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ABSTRACT: In this paper, we report a novel DNA molecular beacon
(MB)-based plastic biochip platform for scanometric detection of a
range of analytical targets. Hairpin DNA strands, which are dually
modified with amino and biotin groups at their two ends are
immobilized on a disposable plastic (polycarbonate) substrate as
recognition element and gold nanoparticle-assisted silver-staining as
signal reading protocol. Initially, the immobilized DNA probes are in
their folded forms; upon target binding the hairpin secondary structure
of the probe strand is “forced” open (i.e., converted to the unfolded
state). Nanogold-streptavidin conjugates can then bind the terminal biotin groups and promote the deposition of rather large
silver particles which can be either directly visualized or quantified with a standard flatbed scanner. We demonstrate that with
properly designed probe sequences and optimized preparation conditions, a range of molecular targets, such as DNA strands,
proteins (thrombin) and heavy metal ions (Hg2+), can be detected with high sensitivity and excellent selectivity. The detection
can be done in both standard physiological buffers and real world samples. This constitutes a platform technology for performing
rapid, sensitive, cost-effective, and point-of-care (POC) chemical analysis and medical diagnosis.
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■ INTRODUCTION

The development of portable sensing devices for rapid,
sensitive, and cost-effective point-of-care (POC) detection of
targets of interest has long been sought because such devices
are applicable for personal health care,1−5 on-site environ-
mental monitoring,6−8 and rapid food toxins/bacteria screen-
ing.9−12 However, it has been a challenging task to create a
sensing platform having all the above-mentioned capabil-
ities.2−5,13−18 Colorimetric or scanometric biochips, in which
each type of target can be captured by an appropriate probe
immobilized at a specified location and inducing a color or
darkness change, are promising candidates for fulfilling the
requirements of cost-effectiveness, portability, and high
detection throughput. They have attracted increasing attention
in recent years, and have been developed for the detection of
DNA,14,18−20 protein/peptides,5,13,21−26 and heavy metal
ions.16,27,28 However, the biochips developed previously either
involve rather complex screening procedures or have limited
sensitivity. Most of them run assays in a sandwich format (i.e.,
they employ immobilized probes to capture targets and then
utilize reporters to transduce the biorecognition events), so that
multiple-step surface reactions or additional labeling reagents
are typically required. A simpler and more universal sensing
strategy with a minimum number of reaction steps and of
consumable reagents is needed for the development of
commercial products.
A molecular beacon (MB)-based sensing strategy (i.e., target

binding-induced conformational switching) is an alternative

approach to the conventional sandwich-type bioassay and offers
special advantages for rapid, sensitive, and label-free detection
of target.29−31 A molecular beacon typically refers to a single-
stranded and dual-end fluorescently labeled oligonucleotide
containing a stem-loop (hairpin-like structure). The short
segments at its two ends are complementary, bringing the
fluorophore and quencher into close proximity thus diminish-
ing the fluorescence signals. Upon binding with complementary
DNA strands, these structures are converted to rigid DNA
duplexes (relocating the fluorophore farther away from the
quencher), thus restoring the fluorescence signal.29−31 In the
past, MBs have been mainly employed as solution-based
fluorescence sensors for the detection of DNA sequences,29−35

though they were also immobilized on glass, gold and plastic
substrates as surface-attached fluorescent probes for DNA
target detections.33−35 The detection principle of utilizing
immobilized MB probes was typically based on the fluorescence
quenching and recovering, which is similar to that developed
recently on aptamer-graphene nanoconjugates.36,37 In addition
to applications in optical biosensors, MBs were adapted as
surface-attached electrochemical probes by replacing their
fluorophores with redox-active moieties.,38−40 This common
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approach of binding-induced exposure of cryptic binding sties
in biological systems has been further explored in the design of
aptamer-based electrochemical biosensors for the enzymatically
amplified detection of DNA.41,42 Despite considerable progress
over the past two decades, the MB-based technique is still
limited to DNA-related research,43−45 and it relies primarily on
fluorescence or electrochemical reading methods.
In this paper, we report a novel molecular beacon-based

plastic biochip platform for scanometric detection of various
targets of interest. This type of biochip utilizes surface-
immobilized hairpin-DNA strands which are dually modified
with an amino group (for surface coupling) and a biotin group
(for signal reporting via streptavidin-gold nanoparticle-assisted
silver staining). The detection principle is as follows (Scheme
1): without the target, the immobilized hairpin probe strand,

DNA molecular beacon (MB) is in a “closed” state, which
brings the biotin group to the substrate surface (i.e., “buried”
underneath the MB probe). In the presence of targets, the
hairpin-like structure is forced to unfold (to an “open” state) by
the binding event, which allows the nanogold-streptavidin
conjugates to interact promptly with the biotin groups and
produce a visual signal upon silver staining (the deposition of
submicrometer size silver particles). As proof of concept, we
have demonstrated that this type of plastic biochip is able to
detect DNA strands, protein and heavy metal ions by
integrating specially designed binding domains into the MB
probe strands (Scheme 1). We believe that this is the first
example of molecular beacon-based scanometric biochips that is
able to sensitively detect a range of molecular analytes,
augmenting its potential for performing POC analysis and
diagnosis.

