal lter device, and subjected to centrifugation (12 000g, 15
min).31 The serum centrifugation ultraltrate was used for the
following measurements. The concentrations of Ang and Tob in
the blank serum sample were rstly detected by the obtained
calibration plots of the fabricated aptasensor, and the back-
ground signals would be deducted in the subsequent quanti-
tative assay. Then, different concentrations of standard
solutions of Ang and Tob were added to the 100 times diluted
serum and the electrochemical assay was performed.

Electrochemical measurements

All the electrochemical measurements were performed with a
CHI 660C electrochemical workstation (Shanghai Chenhua,
China). The three-electrode system used consisting of the 3D
PMGE working electrode, a platinum auxiliary electrode, and
an Ag/AgCl (saturated KCl) reference electrode. Cyclic vol-
tammetry (CV) was carried out at different scan rates, square
wave voltammetric (SWV) measurements were taken at a
frequency of 5 Hz, electrochemical impedance spectroscopy
(EIS) measurements were performed with the frequency
changed from 0.01 Hz to 100 kHz with a signal amplitude of 5
mV and chronocoulometry (CC) measurements were con-
ducted at a pulse width of 0.25 s. The electrolytes for CV and
SWV was 10 mM PBS and 0.25 M NaCl (pH 7.4), for CC was 10
mM Tris–HCl (pH 7.4) and for EIS was 5 mM K3[Fe(CN)6]/
K4[Fe(CN)6] and 0.1 M KCl solution. During the CC
measurement, a nitrogen atmosphere was maintained to
avoid air sliding into the electrochemical cell.
2660 | J. Mater. Chem. B, 2014, 2, 2658–2665
Results and discussion
Characterizations of the 3D PMGE

A gold microarray with a porous structure on the surface was
successfully fabricated, as shown in Fig. 1. Compared with the
hybrid template consisting of the hexagonal prism-shaped
crystals with an average side length of ca. 5 mm (Fig. 1A), the
maintained morphology of the microarray with an enlarged
dimension of gold hexagonal prisms was produced when an
appropriate electrodeposition charge of 0.6 C was implemented,
shown in Fig. 1B. It can be seen that gold nanoparticles were
consecutively formed and ranged along the outside surface of
the template, and the gold prism with a side length of ca. 7 mm
was prepared (Fig. 1C). Especially, with a high magnication
focused on the surface of the obtained gold prism, a porous
structure was created in this condition (Fig. 1D), which could
further improve the surface area of the PMGE. In addition, the
effect of the deposition charge on the morphologies of the
obtained gold micro/nanostructures was investigated. It was
found that less or more charge would not create the desired
PMGE with a large surface area. If a lower charge of 0.2 C was
adopted, the formed gold particles would not completely cover
the surface of the hybrid template, leading to the collapse of the
array, once the template was removed. When a charge of 1.2 C
was implemented, more gold was reduced and the partial gold
particles would be prone to ll the interspaces among each
array of the PMGE, which inversely decreased its surface area, as
shown in Fig. S1 in the ESI.†

As the purity, stability and chemical modication properties
of the fabricated gold structure play a critical role in its bio-
sensing applications, therefore EDX, XRD and XPS character-
izations were carried out to analyze the elemental composition
and explore the surface property of the PMGE. As shown in
Fig. 2A, it was demonstrated that the hybrid template was
sufficiently removed aer the modied electrode was treated
with the HNO3 solution, and the gold element became the
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (A) EDX images of the 3D PMGE (a) before (b) after the treat-
ment with 0.1 M HNO3, (B) and (C) XRD pattern and XPS spectrum of
the 3D PMGE. (D) Cyclic voltammograms in 0.1 M H2SO4 solution, (a)
bare electrode, (b) the 3D PMGE.

Fig. 3 Schematic illustration of the 3D PMGE based electrochemical
aptasensor for the simultaneous assay of Ang and Tob.
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dominating component of the obtained PMGE. The XRD
pattern for the PMGE is shown in Fig. 2B, and it is obvious that
the characteristic peaks belong to fcc Au. The peaks located at
38.0, 44.2, 64.5, 77.5 and 81.7� were assigned to the (111), (200),
(220), (311) and (222) facets, respectively. Especially, the inten-
sity ratio (2.6) of the {111} to the {200} diffraction line was
higher than that of the standard diffraction of gold powder
(1.9), indicating that the deposited porous gold structure had a
tendency to grow with the surfaces dominated by the lowest
energy {111} facets.40 Moreover, the gold 4f7/2 and 4f5/2 doublet
with the binding energies of 84.2 and 87.9 eV in the XPS spec-
trum implied the gold valence state was Au0 (shown in
Fig. 2C),41 which was essential for the interaction with thiolated
probes through the Au–S bond. The results of the EDX, XRD
and XPS analyses conrmed that the PMGE possessed a pure
component, high stability and easily chemically modied
properties.

