
Highly Sensitive Colorimetric Cancer Cell Detection Based on Dual
Signal Amplification
Tao Yu, Pan-Pan Dai, Jing-Juan Xu,* and Hong-Yuan Chen*

State Key Laboratory of Analytical Chemistry for Life Science and Collaborative Innovation Center of Chemistry for Life Sciences,
School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210023, China

*S Supporting Information

ABSTRACT: Facile and efficient detection of cancer cells at
their preclinical stages is one of the central challenges in cancer
diagnostics. A direct, rapid, highly sensitive and specific
biosensor for detection of cancer biomarkers is desirable in
early diagnosis and prognosis of cancer. In this work, we
developed, for the first time, an easy and intuitive dispersion-
dominated colorimetric strategy for cancer cell detection based
on combining multi-DNA released from an aptamer scaffold
with cyclic enzymatic amplification, which was triggered by
aptamer DNA conformational switch and demonstrated by
non-cross-linking gold nanoparticles (Au NPs) aggregation.
First, five kinds of messenger DNAs (mDNAs) were aligned
on the cancer cell aptamers modified on magnetic beads
(MBs) to form mDNAs-Apt-MBs biocompatible nanosensors. In the presence of target cells, the aptamer would bind to the
receptors on the cell membranes, and mDNAs would be released, resulting in the first amplification that one biological binding
event would cause the release of multiple kinds of mDNAs simultaneously. After magnetic separation, the released mDNAs were
introduced into the cyclic enzymatic amplification to cleave more single strand DNA (ssDNA) fragments. Instead of modification
of Au NPs, these fragments and mDNAs could be adsorbed on the surface of Au NPs to prevent particle aggregation and ensure
the stability and color of solution in high salt environments. The linear response for HL-60 cells in a concentration range from 10
to 104 cells was obtained with a detection limit of four cells in buffer solution. Moreover, the feasibility of the proposed strategy
was demonstrated in a diluted serum sample. This dual signal amplification method can be extended to other types of cancer
cells, which has potential application in point-of-care cancer diagnosis.
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■ INTRODUCTION

Strategies that enable early detection of cancer cells with high
selectivity and sensitivity are highly desired in cancer
diagnostics and therapy.1−3 Different from normal cell lines, a
certain cancer cell line has its specific intracellular or
extracellular biomarkers, as indicators of the state of disease.4

Compared with diagnosing suspected cancer, looking for
strategies that can detect cancer cell through specific molecular
recognition of its biomarkers greatly improve early diagnosis
and prognosis of cancer.4,5 Aptamers, as a novel class of ligands,
are single stranded RNA or DNA oligonucleotides which have
distinct recognizing properties to various targets, including
proteins, small molecules, and even entire cells.5−7 In recent
years, many new cancer cell aptasensors with various signal
readout techniques have been developed, such as colorimetric
detection,8−11 fluorescence,12−14 chemiluminescence,15 electro-
chemical,16,17 and magnetic field.18,19 Wherein, colorimetric
analysis has attracted special concern due to merits of simple,
low cost, quick feedback, and no need of any complicated
instrumentation.20,21

To transform the aptamer-target binding events into color
signals, a number of sensitive noninstrument colorimetric
detection approaches have been developed based on combining
biomolecular recognition events with a series of nanomateri-
als.22−24 Among all existing and emerging materials, gold
nanoparticles (Au NPs) have been confirmed to be an excellent
candidate for bioassays due to their straightforward prepara-
tion/modification protocols and red-to-purple (or blue) color
change based on the surface-plasmon resonance (SPR)
properties, which can be conveniently readout by naked eyes
or detected by plasmonic absorbance.25,26 The target-induced
aggregation of Au NPs has been widely used to detect specific
analytes such as protein, metal ions, and cells in the past
years.27−29 One of the obstacles against large-scale practical
application in early cancer diagnosis, however, is that the color
change of Au NPs is not particularly evident due to a relatively
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low quantity of biomarkers on the cancer cell membrane.30