■ EXPERIMENTAL SECTION
Reagents. All chemicals were of analytical grade and used as-

received. Sodium citrate, citric acid, sodium dihydrogen phosphate
(NaH2PO4), magnesium chloride, sodium chloride, mercuric nitrate,
hydrochloric acid, and disodium hydrogen phosphate (Na2HPO4)
were purchased from Beijing Chemical Reagent Co. (Beijing, China).
Tris(hydroxy-methyl)-aminomethane hydrochloride (Tris - HCl),
silver acetate, hydroquinone, thrombin from human plasma, 1-ethyl-
3-(3′-dimethylaminopro pyl) - carbodiimide (EDC), N-hydroxy-
succinimide (NHS), bovine serum albumin (BSA, globulin- free,
molecular biology grade), Tween 20, glycerol, gelatin and sodium
azide, were ordered from Sigma-Aldrich (Saint Louis, MO, USA).
Human plasma IgG was purchased from KPL Inc. (California, USA).
Modified and unmodified oligonucleotides (sequences are listed in
Table 1) were of HPLC-purification grade and obtained from
Shanghai Sangon Biotechnology Inc. (Shanghai, China). Nanogold-
streptavidin conjugates were ordered from Nanoprobes Inc. (New
York, USA). Deionized water to prepare all the solutions was
produced from a Barnstead Easypure System (Thermo Scientific Inc.,
Dubuque, Iowa, USA). Human serum, blood plasma, and whole blood
(from a healthy people) were provided by the Affiliated Hospital of
Beijing Normal University. The lake and industrial wastewater samples
were taken from Kunming Lake in Beijing and an electroplating
factory in Shenyang, respectively. PC substrates were obtained from
regular CDs (or CD-Rs) by removing the reflective metal layer and the
dye layer.

Scheme 1. Principle of DNA Molecular Beacon (MB)-Based
Plastic Biochips for Scanometric Detection of Various
Targets (DNA, Protein, or Metal Ion)

Table 1. Oligonucleotide Sequences of Molecular Beacon Probes and Target DNA Strands

DNA strand sequence

DNA MB probes ST-5 5′ -biotin-CGAGGTAAAACGACGGCCAGTCCTCG-(CH2)6-NH2-3′
ST-6/SP-C6 5′ -biotin-GCGAGGTAAAACGACGGCCAGTCCTCGC-(CH2)6-NH2-3′
ST-7 5′ -biotin-GGCGAGGTAAAACGACGGCCAGTCCTCGCC-(CH2)6-NH2-3′
ST-5(FL) 5′ -TAMRE-CGAGGTAAAACGACGGCCAGTCCTCG-Dabcyl-3′
ST-6(FL) 5′-TAMRE-GCGAGGTAAAACGACGGCCAGTCCTCGC-Dabcyl-3′
ST-7(FL) 5′ -TAMRE-GGCGAGGTAAAACGACGGCCAGTCCTCGCC-Dabcyl-3′
SP-C9 5′ -biotin-spacer9-GCGAGGTAAAACGACGGCCAGTCCTCGC-(CH2)6-NH2-3′
SP-C18 5′ -biotin-spacer18-GCGAGGTAAAACGACGGCCAGTCCTCGC-(CH2)6-NH2-3′

DNA targets PM 5′ -GACTGGCCGTCGTTTTACC-3′
1-NP 5′ -GACTGGCCGACGTTTTACC-3′
2-NP 5′ -GACTGGCCTACGTTTTACC-3′
NP 5′ -TCACCAGTTCGCCACGCAA-3′

MB probes for protein (thrombin) TBA-5 5′ -NH2-(CH2)6-TTT CCA ACT TGG TTG GTG TGG TTG GTC T-biotin −3′
TBA-6 5′-NH2-(CH2)6-TTT CCA ACT TGG TTG GTG TGG TTG GAC T -biotin −3′
TBA-7 5′ -NH2-(CH2)6-TTT CCA ACT TGG TTG GTG TGG TTG GAA T-biotin-3′

