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ABSTRACT: A pixel counting strategy is designed on the
basis of DNA walker-triggered fluorescence spots for ultra-
sensitive detection of nucleic acid. The two-dimensional DNA
walker was constructed by hybridization of two types of
capture DNAs, which were covalently modified by click
chemistry on a glass slide, and dye-labeled hairpin structure
(hDNA) as track and swing strand (sDNA) as DNAzyme,
respectively. Introduction of target DNA unlocked the sDNA
via strand displacement to form the activated DNAzyme, and
the latter cut nearby hDNA with Mn2+ as cofactor, resulting in
fluorescence recovery of dye-labeled hDNA on the substrate
due to the separation from the quencher. Meanwhile, the
DNAzyme sequence of sDNA was released to cut the next
hDNA and, thus, initiated autonomous walking of sDNA for signal amplification. The enhanced fluorescence spots were
digitalized as pixels on the basis of DNA walker-built compartments and extracted by a homemade program in MATLAB. The
association between fluorescent pixel numbers and DNA concentrations was further proved by a mathematical model and led to
an ultrasensitive quantification of nucleic acid with a linear range from 100 fM to 10 pM. The designed pixel counting strategy
shows a more sensitive and accurate comparison with conventional methods based on fluorescence intensity or spot counts and
provides a new dimension in designing next-type biosensors.

Traditional fluorescence assays are performed in homoge-
neous solutions by measuring emission intensity,1

ratiometric fluorescence,2 fluorescence resonance energy trans-
fer,3 and time-resolved fluorescence.4 The main limitation of
homogeneous methods is low sensitivity unless coupling with
additional signal-amplification strategies. Recently, digital
bioassays, which divide reaction volume into many microsized
compartments for identical and independent reactions to
reduce the background noise,5 demonstrate high sensitivity in
the low target concentration by counting the positive-signal
number of compartments.6−10 However, the fabrication of
extrinsic microsized compartments was usually required for
generation of digital signals using microwells as barriers and
nanoparticles as carriers. Designing a self-built compartment on
the surface could directly produce digital signals for developing
more convenient and accurate bioassay platforms.
On the other hand, DNA walkers, as the artificial

nanomachines, are applied widely in various fields due to the
advantages of controllability, specificity, and biocompatibil-
ity.11−14 Upon the movements, DNA walkers can produce large
numbers of signal molecules for signal amplification along the
multiple dimensional tracks.15−18 Recently, a new kind of DNA
walker with all components covalently conjugated on the
nanoparticles can walk continuously in a confined area to
release multiple signal strands powered by enzyme cleavage for
the signal amplification.19−21 The autonomous movements of

the DNA walkers could light up the fluorescent signals in a
confined area, which could be used as an intrinsic micro-
compartment for digital bioassay. In this work, coupling with
DNA walker as initiator and amplifier, a pixel counting strategy
was established on the basis of a self-built compartment for
sensitive quantification of nucleic acid.
The DNA walker substrate (DW-substrate) was constructed

by the covalent assembly of two types of capture DNAs (cDNA
1 and cDNA 2) via click chemistry on the alkynylated glass
slides, and this was followed with the hybridization of the
fluorescein amidite (FAM)-labeled hairpin structures (hDNA)
as the track and blocked swing DNA (sDNA) as the walker
strand incorporated a DNAzyme sequence (Scheme 1). Upon
the addition of target DNA, the block DNA (bDNA) can be
removed from the sDNA via the toehold strand displacement
to form the activated DNAzyme.22 Thus, the autonomous
walking of sDNA was initiated by the cleavage of the activated
DNAzyme toward hDNA in the presence of Mn2+ as cofactor,
resulting in fluorescence recovery of FAM on the DW-substrate
due to the separation of the black hole quencher-1 (BHQ-1).
The “switch on” fluorescent signals of hDNA around the sDNA

Received: March 14, 2018
Accepted: May 17, 2018
Published: May 17, 2018

Letter

pubs.acs.org/acCite This: Anal. Chem. 2018, 90, 6357−6361

© 2018 American Chemical Society 6357 DOI: 10.1021/acs.analchem.8b01146
Anal. Chem. 2018, 90, 6357−6361

pubs.acs.org/ac
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.8b01146
http://dx.doi.org/10.1021/acs.analchem.8b01146


could be observed as fluorescence spots by confocal imaging
and digitalized as pixels. As proof of concept, the relationship
between fluorescence pixel numbers and DNA concentrations
was further proved by a mathematical model. By counting the
pixels of fluorescence spots triggered by DNA walkers, an
ultrasensitive detection strategy was enabled for quantification
of nucleic acid with high accuracy, providing a new data process
to improve the analysis performance.
The glass slide was functionalized with o-(propargyl)-n-

