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ABSTRACT: Rapid, sensitive, and reliable pathogen detection is
growing in importance in human health and safety. In this work,
we report a stochastic DNA dual-walker-based colorimetric
biosensor for bacterial detection. In the presence of target bacteria,
two kinds of released multiple walking strands are allowed for
continuous walking on the Au nanoparticle (AuNP)-based 3D
track, resulting in destabilized aggregation of AuNP-based probes.
The induced color change from red to blue can serve as an
analytical signal for colorimetric detection of target bacteria. We
demonstrated that this mothed enables sensitive and specific
bacterial detection within 15 min due to its ultrafast reaction
kinetics and sensitive color change, showing a linear response
ranging from 100 to 105 CFU/mL with a limit of detection of 1
CFU/mL. Moreover, we also realized analysis of practical samples using this colorimetric biosensor. Given its features of rapid,
sensitive, specific, and reliable analysis, our stochastic dual-walker-based colorimetric biosensor shows much promise in point-of-care
testing for bacteria detection.

Bacterial infections have been emerging as a huge burden
on public health,1,2 causing approximately one-fifth of all

deaths worldwide each year.3 For this issue, accurate and early
detection of bacterial pathogens is key to the control of
infectious diseases.4,5 Despite the fact that the most commonly
used tools, such as colony counting,6 the enzyme-linked
immunosorbent assay,7,8 and polymerase chain reaction,9 are
available for sensitive detection of pathogens, most of these
methods require long processing times (over 18 h from
sampling to results) and specialized equipment, which are not
conducive to rapid detection of bacteria.10 Accordingly, this
slow time to answer provides a powerful impetus to develop
rapid, sensitive, and reliable methods for bacterial detection in
the early stage of bacterial infection,11−13 thus improving the
patient survival rates.
Functionalized gold nanoparticle (AuNP)-based colorimet-

ric biosensing has elicited a growing interest in diagnostics,
antibioterrorism, and environmental monitoring because of
their easy readout, portability, and cost-efficiency.14−18 In
general, their color change from red to blue arises from
interparticle surface plasmon coupling induced by the reduced
distance between AuNPs. By exploitation of this corresponding
color change as an analytical signal, AuNP-based colorimetric
biosensors have been developed for detection of various targets
(e.g., DNA, heavy metal ions, proteins, bacteria, viruses, cancer
cells).19−23 Nevertheless, the sluggish response and the poor
detection limits remain as bottleneck constraints for their
practical applications (e.g., point-of-care testing).24,25 The

sluggish response related to slow reaction kinetics often leads
to time-consuming analytical processes whereas a lack of signal
amplification strategies is responsible for the limited detection
limits. For example, an AuNP-based microfluidic biosensor
developed by Zheng et al. enables colorimetric detection of 50
CFU/mL Escherichia coli O157:H7 within 1 h,26 but its
detection time and detection limit can be further improved by
higher reaction efficiency and signal amplification for meeting
the demand of practical use in food safety. Hence, AuNP-based
colorimetric biosensors with sensitive color changes allowing
for rapid and sensitive detection of bacteria are of great
significance.
Recently, our group constructed an analytical platform based

on enzyme-driven stochastic DNA walkers for bacteria
detection.27 The autonomous and progressive walk on a
AuNP-based three dimentional (3D) track enables the
transduction and amplification of biorecognition signals.28−30

As a result, such an enzyme-assisted cascade signal
amplification strategy makes this walker-based sensor platform
achieve single-bacteria analysis ability. Nevertheless, this
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analytical platform requires relatively long processing time
(about 4 h) to acquire a saturated fluorescent signal.
Therefore, to achieve ultrafast and sensitive bacteria analysis,
we developed a stochastic DNA dual-walker-based colorimetric
biosensor. As illustrated in Figure 1, two kinds of probes

composed of thiol-tagged oligonucleotide-functionalized
AuNPs were designed and well-dispersed in the system. Due
to their high affinity, the aptamer (black strands) can bind to
bacteria in the presence of target bacteria, concomitantly
releasing two kinds of walking strands (red and blue strands).
Propelled by Exo III through consumption of thiol-tagged
oligonucleotides, the released walking strands are allowed for
autonomous walk on the AuNP-based 3D track. Moreover,
multiple-step walking behavior arising from multiple cycles of
hybridization and digestion results in destabilized aggregation
of probes, and their induced color change from red to blue can
serve as an analytical signal for quantitative analysis of bacteria.
More importantly, the operation of DNA dual-walkers in one
system is capable of accelerating the enzyme digestion reaction,
thus shortening response time and speeding the analytical
procedure. In addition, multiple walking strands concurrently
released from one polymer would further improve reaction
kinetics. Therefore, our stochastic dual-walker-based sensor
with ultrafast reaction kinetic shows sensitive color changes
and is anticipated to provide a simple-yet-effective tool for
ultrafast and sensitive colorimetric bacteria detection.