MB probes for metal ion (Hg2+) T-T probe 1 5′-NH2-(CH2)6-AC AAA GAC TTT GTT CCC CTT CTT TGA -biotin-3′
T-T probe 2 5′ -NH2-(CH2)6-AC AAA GAAC TTT GTT CCC CTT CTT TGA -biotin −3′
T-T probe 3 5′-NH2-(CH2)6-CAAAGG A ACT TTG GTT TC CCTT TTC CTT TT-biotin-3′
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Instrumentation and Surface Characterization. The plastic
substrates were activated in a UV/ozone cleaner (Model PSD-UV,
Novascan Technologies Inc.). A JASCO J-810 spectropolarimeter was
utilized to collect CD spectra, a UV-2450 UV−vis spectrophotometer
(Shimadzu Co.) was used to record the absorption spectra, and a
PerkinElmer-LS55 fluorescence spectrometer (USA) was employed to
collect the fluorescence spectra. The flatbed scanner for obtaining
optical images of the plastic biochips was from Microtek (Scanmaker
i700), which can be operated in either transmission or reflection mode.
The surface topographies of the binding stripes or dots were imaged
with an atomic force microscope (Asylum Research, Inc.) in tapping
mode.
Surface Activation of PC Substrates. PC plates were first

sonicated in ethanol for 10 min and then illuminated in a UV/ozone
system for 15−30 min. The substrates were subsequently immersed in
a 0.1 M phosphate buffer at pH 6.0 containing 5 mM EDC and 0.3
mM NHS for 3−5 h to activate the surface-tethered carboxylic acid
groups, followed by rinsing with PBS buffer (containing 20 mM
phosphate, 150 mM NaCl, pH 7.4), and drying in a stream of nitrogen
gas.
Fabrication of DNA MB-Based Biochips. The optimal DNA MB

probes (their sequences are listed in Table 1) were diluted to 5.0−20
μM by using 10 mM Tris coupling buffer (also containing 0−150 mM
NaCl, 50 mM MgCl2, pH 7.4), and then delivered onto the PC surface
through a PDMS (polydimethylsiloxane) stamp. It was prepared
against a silicon master, and has 14 embedded microchannels (each
channel of 500 μm width and 2.5 cm length). The flow rate of the
samples in the channels was kept in the range of 10−30 μL/min. The
PC sheet was then kept in a humid box for 4−10 h to form the probe
line arrays. The substrate was rinsed thoroughly with 10 mM Tris
buffer and soaked in a blocking buffer (20 mM phosphate, 150 mM
NaCl, 3% BSA, pH 7.4) for 1−3 h to passivate the substrates. After
washing, various targets (DNA, thrombin, and Hg2+ ions) in buffers or
in real world samples were introduced into the channels and kept for

60 min. Afterward, the PDMS plate was peeled off and the plastic chip
was washed with PBS buffer. Finally, the biochip was immersed in a
solution containing nanogold streptavidin conjugates for 30−60 min
and subjected to silver staining. Before staining, the plastic biochips
need to be washed thoroughly with deionized water to remove
interfering anions. They were then immersed in a freshly made silver
enhancement solution consisting of silver salt (12 mM silver acetate)
and reducing agent (45 mM hydroquinone) for 10−20 min. It is
noteworthy that the silver enhancement solution (after mixing) must
be replaced with a fresh solution every 10 min in order to obtain
satisfactory results.

Signal Readout and Data Analysis. After sliver staining, the
plastic biochips were imaged with the Microtek flatbed scanner in the
transmission mode; this also can be done with standard office scanners
in the typical reflection mode. The images were scanned as color
pictures at 600 dpi, and were subsequently converted to grayscale
images using Adobe Photoshop (version 10). The average luminosity
(Is) of each binding stripe was measured using the histogram tool in
Adobe Photoshop and normalized by the background luminosity (Ib)
(from the assay stripe corresponding to the blank experiment (i.e.,
[target] = 0) to determine its optical darkness ratio (ODR)

=
−I I
I

ODR b s

b (1)

For a better comparison, the signal-to-noise ratio (SNR or S/N) of
each binding stripe was also calculated by using the following
equation:46

= =
s

SNR
mean

standard deviation
ODR

ODR (2)

where ODR and sODR are the mean and standard deviation of ODR
values. To obtain these values, at least three replicates (three parallel

