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ABSTRACT: Herein, we present a novel gold nanoparticle (AuNP) enumeration-based colorimetric aptamer biosensor for ultra-
sensitive detection of nucleic acid. This AuNP enumeration based colorimetric method takes advantages of the distinctive and
strong localized surface plasmon resonance light scattering with the dark-field microscope. In our model system, first, cost-effective
DNAL instead of expensive 2-thioethyl ether acetic acid was capped on the surface of AuNPs to form dense DNAI layer. Then,
Two DNA strands (DNA2 and DNA3) in two different solutions were separately asymmetrically functionalized on the AuNPs
capped the dense DNA1 layer. The subsequent binding of the target DNA could trigger the formation of perfect complementary
DNA with Y shape, and adjust the distance between nanoparticles to form AuNP dimers, accompanied by a color change from
green to yellow as observed, and thereby modulated the performance of the sensor, which resulted in the ultrahigh sensitivity. With
this design, the 43 aM limit of detection was obtained, which exhibited an increase of at least 5-9 orders of magnitude in sensitivity

over other colorimetric sensors fabricated using conventional strategies.

INTRODUCTION

Molecular bioassays act as an important diagnostic tool for
the discrimination of disease-related biomarkers with signifi-
cant research and clinical uses.' Typical target biomolecule
such as nucleic acids is closely associated with some diseases,
clinical diagnostics, drug screening, food safety, and environ-
mental monitoring.”” Thus, efficient and ultrasensitive detec-
tion of nucleic acids will offer an early disease diagnostic and
help in the screening of andisease drugs. Currently, the most
widely used methods to determine nucleic acids are optical
and electrochemical measurements combined with the enzy-
matic or nonenzymatic amplification strategies.”'* These ap-
proaches have shown utility in early-stage disease detec-
tion.">'® However, nucleic acid detection depends primarily on
target amplification strategies that require multiple time-
consuming processing steps companied by some challenges
related to successful primer design and library generation.'”'®
Moreover, fluorophore-based sensor for nucleic acid detection
may suffer from hydrolysis,” self-quenching,® and dye
bleaching® that result in low sensitivity and misidentification
of potential biomarkers.”

Among these different sensing strategies, gold nanoparticles
(AuNPs)-based colorimetric assays meet most of these re-
quirements and have attracted enormous interest,B'30 because
of the accessibility of AuNP preparation, high molar extinc-
tion coefficient, easy surface modification, strong photostabil-
ity, tunable optical properties, and so on.”"™® Especially, the
target-induced aggregation (or disaggregation) of AuNPs ac-
companied by the color change provides a simple signal
readout for colorimetric detection of the target. Despite the
impressive capabilities of AuNP aggregation or disaggrega-
tion-based colorimetric assays, there are three roadblocks that
limit their practical applications especially in complex samples.
First, AuNPs are extremely sensitive to the microenvironments
including temperature, pH, salt concentration, and they are
easy to form network-like aggregation. These aggregates are
not stable in an aqueous solution due to the increase in the size
of the particles and the decrease in the surface repulsive
force.’*” Second, poor sensitivity. Most of the reported AuNP
aggregation-based colorimetric methods reached a higher de-
tection limit (=5 nM). The detection limit was several orders
of magnitude higher than that of the assays based on fluores-
cence methods.”® Third, narrow dynamic range. The linear
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range of the sensors based on AuNP aggregation was only 1~
2 orders of magnitude, which was much narrower than that of
fluorescence methods.””**

Inspired by the pioneering works of Guo et al.”, Liu et
al.***' and Graham et al.*, herein, we propose a novel, cost-
effective, and ultrasensitive strategy for nucleic acid detection
without involving any amplification step. The detection strate-
gy is called the AuNP enumeration, which correlates the num-
ber of AuNPs with the amount of the target which is invisible
under the dark-field microscope. The AuNP enumeration with
the dark-field microscope represents a newly emerged meth-
odology that offers an elegant route for sensitive biological
assays. In the construction of the sensor, AuNPs were used as
a colorimetric probe, where the nanoparticle surfaces were
capped with the dense DNA1 layer and sparse DNA2 and
DNA3. It is rather remarkable that cost-effective DNA1 in-
stead of expensive 2-thioethyl ether acetic acid was utilized to
maintain the stability of colloidal gold against complex condi-
tions in real samples. DNA2 and DNA3 acted as the recogni-
tion units for detection of the target DNA. Since the amount of
DNAlis far more than that of DNA2 and DNA3, and DNA1
sequence is shorter than DNA2 and DNA3, they run their
functions independently without any interference. In the pres-
ence of the target DNA, DNA, DNA2, and DNA3 hybridized
to form perfect complementary Y-shaped DNA duplexes. The
generation of Y-shaped DNA duplexes could trigger the for-
mation of AuNP dimers, accompanied by a color change from
green to yellow as observed under dark-field microscope,
leading to dramatic increase in yellow spots in dark-field im-
ages. Significantly, our detection system visualized the color
signal because even extremely low concentration (43 aM) of
the target DNA could induce the formation of AuNP dimers.