Therefore, amplifying the detection signal is of great significant
in colorimetric detection.
To improve the sensitivity of visual detection, many

amplification methods combined with recognition molecules
have been developed. Recently, a kind of bimetallic copper−
gold nanoparticle (Cu−Au NP) with special response to iodide
as an amplified signal probe was introduced to versatile
colorimetric analysis method for ultrasensitive detection of
targeted cancer cells.31 Using Au NPs as nano sticky balls to
amplify the magnetophoretic effect, an enzyme-free amplifica-
tion that provided a sensitive visual detection of ssDNA/RNA
oligonucleotides was also reported, with a limit of detection of
10 amol for ssDNAs.32 However, using the color change of
tetramethyl benzidine (TMB) usually suffers from the
disadvantage of short storage life and the potential toxicity.
Besides, a high temperature is needed for using Au NPs as nano
sticky balls for enzyme-free amplification, which make the
aptasensor unstable and not suitable for point-of-care
diagnoses. Until now, only a few amplified strategies are
reported for Au NPs-based colorimetric methods in the
isothermal conditions.33,34 Nicking enzyme signal amplification
based on endonuclease was confirmed to be an effective means
for improving sensitivity, which had been widely used in visual
or other types of detection.35 More importantly, these specific
nicking enzyme reactions can be performed in isothermal
conditions and no need of specialized instrumentation, which
can be widely used in routine analysis.36 Thus, it is possible that
the detection sensitivity of cancer cells could also be improved
by combining with the nicking enzyme amplification and
aptamer scaffold conformational switch.
In this work, a kind of aptamer-magnetic bead bioconjugate

(mDNAs-Apt-MBs), fabricated by five kinds of messenger
DNAs (mDNAs) aligned on the cancer cell aptamers modified
on MBs, was first synthesized. Having strong special binding
ability to cancer cells, mDNAs-Apt-MBs were used as the
effective bridge to quantitatively connect cells with recognition
molecules, thus contributing to a novel and versatile
colorimetric analysis platform. The introduction of HL-60
cells would trigger the conformational switch of the aptamer to
release mDNAs, resulting in an amplification method that one
biological binding event would cause the release of multiple
kinds of mDNAs simultaneously. Then, introducing released
mDNAs into the cyclic enzymatic amplification would produce
more ssDNA fragments. Finally, based on the above two
amplification method, a novel, simple, highly selective and
ultrasensitive colorimetric method for cancer cell detection was
developed through a further combination with ssDNA inducing
antiaggregation ability of Au NPs in high salt solutions, due to
the enhanced interparticle repulsion of Au NPs resulted from
the additional negative charges of nucleic acids.37−40 To our
best knowledge, our method is the first example that combined
the use of non-cross-linking Au NPs aggregation and dual signal
amplification to fabricate a sensitive colorimetric cancer cell
sensor, which allows us to detect the target cells simply and
rapidly and exhibits a significant specificity for HL-60 cells.

■ EXPERIMENTAL SECTION
Materials and Apparatus. All of the oligonucleotides used in this

work were synthesized by Sangon Biotech. Co., Ltd. (Shanghai,
China), which were purified by HPLC (Table S1). Fetal bovine serum
(FBS), new bovine calf serum (NBCS), Dulbecco’s modified eagle
medium (DMEM), and penicillin/streptomycin were purchased from

Gibco (USA). DNase I endonuclease was purchased from KeyGen
Biotech. NEase (Nb.BbvCI) and 10× NEB buffer (500 mM NaCl, 100
mM Tris-HCl, 100 mM MgCl2, and 10 mM dithiothreitol, pH 7.9)
were purchased from the New England Biolabs, Inc. Chloroauric acid
(HAuCl4), trisodium citrate, N-(3-(dimethylamino)propyl)-N′-ethyl-
carbodiimide hydrochloride (EDC), and N-hydroxysuccinimide
(NHS) were purchased from Aldrich. Next, 0.1 M phosphate buffer
solution (PBS; 100 mM PB, 0.2 M NaCl) at pH 8.0 was used for color
detection, and Tris buffer solution (25 mM Tris-HCl, 0.15 M NaCl) at
pH 8.2 was used for preparation of DNA solutions. All other reagents
and chemicals were of at least analytical reagent grade.