Figure 1. Effect of stem length on the performance of DNA MB-based plastic biochips. (a) Representative optical image of the DNA MB biochip
designed with different stem lengths (5 bp, ST-5; 6 bp, ST-6; 7 bp, ST-7). For each system, a blank (without the DNA target strand) and three
replicates of the sample lines (1.0 M DNA PM target) were tested simultaneously. The concentration of the DNA MB probes to prepare these chips
was 10 μM for all cases, and the sliver staining time was kept at 18 min; (b) correlation between the assay signal (ODR) and signal-to-noise ratio
(SNR) with the stem length; (c) Representative fluorescence spectra of the DNA MB probes (0.5 μM) containing different lengths of stem respond
to blank (red line) and target (1.0 μM, blue line) in solution. (d) Correlation between stem length and binding signal (FL intensity) and SNR of the
solution-diffused DNA MB probes in response to the added target DNA(1.0 μM). The experimental uncertainties (error bars) shown in shown in b
and d were obtained from the parallel chip results (panel a and Figure S1 and Figure S2 in the Supporting Information). The insets in c are the
hypothetic conformations of the DNA MB probes before and after target binding.
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chips or three replicated stripes on the same chip) were prepared and
measured.

■ RESULTS AND DISCUSSION

To construct MB-based plastic DNA biochips, we adopted
surface-immobilized hairpin-DNA strands as recognition
elements and gold nanoparticle-assisted silver staining as signal
enhancement method. For scanometric detection of various
molecular targets, two requirements must be met: low
background signal (i.e., high selectivity) and high response
signal in the presence of target (i.e., high sensitivity). As an
example, we will first take an MB-based plastic biochip designed
for detecting a sequence-specific DNA target, to illustrate how
the stem length, linker length, and assembly condition (probe
concentration, salt concentration, and blocking condition)
affect the background and response signals.
Effect of the Stem Length. The stem length is a key

parameter that determines the response of a DNA MB to its
target:33,44−46 if the stem is too long (more than eight base
pairs), the MB prefers to form a stable hairpin-like
conformation which is difficult to open, showing a low
background and a low response signal. If the stem is too
short (less than five base pairs), the hairpin-like conformation
of the MB is easy to open, and exhibits a high background
signal and a high response signal simultaneously. Hence the
stem length of the MB must be properly chosen in order to
obtain a good balance between high response signal (i.e., high
sensitivity) and low background signal (i.e., high selectivity).
According to previous studies, a DNA MB containing a 15−35
bp loop typically needs a 5−7-bp stem to stabilize its stem-loop
conformation.33,47−49

To determine the optimal stem length, we immobilized three
DNA MB probes (Table 1) that contain the same loop (16 bp)
but different stem lengths (5−7 bp) on the same chip as line
arrays and examined their responses to the same concentration
of complementary DNA targets (1.0 μM, three repeats plus a
blank). We note that multiple samples (at least three
independent chips for each experiment) have been prepared
and tested under identical conditions (concentrations of both
probe and target DNA as well as buffer solutions) to validate
the reproducibility and to obtain statistic results (see
Supporting Information). Figure 1(a) shows a representative
chip image of three MB-based detection systems with different
stem length. It is clear that the triplicate binding stripes in the
presence of the DNA target (1.0 μM, sequence shown in Table
1) are distinct (darker) from the blank (0 μM) and are uniform
across the three replicates. The darkness of the blank stripes are
also different from each other, which shows a decreasing trend
on the order of 5 bp > 6 bp > 7 bp.
The binding assays were quantified by the optical

densitometry analysis technique as described previously.54 As
illustrated in Figure 1a, the average luminosity (Is) of each
binding stripe was measured using the histogram tool in
Photoshop, and the background luminosity (Ib) was
determined by selecting the assay stripe corresponding to the
blank experiment (0 μM). The optical darkness ratio (ODR) of
each assay stripe was then calculated using eq 1.54 In Figure 1b,
we have shown that the three surface-tethered MBs produced
distinct responses in terms of the determined ODR values, and,
the one with a 6-bp stem (ST-6) shows the best detection
performance. For a better comparison, we have also calculated
the signal-to-noise ratio (SNR or S/N) based on eq 2 for each
system. It is important to notice in Figure 1b that the SNR

values shows the same trend as that for signal change, i.e., the
ST-6 has the highest value in all three variants.
To confirm the above observation, we also employed

fluorescence spectroscopy to examine the three MB probes
with different stem lengths in solution. As shown in panels c
and d in Figure 1, the responses of the three MB probes in
solution are quite similar to those of their counterparts on the
surface: the MB with a 6-bp stem shows the best detection
performance. Therefore, we chose a 6-bp stem (ST-6) for a
DNA MB containing a loop of ca. 20 nucleotides for the
following tests. However, if the target is not a sequence-specific
DNA, the stem length of the probe may need further
optimization because the interaction between the probe and
the target in that case is not the same as for complementary
DNA strands.