■ EXPERIMENTAL SECTION
Reagents and Materials. HAuCl4·4H2O used for AuNP

synthesis was purchased from Shanghai Chemical Reagent
Company (Shanghai, China). Phosphate-buffered saline and
trisodium citrate were supplied by Sigma-Aldrich, Israel. Exo
III was obtained from TaKaRa Biotechnology Co., Ltd.
(Dalian, China). The MRSA aptamer and DNA were
synthesized by Sangon Biotech Co. Ltd. (Shanghai, China)
with standard desalting, purified with HPLC, and used without
further purification. All the solutions were prepared using
ultrapure water with a resistivity of 18.2 MΩ·cm−1 purified by a
Milli-Q system (Hitachi, Japan).
Methicillin-resistant Staphylococcus aureus (MRSA, ATCC

BAA 1766) was provided by China General Microbiological
Culture Collection Center. Pseudomonas aeruginosa (P. aeru,
CMCC 10102), Shigella (CMCC 51572), and Escherichia coli

(E. coli, CMCC 44103) were purchased from China Center for
Type Culture Collection.

Preparation of Probes. Citrate-stabilized AuNPs (a size
of 13 nm) were synthesized based on previous procedures.31,32

Briefly, 3.5 mL of trisodium citrate (1 wt %) was rapidly
injected into a boiling solution of 100 mL of HAuCl4 (0.01 wt
%) under stirring. Then the solution was refluxed for another
10 min after the color changed from pale yellow to deep red.
The obtained citrate-stabilized AuNPs were stored at 4 °C for
further assay.
To construct probes, the prepared AuNPs were first

functionalized with thiolated probe strand 1 (or probe strand
2, probe strand 3, probe strand 4) using a pH-assisted and
surfactant-free route.33,34 In brief, 4 μL of thiolated
oligonucleotides (100 μM) were added into 100 μL of
AuNPs (10 nM), followed by dropping 2 μL of citrate-HCl
(500 mM, pH = 3) buffer into the mixture. After incubation for
20 min, the solution was centrifuged (12000 rpm, 15 min, 15
°C) to remove the unmodified DNA; the precipitate was
washed three times with PBS and finally dispersed in 100 μL of
PBS (10 mM, pH = 7.4). The concentration of the probes was
determined by measuring their absorbance at 521 nm.

Preparation of Polymer. The aptamer, DNA1, and
DNA2 were dissolved in TAE buffer (10 mM Tris-HCl and
50 mM MgCl2, pH = 7.0), yielding a final concentration of 100
μM. One microliter of each strand was combined with 97 μL
of TAE buffer, and the resulting mixture was heated to 95 °C
for 5 min and then cooled to 25 °C in 2 h with a Peltier
thermal cycler PTC-200 (MJ Research Inc., SA).

PAGE Gel Electrophoresis. The 8% PAGE gels were
prepared with 1× TBE buffer (40 mM Tris-borate and 1 mM
EDTA, pH 7.0) and were run at 120 V for 60 min and
visualized under UV light.

Bacteria Culture and Counting. The exact number of
bacteria was counted by plating 10 μL of appropriate dilution
onto the Mueller−Hinton agar according to plate-counting
method. Bacteria were cultured in Luria−Bertani broth
medium at 37 °C for overnight under continuous shaking
and then centrifuged (3500 rpm, 5 min, 4 °C), and the bacteria
were washed with PBS three times. After incubation at 37 °C
for 24 h, the number of colony forming units per milliliter
(CFU/mL) was determined by counting the colonies grown
on the plates.

Procedure for Colorimetric Assays. A typical colori-
metric assay was carried out as follows. MRSA with a final
concentration of 105 CFU/mL was added into phosphate
buffer (1 mL, 10 mM, pH = 7.0) containing 1 μM polymer,
Exo III (0.5 U/μL), and 4 nM probes (2 nM of each kind of
probes). After Exo III-triggered DNA walking at 37 °C, the
UV−vis absorption spectra with a wavelength range of 300 to
800 nm were recorded using an Agilent Cary60 spectropho-
tometer (Agilent Technologies, Santa Clara, CA).