Furthermore, as shown in the adsorption–desorption
isotherms in Fig. S2 in the ESI,† the isotherms of the PMGE
showed a class IV behavior. The steep increase in the isotherm
slope at high P/P0, above 0.95, may be due to the capillary
condensation within the pores, followed by saturation as the
pores become lled with liquid.37,38 Due to the pore size ranging
from the mesopore to a low macropore (shown in Fig. 1D), the
capillary condensation and steep rise in the isotherm occurs at
relatively high values of P/P0, as expected on the basis of the
Kelvin equation. In addition, the analysis of the adsorption
branch was introduced to assess the pore size distribution of
the PMGE, which was considered as a more realistic method for
this kind of sample. The SBET of the PMGE was estimated to be
ca. 6.7 m2 g�1, which is higher than that of some reported
nanoporous gold structures,38 and a pore size of 58 nm, with a
pore volume of 0.052 cm3 g�1 were obtained. In addition, the
roughness factor (Rf) of the PMGE was electrochemically
investigated in 0.1 M H2SO4, at a scan rate of 100 mV s�1,26

which is shown in Fig. 2D. Gold oxidation started at about 1.2 V,
This journal is © The Royal Society of Chemistry 2014
showing three anodic current peaks. The formed gold oxide was
then electrochemically reduced in the negative potential sweep.
By integrating the charge required for reducing the gold oxide
formed in the positive sweep, the real surface area of the PMGE
was determined to be 2.40 cm2. Assuming that the reduction of
a monolayer of gold oxide requires 386 mC cm�2, whereas the
geometrical area of the bare gold electrode was only 0.12 cm2,
the Rf of the PMGE was calculated to be ca. 20, which was
attributed to the micro/nanostructure of the 3D array and
porous surface.

All of these promising properties, e.g. a signicantly
enhanced surface area, pure component, high stability and easy
chemical modication, wouldmake the fabricated PMGE a good
candidate for the construction of ultrasensitive aptasensors.
Design of the 3D PMGE based multiplex analytes sensing
scheme

Compared with previously reported work, an improved sensing
scheme was conceived by introducing the “signal on” strategy
based on the single capture probe in this work. The construc-
tion scheme of the developed aptasensor is shown in Fig. 3. The
50-thiolated capture probe consisting of the Apt-T sequence and
a complementary sequence of Apt-A was rstly immobilized on
the PMGE through the Au–S bond. Then, the Apt-A was intro-
duced to partially hybridize with the capture probe, which was
critical for realizing the “signal on” sensing strategy. Since the
aptamer could bind tightly and specically to its target mole-
cule to form a tertiary complex with a binding constant greater
than that of an ordinary DNA duplex, therefore, once the ana-
lytes of Ang and Tob were added into the detection system, the
Apt-A and Apt-T would bind with Ang and Tob, respectively and
fold to the complex structures. As a result, a complex structure
of a Tob-aptamer was conned at the surface of the PMGE while
J. Mater. Chem. B, 2014, 2, 2658–2665 | 2661
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another complex of an Ang–aptamer was disassociated from the
electrode surface, leading to the formation and exposure of
binding sites for the reporter probes. Finally, the Rp-A and Rp-T
were added to the detection system, which could bind with the
complementary sequence of Apt-A and Tob respectively, real-
izing the “signal on” sensing strategy.
Electrochemical characterization of the aptasensor

EIS could give information on the resistance of interfacial elec-
tron transfer, which was implemented to monitor the imped-
ance changes during the different sensing interfaces.26,36,42 The
impedance spectra included a semicircle portion and a linear
portion. The semicircle portion at higher frequencies corre-
sponded to the electron-transfer limited process, and the linear
portion, at lower frequencies, represented the diffusion-limited
process. The semicircle diameter equalled the electron-transfer
resistance, Ret. As shown in Fig. 4A, the PMGE possessed an
extremely small semicircle (curve a), implying a low resistance to
the redox indicator of [Fe(CN)6]