Effect of the Label Attachment. The length of the linker
between the biotin group and the terminus of a DNA MB
probe is another key parameter, as it directly relates to the steric
effect of the biotin residues in the “closed” and the accessibility
of such groups in the “open” conformation.33,47,48 To
determine the optimal linker length, we compared the
previously used C6-linker (SP-C6) with two longer versions
(SP-C9, SP-C18) (Table 1). As shown in Figure 2, three types

of surface-tethered MBs that have the same sequences but
different linker lengths (for the biotin attachment) produced
different signal responses (different ODR values). The MB of
the most extended spacer (SP-C18) generated the highest
blank signal and the highest response signal while the one of
the medium length (SP-C9) gave the highest signal-to-noise
ratio (SNR). We speculate that the MB of a SP-C9 biotin linker
may have the most suitable length to allow biotin to be in close
proximity to the substrate in its “closed” state, and to allow the

Figure 2. Effect of the label linker of DNA MB probes on the
background and response signals. (a) Representative optical image
showing the line array of the surface-immobilized DNA MB probes
(10 μM ST-6) containing different label linkers (SP-C6, SP-C9, and
SP-C18) with/without binding the DNA target (1.0 μM PM target)
and undergone 18 min silver staining treatment, (b) signal level (ODR
value) and signal-to-noise ratio (SNR) of the surface-immobilized
DNA MB probes shown in a. The experimental uncertainties (error
bars) shown in b were obtained from the parallel assay lanes shown in
a.
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reporter (i.e., nanogold streptavidin conjugates) to easily
approach the biotin groups in the “open” state.
Effect of the Assembly Conditions. Besides the probe

structure, its immobilization condition such as probe
concentration, salt concentration and blocking reagents can
also exert a significant influence on the background (blank) and
response signals as these parameters can affect the probe
surface density, stability and steric effect for target bind-
ing.20,47,48,50,51 To examine the influence of the probe
concentration, we created ten MB probe lines (two lines for
each concentration) on the same plastic chip by using different
concentrations of probe solutions (from 2.0 μM to 50 μM). As
shown in Figure 3(a), the background signal and the response
signal both increase considerably at the beginning and then
reach saturation at high concentrations. However, the line
formed with the 10 μM probe shows the highest signal-to-noise
ratio. It is expected that an increased probe surface density will
lead to an enhanced signal response but the background signal
is also rising. This phenomenon may be due to the fact that
more MB probes cannot form hairpin-like conformations at
increased probe surface density. Therefore, the probe lines
formed with a medium concentration (10 μM), may provide
the most favorable environment to create probe arrays with
optimized surface density and conformation. It should be noted
that such optimal DNA probe concentration is 2.4−5.0 times
lower than that used for attaching linear DNA probes (typically
25−50 μM) on the same PC surfaces, indicating that the MB
probes require much larger space to unfold upon immobiliza-
tion.
The effect of salt (especially Mg2+) concentration in the

assembly buffer was analyzed by using a series of 10-μM SP-C9
solutions containing different concentrations of Mg2+ (0, 25,
50, 100, 200 mM) to construct probe lines on the substrates. As
shown in Figures 3b, the effect of the Mg2+ concentration on
the background signal and on the response signal is similar to
that of the probe concentration, i.e., both increase gradually and
reach saturation when the Mg2+ concentration in the assembly
buffer increases. The probe lines formed at 50 mM [Mg2+] have
the highest signal-to-noise ratio. This interesting phenomenon
can be understood by considering the two roles that Mg2+ ions
play in the above bioassays: they not only enhance the density
of surface-bound probes but also stabilize the DNA structures
by reducing the intra- and intermolecular repulsive forces of
DNA strands. Therefore, a buffer with moderate concentrations
of Mg2+ (25−50 mM) should offer the most favorable
environment to create probe arrays with optimized surface
density and conformation.
It is imperative to block (passivate) the substrates after

immobilizing DNA probes in order to enhance the overall chip
performance.14,20 The blocking step typically has the following
functions: blocking the entire substrate surface to reduce
nonspecific absorption, passivating the remaining carboxyl
groups, and embedding the biotin groups in hairpin structures
to avoid side reactions. The blocking effect mainly depends on
substrate affinity, molecular size and concentration of the
blocker. To find an optimal blocking condition, first we tested
macromolecular blockers (BSA, glycogen, and skim milk
powder), small molecular blockers (T10 and lysine) and
mixed reagents (BSA and glycogen). As shown in Figure 3c,
BSA exhibits the best blocking effect. It has a strong affinity to
the substrates with activated carboxyl groups, and imposes a
significant steric effect for binding nanogold streptavidin
conjugates. Analysis of the results revealed that a 3% BSA