Kinetic Study. Once MRSA with a final concentration of
106 CFU/mL was added into PBS solution (1 mL, containing
4 nM probes, 1 μM polymer, and 0.5 U/μL Exo III), its
absorption spectrum was rapidly recorded using a UV−visible
spectrometer, followed by monitoring for every 1 min.

Colorimetric Detection of MRSA. The sample solution
containing different concentrations of MRSA (a final
concentration of 1 to 108 CFU/mL) was added to phosphate
buffer (1 mL, 10 mM, pH = 7.0) containing 10 nM polymer,
0.5 U/μL Exo III, and 4 nM probes (2 nM of each kind of
probes). After incubation at 37 °C for 15 min, the absorption

Figure 1. Schematic illustration of stochastic DNA dual-walkers for
colorimetric detection of bacteria.
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spectra were measured. To demonstrate specificity, a control
experiment was carried out in the same manner as mentioned
above, except that MRSA (106 CFU/mL) was replaced by 108

CFU/mL nonspecific bacteria (i.e, P. aeru, Shigella, E. coli).

■ RESULTS AND DISCUSSION

Given that AuNP-based colorimetric biosensing with fast
response time is conducive to rapid detection of bacteria, we
proposed AuNP-based colorimetric biosensors in three modes
(i.e., single-walker with 1× walking strands (mode 1), dual-
walkers with 2× walking strands (mode 2), and dual-walkers
with 2n× walking strands (mode 3)) for bacterial analysis
(Figure 2). As illustrated in Figure 2a (left), only the released
DNA1 (labeled with red) serves as walking strand when in the
presence of target bacteria and moves along the AuNP-based
3D track powered by Exo III. Thereafter, multiple-step walking
behavior results in destabilized aggregation of probes and thus
leads to color change. As a result of single-walker with 1×
walking strands, the enzyme digestion kinetics of mode 1 is
relative slow, reflecting that a long time (50 min) is required
for observation of the visualized blue color (Figure S3). While
conducting bioassays in mode 2 (Figure 2b, left), both the
released DNA1 and DNA2 (labeled with red and blue,
respectively) are utilized as walking strands and allowed for
walking their corresponding 3D track (two kinds of probes
used here). The kinetic study demonstrated that the
simultaneous operation of dual-walkers accelerates the enzyme
digestion reaction, exhibiting the observed blue color in 30 min
(Figure S3).
To further speed the kinetics, the assay was implemented in

mode 3. Prior to implementation, hybridization chain reaction
(HCR) product termed polymer was synthesized on the basis
of HCR (Figure S1), whose formation was verified by gel
electrophoresis analysis (Figure S2). When exploiting mode 3
for colorimetric detection, the presence of target bacteria
would induce release of 2n× walking strands from one polymer
(Figure 2c, left). As such, in addition to operation of dual-
walkers just like in mode 2, the increasing amount of released
walking strands would further accelerate enzyme digestion
reaction. As a result, the color of probes changing from red to
blue can be observed in only 20 min (Figure S3), greatly

reducing the response time (from 50 to 20 min). The assays
conducted in mode 3 with ultrafast response time are in favor
of AuNP-based colorimetric detection of bacteria.
To gain deep insight, we fitted the kinetic curves of the three

modes with the first-order kinetic equation:35,36

A A ktexp( )0= −

where t is the enzyme digestion time, and k is reaction rate
constant reflecting the rate of enzyme digestion. As shown in
Figure 2 (right), the parameter (k) was estimated to be 0.0159
(mode 1), 0.0336 (mode 2), and 0.0409 (mode 3),
respectively. Notably, the larger k value indicates faster
kinetics, which is related to the number of kinds of DNA
walkers and the amount of released walking strands. In view of
its ultrafast reaction kinetics, the AuNP-based colorimetric
biosensor in mode 3 was thus selected for subsequent bacteria
analysis.
The ultrafast kinetics of the DNA machine offers a simple-

yet-effective approach to rapid colorimetric bioassays. To test
its feasibility, dual-walkers with 2n× walking strands were first
utilized for colorimetric detection of methicillin-resistant
Staphylococcus aureus (MRSA). Initially, the UV−vis spectrum
of probes displayed a strong absorption peak at 520 nm
(Figure 3a). Their absorbance peaks showed no or negligible
change after addition of polymer or polymer + MRSA (105

Figure 2. Scheme of three modes for colorimetric bacterial analysis (left) and their kinetic curves (right). (a) Mode 1: single-walker with 1×
walking strands, (b) mode 2: dual-walkers with 2× walking strands, and (c) mode 3: dual-walkers with 2n× walking strands.