Transmission electron microscopy (TEM) was performed with a
JEOL model 2000 instrument. The UV−vis absorption spectra were
recorded on a Shimadzu UV-3600 UV−vis−NIR photospectrometer
(Shimadzu Co., Japan) at room temperature. Dynamic light scattering
(DLS) and zeta potential analysis of Au NPs were performed on a Zeta
Sizer Nano ZS (Brookhaven Instruments Ltd.). The water used in this
paper was purified by a Mili-Q machine (Millipore, U.S.A.).

Preparation of Au NPs. Water-soluble Au NPs were prepared via
citrate reduction of HAuCl4 according to the previously described
protocol.40 In brief, 100 mL of aqueous solution of HAuCl4 (1 mM)
was heated to reflux under stirring, then 10 mL of trisodium citrate
(38.8 mM) was added quickly, resulting in a change in solution color
from pale yellow to deep red. The solution was heated under reflux for
20 min and then allowed to cool to room temperature. The prepared
colloid Au NPs were stored in brown glass bottles at 4 °C, the average
diameter of the prepared gold nanoparticles was about 13 nm as
characterized by transmission electron microscope, and their
concentration was estimated by UV−vis spectroscopy.

Preparation of Aptamer Modified Magnetic Beads. The
mDNAs-Apt-MBs conjugates were fabricated according to the
literature by amino-group-modified aptamers attaching onto carboxyl
modified MBs, and then hybridized with the messenger DNA
sequences.41 Briefly, 50 μL of carboxyl-modified magnetic bead
suspension (5 mg/mL) was activated by 1.0 mL of imidazol-HCl
buffer (pH 7.0, 0.1M) containing 20 mg of EDC and 10 mg of NHS
for 60 min, and 150 μL of amino-group-modified DNA sequence
(10−7 M) was activated by 200 μL of imidazole-HCl solution (pH 7.0,
0.1 M) for 30 min. The aptamer and magnetic beads solution were
then mixed and continuously reacted for 12 h to form the mDNAs-
Apt-MBs, which were magnetically separated and washed thrice by 200
μL of Tris-HCl buffer (0.1 M) and redispersed in 500 μL of Tris-HCl
buffer to form a suspension of 0.5 mg/mL mDNAs-Apt-MBs. A total
of 200 μL of mDNAs-Apt-MBs suspension was mixed with 200 μL of
solution containing five mDNA sequences (10−6 M for each). After 2 h
of hybridization, the mDNAs-Apt-MBs hybridization complex was
magnetically separated and washed thrice with Tris-HCl buffer and
then redispersed in 500 μL of Tris-HCl buffer to form a suspension of
0.2 mg/mL magnetic beads for further use.

Linker-DNA-MBs were fabricated with a similar process as
described above. Briefly, 50 μL of carboxyl-modified magnetic bead
suspension (5 mg/mL) was activated, and then reacted with 150 μL of
amino-group-modified DNA sequence (10−7 M) for 12 h to form the
Linker-DNA-MBs. After being magnetically separated and washed
thrice, the Linker-DNA-MBs were redispersed in Tris-HCl buffer to
form a suspension of 0.5 mg/mL Linker-DNA-MBs.