Figure 3. Effect of the probe assembly conditions on background and
response signals. (a) Representative optical image showing the
responses of the probe arrays created at various probe concentrations
(SP-C9) and dependence of ODR and SNR on the probe
concentration, (b) a representative optical image showing the
responses of the probe arrays created with solutions containing 10
μM MB probe (SP-C9) and different concentrations of Mg2+, and
dependence of ODR and SNR on Mg2+ concentration in the coating
buffer (20 mM Tris +150 mM NaCl, pH 7.4), (c) representative
optical image showing the responses of the probe array created by
using a coating buffer containing 10 μM SP-C9 probe plus 50 mM
Mg2+ but different types of blocking reagents, and dependence of
ODR and SNR on the type of blocking reagents. The staining time for
the chips in a−c was kept at 20 min in all cases. The experimental
uncertainties (error bars) were obtained from the replicated,
independently fabricated chips (see Figure S3 in the Supporting
Information).
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solution yields the highest signal-to-noise ratio (see Figure S4
in the Supporting Information).
We are now able to formulate an optimal protocol for the

design and immobilization of DNA MB probes on plastic
substrates, which allows us to construct and implement MB-
based biochips for POC analysis and diagnostics. As proof of
concept, we tested this new type of biochips for the detection
of a representative set of analytical targets, DNA strands,
protein (thrombin), and heavy metal ions (Hg2+).
Detection of DNA Targets. Rapid, simple, and sensitive

detection of sequence-specific DNA strands has attracted much
attention owing to its importance in gene profiling,
antibioterrorism, and forensic applications.52,53Therefore, we
first tested the MB-based DNA biochips for the detection of
complementary DNA strands (PM target). As shown in Figure
4, upon binding with different concentrations of target DNA,

the probe lines on all three representative chips are visible to
naked eyes with 10−20 min silver staining; their ODR values
were found to increase monotonically with increased target
concentration (the higher the concentration, the darker the
binding stripe). Further analysis revealed that the biochips have
a linear dynamic range from 1.0 nM to 0.5 μM and are able to
detect as little as 1.0 nM or 1.0 fmol (as only 1.0 μL needed)
target DNA. Such a detection limit is about ten times better
than that of biochips with sandwich-assay architecture,18

demonstrating the advantage of using DNA molecular beacon
as the sensing component. It should be pointed out that the
linear dynamic range of the biochips can be widened by tuning
the silver staining time.18,54

As shown in Figure 4c, atomic force microscopy (AFM)
images revealed that the binding stripes are composed of large-
size silver nanoparticles (ca. 40−150 nm, depending on staining
time and the density of gold nanoparticles initially bounded, see
Figure S5 in the Supporting Information); particle densities
gradually increase with increasing DNA target concentration.
The correlation between the particle density and the target
concentration constitutes a direct proof for target-binding-
induced conformational changes of the MB probes on the
surface. Although the particle density was observed to be
proportional to the ODR value of the binding sites, the
relationship between them is rather complicated because of the
ODR value being a function of both particle size and
distribution.54

To evaluate the selectivity of this MB-based biochip for
detecting DNA strands, we challenged the biochip with single-
base mismatched targets (1-NP), two-base mismatched targets
(2-NP), and noncomplementary targets (NP) (sequences are
listed in Table 1). As shown in Figure 5, the response of the

probe lines upon incubation with the above strands are visually
different: the ODR values of the signal lines corresponding to
1-NP, 2-NP and NP account for 45, 18, and 3% of those
corresponding to PM (prefect match target). The change in the
SNR values shows a very similar trend as that of ODR. These
results confirm that this MB-based biochip is capable of
differentiating a single-base mismatch in a sequence-specific
DNA target.

Detection of Thrombin. As a serine protease, thrombin
plays a crucial role in blood coagulation cascade, thrombosis,
and hemostasis.55 Thus, detection and quantitation of this
protein is of particular medical importance.21,56−58 Here we

Figure 4. Plastic DNA MB biochips for scanometric detection of
complementary DNA targets. (a) Three representative chip images
showing the responses of surface-immobilized DNA MB probes
(formed with 10 μM SP-C9 probe) to different concentrations of
target DNA strands (PM target) (with 15 min silver staining), (b)
dependence of the ODR on target concentration. The experimental
uncertainties were derived from the replicated chip results shown in
(a); the red line is the linear fit to the experimental data, R2 = 0.990,
(c) representative AFM images to show the size and density of silver/
gold nanoparticles within the binding stripes.

