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Abstract: A convenient and label-free
scanometric approach for DNA assay
was designed by integrating a metal-
ion-mediated conformational molecular
beacon (MB) and silver-signal amplifi-
cation regulated by gold-nanoparticle
(AuNP) aggregation. The strategy was
based on displacing the interaction be-
tween the target DNA sequence and a
competitor Hg** ion with a link DNA
sequence. In the absence of the target
DNA sequence, a link DNA sequence
interacted with the Hg?* ions, thus
forming an inactive cyclic conformation
of the MB. This result led to the poor

alized AuNPs (A-AuNP). In the pres-
ence of a target DNA sequence with a
stronger affinity than that of the com-
petitor, hybridization between the link
DNA and target DNA sequences
turned on the trigger. The polythymi-
dine end of the resulting linear duplex
structure could react with A-AuNP,
thus leading to a cross-linking aggrega-
tion. This aggregation weakened
AuNP-catalyzed silver enhancement on
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a spot substrate. Further, by using sca-
nometric detection, the concentration
of the target DNA sequence could be
conveniently read out within a linear
range from 1.0 to 30 nm. Interestingly,
in the same amount of Hg*" ions, one-
base mismatched DNA showed only
22 % of the relative gray-scale intensity
for the target DNA sequence at the
same concentration, thus indicating
good specificity. The designed ap-
proach, with the help of the ion-medi-
ated conformational MB, was simple,
cost effective, adaptable, and conven-
ient and provided significant potential

aggregation of polyadenosine-function-

Introduction

The detection of DNA sequences is critical in various fields,
such as in the diagnosis of infections and genetic diseases
and in environmental and forensic applications. Thus, many
methods based on Raman scattering,“] electrochemical de-
tection,”™ colorimetry,®'” field-effect transistors,'!! photo-
luminescence,™™ and electrogenerated chemilumines-
cencel"®!” have been developed for the highly sensitive and
selective detection of DNA molecules. Compared with the
other methods, colorimetry has been demonstrated to have
several significant advantages, such as having a visual read-
out and being low cost, rapid to use, and easy to operate.
Especially, metal-nanoparticle-based homogeneous colorim-
etry shows very promising applications in the detection of
DNA sequences.'®'! For example, colorimetric DNA detec-
tion that couples metallic nanoparticles was started by
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applications in clinical analysis.

Mirkin and co-workers with the use of capture DNA-func-
tionalized gold nanoparticles (AuNPs).” The intensive red
color allowed the AuNPs to be used as a colorimetric label
for DNA detection in a spot test. Furthermore, a colorimet-
ric assay based on biobarcode amplification, magnetic sepa-
ration, and the aggregation of DNA-modified AuNPs was
proposed for the quantification of DNA by using a graphic
processing method.”"’ A homogeneous colorimetric DNA
biosensor was also developed by a nicking endonuclease-as-
sisted nanoparticle amplification process with a 103-fold im-
provement in amplification.’” These studies usually use a
DNA sandwich structure to detect the target DNA se-
quence. Herein, a conformational molecular beacon (MB),
which was formed during the detection process by the spe-
cific interaction of thymine with a mercury ion, was intro-
duced in the detection of the target DNA sequence to pro-
vide an efficient method for the selective visual detection of
a MB-related target analyte.

A MB is a single-stranded DNA probe with a stem-loop
structure. Recently, MBs have received considerable interest
because of the inherent signaling mechanism by energy
transfer and the high selectivity in the detection of DNA se-
quences and proteins.”>?" Different from regular MBs that
contain stems based on the Watson—Crick system, MBs
based on a non-Watson—Crick system show greater selectivi-
ty, control, and resistance toward nuclease digestion than
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common MBs.?*3*" The thermodynamic and kinetic features
of a non-Watson—Crick MB can be conveniently modulated
by independently varying the concentration of the metal ion
and/or metal-ion-stablized MB. Therefore, the high specifici-
ty of interaction of oligonucleotides with metal ions makes
them not only tools for the detection of metal ions by
AuNP-enhanced surface plasmon resonance and photolumi-
nescence,* but also suitable for use in the design of alter-
native approaches for the detection of amino acids,™
DNA,* or redox environments®! by colorimetric and fluo-
rescent measurements.