Cell Culture. To investigate the selectivity of the biosensor for the
detection of different cells, four kinds of cancer cells (HeLa, PC12,
MCF-7, and HL-60 cells) were cultured in a humidified atmosphere
(37 °C, 95% air and 5% CO2). HL-60 and PC-12 cells were cultured in
DMEM supplemented with 10% new born calf serum (NBCS) and
100 IU/mL penicillin−streptomycin. HeLa cells were cultured in
DMEM supplemented with 10% FBS and 100 IU/mL penicillin−
streptomycin. MCF-7 cells were cultured in RPMI 1640 supplemented
with FBS and penicillin/streptomycin. Cell density was determined
using a hemocytometer prior to each experiment.

Cancer Cell Detection. After HL-60 cells were centrifugated and
washed with PBS, 100 μL suspension of mDNAs-Apt-MBs conjugates
(0.2 mg/mL) was added to a HL-60 cells suspension with certain
concentration and incubated under 37 °C for 1 h to release messenger
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DNA. After magnetic separation, the supernatant was added to the
solution containing linker-DNA-MBs, NEase, and NEB buffer at 37 °C
for 90 min for nicking endonuclease-strand scission cycles. After
magnetic separation again, the suspension was added into 140 μL of
Au NPs solution. After incubation for 5 min at room temperature, 160
μL of PBS (pH 8.0, 0.2 M NaCl) was introduced into the mixed
solution. The resulting samples were photographed by the mobile
phone and tested with a UV−vis spectrometer.
For the cell detection in serum, FBS was diluted with PBS buffer at

a ratio of 1:24 before being spiked with HL-60 cells at a different
concentration and then performed with the method proposed.

■ RESULTS AND DISCUSSION
The Mechanism of Colorimetric Assay and Its Dual

Signal Amplification. Scheme 1 shows the mechanism of this
colorimetric assay for cancer cell detection, which consists of
dual signal amplification process by conformational switch of
mDNAs-Apt-MBs (Scheme 1B) and cyclic enzymatic amplifi-
cation (Scheme 1C) and color change process based on the
aggregation/dispersion state of Au NPs colloid. Other than
traditional methods based on target-induced aggregation of Au
NPs, we employ a target-induced dispersion strategy for target
cell detection. When the mDNAs-Apt-MBs was incubated with
target cells, two-round amplifications were implemented to
enhance the sensitivity of this colorimetric assay. First, the
introduction of HL-60 cells would trigger the conformational
switch of mDNAs-Apt-MBs to release mDNAs. Because of the
high volume ratio of cancer cells to magnetic beads and
mDNAs-Apt-MBs fabricated by five kinds of mDNAs aligned
on the cancer cell aptamers modified on MBs, one cell could
make large amounts of mDNAs released simultaneously to
amplify the signal. The released mDNAs could be adsorbed on
the Au NPs to protect them from aggregation to a certain
extent (Scheme 1B). Moreover, it is important to note that
these five kinds of mDNAs are single stranded oligonucleotides,
each of which consists of two fragments: a short DNA sequence
complementary to part of the aptamer probe and a same
sequence ATCCTCAGCAGT that can be complementary to
part of linker-DNA and recognized by NEase. NEase is a special
family of restriction endonucleases, which can recognize a
specific sequence known as a restriction site of a double-strand
DNA and cleave one strand of it.42 Second, after magnetic