Figure 5. . DNA MB-based plastic biochips for discriminating base-
pair mismatches. (a) Representative optical image showing the
responses of surface-immobilized MB probes (formed with 10 μM
SP-C9) to 1.0 μM DNA targets containing different numbers of base-
pair mismatches (PM, perfect match; 1-NP, one-base mismatch; 2-NP,
two-base mismatch; NP, noncomplementary; BK, blank) (with 15 min
silver staining), (b) dependence of the ODR and SNR on the number
of base mismatches in DNA targets. The experimental uncertainties
(error bars) shown in b were determined from the three repeating
binding stripes shown in a.
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demonstrate the application of an MB-based biochip for
thrombin detection, adapting a specially designed MB probe
containing a thrombin-binding aptamer (TBA-6).57,58 The
sequence of the TBA probe was optimized (see Figure S6 in
Supporting Information) and is listed in Table 1.
UV−vis absorption spectroscopy and circular dichroism

(CD) spectroscopy were first carried out to confirm the
binding between TBA-6 probe and thrombin in solution as well
as the binding-induced conformational switching (see Figure S7
in the Supporting Information). The chip-based assays were
then performed. This biochip exhibits a good response to
different concentrations of thrombin (from 10 nM to 5.0 μM),
evidenced by the signal lines with different optical darkness (see
Figure S8 in the Supporting Information). It shows that this
chip can detect as little as 10.0 nM or 10.0 fmol (1.0 μL × 10.0
nM) thrombin in buffer solution. Because the concentration of
thrombin in blood can increase to nM or even low μM level at
disease conditions,59,60 this biochip meets the general require-
ment for such thrombin quantification. Moreover, this biochip
demonstrates a good selectivity to thrombin as it did not show
discernible responses to other more abundant proteins in
serum (see Figure S9 in the Supporting Information). In
consideration of “real life” applications, we further challenged
this biochip with human serum, blood plasma and whole blood
samples (i.e., diluting thrombin with these biological fluids to
various concentrations), respectively. As shown in Figure 6, the
response of the biochip to the thrombin in human serum is
found as impressive as that in buffer solution, and the limit of
detection (LOD) was determined to be 10 nM. As for the
thrombin present in blood plasma or whole blood, this biochip
still responds quantitatively, although the signal in both cases

are not as strong as that in human serum (especially for the
whole blood, see Figure S10 in the Supporting Information).

Detection of Hg2+. Mercury ion, a widespread highly toxic
contaminant in aquatic ecosystems, poses severe adverse effects
on human health and the ecosystem.61,62 Rapid on-site and
sensitive detection of Hg2+ in aqueous media is of great
importance.16,27,63−65 To further demonstrate the versatile
applications of MB-based DNA biochips, we have designed a
DNA MB probe containing thymine (T)-rich fragments (T-T
probe in Table 1)62,63 which utilizes T-Hg2+-T coordination-
induced conformational switching for the detection of Hg2+. In
this design, the conformation of the T-T rich probe is expected
to convert from a hairpin-like to an “S-like” structure upon
binding Hg2+ (Scheme 1); the probe sequence was optimized
prior to the sensitivity and selectivity tests (see Figure S11 in
the Supporting Information).
In order to test the feasibility of the above design, absorption

spectroscopy and CD spectroscopy were employed again to
confirm the interaction between T-T probe and Hg2+ ions in
solution (see Figure S12 in the Supporting Information). Then
chip-based assays were carried out to assess the response of this
MB-based biochip to Hg2+. As shown in Figure 7, the biochip
has demonstrated excellent performance: we were able to
quantitate Hg2+ in the concentration range from 5.0 nM to 50
μM. The detection limit achieved here is as low as 5.0 nM (1.0
μL × 5.0 nM = 5.0 fmol) in lake water. Such a value is about
half of the maximum contaminate level (MCL) of mercury in
drinking water recommended by the World Health Organ-
ization (WHO),66 indicating that this biochip has the capability
to evaluate Hg2+ contamination in common drinking water. In
fact, the response of this biochip to Hg2+ in tap water is
excellent (see Figure S14 in the Supporting Information).
In considering the complexity in practical applications, we

further challenged this biochip with a wastewater sample from
an electroplating factory containing unknown concentration of
Hg2+. Upon determining the Hg2+ concentration in the sample
by ICP atomic emission spectroscopy (AES), we compared the
responses of our chip to the industrial waste, lake, and tap water
samples. The latter two were spiked with the same
concentration of Hg2+ (5.5 μM) for direct comparison. We
discovered that the biochip displayed similar signal responses to
all three samples (see Figure S15 in the Supporting
Information), augmenting its potential in performing real
world water analysis. Moreover, we confirmed that this Hg2+-
sensing biochip has a low cross-talk with most cations in
solution (including Mg2+, Ca2+, Cu2+, Zn2+, Ba2+, Mn2+, Co2+,
Cd2+, Ni2+, Al3+, Fe3+, and Li+, demonstrating its excellent
selectivity (Figure 7c, d).