3�/4� in solution, which was
attributed to the larger electroactive surface and higher
conductivity of the PMGE. When the capture probe was immo-
bilized onto the PMGE, the resistance increased apparently
(curve b), mainly due to the electrostatic repulsion from the
negatively charged phosphate backbone of the oligonucleotide
strands. Subsequently, aer the passivation reaction of MCH
and hybridization with Apt-A, the steric hindrance and electro-
static repulsion became larger, resulting in a high electron-
transfer resistance of the redox probe (curve c and curve d). Once
the analytes of Tob and Ang were injected, the formed complex
of Ang–aptamer was disassociated from the electrode surface,
Fig. 4 (A) Nyquist plots in the Fe(CN)6
3�/4� solution of the aptasensor

at different sensing interfaces. (a) the PMGE, (b) capture probe
immobilized PMGE, (c) after the passivation with MCH, (d) after the
hybridization of Apt-A, (e) after the injection of Ang and Tob, (f) after
the addition of Rp-T and Rp-A. (B) CVs in the PBS solution. (a) in the
presence of 0.1 nM Ang and 50 pM Tob, (b) in the absence of the
analytes. (C) CVs in the PBS solution. (a) in the presence of 0.1 nM Ang
and 50 pM Tob, (b) in the presence of 0.1 nM Ang. (D) CVs in the PBS
solution. (a) in the presence of 0.1 nM Ang and 50 pM Tob, (b) in the
presence of 50 pM Tob.

2662 | J. Mater. Chem. B, 2014, 2, 2658–2665
while the Tob–aptamer complex was xed on the electrode
surface. At this moment, the steric hindrance of the Tob–
aptamer complex played a primary role on the interfacial elec-
tron transfer, therefore the semicircle further increased (curve e).
Aer the indicators Rp-A and Rp-T were introduced to the
detection system, the signicantly improved steric hindrance
and electrostatic repulsion were formed in the sensing interface,
resulting in a remarkably increased resistance (curve f).

Meanwhile, CV was introduced to monitor the current
response (i) in the assay. When the Ang and Tob were simul-
taneously added, two separated pairs of signal responses were
observed (curve a in Fig. 4B), which were due to the redox of MB
and Fc, respectively, indicating that the designed sensing
strategy was feasible in the assay of Ang and Tob. In contrast, in
the absence of the analytes, only a smooth cyclic curve was
observed, which is shown in curve b of Fig. 4B. Furthermore, the
cross-reactivity between the different analytes of the as-fabri-
cated aptasensor was evaluated by comparing the signal
responses obtained in the presence of both Ang and Tob to the
electrochemical signals obtained with only one analyte present.
As shown in Fig. 4C, when the Ang was added to the detection
system, a redox pair of MB was obtained in the CV curve (curve
b). However, a lower peak current, with a larger peak separation,
was observed compared with that in the presence of Ang and
Tob simultaneously. This may be due to that the formation of
the complex of Tob–aptamer shortened the distance of the Rp-A
to the PMGE surface,43,44 which facilitated the electron transfer
of the MB to the electrode. While in the presence of Tob, a redox
pair of Fc was obtained in the CV curve, with no obvious change
in the signal response (Fig. 4D). The results denitely indicated
that the simultaneous assay of the Ang and Tob not only showed
minimal interference with each other, but excavated the
potential of the fabricated aptasensor, in which an improved
performance could be obtained, compared to that when only
one analyte was present.
Optimization of experimental conditions on the signal
responses

On account of the introduction of a single capture probe in this
work, the optimized probe density was readily realized by
incubating the 2 mM probe for various amounts of time. CC was
introduced to investigate the probe density on the PMGE, and
RuHex served as the electrochemical indicator in the CC
experiments, which was stoichiometrically bound to the anionic
phosphodiester backbone of the oligonucleotide and therefore
quantitatively reected the amount of oligonucleotide strands
on the surface.45 As shown in Fig. 5A, with the incubation time
ranging from 1 to 9 h, the value of the probe density increased
from 1.1 � 1011 to 5.6 � 1012 molecules cm�2. While further
increasing the incubation time to 13 h, no obvious increment in
the density was observed. Meanwhile, more attention was
focused on whether the resulting density could lead to the good
electrochemical signal responses. Consequently, the perfor-
mance of the fabricated aptasensor based on various probe
densities was investigated. As shown in Fig. 5B, the higher
current signals (i) of both Ang and Tob were observed with a
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (A) Probe density on the surface of PMGE incubated with 2 mM
capture probe for 1 h, 3 h, 5 h, 7 h, 9 h, 11 h and 13 h respectively. (B)
Effect of the probe density on the signal responses of Ang and Tob
respectively. Five independent experiments were implemented in each
measurement.