separation, the cyclic enzymatic amplification is implemented
by introducing the released mDNAs into the solution
containing linker-DNA-MBs, NEase, and NEB buffer. After
the mDNAs bonding to linker DNA to form double-stranded
structures, the nicking enzyme would bond to and cleave only
the linker DNA, resulting in the release of the cleaved linker
DNA and free mDNAs from the unstable duplex. The released
mDNAs could be reused to hybridize with another linker DNA
to form a new duplex for NEase. Finally, each mDNA could go
through many scission cycles, leading to cleavage of many
ssDNAs (Scheme 1C). Finally, after nicking endonuclease-
strand scission cycles and magnetic separation again, the
supernatant containing large amounts of ssDNAs fragments was
added into Au NPs solution. These ssDNAs were adsorbed on
the Au NPs along with mDNAs to prevent particle aggregation
and retain the red color of Au NP colloid in high salt
environments. With the increased number of target cells, the
released mDNAs and cleaved ssDNAs increased correspond-
ingly, and the more dispersive (rather than aggregated) Au NPs
were present. In contrast, when target HL-60 cells were absent,
the mDNAs-Apt-MBs was intact in solution and no cleaved
ssDNA was left after NEase treatment in the following
experiment; the introduction of salt will aggregate Au NPs,
giving rise to a blue color (Scheme 1A). To further confirm
whether this cascade amplifying colorimetric reaction can alter
the optical properties of Au NPs, visual photography, UV−vis
absorption spectra, and TEM were carried out to test the
viability of the colorimetric design.

SsDNA Protecting Au NPs from Aggregation in High
Salt Solution. As we mentioned above, single-stranded nucleic
acids, having strong attractive electrostatic interactions with
citrate coated Au NPs, can make the colloid of Au NPs
stabilized in high salt solutions, due to the enhanced
interparticle repulsion of Au NPs. To prove this, we used
different concentrations of ssDNA to incubate with Au NPs.
Figure 1 showed the color change (A) and UV−vis absorption
spectra (B) of the Au NPs against different concentration of
single strand DNA (23 mers) in 0.1 M PBS containing 0.1 M
NaCl. The color of the Au NPs colloid gradually changed from
blue to red with the increase of ssDNA concentration, implying
an increase in the dispersion state of Au NPs (Figure 1a−g).

Scheme 1. Schematic Representation of the Visual Detection of HL-60 Cells based on Aptamer DNA Conformational Switch
and Non-crosslinking AuNPs Aggregation: (A) Blank, (B) Conformational Switch of mDNAs-Apt-MBs, (C) Cyclic Enzymatic
Amplification
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Because the absorbance ratio is related to the color of the Au
NPs solution in this study, we used the ratio of absorbance
intensities at 525 and 680 nm (A525/A680) to assess the degree
of the Au NPs dispersion/aggregation, with a high ratio
corresponding to a red solution (dispersion) and a low ratio
corresponding to a blue one (aggregation). We find that 0.1 M
NaCl no longer causes aggregation of the Au NPs, and the
colloid retains a red color (Figure 1f) if enough single stranded
oligonucleotide is added to the gold colloid before the addition
of the salt that would otherwise cause aggregation. Thus, in this
work, the colorimetric assay for cancer cell detection is based

on the color change of non-cross-linking Au NPs described
above.

Feasibility of the Method for the Detection of HL-60
Cells. To demonstrate the utility of our design, we employed
HL-60 cells as model target cells. In the presence of HL-60 cells
(1 × 104 cells/mL), after a two-round signal amplification
process by conformational switch of mDNAs-Apt-MBs and
cyclic enzymatic amplification, the red Au NPs solution
retained its original color and a narrow UV−vis absorption
peak appeared at 525 nm (Figure 2A,a), implying that the Au
NP still retained its dispersed state because of enough ssDNA
fragments cleaved from the linker-DNA. The TEM image was
also used to verify that the ssDNA would help maintain the
dispersion state of Au NPs (Figure 2B). While with only
conformational switch of the mDNAs-Apt-MBs process
(Scheme 1B), a purple Au NP colloid was observed (Figure
2A,b), with the moderate aggregation of Au NPs as shown in
Figure 2C. This was because only released mDNAs were
adsorbed on Au NPs with no ssDNAs fragments resulted from
the cleavage of linker-DNA on MBs. In addition, blue solution
was observed and an UV−vis absorption peak increased clearly
at 680 nm in the absence of HL-60 cells (Scheme 1A, Figure
2A,c), showing that the Au NPs in high salt solutions become
the aggregation state without any protection from mDNAs or
ssDNA fragments, which also could be confirmed by TEM
results (Figure 2D). When curve a was compared with b and c,
it was clear that NEase could work in this system and effectively
cleave the linker DNA after being hybridized with mDNAs in
the presence of target cells. In addition, the UV−vis
spectroscopy served as complementary evidence along with
TEM results to clearly support our method for the detection of
cancer cells based on the colormetric aptasensor.