General Performance and Comparison with Other
Methods. As a new addition to the scanometric detection
family, we need to discuss the measurement reproducibility
(precision), quantitation accuracy by comparing our chip
results with other well established analytical protocols.
According to replicated experiments (Figures 1−6 and Table
S1 and S2 in the Supporting Information), the relatively
standard deviation (RSD), 1/SNR of the signal among the
parallel stripes on the same chip and among the stripes on
independent chips were found to be around 5.0 and 10%,
respectively, indicating this biochip having a good reproduci-
bility as long as the assay conditions were kept identical.
Because this biochip displays a quantitative response to the
three kinds of targets over a large concentration range (Figures
4, 6, and 7), we should be able to quantify these targets based

Figure 6. Plastic MB-based biochips for scanometric detection of
thrombin. (a) Representative chip images showing the response of
surface-immobilized DNA MB probes (formed with 10 μM TBA-6) to
different concentrations of thrombin in human serum (15 min silver
staining), (b) dependence of ODR on thrombin concentration in
human serum (the solid line is the linear fit of the experimental data,
R2 = 0.943. The experimental uncertainties (error bars) shown in
shown in b were obtained from the replicated chip results shown in a.
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on these calibration curves (the linear fits). Certainly, the
quantitation assays should be performed under the conditions
exactly the same as that used for the construction of the
calibration curves. In addition, the calibration curves with more
data points should be obtained in order to achieve the
optimized quantitation accuracy.
After each use, the plastic MB-based biochips can be

regenerated by treating first with a “back-developed” solution
(containing Na2S2O3 and K3Fe(CN)6) to remove the silver
particles, and then with hot water (∼80 °C) to dissociate the
binding assays completely. Although the regeneration treatment
is quite harsh, the response of the regenerated biochip was
found to decrease only ∼15% after three rounds of tests (see
Figure S16 in the Supporting Information), indicative of its
satisfactory regeneration performance. In addition, we have
assessed the biochip stability by storing it for different periods
of time; it was observed that the aged biochip can still produce
a response accounted for ca. 80% of the original signal after 2
weeks (see Figure S17 in the Supporting Information).
As we mentioned above, this type of biochip consists of a

small plastic sheet (only costs several US cents) and a tiny
amount of DNA oligomers (with regular modifications and no

fluorescent or redox labeling); the consumables are common
reagents (gold nanoparticles, silver salts, etc.). The signal
readout can be based on a standard office-use flatbed scanner
(less than $100) for quantitative measurements or even naked
eyes for qualitative determination. Therefore, compared with
conventional fluorescence or electrochemical methods, this
biochip platform shows the special advantages in cost-
effectiveness and portability. It is noteworthy to mention that
this biochip typically needs 30−60 min to get the results
(because of the prolonged signal enhancement steps), which is
longer than the time required for the fluorescence or
electrochemical measurements. However, with optimized silver
staining conditions (the concentration and type of the silver
salts and reducing reagents), this can be eventually shortened
(less than 10 min).

■ CONCLUSION

To meet the needs for developing portable analytical devices,
we have designed a novel molecular beacon (MB)-based plastic
biochip for scanometric detection of various targets of interest.
The new plastic biochips adopt dually modified hairpin DNA
strands containing target-binding domains as the recognition
elements and utilize a binding-induced conformational switch-
ing (promoting silver deposition) signal generation protocol.
To achieve satisfactory performance, we have systematically
investigated and optimized the molecular structure, as well as
assembly and application conditions. We were able to construct
and implement such biochips for POC analysis of three types of
popular analytes: DNA targets (down to 1.0 nM), protein
(thrombin, down to 10 nM), and heavy metal ions (Hg2+, down
to 5.0 nM) in buffer solutions as well as in real world samples.
We have demonstrated that an MB-based biochip is a
promising platform for performing rapid, sensitive, cost-
effective POC analysis and diagnosis.
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Figure 7. Plastic MB-based biochips for scanometric detection of
Hg2+. (a) Representative optical image showing the responses of
surface-immobilized DNA MB probes (formed with 10 μM T-T
probe) to different concentrations of Hg2+ in lake water (20 min silver
staining), (b) ODR as a function of the Hg2+ concentration (the red
line is the best linear fit to the experimental data, R2 = 0.922), (c)
representative optical image showing the responses of surface-
immobilized DNA MB probes to different metal cations of 1.0 μM
in all cases, (d) ODR of the biochip corresponding to different metal
cations (1.0 μM). The experimental uncertainties (error bars) shown
in b and d were obtained from the replicated, independently fabricated
chips (the original images of these replicates are included in the
Supporting Information as Figure S13).
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