A mercury ion was used in this study as a competitor of
the target DNA sequence to form a thymidine-based MB
(T-MB) and to develop a competitive method that involved
the capture of DNA-functionalized AuNPs and amplifica-
tion of silver deposits for the scanometric detection of DNA
(Scheme 1). The scanometric technology involved a forma-
tion-recording procedure performed on a flatbed scanner.
The readable signal came from a deposit formed on a sub-
strate by an AuNP-catalyzed silver reduction reaction. At
the beginning, in the absence of the target DNA sequence, a
link DNA sequence interacted with the Hg®* ions, thus
forming an inactive cyclic conformation of the MB. This
process led to poor aggregation of the polyadenosine-func-
tionalized AuNP (A-AuNP), which catalyzed the silver re-
duction reaction by addition of the reducing reagent (e.g.,
hydroquinone) and produced a dark spot. On the contrary,
in the presence of the target DNA sequence, hybridization
between the target DNA and the link DNA sequences
turned on the trigger due to stronger affinity of the target
DNA sequence than that of the competitor Hg** ions. Af-
terward, the polythymidine end of the resulting linear
duplex structure could react with the A-AuNP, thus leading
to a cross-link aggregation, which resulted in a weakened
silver deposition on the spot substrate. The extent of the
silver enhancement depended proportionally on the concen-
tration of the corresponding target DNA sequence. The
metal-ion-mediated conformational MB provided a power-
ful visual tool to detect DNA sequences with high sensitivity
and selectivity.
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Scheme 1. Visual scanometric strategy for the detection of DNA with a
molecular beacon as a trigger.
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Results and Discussion

Characterization of AuNPs: Citrate-capped AuNPs were
synthesized by the citrate reduction method.” A UV/Vis
spectrum of AuNPs showed the absorption inflection point
at =520 nm, which was defined as the peak value to pro-
duce a diameter of 13 nm. This result was consistent with
the observation from the high-resolution TEM image, in
which a uniform size distribution of about 13 nm in diameter
was observed. The concentration of AuNPs was determined
to be 2.5 nm through an extinction coefficient of £=2.7x
108m'cm™' at A=520nm for AuNPs with a diameter of
13 nm.

Fabrication and characterization of the spot substrate: The
visualization and scanometric detection of the DNA-linked
aggregation of A-AuNPs after silver enhancement was ach-
ieved on the spot substrate, which was characterized by
measuring the contact-angle. The contact angles of the bare
glass, glass treated with a piranha solution, and glass silan-
ized with {3-[2-(2-aminoethyl)aminol]propyl}trimethoxysi-
lane (AEPTS) were 41, 14, and 78°, respectively (Figure 1).
The smaller contact angle of glass treated with a piranha so-
lution than bare glass indicated its higher hydrophilicity
(Figure 1 A,B). Furthermore, to obtain a well-defined A-
AuNP spot, AEPTS was used to modify the glass slides for
the preparation of the substrates, which led to a contact
angle of 78° (Figure 1C). After the A-AuNP solution (3 pL)
was spotted on the substrate and left to stand at room tem-
perature for 60 min to dry, the spot was immensely stable
toward the washing in the silver enhancement procedure

Figure 1. Contact angles of A) bare glass slide, B) the glass slide treated
with a piranha solution, and C) the glass slide silanized with AEPTS.
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owing to the interaction between the primary amine group
in AEPTS and the A-AuNPs surface. The single short-
strand oligonucleotide of capture DNA on A-AuNPs did
not inhibit the interaction due to the controlled amount of
capture DNA, which was calculated to regulate the aggrega-
tion of the AuNPs. Moreover, the substrate without spotting
did not exhibit any background during the silver enhance-
ment process.