Fig. 6 (A) SWV responses of the proposed aptasensor after incubation
with Ang and Tob of different concentrations (Ang, from curve a to j:
0 pM, 0.2 pM, 1 pM, 5 pM, 10 pM, 50 pM, 0.1 nM, 1 nM, 5 nM and 10 nM;
Tob, from curve a to j: 0 fM, 50 fM, 0.1 pM, 1 pM, 5 pM, 10 pM, 50 pM,
0.1 nM, 1 nM and 5 nM). (B) Calibration curves for the simultaneous
assay of Ang and Tob (five independent experiments were imple-
mented here).
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proper incubation time of 5 h, in which the probe density was
estimated to be ca. 1.3 � 1012 molecules cm�2. As we know, the
lower probe density usually led to the generation of weak
signals, while a higher density resulted in an increased steric
hindrance, which severely hindered the interactions between
the oligonucleotide strands and biological proteins.46

In addition, it was crucial to make all of the capture probes
possibly hybridized with the Apt-A, which was signicantly
pivotal to obtain a large signal change before/aer the addition
of analytes to achieve the excellent performance. Therefore,
aer the Apt-A was hybridized with capture probe for different
times ranging from 0.5 to 4 h, the reporter of Rp-A was added to
the assay system and the corresponding signal responses were
recorded. As shown in Fig. S3 in the ESI,† with the increased
time of incubation, more capture probes were hybridized with
the Apt-A and a reduction in the signal responses of the MB was
observed. When an incubation time over 2 h was introduced,
the signal response of the Rp-A approached a minimum level,
indicating that in this condition nearly all of the capture probes
were successfully hybridized with the Apt-A. As a result, an
incubation time of 2 h was provided to ensure a thorough
hybridization between the capture probe and Apt-A.

Performance of the fabricated aptasensor

The sensitivity of the electrochemical aptasensor was investi-
gated by varying the concentrations of the Tob and Ang, and the
SWV was implemented to monitor the current change (Di, the
changes of peak current before/aer the addition of analytes).
As shown in Fig. 6A, the current signals (i) for the simultaneous
detection of Ang and Tob increased with the increment of Ang
and Tob concentrations in the sample solution. The calibration
plots showed a good linear relationship between the peak
current changes and the concentrations of analytes (Fig. 6B),
and regression equations of Di ¼ 20.53 + 1.53 log CAng (R2 ¼
0.997) and Di¼ 25.31 + 1.77 log CTob (R

2 ¼ 0.998) were obtained
in Ang and Tob, respectively. Based on the developed apta-
sensor, ultrasensitive and simultaneous assay of Ang and Tob
was realized. An ultralow detection limit of 0.07 pM for Ang with
a linear range from 0.2 pM to 10 nM and a detection limit of 20
fM for Tob with a linear range from 50 fM to 5 nM were achieved
respectively (S/N¼ 3). The detectable concentrations of Ang and
Tob in the present work were even comparable to the detection
This journal is © The Royal Society of Chemistry 2014
limits reported in some single analyte aptasensors (typically
1 pM to 1 nM for Ang and 0.1 pM to 6.4 nM for Tob, shown in
Table S1 in the ESI†).5,28,31,47–50 In addition, similar assay of Ang
and Tob based on the bare gold slice was also investigated.
Under the same conditions as during the assay, higher detec-
tion limits of 0.5 nM and 30 pM were observed in the detection
of Ang and Tob, respectively (Fig. S4 in the ESI†). It should be
noted that the sensitivity of the 3D PMGE based aptasensor was
almost 3 orders of magnitude higher than that based on the
bare gold slice, conrming that the signicantly enhanced
surface area, as well as the high stability of the 3D PMGE plays a
critical role in the ultrasensitive assay.
The specicity, reproducibility and stability of the aptasensor