EXPERIMENTAL SECTION

Materials. Chloroauric acid (HAuCly) and trisodium citrate
were purchased from Sigma-Aldrich. Tris-(2-carboxyethyl)
phosphine hydrochloride (TCEP) was purchased from Alfa
Aesar. DNA sequences were purchased by Sangon Biotech-
nology Inc. (Shanghai, China). The sequences of the oligonu-
cleotides used in the experiments as follows: target DNA: 5'-
CCT CGG TAG TAC CTA ATG ACA G-3', DNAI1: 5'-SH-
GGT GGT GGT GG-3', DNA2: 5'-SH-CTG TTA CTG TAC
TAC CGA GG-3', DNA3: 5-CTG TCA TTA GGC AGT
AAC AG-SH-3', and random sequence: 5'- CCC CCC CCC
CCC CCC-3'. All other reagents are of analytical reagent
grade. Ultrapure water was provided by a Direct-Q3 system
and used as a solvent in all experiments.

Instrumentation. The detection was performed using a mi-
croscope (DS-Fi2, Nikon). Transmission electron microscope
(TEM) images were obtained on a Hitachi (H-7650, 80 kV)
transmission electron microscope. Image-Pro Plus 6.0 soft-
ware was used to process the dark-field microscopy images of
AuNPs.

Synthesis of Gold Nanoparticles. AuNPs with 50 nm were
prepared according to the previous literature.” Briefly, 200 uL
of 1% sodium citrate was added quickly into 30 mL of 0.01%
HAuCl,-3H,0 solution under vigorous stirring in an oil-bath
at 100 °C. The solution turned red rapidly, indicating the for-
mation of 50 nm AuNPs (10 nM). The resulting solution was

cooled to room temperature under mild stirring and stored at
4 °C prior to use.

Preparation of DNA Modified AuNPs. Prior to the prepa-
ration of DNA-AuNP conjugates, DNA1, DNA2, and DNA3
were processed as follows: each DNA (1 uM) including 1 mM
TCEP (TCEP was employed to reduce the possible disulfide
bonds in DNA sequences to thiols) in Tris-HCI buffer (20 mM,
pH 7.40 with 140 mM NacCl, and 20 mM MgCl,) was heated
to 85°C for 5 min, and then cooled to room temperature. Then,
15 pL of 0.1 uM the treated DNA1 was added to 450 pL of 25
pM AuNP solution for 24 h at 37°C. Next, 7.5 pl of 0.1 uM
DNAZ2-functionalized AuNP solution and 7.5 pl of 0.1puM
DNA3-functionalized AuNP solution were mixed with the
above DNA1-capped AuNP solution for 24 h at 37°C, and the
DNAZ2 and DNA3 were anchored on the remaining active sites
of DNA1-capped AuNPs.

Detection of the Target DNA. The detection of target DNA
was performed as follows: the target DNA with various con-
centrations was mixed with 53 pL of Tris-HCI buffer and 450
pL of DNA1-capped AuNPs functionalized with DNA2 and
DNA3. The mixed solution was incubated for 2 h at 37 °C for
binding of the target DNA. Finally, we sucked 30 pL of the
above solution, and slightly dripped on the glass slide. The
glass slide was immediately covered with a coverslip. The
sensor was ready for observation under the dark-field micros-

copy.