Monitoring the DNA-linked aggregation of the AuNPs: The
prepared A-AuNP solution was a stable red color, which is
the characteristic color of dispersed AuNPs (Figure2A,
photo a). When the link DNA sequence was added to the
AuNP solution, a purple color could be observed after
60 min at 4°C owing to the blue-shifted plasmon band of
the AuNPs (Figure 2 A, photo b). This diagnostic feature of
the aggregation process is well-understood. When different
AuNPs came into proximity, the surface plasmon of the indi-
vidual AuNPs combined, thus resulting in the change from
red to blue.'” However, in the absence of the link DNA se-
quence, the incubation of AuNPs with the target DNA se-
quence in the buffer did not show obvious change (Fig-
ure 2 A, photo c). Therefore, the formation of the aggregate
was attributed to the cross-linking AuNPs by the link DNA
sequence.

This aggregation process could be easily and quickly vi-
sualized by combining aggregation-regulated silver-signal
amplification with the spot test. The scanometric images of
A-AuNPs treated with tris(hydroxymethyl)aminomethane
(tris) buffer, the link DNA sequence, and the target DNA
sequence are shown in Figure 2 B. The A-AuNP solutions in-
cubated with the link DNA sequence and tris buffer were
spotted on an AEPTS-modified glass slide after mixing for
1 hour. After silver enhancements of 2x3 min, the color of
the spots from the sample with the link DNA sequence (Fig-
ure 2B, photo b) was obviously lighter than the spots from

a b c

Figure 2. A) Photos and B) scanometric images of DNA-AuNPs treated
with a) Tris buffer, b) the link DNA sequence, and c) the target DNA se-
quence.
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the sample with only the tris buffer (Figure 2B, photo a),
thus indicating the efficiency of the silver signal intensity as
a signaling tool for the identification of the link DNA se-
quence. Furthermore, the silver-enhanced spot test greatly
improved the sensitivity of the method and avoided the use
of expensive apparatus. On the other hand, after the AuNP
solution was incubated with the target DNA sequence and
the spot was enhanced twice with silver deposition, a dark
spot similar to that developed with the tris buffer was ob-
served (Figure 2B, photo c), thus suggesting that the target
DNA sequence did not lead to the aggregation of the A-
AuNPs. Because only the exposed AuNPs could catalyze the
reduction of the silver ions by hydroquinone to produce the
silver staining spot,’” the silver signal was closely related to
the extent of the AuNP aggregation, which depended on the
amount of the link DNA sequence present. Therefore, a sca-
nometric approach to monitor the concentration of the link
DNA sequence could be developed by a flatbed scanner as-
sociated with Adobe Photoshop.?"

In the presence of Hg?t ions with a sufficient amount of
the link DNA sequence in the solution, the incubation of
the A-AuNP solution with the mixture followed by silver
enhancement produced a scanometric image similar to Fig-
ure 2B (photos a and ¢, as shown in the first photo from
right in Figure 3D) in the presence of excess Hg*" ions. This
outcome was due to the formation of T-MB by the interac-
tion of the link DNA sequence with the Hg*" ions, which
turned off the hybridization of the link DNA sequence with
the polyadenosine oligonucleotide on the A-AuNPs. Thus,
the competition of the target DNA sequence with the Hg?*
ions to bind the link DNA sequence to form a linear duplex
structure with a polythymidine end strand and the inactive
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Figure 3. Dependence of / on the A) incubation time of the link DNA se-
quence at a concentration of 10 nm for aggregation with enhancements
2x; B) the concentration of the link DNA sequence for silver enhance-
ments a) 1x, b)2x, and c¢) 3x; C) the concentration of the link DNA se-
quence at enhancements 2x and scanometric images with the link DNA
sequence at concentrations of at 0, 2, 4, 6, 8, 10, 12, and 14 nm (inset,
from left to right); and D) the concentration of the Hg?* ions with the
concentration of the link DNA sequence at 10 nM and enhancements 2 x
and scanometric images at concentrations of the Hg** ions at 0, 0.05, 0.1,
0.2, 0.4, and 0.6 pum (inset, from left to right).
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cyclic conformation of MB produced a signal related to the
concentration of the target DNA sequence, thus leading to a
specific detection method.