(triethoxysilylpropyl)carbamate by vacuum-phase silanization,23

resulting in the increase of contact angle from ∼17° to ∼61°
(Figure 1A). Then, cDNA 1 and cDNA 2 were conjugated onto
the alkynylated glass slide by click chemistry,24 which was
verified by X-ray photoelectron spectroscopy (XPS). The peak
of phosphorus (P 2p at 134.6 eV) was emerged and the peak of
nitrogen (N 1s at 397.7 eV) was stronger after click reaction
(Figure 1B), which is attributed to the assembly of azide-
modified oligonucleotides on the alkynylated glass slides.25 The
assembly of cDNA 1 and cDNA 2 on the glass slide was
confirmed by the reduction of contact angle (Figure S1) and
the increase of the roughness (Figure S2).
The strand displacement between the sDNA/bDNA duplex

and the target was identified by the polyacrylamide gel
electrophoresis (PAGE) image (Figure 1C), which could
generate the free end of the sDNA as the activated DNAzyme.
Next, the cleavage feasibility of DNAzyme toward the substrate
sequence of the hDNA with Mn2+ cofactor was verified by
fluorescent spectra (Figure 1D). When mixing with DNAzyme
and the hDNA in absence of Mn2+, the fluorescent spectrum
was similar to that of the hDNA strand. After adding 0.5 mM
Mn2+ to the mixture, 3.8-fold fluorescent enhancement was
obtained, which could be attributed to the dissociation of
fluorophore/quencher pair in the hDNA through the efficient
cleavage of DNAzyme toward hDNA.

The hDNA designed as a hairpin structure was composed of
a 7-bp stem and a loop with complete sequence of substrate for
DNAzyme, as well as a 15-nt sequence at the 5′ end
complementary to cDNA 1 (Table S1, Figures 2A and S3).
Time-dependent fluorescence demonstrated that the FL
intensity increased with the increase of cleavage time, and the

Scheme 1. Schematic Illustration of Establishing Two-Dimensional DNA Walkers and Pixel Counting Strategy for
Quantification of Nucleic Acid

Figure 1. (A) Contact angle of glass slide before (top) and after
(bottom) vacuum-phase silanization. (B) XPS spectra before (a) and
after (b) conjugation of cDNA on the silanized glass. (C) PAGE image
of 1.0 μM bDNA (lane 1), 1.0 μM sDNA (lane 2), mixture of 3.0 μM
bDNA + 1.0 μM sDNA (lane 3), and mixture of 3.0 μM target + 1.0
μM sDNA + 3.0 μM bDNA (lane 4). (D) Fluorescent spectra of 1.0
μM hDNA + 0.5 mM Mn2+ (a), mixture of 1.0 μM DNAzyme +
hDNA without (b) and with (c) 0.5 mM Mn2+ in reaction buffer at 25
°C. The excitation wavelength was 494 nm.
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cleavage turnover time was 500 s (Figure 2B), which was also
confirmed by PAGE (Figure S4). To optimize the cleavage
efficiency of the hDNA, both arms of DNAzyme were
investigated as denoted in D(arm 1-arm 2). As shown in
Figure 2C, the ratios of fluorescent intensity of hDNA after (F)
and before (F0) mixing with D(5-7), D(6-5), D(5-6), D(5-5),
and D(4-4) were obviously lower than that with D(8-8), D(7-
7), D(7-6), D(6-7), and D(7-5) due to less interaction between
hDNA and the short arms of DNAzyme,20,22 which was
consistent with PAGE results (Figure 2D). Since the arm
length of DNAzyme should be minimized to dissociate from
the hDNA and hybridize to the next one for DNA walker, the
D(7-5) was the optimized DNAzyme sequence.
Confocal microscopy was used to image the fluorescence

spots triggered by DNA walkers on the glass slide with low
background (Figure 3A,a). When Mn2+ or target was
individually added to the DW-substrate, there was also no
obvious fluorescence signal with few spots in the image (Figure
3A,b,c). In the presence of both Mn2+ and the target, plenty of
fluorescence spots were observed in the image (Figure 3A,d),
which were attributed to the FAM fluorescence recovery via the
activated DNAzyme with Mn2+ as the cofactor. When all of the
pixel information was extracted from the images by MATLAB
(Figure S5),26 it was found that the pixel intensity of DW-
substrate without target was mainly distributed below 11, while
the pixel intensity of DW-substrate with target was distributed
from 0 to 250 (Figure 3B) and was stable after multiple scans of
the images (Figure S6). When the free swing DNA was added
on the hDNA-based substrate, the homogeneous fluorescence
was observed on the slide (Figure S7).27 The results suggested
that the fluorescence spots on the DW-substrate did not result
from the free swing DNA but was triggered by DNA walker.