Figure 3. (a) The absorption spectra of probes, probes + polymer,
probes + polymer + MRSA, and probes + polymer + MRSA + Exo III.
(b) The absorbance ratio of 600 nm over 520 nm (A600/A520) for
probes, probes + polymer, probes + polymer + MRSA, and probes +
polymer + MRSA + Exo III. Inset: their corresponding photographs.
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CFU/mL) whereas the greatly reduced absorption peak at 520
nm was discovered in the presence of polymer + MRSA + Exo
III, concomitant with the appearance of the new peak at ∼600
nm. In this case, the color of AuNP-based probes changed
from red to blue after 15 min incubation (Figure 3b, inset),
which is attributed to Exo III-propelled DNA walking on the
AuNP-based 3D track in mode 3 for rapidly inducing the
destabilized aggregation of probes. Compared with the well-
dispersed AuNPs (Figure S4), AuNP-based probes were
aggregated after DNA walker-induced deprotection (Figure
S5). On the contrary, other groups presented no color change
of probes. Moreover, Exo III-mediated signal amplification
resulted in the great enhancement in the absorbance ratio of
600 nm over 520 nm (A600/A520) (Figure 3b). Accordingly, all
of these results suggest the feasibility of dual-walkers in mode 3
for colorimetric bacteria detection.
Prior to exploitation of this DNA dual-walker-based

colorimetric biosensor for quantitative analysis of bacteria,
Exo III concentration was optimized to achieve the best
analytical performance. We found the optimized digestion
efficiency with Exo III concentration of 0.5 U/μL (Figure S6).
Under optimized experimental conditions, we next studied the
detection performance of DNA dual-walker-based colorimetric
biosensor. As shown in Figure 4a, a colorimetric biosensor in

reponse to a series of different concentrations of MRSA (100 to
108 CFU/mL) was recorded using UV−vis spectra. It is found
that absorption intensity at 520 nm exhibited a gradual
decrease with an increasing concentration of target bacteria,
which is consistent with their color change (Figure 4a, inset),
revealing the gradual aggregation of probes. Additionally, we
investigated the correlation of A600/A520 with bacterial
concentration and discovered a good linear range from 100

to 105 CFU/mL (R2 = 0.993) with a limit of detection (LOD)
of 1 CFU/mL (Figure 4b), which is much lower than that of
previous colorimetric biosensors for bacteria (see Table
1).13,37−39 Our proposed method with such high sensitivity

is ascribed to a single bacterium that enables release of multiple
walking strands and thus induces continuous multiple-step
walking behavior of walkers on AuNP-based probes. Moreover,
it is worth mentioning that this constructed biosensor with
ultrafast reaction kinetics greatly reduces detection time,
allowing observation of color change of the AuNP-based
probes in ∼15 min, which is far lower than the detection time
of other colorimetric biosensors.40−44 Notably, kinetics for
high concentrations (>105 CFU/mL) different from the lower
concentrations might be attributed to more bacteria inducing
more released walking strands that are easier to induce rapid
aggregation of probes.
To assess the specificity of our colorimetric biosensor for

MRSA detection, we carried out control experiments using
three kinds of nontarget bacteria including E. coli, Shigella, and
P. aeru. UV−vis spectra in Figure 4c indicated that their
absorbance peaks showed no obvious change even in high
concentration of 108 CFU/mL by comparison with the
background (blank group). A change in color was also not
observed in their corresponding photographs (Figure 4d,
inset). In addition, A600/A520 of control groups is much lower
than that of target MRSA with a concentration of 106 CFU/
mL (Figure 4d), suggesting that our constructed colorimetric
biosensor has superior selectivity. The good selectivity of our
method stems from the high recognition capability of aptamer
in the polymer to its target. Taking these results together, it is
concluded that this dual-walker-based colorimetric biosensor
enables specific detection of bacteria.
Next, this colorimetric biosensor was applied in real sample