RESULTS AND DISCUSSION

Sensing Mechanism. The rationale of the proposed color-
imetric assay combines the non-specific DNA1 functionalized
AuNPs and the perfect complementary Y-shaped DNA strate-
gy. As illustrated in Scheme 1, the non-specific DNAlwas
first modified on the surfaces of AuNPs to form dense DNA1
layer. Then, two probes (DNA2 and DNA3) were immo-
bilezed onto the DNA1-functionalize AuNPs in two separate
solutions, respectively. Each DNA sequence of DNA2 and
DNA3) includes two parts: one part and a portion of the other
DNA sequence are complementary, and the other is comple-
mentary to a portion of the sequence of the target DNA
(Scheme 1B). In the absence of the target DNA, the mixture
of DNA2-functionalized AuNPs and DNA3-functionalized
AuNPs could not form DNA duplexes owing to lower melting
temperature than the operating temperature, preventing the
formation of Y-shaped DNA duplex structure. Whereas the
presence of the target DNA induced the formation of Y-
shaped DNA duplexes, because in this case, the T}, was above
the operation temperature, thereby drawing the AuNPs closer
to form AuNP dimers, indicative of some yellow dots under
dark-field microscopy observation.
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Scheme 1. (A) Schematic Illustration of Nucleic Acid Detec-
tion Based on AuNP Enumeration with A Dark-Field Micro-
scope. (B) The Formation of A Complementary Y-Shaped
DNA Duplex.
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Condition Optimization. In order to achieve better analyti-
cal performance, several experimental parameters such as
AuNP concentration, DNA1 concentration, and DNA1/DNA2
or DNA1/DNA3 concentration ratio, were optimized. As
shown in Fig. 1(A;-Dy, E), the number of yellow AuNPs in-
creased with the AuNP concentration up to 25 pM and exhib-
ited no further increase compared with the blank with extra
addition of the AuNPs in the presence of 0.1 pM targe DNA.
Thus, 25 pM AuNPs was employed for the following use. The
amount of DNAT1 is an important factor that exerts influence
on the analytical performance of the sensor. It is basically
required that the amount of DNA1 functionalized AuNPs is
high enough to avoid the formation of large AuNP aggregates.
To obtain AuNP dimers, DNA1 with varied concentrations (0,
1,3,5,7 and 10 nM) was used to functionalize AuNPs (25 pM)

Analytical Chemistry

to adjust the density of DNAI on the surface of AuNPs. As
shown in Fig. 2, the AuNP counts increased sharply with the
increasing concentration of DNAI from 0 to 7 nM and de-
creased quickly beyond 7 nM. Moreover, after adding the
DNA1, we introduced potassium ions again to trigger the
DNAI1 to form G-quadruplex structure. Surprisingly, no obvi-
ous variations of dark-field color were observed, due to the
fact that no AuNP dimers were formed. We presume that G-
quadruplex structure may afford a big steric effect on its
neighboring DNA2 and DNA3, and thus prevent the formation
of Y-shaped DNA duplex structure between DNA2 and DNA3
modified on the surface of AuNPs. In contrast, in the absence
of potassium ions, 7 nM DNAI1-modified AuNPs eliminated
the steric hindrance effect, which allowed the formation of
structurally reproducible AuNP dimers. The influence of the
concentration ratio of DNA1/DNA2 (the concentration ratio of
DNA2/DNA3=1) was investigated by monitoring the dark-
field image signal. As shown in Fig. 3, the AuNP counts in-
creased slowly with an increase of the DNA1/DNA2 concen-
tration ratio up to 4:1, and further increased sharply from 4:1
to 2:1. Therefore, the optimal concentration ratio of
DNA1/DNA2 was 4:1.

I Blank
75 mmm 100 fM target DNA

12 15 25 46
Concentration of AuNPs (pM)

Figure 1. Dark-field images of different concentrations of AuNPs
(Dy: 12, Cy: 15, By: 25, and A;: 46 pM) in the absence (Apjan-
Dyppan) and presence (A-D) of 0.1 pM target DNA. (E) AuNP
counts as a function of AuNP concentration in the absence and
presence of the target DNA. Error bars represent the standard
deviation of triplicates.
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[DNA1] (nM)

Figure 2. Dark-field images of AuNPs in the presence of DNA1
with various concentrations. (A) 0, (B) 3, (C) 5, (D) 7, and (E) 10

nM. (F) Effect of different DNA1 concentrations on the AuNP
counts. Error bars represent the standard deviation of triplicates.

oBlank12:1 8:1 411 211 1:11 1:25
DNA1-to-DNA2 concentration ratio

DNA1-to-DNA3 concentration ratio

1p_m

Figure 3. Dark-field images of AuNPs in the presence of different
concentration ratios of DNA1/DNA2: (A) blank, (B) 12:1, (C)
8:1, (D) 4:1, (E) 2:1, (F) 1:1, and (G) 1:2.5. (H) AuNP counts in
response to DNA1/DNA2 concentration ratios. Error bars repre-
sent the standard deviation of triplicates.