Optimization of Experimental Conditions. In order to
achieve the best performance for detecting cancer cells, the
experimental conditions, including the number of mDNAs
aligned on a single aptamer, NEase concentrations, and NEase
nicking time played important roles in the detection of cancer
cells and signal amplification and were investigated.
The key point of our strategy was based on the mDNAs

released from the MBs surface in the presence of HL-60 cells.
Usually, one aptamer recognizes specific protein to release or

Figure 1. Visual detection (A) and UV−vis absorption spectra (B) of
the AuNPs against different concentrations of ssDNA (20 μL for 23
mers). (a−g) 0, 200 nM, 500 nM, 1 μM, 2 μM, 5 μM, 10 μM in 0.1 M
NaCl solutions and (h) pure AuNPs solution as standard.

Figure 2. Feasibility of the colorimetric method for detecting HL-60 cells. (A) Absorption spectra and photograph (inset) of AuNPs under different
conditions. The system contained mDNAs-Apt-MBs, linker-DNA-MBs, HL-60 cells (1 × 104 cells), and NEase (20 U) (a) but without cyclic
enzymatic amplification (b) or HL-60 cells (c). (B, C, D) TEM images of the three statuses of AuNPs.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b12117
ACS Appl. Mater. Interfaces 2016, 8, 4434−4441

4437

http://dx.doi.org/10.1021/acsami.5b12117


reveal a single mDNA.33,34,44,45 However, in this method, five
mDNAs all partly hybridized with one aptamer sequence were
used to amplify the signal (Figure 3A). The mDNAs-Apt-MBs

bind to target cells through the specific interaction between
receptors on the cell membranes and aptamers, resulting in one
biological binding event releasing multiple kinds of mDNAs
simultaneously. These mDNAs, containing the same 12 bases
TCCTCAGCAGT, would then be introduced into the cyclic
enzymatic amplification process. Therefore, a highly sensitive
colorimetric strategy for detection of HL-60 cells based on dual
signal amplification could be obtained. In order to prove this
point, the UV−vis absorption spectra and pictures (inset) of Au
NPs after detection of HL-60 cells (1 × 104 cells/mL) by this
colorimetric method with one (a) and five (b) mDNAs in a
single aptamer strand were obtained, as shown in Figure 3B. As
for first round amplification, the color of Au NPs with using five
kinds of mDNA-assembled mDNAs-Apt-MBs (b1 process) was
partial to purple, while that of using one kind of mDNA-
assembled mDNAs-Apt-MBs (a1 process) was blue, and a
higher absorption peak at 525 nm for dispersed Au NPs was
observed for five kinds of mDNA-assembled mDNAs-Apt-MBs.
All of this suggested that more mDNAs from five kinds of
mDNA-assembled aptamer-MBs were released to protect Au
NPs from aggregation by the conformational switch process. As
for second round amplification, the photograph of Au NPs with
using five kinds of mDNA-assembled mDNAs-Apt-MBs (b2
process) was a red color, while that of using one kind of
mDNA-assembled mDNAs-Apt-MBs (a2 process) was purple.
The UV−vis absorption peak located at 525 nm were both
elevated compared with the first round, and the absorption
peak after the b2 process is much higher than that of a2,
indicating that more ssDNA was cleaved. When process b was
compared with a, with equal target cells, it was clear that using
multiple kinds of mDNA hybridization systems would result in