analysis. Hence, we constructed four kinds of simulated
samples including cerebrospinal fluid (CSF) sample, urine
sample, split sample, and serum sample. Typically, the diluted
sample was spiked with concentration of 106 CFU/mL
bacteria, and their UV−vis spectra were measured with the
proposed method. It is found that the absorbance peak at 520
nm was greatly decreased and the color of solution changed
into blue only in the presence of target bacteria (i.e., MRSA)
(Figure S7 and Figure 5, left), corresponding to significant
enhancement of the value of A600/A520 (Figure 5, right).
Moreover, a recovery assay was conducted to further verify the
feasibility of the method for practical applications. As shown in
Table S2, the recoveries of standard addition were achieved
ranging from 97.5 to 110%, suggesting satisfactory accuracy of
the colorimetric biosensor. Nonetheless, a high concentration
of nontarget bacteria can also produce a weak signal in
practical samples, which might arise from nonspecific
adsorption on probes. In the case that the target is in low
concentration (<103 CFU/mL), a high concentration of
nontarget bacteria would interfere with detection, which yet
would not hamper the determination of high concentration
target bacteria (≥103 CFU/mL). To address this issue, the
competing adsorption could potentially be suppressed by
modifying the probes with bovine serum albumin or 6-
mercapto-1-hexanol as sealing agent.49−51 To sum up, all of
these results disclose that this dual-walker-based colorimetric
method holds great potential for practical applications in
complex biological samples under a given condition.
Our previous reported stochastic DNA walker-based

analytical platform enables single bacterium analysis because
of enzyme-assisted cascade signal amplification, but this
method is restricted by its relative long processing time and
analyzed with specialized equipment. Here, to accelerate
reaction kinetic and shorten response time, stochastic DNA

Figure 4. (a) The absorbance spectra of AuNP-based probes in
response to different concentration of target MRSA (1 to 108 CFU/
mL). Inset: their corresponding photographs. (b) The curve for the
relationship between A600/A520 and the concentration of MRSA. Inset:
linear relationship between A600/A520 and the concentration of MRSA.
(c) The absorbance spectra and (d) A600/A520 of AuNP-based probes
with different targets. Inset: their corresponding photographs.
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dual-walkers were introduced into one system. By integrating
ultrafast reaction kinetic of dual-walkers with AuNP-based
colorimetric biosensing, we achieved rapid, sensitive, and
reliable detection of bacteria. As a result, our constructed
method with easy readout, portability, and cost efficiency
shows much promise as a point-care-of-testing tool for accurate
and early detection of bacterial pathogens.

■ CONCLUSION
In summary, we have exploited stochastic DNA dual-walkers
for construction of a colorimetric biosensor for bacteria
detection. This dual-walker-based colorimetric biosensor
presents several distinctive advantages over other colorimetric
biosensors for bacteria. First, this work offers a facile and
efficient approach to construct AuNP-based colorimetric
bacteria biosensor. Second, as a result of dual walkers in
combination with multiple walking strands for continuous walk
on a AuNP-based 3D track propelled by enzyme, our biosensor
with ultrafast reaction kinetics shows sensitive color change in
response to target bacteria, achieving rapid quantitative
analysis in ∼15 min. Third, this method enables sensitive
and specific bacterial detection, presenting a linear range from
100 to 105 CFU/mL with LOD of 1 CFU/mL. Moreover, we
also demonstrated that the colorimetric assay can be applied
for analysis of practical samples. Collectively, our stochastic
dual walker-based colorimetric biosensor, enabling ultrafast
and sensitive colorimetric bacteria detection, holds great
potential as point-of-care testing tools for on-site bacterial
analysis.
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Table 1. Comparison of Different Methods for Colorimetric Detection of Bacteria

detection method analyte linear range LOD analysis time ref

colorimetric Staphylococcus aureus 1 to 105 CFU/mL 1 CFU/mL ∼15 min this work
colorimetric Escherichia coli  100 CFU/mL <60 min 13
colorimetric Escherichia coli 103 to 106 CFU/mL 41 CFU/mL ∼95 min 37
colorimetric Escherichia coli  104 CFU/mL 10 min 6
colorimetric Staphylococcus aureus 1.5 × 102 to 1.5 × 106 CFU/mL 1.5 × 103 CFU/mL in PBS 40 min 39

 1.5 × 105 CFU in the milk sample
colorimetric Escherichia coli  1 × 105 CFU/mL 2 h 42
colorimetric Staphylococcus aureus 50 to 104 CFU/mL 20 CFU/mL >80 min 43
colorimetric Listeria monocytogenes  2.17 × 102 CFU/mL 18 h 45
colorimetric Escherichia coli  10 CFU/mL 26 min 44
colorimetric E. coli  30 CFU/mL <60 min 46

S. aureus  200 CFU/mL
colorimetric Salmonella enteritidis  103 CFU/mL 2 h 47
colorimetric Salmonella typhimuriumusing 0 to 2 × 104 cells 2 × 101 cells/g 45 min 48

Figure 5. Photographs (right) and A600/A520 (left) of AuNP-based
probes with different targets in CSF samples, urine samples, spit
samples, and serum samples.
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