Sensing Performance. Under the optimal experimental
conditions, the target DNA with different concentrations was
added to the reaction system to evaluate the analytical perfor-
mance of the colorimetric platform. Since the concentration of
the target DNA is closely related to the number of yellow
AuNPs, the amount of the target DNA can thus be determined
by counting the number of yellow AuNPs in the dark-field
image. As shown in Fig. 4(D-I), the number of yellow AuNPs
increased with increasing the target DNA concentration. This
finding indicated that, with the increase of the target DNA
concentration, more complementary Y-shaped duplexes were
formed, thus inducing the formation of Y-shaped DNA linked
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AuNP dimers, resulting in an increase in number of yellow
AuNP dimers. Fig. 4A shows the AuNP counts as a function
of the target DNA concentration. The target DNA with con-
centrations expanding from 0.1 to 1000 fM was able to be
quantified (Fig. 4C) with the limit of detection (LOD) at 43
aM (by the 3o/k rule, n=3) (Fig. 4B). This enormous im-
provement in sensitivity could be ascribed the reason as fol-
lows: for a nonoriented colorimetric sensor, the interparticle
distance was not small enough to generate detectable colori-
metric responses when small aggregates were formed. Thus,
when an excess of the target DNA existed, a colorimetric
change could only be observed. However, for our designed
oriented sensor, even with extremely low concentration of the
target DNA could form the Y-shaped DNA duplex structure,
which can induce AuNP dimer formation. Therefore, a target
DNA with extremely low concentration could be detected.
TEM images further demonstrated the formation of AuNP
dimers (Fig. 5). As presented, the DNA1, DNA2, and DNA3-
functionalized AuNPs were well dispersed in the solution.
However, the existence of the target DNA caused the for-
mation of the Y-shaped DNA linked AuNP dimers, indicative
of a lot of yellow AuNPs in dark-filed images (Fig. 4(G-I)).
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Figure 4. (A) The AuNP counts as a function of the target
DNA concentration. (B) Calculation of the detection limit of
the target DNA in the presence of Y-shaped DNA-linked
AuNP dimers. (C) The linear relationship between the AuNP
counts and the logarithm of the target concentration ranging
from 0.1 to 1000 fM. Dark-field images of AuNPs with differ-
ent concentrations of the target DNA: (D) 0, (E) 0.1fM, (F)
1fM, (G) 10 fM, (H) 0.1 pM, and (I)1 pM. The illustrated error
bars represent the standard deviation of triplicates.
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Figure 5. Representative TEM images of (A) DNA-
functionalized AuNPs, and (B) the Y-shaped DNA linked
AuNP dimers in the presence of 10 M target DNA.

The Selectivity. The oriented sensor was also challenged
with a random sequence of 15-nucleotide DNA to examine its
selectivity. Color changes observed from the dark field images
and AuNP counts as a function of the concentration of a ran-
dom sequence and the target DNA were shown in Fig. 6. Re-
markably, the color changes in the dark field images could not
be observed (Fig. 6(G-L)), and AuNP counts had negligible
responses to the concentration of the random sequence (Fig.
6M), suggesting that the random sequence did not exert inter-
ference on the sensor. Whereas only the presence of the target
DNA could induce the AuNP dimers (Fig. 6(A-F, M)), which
affirmed that the AuNP dimers could be mainly attributed to
the formation of complementary Y-shaped DNA duplexes. Of
note, in the presence of 1 pM random sequence, a linear rela-
tionship between AuNP counts and logarithm of the target
DNA in the range from 0.1 fM to 1pM was still obtained (Fig.
6N) with the LOD of 0.05 fM (Fig. 60). This result indicated
that interference from the random sequence was negligible and
the nonspecific absorption was not significant in the detection.