In addition to the sensitivity of an aptasensor, the specicity,
reproducibility and stability of aptasensor were also extremely
important for the practical applications. The specicity of the
aptasensor was determined by challenging it with 1 mM Lzm, 1
mM Hb, 1 mM BSA, 1 mM IgG and a mixture of them, respec-
tively. As shown in Fig. 7, the aptasensor showed an almost
negligible response to other proteins, or a mixture, compared
with that of 5 pM Tob and 10 pM Ang. The results indicated that
the aptasensor possessed excellent selectivity for Tob and Ang,
over other the biological proteins, attributed to the highly
J. Mater. Chem. B, 2014, 2, 2658–2665 | 2663

http://dx.doi.org/10.1039/c4tb00016a


Journal of Materials Chemistry B Paper

Pu
bl

is
he

d 
on

 1
1 

Fe
br

ua
ry

 2
01

4.
 D

ow
nl

oa
de

d 
by

 N
an

jin
g 

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 1
0/

04
/2

01
4 

12
:3

8:
36

. 
View Article Online
specic interactions between the aptamers and the related
proteins.

In order to inspect the reproducibility of the aptasensor,
ve freshly prepared modied electrodes were incubated
with a mixture of 10 pM Ang and 5 pM Tob. All ve electrodes
exhibited a similar amperometric response behavior, and the
relative standard deviations (RSD) were 4.2% and 5.0% for
Ang and Tob, respectively (Fig. S5A in the ESI†). This
demonstrated that the reproducibility of the proposed apta-
sensor for Ang and Tob was acceptable, which was due to the
good stability of the 3D PMGE and the introduction of the
single capture probe.

Furthermore, the probe modied electrode was rstly
stored in a refrigerator at 4 �C for 1 week, 2 weeks and 3
weeks, respectively, and then examined aer adding the
analytes and reporter probes. Based on the perfect stability of
the 3D PMGE, the results of the experiments showed that the
aptasensor retained about 87% and 91% of its initial
responses of Ang and Tob, respectively, even aer 3 weeks
(Fig. S5B in the ESI†), indicating an excellent stability of the
fabricated aptasensor.
Practical applications of the aptasensor

Owing to the excellent sensitivity and selectivity of our
proposed aptasensor, here we assessed the performance of
this aptasensor to detect the Ang and Tob in real human
serum. The blank human serum was rstly detected accord-
ing to the obtained calibration plots, and no Tob and 5 nM
Ang (RSD¼ 4.1%) were found in the blank serum sample. The
standard addition method was then employed to evaluate the
applicability of the aptasensor. The real serum was diluted
100 times before each trial, and the background signal was
deducted in the quantitative assay. The analytical results for
Ang and Tob are shown in Table S2 in the ESI.† From Table
S2,† we could see that the recovery (between 95% and 101%)
and RSD (between 2.7% and 3.9%) were satisfactory, which
clearly indicated the aptasensor possessed a promising
potential for the simultaneous detection of Ang and Tob in
real biological samples.
Fig. 7 Selectivity evaluation of the proposed aptasensor for 10 pM
Ang and 5 pM Tob against 1 mM Lzm, 1 mM Hb, 1 mM BSA, 1 mM IgG
and a mixture respectively, and five independent experiments were
implemented.

2664 | J. Mater. Chem. B, 2014, 2, 2658–2665
Conclusions

A 3D porous gold microarray based ultrasensitive electro-
chemical aptasensor was successfully constructed for the simul-
taneous assay of cancer biomarkers of Ang and Tob in this work.
The porous microarray of a gold modied electrode with a
signicantly enhanced surface area, pure component, and high
stability proved to be a promising candidate for constructing an
ultrasensitive aptasensor. The proposed “signal on” sensing
scheme based on the single capture probe simplied the
immobilization procedure of the probe, effectively facilitated the
acquisition of the response signals and ensured the reproduc-
ibility of the assay results. On account of these merits, the
fabricated aptasensor showed ultrasensitive detection limits of
Ang and Tob simultaneously, as well as excellent stability, good
reproducibility and high selectivity towards other biological
proteins. The fabricated aptasensor also showed a promising
potential for the application in real serum sample analysis. It was
believed that the proposed 3D PMGE could have great promise in
constructing other sensitive and selective aptasensors for the
clinical diagnosis of disease-related biomarkers.
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