For convenient quantification of the target DNA se-
quence, the relative gray-scale intensity (/; calculated by
subtracting the value of the gray-scale intensity of the spot
from that of the background) was used to quantify the silver
signal. A higher [value corresponds to a darker spot or
stronger silver signal.

Optimization of the detection conditions: The experimental
parameters, including the incubation time of the A-AuNPs
with the link DNA sequence, silver-enhancement time, con-
centration of the link DNA sequence, and the concentration
of Hg”* ions, were optimized for obtaining a sensitive silver
signal. The silver-enhancement process was regulated by
AuNP aggregation upon the addition of the link DNA se-
quence, thus the aggregation time was first considered. With
the increasing aggregation time, the silver signal weakened
and the I value decreased because the increasing aggrega-
tion decreased the AuNP-catalyzed silver reduction reaction
(Figure 3 A). At the incubation time of 60 min, the plot of 1
versus incubation time trended to the minimum value and
was therefore selected for the following assay.

The enhancement of the silver deposit could improve the
signal. The silver enhancement was performed by repeating
the silver deposition for 3 min. With the increasing total
silver-enhancement time, due to the repetitions, the I value
increased at the same concentration of the link DNA se-
quence (Figure 3B). However, a longer silver-enhancement
time increased the background signals. By considering the
high sensitivity and wide concentration range for the detec-
tion of the target DNA sequence, the maximum slope of the
plot of I versus the concentration of the link DNA sequence
was favorable. Thus, enhancements of 2 x3 min were used to
provide a linear correlation without sacrificing sensitivity
(Figure 3B, curve b).

The images of spots showed a clear correlation between
the darkness of the silver signal with the concentration of
the link DNA sequence (Figure 3C). Under the conditions
optimized above, the I value decreased with increasing con-
centration of the link DNA sequence and reached a plateau
at 10 nm. The linear correlation range was determined to be
between 2 and 10 nm. The silver signal was closely related to
the aggregation of AuNPs, so the link DNA sequence had a
sensitive influence on the aggregation of AuNPs and provid-
ed a convenient tool for detection in a DNA assay. By con-
sidering the good analytical performance demonstrated, the
link DNA sequence was used at a concentration of 10 nm in
the following measurements.

The recognition of Hg®™ ions by the link DNA sequence
is shown in Figure 3D. With an increasing concentration of
Hg’" ions in tris acetate buffer containing the link DNA se-
quence (10 nm), the I value increased and reached a maxi-
mum value at 0.4 um Hg?* ions. The maximum [ value was
close to that obtained in the absence of the link DNA se-
quence (the first point in Figure 3C), thus suggesting that
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little cross-linking aggregation of the A-AuNPs occurred
formed due to the formation of the T-Hg?*-T structure and
that Hg”" ions at a concentration of 0.4 um was sufficient to
completely bind the link DNA sequence. Thus, Hg** ions at
a concentration of 0.4 um were added to the detection solu-
tion containing the target DNA sequence for scanometric
detection.

DNA hybridization assay: Under the optimized conditions,
the silver signal decreased linearly with the increasing con-
centration of the target DNA sequence and then reached a
plateau at 30 nm (Figure 4 A). At a signal of six times the
standard deviation of the control, the limit of detection was
0.9 nm. The linear calibration range was 1-30 nm (R =0.990),
which was similar to that of A1=2-30 nm by fluorescence
detection with the use of a Hg?*-mediated MB.*! The
visual readout of this scanometric method was low cost and
rapid in the quantification of nucleic acids.