Moreover, the efficiency of different metal ions has the order:
Mn2+ > Mg2+ > Zn2+ > Pb2+ > Ca2+ > Ni2+ (Figure S8). When
the pixel intensity below 11 was subtracted as background, a
sensitive approach with high accuracy could be enabled in the
analysis by pixel counting of DW-substrate with Mn2+ as the
cofactor (Figure 3C).
The principle of pixel counting of fluorescence spots for

detection of nucleic acid is based on digital bioassay theory.5 In
general, on the 2-D surface, every single walker is considered to
be identical and an independent compartment and showed
either a positive or negative output. Thus, Poisson distribution
could be used as the math model. Because the stretch length of
sDNA/cDNA 1 complex is estimated to be 66 nm with the
stretching area of 13 677 nm2, the compartment area is set to be
117 × 117 nm2, which is near the stretching area for accurate
pixel counting. As a result, DW-substrate can be theoretically
partitioned into 438 × 438 compartments (the same as pixel
number). According to Poisson distribution,5,28 the fraction of
positive fluorescent pixels of DNA walkers is proportional to
the target concentration.
In pH 7.5 reaction buffer containing 0.5 mM Mn2+ at 25 °C

(Figures S9−S11), different concentrations of target were
added to the DW-substrate modified with 1:1000 of the ratio of
sDNA and hDNA (Figures S12 and S13). The fluorescence
spots on the DW-substrate increased as the concentration of
the target DNA increased (Figure 4A). The average green-
channel intensity of each target concentration in Figure 4A
cannot be discriminated when target was lower than 0.5 pM
(Figure 4B). Moreover, the number of fluorescence spots
obtained by ImageJ software in Figure 4A shows the linear
relationship with target DNA concentration from 0.2 to 10 pM
(Figure 4C). The fluorescent pixel counts increase with the
increase of the target DNA concentration ranging from 100 fM
to 10 pM with the limit of detection down to 81 fM (Figure
4D), which is much lower than that of other fluorescence
methods (Table S2) and the free swing DNA-based method
(Figure S14). Moreover, the correlation coefficients of the
linear relationship (R2) of average green-channel intensity and
fluorescence spots with logarithm of target concentration are

Figure 2. (A) Schematic illustration of hDNA cleaved by DNAzyme
and its fluorescent recovery. (B) Time-dependent fluorescence signals
for a mixture of 1.0 μM DNAzyme and hDNA in reaction buffer
containing 0.5 mM Mn2+. (C) Ratio of fluorescent intensity of 1.0 μM
hDNA after (F) and before (F0) mixing 0.5 mM Mn2+ in reaction
buffer without (0) and with D(8-8) (1), D(7-7) (2), D(7-6) (3), D(6-
7) (4), D(7-5) (5), D(5-7) (6), D(6-5) (7), D(5-6) (8), D(5-5) (9),
and D(4-4) (10). (D) PAGE results of 1.0 μM hDNA before (lane 0)
and after being mixed with 1.0 μM D(8-8), D(7-7), D(7-6), D(6-7),
D(7-5), D(5-7), D(6-5), D(5-6), D(5-5), and D(4-4) corresponding
to lanes 1 to 10, respectively, in reaction buffer containing 0.5 mM
Mn2+.

Figure 3. (A) Confocal fluorescent images of DW-substrate before (a)
and after addition of 0.5 mM Mn2+ (b), 10 pM target DNA (c), and
0.5 mM Mn2+ and 10 pM target DNA (d) in reaction buffer. Scale
bars: 10 μm. (B) Dependence of pixel counts on fluorescent intensities
for DW-substrate in the presence (orange) and absence (blue) of 10
pM target in reaction buffer containing 0.5 mM Mn2+. (C)
Distribution of pixel fluorescent intensities for each image in (A).
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0.927 and 0.977, respectively, which is lower than 0.997 of the
pixel counting strategy. Therefore, the pixel counting strategy
with DNA walker demonstrates good performance with better
discrimination and accuracy in the detection of trace target.
This work designs a pixel counting strategy based on DNA

walkers-triggered fluorescence spots as self-built compartments
for sensitive quantification of nucleic acid. By rational design of
a hairpin structure with substrate sequence of DNAzyme and
fluorophore/quencher pair, we developed a smart 2-D DNA
walker as initiator and amplifier on the glass slide. With Mn2+ as
cofactor, 3.8-fold fluorescent enhancement was obtained
through the efficient cleavage of DNAzyme toward hDNA.
The fluorescence spots were conveniently digitalized as pixels
by a homemade program in MATLAB, and the correlation
between concentration of target and the fluorescent pixel
numbers was proved by the Poisson distribution model. The
designed strategy showed good performance with the detection
limit down to femtomole due to the synergy effect of signal
amplification of DNA walkers and digital counting strategy.
Different from the conventional fluorescence methods based on
fluorescence intensity or spot counts, the designed pixel
counting strategy shows more sensitivity and accuracy and
provides a proof of concept for designing a new type of
biosensor.
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