more mDNAs being released from a conformational switch of
mDNAs-Apt-MBs and then more ssDNAs being cleaved from
the cyclic enzymatic reaction, which was beneficial for
protecting the Au NPs from aggregation and thus improving
the detection signal. So multiple kinds of mDNAs were chosen
to assemble the mDNAs-Apt-MBs in the dual signal
amplification assay.
Different concentrations of NEase (0−50U) incubated with

linker-DNA-MBs and message DNA fragments were inves-
tigated. As seen in Figure 4A, the A525/A680 ratio increased with

the increase of NEase concentration in the initial stage and
attained a relatively stable plateau at 20U Nease (black line).
Meanwhile, with no target cells, the background signal changed
little while changing the concentration of Nease (red line),
which indicated that the increased NEase concentration was
beneficial for the cleavage of linker DNA, and 20 U NEase
could attain a better signal-to-noise ratio for the analysis of rare
cancer cells. Kinetic studies of nicking time were also
performed to study the nicking process by measuring the
A525/A680 ratio under the same conditions (Figure 4B). We
recorded the ratio under conditions with or without target cells.
In the presence of target cells, the signal ratio elevated quickly
during the initial stage and increased slowly after 90 min (black

Figure 3. (A) Schematic representation of different quantities of
mDNA assembled in single aptamer strand: (a) mDNA1; (b) five
mDNAs, mDNA1, mDNA2, mDNA3, mDNA4, and mDNA5, affect
the assay before (a1, b1) and after cyclic enzymatic amplification (a2,
b2). (B) Absorption spectra and photograph (inset) of Au NPs for
detection of HL-60 cells (1 × 104 cells) with different quantities of
mDNA in a single aptamer strand.

Figure 4. (A) The absorption ratio plotted as a function of the NEase
concentration in the absence (red line) or in the presence (black line)
of HL-60 cells, respectively. The system contained mDNAs-Apt-MBs
(0.2 mg/mL), linker-DNA-MBs (0.2 mg/mL), and HL-60 cell (1 ×
104 cells). (B) The absorption ratio was plotted as a function of the
nicking time in the absence (black line) or in the presence (red line) of
HL-60 cells, respectively. The system contained mDNAs-Apt-MBs
(0.2 mg/mL), linker-DNA-MBs (0.2 mg/mL), NEase (20 U), and
HL-60 cell (1 × 104 cells). Error bars represent the standard deviation
of three measurements.
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line), and the noise ratio did not obviously change (red line).
Therefore, 20U NEase and 90 min of nicking time were
selected to achieve a good signal-to-noise ratio for the detection
of cancer cells.
To investigate the stability of the probe against nuclease, 2 μg

of DNase I endonuclease was added into 1 mL of mDNAs-Apt-
MBs probe (dispersed in Tris-HCl buffer) in advance and then
analyzed with the method proposed, as shown in Figure S3.
Whether with or without the target cells (1 × 104 cells), the
ratio of two absorbance peaks (A525/A680) shows a negligible
difference in the absence (red bars) and presence (black bars)
of DNase I endonuclease, indicating the good probe stability of
this colorimetric strategy in the presence of DNase I.
Application of the Colorimetric Aptasensor for

Detection of HL-60 Cells. To further characterize the
sensitivity and the detection range of this assay, a series of
samples containing different numbers of target cells have been
tested. The photographs of the Au NP colloid, after the
addition of target cells ranging from 0 to 1.0 × 104 cells/mL,
were plotted in Figure 5A. The color of the Au NP colloid
gradually changed from blue to purple and then red with the
increasing amount of target cells. In addition to visual analysis,
the sensitivity of the assay was further verified by UV−vis
spectroscopy (Figure 5B). Along with the increase of the cell
concentration, the broad peak (650−750 nm) gradually shifted
and disappeared, while the absorbance at 525 nm increased.
That is, with the increased number of target cells, the released
mDNAs and cleaved ssDNAs increased correspondingly, and
the more dispersive (rather than aggregated) Au NPs were
present in high salt solution. Accordingly, the absorbance peak
ratio of A525/A680 was employed to quantitatively scale the cell
concentration (Figure 5C). A detection limit of 10 cells for
naked eye detection was achieved, indicating the high sensitivity
and great signal amplification of this colorimetric aptasensor. In
addition, the synthesized Au NPs showed a zeta potential of
−30.79 mV (Figure S1). In contrast, the zeta potential of Au
NPs decreased to −34.47 mV after adding the suspension
resulted from two-round amplification (1.0 × 104 cells/mL),
suggesting that cascade colorimetric reaction produced lots of
negatively charged ssDNA fragments adsorbed on the surface
of Au NPs. In addition, DLS analyses suggested that the
hydrodynamic diameter of Au NPs increased due to salt-