It is a useful feature that MBs can recognize their targets
with higher specificity than linear single-strand DNA
probes.”! The specificity of the proposed scanometric
method based on a non-Watson—Crick MB was examined by
hybridization with a one-base mismatched DNA sequence
and a non-complementary DNA sequence in the tris buffer
at the same concentration as the target DNA sequence. The
signal decreases in the [ values that resulted from the one-
base mismatched DNA sequence and the non-complementa-
ry DNA sequence were only 22 and 12 %, respectively, in
comparison with the target DNA sequence (Figure 4B).
This outcome indicates a high specificity, which arose from
the conformational constraint of the stem-loop structure of
the MB. The presence of the stem made it thermodynami-
cally unfavorable for the binding of the mismatched se-
quence to the loop.”*) Thus, the metal-ion-mediated con-
formational MB provided an efficient tool for the visual de-
tection of the target with specificity.
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Figure 4. A) Plot of I versus the concentration of the target DNA se-
quence and scanometric images (inset) of the AuNPs incubated with the
target DNA sequence at concentrations of 0, 1, 2, 5, 10, 30, 50 and
100 nm (from left to right) in Tris buffer containing 400 nm Hg?* ions and
10 nm link DNA sequence; B) signal changes with a) 10 nM non-comple-
mentary DNA sequence, b) one-base mismatched DNA sequence, and
c) the target DNA sequence.
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To explore the applicability of the proposed strategy in re-
alistically complex samples, the DNA sensor was used in the
detection of a human-serum sample. Three droplets of the
target DNA sequence, a one-base mismatched DNA se-
quence, and a non-complementary DNA sequence were dis-
solved respectively in a human-blood serum sample instead
of tris buffer and the same analytical approach was per-
formed. Compared with the individual results in tris buffer,
the [ values in the human serum sample decreased by 4, 7.3,
and 7.1% for the target DNA sequence, one-base mis-
matched DNA sequence, and the non-complementary DNA
sequence. These results indicate that the detection was unaf-
fected by the human-blood sample, thus showing the good
applicability of this strategy in real samples.

Conclusion

The efficient competitive binding of Hg** ions and a target
DNA sequence to the polythymidine end of a link DNA se-
quence has been proven and results in the formation of a
metal-ion-mediated MB and the decomposition of the MB.
Thus, a facile and label-free scanometric approach for DNA
assay has been developed by integrating a target-DNA-hy-
bridized linear duplex structure with an exposed polythymi-
dine end for A-AuNP aggregation and a AuNP-catalyzed
silver deposition. This strategy provides a convenient and
cost-effective analytical tool for analysis of nucleic acids
with high specificity and a sensitivity similar to previously
reported approaches that used fluorescence detection.*’)
The metal-ion-mediated MB can be an efficient platform for
monitoring the recognition of a corresponding target by the
MB. This method has been proved particularly useful for
rapid and simple point-mutation identification and can be
extended to the selective visual detection of MB-related
target analytes.

Experimental Section

Materials and reagents: Tris(2-carboxyethyl)phosphane hydrochloride
(TCEP), tris(hydroxymethyl)aminomethane (tris), and a silver-enhancer
kit including enhancement solutions A and B were purchased from
Sigma-Aldrich (USA). {3-[2-(2-aminoethyl)aminol]propyl}trimethoxysi-
lane (AEPTS) was purchased from Alfa Aesar China Ltd.
AuCLHCI'4H,0 (>48% Au) and sodium citrate were obtained from the
Shanghai Chemical Reagent Co., Ltd. (China). Tris acetate buffer
(pH 8.2) contained tris buffer (0.025 mm), acetate (0.025 mm), and NaCl
(100 mm). Ultrapure water was obtained from a Millipore water purifica-
tion system (> 18 MQ, Milli-Q, Millipore, Billerica, MA, USA) and was
used in all the experiments. All the other reagents were of analytical
grade and used without further purification. The oligonucleotides were
purchased from Sangon Biological Engineering Technology & Co. Ltd.
(Shanghai, China) and were purified using high-performance liquid chro-
matography (HPLC). Their sequences were expressed as follows:

link DNA sequence: S-TTTTTTTATGGGGTCT-
GTCCGGTTCTGCTTGTTTTTTT-3;

capture DNA 1: 3-"AAAAAAA-(CH,):-SH-5;
capture DNA 2: 5-AAAAAAA-(A),-(CH,);-SH-3';

www.chemeurj.org
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target DNA sequence: 5-TGGAGCTACACCGACAACTCCA-3;
one-base mismatched DNA: 5-TGGAGCTACAGCGACAACTCCA-3';
non-complementary DNA: 5-GTGATCTCCGGACTTGACAATATC-3'".