Y=16.2"X+37.8
R?=0.98912

0
Blank

"N " Loghargetonarimn © 0 fargltonA] iy 0
Figure 6. Dark field images of AuNPs in the presence of the
target DNA(A-F) and random sequence (G-L). The target

DNA concentration: (A) 0, (B) 0.1fM, (C)1fM, (D)10 M, (E)
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0.1 pM, and (F)1pM. The random sequence concentration: (G)
0, (H) 0.1fM, (D1fM, (J)10 fM, (K) 0.1pM, and (L)IpM. (M)
AuNP counts as a function of the concentration of the target
DNA and a random sequence. (N) The logarithm plot of
AuNP counts versus target DNA concentrations (0.1 fM-1
pM). (O) Calculation of the detection limit of the target DNA
in the presence of a random sequence. The illustrated error
bars represent the standard deviation of triplicates.

The Feasibility. In order to test the applicability of the ori-
ented sensor for the rapid and ultrasensitive DNA assay, real
human serum samples collected from Chinese PLA General
Hospital (Beijjing, China) were tested. Various concentrations
of target DNA were respectively spiked in these serum sam-
ples and these spiked samples were subsequently tested by
using the proposed oriented sensor. As depicted in Fig. 7, the
performance of the colorimetric sensor in the target DNA de-
tection in serum was almost the same as that in Tris buffer. In
these solutions, the AuNP counts was linear with the logarithm
of the target DNA concentrations expanding from 0.1 fM to 1
pM, and the detection limit of the target DNA was calculated
to be 51 aM. The results revealed that (a) the Y-shaped DNA
linked AuNP dimers were highly stable in the complex serum
samples, (b) the unknown substance in the serum had almost
no influence on the analytical performance of the sensor, and
(c) the Y-shaped DNA duplex-linked AuNP enumeration with
the dark-field microscope enabled a variety of merits for de-
tection of oligonucleotides especially in complex environment.
However, oligonucleotide detection in these complex samples
was difficult to be realized with conventional methods.
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Figure 7. (A) The AuNP counts as a function of the target
DNA concentration. (B) Calculation of the detection limit of
the target DNA in human serum sample. (C) The linear rela-
tionship between the AuNP counts and the logarithm of the
target DNA ranging from 0.1 fM to 1 pM. Dark-field images
of Y-shaped DNA linked AuNPs with different concentrations
of the target DNA: (D) 0, (E) 0.1 aM, (F) 1 fM, (G) 10 fM, (H)
0.1 pM, and (I) 1 pM. Error bars represent the standard devia-
tion of triplicates.

CONCLUSIONS

In summary, we have successfully demonstrated a target ol-
igonucleotide-programmed AuNP dimerization strategy for
ultrasensitive detection of nucleic acid based on AuNP enu-
meration signal readout mode with the dark-field microscope.
The proposed sensing platform possessed several special ad-
vantages over conventional AuNP aggregation-based colori-
metric systems in the sensitivity (aM vs nM), the signal output
(AuNP counts vs intensity variations), and the cost of materi-
als (oligonucleotide vs 2-thioethyl ether acetic acid). This
massive improvement in detection sensitivity could be mainly
attributable to the rational design of two DNA sequences for
hybridizing with target DNA in Y-shaped manner, which
could render the Au NPs much closer to form AuNP dimers.
The core of the colorimetric assay was to build AuNP count
signal readout mode to evaluate whether AuNPs aggregated,
reflected by the color change from green to yellow under dark-
field microscopy observation. The AuNP counting as a means
of signal readout avoided the attachment of the expensive
spectrometer to the dark-field microscope setup and the effect
of the heterogeneity of size and morphology of nanoparticles
on the detection sensitivity. Additionally, oligonucleotide with
-SH modification wss far cheaper than 2-thioethyl ether acetic
acid, in consideration of cost saving, the study of nucleic acid
sensors made from thiol-oligonucleotide instead of 2-thioethyl
ether acetic acid is advisable. Finally, it is worth mentioning
that the selection criteria of dimers can be much improved by
combining a hyper-spectral imaging system in front of a con-
ventional imaging CCD camera.™
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5.SH-CTGTTACTG
3.SH-GACAATGAC

:5-SH-CTGTTACTGTACTACCGAGG-3'
DNA3:3-SH-GACAATGACGGATTACTGTC-5"
Target:5"=CCTCGGTAGTACCTAATGACAG-3'
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