induced aggregation in the absence of cancer cells. In contrast,
when 1 × 104 cells were present, the hydrodynamic diameter
was nearly the same as the initially dispersed Au NPs, indicating
that salt does not aggregate the Au NPs under this condition
due to the enhanced interparticle repulsion (Figure S2).
The as-prepared mDNAs-Apt-MBs probe was used to detect

HL-60 cells in diluted FBS. Learned from curve a in Figure S4,
the absorbance peak ratio of A525/A680 increases with the cancer
concentration from 0 to 1 × 104 cells/mL, and the ratio is very
close to that of the HL-60 cells detection in buffer solution (b).
The results indicate an excellent anti-interference ability of the
proposed method in the biological medium.
In order to further investigate the selectivity of the present

biosensor for the detection of HL-60 cancer cells, experiments
were conducted on PC-12 cancer cells, MCF cancer cells, HeLa
cells with the same number (1 × 104 cells), and the blank (no
cells). It was also easy to read out from visual observations
(Figure 6A). That is, the color of the solution retained red for
HL-60 cells while others changed to blue. Figure 6B showed
the absorption ratio of A525/A680 for the different cells. In the
presence of HL-60, the ratio value increased significantly
compared with other kinds of cells and the blank. Moreover,
the absorbance peak ratio of A525/A680 versus different kinds of
cancer cells at a series of concentrations was investigated. As
shown in Figure S5, the target cells (black) can be distinguished
from other kinds of cancer cells whether at a low concentration
or a high concentration. Therefore, this colorimetric aptasensor
can be applied in the detection of HL-60 cells with high
specificity, which was ascribed to a high affinity of the aptamer.

■ CONCLUSIONS
In this work, we report a novel and intuitive dispersion-
dominated colorimetric strategy for highly efficient detection of
HL-60 cells based on dual signal amplification, which consists
of aptamer scaffold conformational switch and cyclic enzymatic
amplification. Instead of modification of Au NPs, ssDNAs
produced by dual amplification could be adsorbed on the
surface of Au NPs to prevent particle aggregation in high salt
environments. This method has significant advantages, such as
visualization, simple operation, high sensitivity, and no need for
delicate instruments or a sophisticated technologist. In contrast
to fluorescence or electrochemical based assays, this colori-

Figure 5. (A) Photograph and (B) UV−vis absorption spectra of the AuNPs against different numbers of HL-60 cells: 0, 10, 50, 102, 2 × 102, 5 ×
102, 1 × 103, 2 × 103, 5 × 103, and 1 × 104 cells. (C) Plot of the absorption ratio (A525/A680) versus different numbers of cancer cells; the inset shows
a linear relationship (R2 = 0.989) with the logarithmic value of cells numbering in the range from 10 to 1 × 104 cells. Error bars represent the
standard deviation of three measurements.
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metric method could be performed with naked eyes or normal
UV−vis spectroscopy. Under optimal conditions, the color
change caused by 10 target cells can be distinguished by naked
eyes. The approach proposed in this study can be extended to
other cancer cells and offers a new approach for developing low
cost, sensitive, and rapid cancer cell sensors for potential
application in point-of-care cancer diagnosis.
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