Apparatus: The AuNPs were examined with a JEM 2100 high-resolution
transmission electron microscope (HRTEM). UV/Vis absorption spectra
were recorded on a UV-3600 UV/Vis/NIR photospectrometer (Shimadzu
Co., Japan). The AuNP-spotted glass was scanned using an HP Scanjet
2400 scanner. The scanning parameters were highlights: 225; shadows: 6;
midtones: 1.85. The static water contact angles were measured with a
contact-angle system (OCA30, Dataphysics Instruments GmbH, Germa-
ny) using droplets of 1 uL of ultrapure water at 25°C.

Preparation of 5'- or 3'-(alkanethiol)oligonucleotide-modified AuNPs:
Citrate-capped AuNPs (diameter: 13 nm) were prepared according to a
reported protocol.*! Trisodium citrate (SmL, 1%) was added to a boil-
ing solution of HAuCl, (200 mL, 0.01%). The solution changed from
pale yellow to deep red within several minutes. The mixture was allowed
to heat another several minutes to ensure complete reduction and was
slowly cooled to room temperature with stirring. The A-AuNPs were syn-
thesized according to a typical protocol.’**! Before DNA loading, the
thiol functionality on the oligonucleotide probes was deprotected by
treatment with 1.7 equivalents of TCEP for 1h by using acetate buffer
(0.05m, pH 5.2) at room temperature. The AuNPs (3 mL, 2.5 nm) were
functionalized with the deprotected thiololigonucleotides (capture DNA
1 or capture DNA 2; 10 pL, 100 pm, respectively) by incubation at room
temperature for at least 16 h with gently stirring and an additional 24 h
after the concentration of NaCl had been increased to 100 mm. These
capture DNA-functionalized AuNPs were purified twice by centrifuga-
tion (17000 g for 25 min) in buffer containing NaCl (100 mm) and Tris
acetate (25 mm, pH 8.2) and were dispersed in the Tris buffer.

Preparation of AEPTS-modified glass slides: The glass slides were first
dipped in a piranha solution (hydrogen peroxide/sulfuric acid 30:70) for
12 h. After being washed thoroughly with water, they were dried under a
stream of nitrogen and silanized by immersion in a solution of acetic acid
(1 mm) containing AEPTS (1%) for 30 min at room temperature. After
being rinsed with water and dried under a stream of nitrogen, the slides
were baked for 30 min at 120°C.

DNA hybridization assay: The linked DNA (3 pL, 0.1 um), Hg** ions
(3 pL, 4.0 um), and the target DNA sequence (3 pL) were mixed in a cen-
trifuge tube. After the mixture was incubated for 30 min at room temper-
ature, A-AuNPs (21 puL) containing AuNPs functionalized with capture
DNA 1 and 2 mixed in a volume ratio of 1:1 was added to the mixture to
react for another 60 min at 4°C. The spotting silver enhancement, scan-
ning, and reading of the gray-scale intensity were performed by the fol-
lowing procedures:

An aliquot of the reaction mixture (3 pL) was transferred onto an
AEPTS-modified glass slide to allow the adsorption of AuNPs over 1 h.
After rinsing the slide with water, the silver enhancement was performed
twice by immersing the slide in a 1:1 mixture of the silver enhancement
solutions A and B for 3 min and then rinsing with water. For quantifica-
tion of the extent of the aggregation of AuNPs, the slide was dried and
scanned using a scanner, and the resulting image was quantified by read-
ing the gray-scale intensity by using Adobe Photoshop software (0-256
for dark to the strongest intensity). Considering that a stronger silver
signal showed a darker spot, which corresponded to a lower value of the
gray-scale intensity, the relative gray-scale intensity / was used to quanti-
fy the silver signal of the spots by subtracting the value of the gray-scale
intensity of the spot from that of the background. After this data process-
ing, a stronger silver signal corresponded to a higher / value.
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