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g r a p h i c a l a b s t r a c t
� Ultrasensitive protein detection is
achieved by on particle DNA walker
based signal amplification.

� The assay can detect PDGF-BB down
to sub-pM level with a concentration
range of 4 orders of magnitude.

� The assay can reliably monitor the
secretion of PDGF-BB from cancer
cells.

� The assay possesses the features of
simplicity, high sensitivity, and good
selectivity, applicability and
extensibility.
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A simple proximity hybridization-induced on particle DNA walker was designed for ultrasensitive
detection of proteins, for example platelet-derived growth factor (PDGF-BB) secreted by cancer cells, in
which the DNAwalker was activated by specific target binding and powered by an enzymatic cleavage to
produce amplified signal. High-density FAM-labeled hairpin oligonucleotides (FAM-DNA1) were func-
tionalized on AuNPs to construct three-dimensional (3D) DNA tracks. The specific binding of PDGF-BB
with two aptamer probes (DNA3 and DNA4) led to the proximity hybridization-induced DNA displace-
ment and the free of DNA walker (DNA2) to perform movement on the 3D tracks by an enzymatic
cleavage, resulting in the release of massive FAM-DNA1 fragments from the AuNPs and the generation of
fluorescent signal. This DNA walker based sensing strategy could detect PDGF-BB in a concentration
range of 4 orders of magnitude with a detection limit down to sub-pM level. The practical applicability of
the assay was demonstrated by detecting PDGF-BB secreted from MCF-7 cells with satisfactory results.
The proposed DNAwalker based assay could conveniently detect PDGF-BB with high sensitivity and good
accuracy, along with the good extensibility of the assay, showing promise for practical diagnosis.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Platelet-derived growth factor (PDGF-BB), a significant serum
cytokine, involves in processes like embryonic development,
wound healing and tissue homeostasis [1]. Because its abnormal
expression is related to diseases like atherosclerosis, lung fibrosis
and tumors, the detection of PDGF-BB is significant for early clinical
diagnosis [2e4]. Antibody-based immunoassays including enzyme-
linked immunosorbent assay (ELISA), affinity chromatography and
immunohistochemistry are commonly used for PDGF-BB detection
in clinic [5,6]. However, because these immunoassay methods
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suffer from tedious steps, complicated instrumentation, long assay
time and deficient sensitivity, their usage in practical application is
challenged [7].

Multiple strategies have been used to design enhanced systems
for PDGF-BB detection. Among them, aptamer-based assays are the
most attractive. PDGF-BB aptamer is a DNA three-way helix junc-
tion and shows high specific binding affinity to PDGF-B chain [8]. By
combining the target-induced conformation rearrangement of
aptamer with fluorescence energy transfer, electron transfer, and
nanoparticle aggregation, a variety of fluorescent [9e11], electro-
chemical [12], electroluminescent [13], colorimetric [14,15] and
chemiluminescent [16] methods have been developed for fast and
simple detection of PDGF-BB. However, as the PDGF-BB secreted
from cancer cells is normally at low abundance in human serum,
the development of assays with high sensitivity is still in urgent
need.

The proximity binding-based assay (PDA) which can transform
the binding events between protein and pairs of affinity reagents
into DNA assemblies has been considered as one of the most effi-
cient protein methods due to the simplicity and variousness of DNA
assembly [17,18]. Because the DNA assembly can carry on signal
amplifications conveniently by polymerase chain reaction [19,20],
exonuclease/endonuclease-mediated cycle amplification [21], hy-
bridization chain reaction [22], and catalytic hairpin assembly
[23,24], the PDAs normally show high sensitivity for protein
detection. Recently, by combining the proximity binding with the
three-dimensional (3D) DNA nanomachines/walkers, the sensing
performances of PDA have been further improved. The 3D DNA
nanomachines/walkers use high-density oligonucleotides func-
tionalized on nanoparticle surfaces as tracks [25e29], and can be
powered by strand displacement [30,31] and enzyme-meditated
hydrolysis [32,33]. Due to the high local concentration of DNA
tracks, the DNA nanomachines/walkers move quickly on the 3D
surfaces to circularly generate signal for sensitive protein detection
in vitro [34,35] and in vivo [36]. For example, different kinds of
swing arm-based 3D DNAmachines have been designed to develop
efficient PDA for PDGF detection [25,37]. Although these methods
could realize the detection of PDGF at pM level, they may suffer
from the preparation of double-functional Au nanoparticles
(AuNPs) with precise proportion of DNA tracks and affinity ligands.
In addition, affinity binding of protein on the AuNP surfacemay also
bring large steric hindrance and affect the motion area of DNA
nanomachines/walkers.

In this work, a proximity hybridization-induced on particle DNA
walker was designed for simple and ultrasensitive detection of
PDGF-BB. The specific recognition of PDGF-BB with two aptamer
probes induced a DNA strand displacement [24] to activate the DNA
walker which could walk on the 3D DNA track via nicking
endonuclease-meditated hydrolysis [25], resulting in the circular
generation of signal for PDGF-BB detection. This DNA walker based
assay could detect PDGF-BB down to sub-pM level in 1 h and show
good detection accuracy for PDGF-BB secreted by cancer cells. The
proposed assay could also be conveniently applied for sensitive
detection of other proteins by using corresponding aptamer probes,
showing good promise for practical diagnosis.

2. Experiment section

2.1. Materials and apparatus

Human recombinant PDGF-BB was obtained from R&D system
(USA). PDGF-AA and PDGF-AB were achieved from Pepro Tech
(USA) and BOSTER Biological Technology Co., Ltd. (China), respec-
tively. Thrombin, Gold (III) chloride trihydrate (HAuCl4$3H2O) and
tris (hydroxymethyl) aminomethane (Tris) were obtained from
Sigma-Aldrich (USA). Trisodium citrate dihydrate was bought from
Nanjing Chemical Reagent Co., Ltd. (China). Human PDGF-BB ELISA
kit was supplied byMultiSciences Biotech Co., Ltd. (China). Nt.BbvCI
and NEB cutsmart buffer were obtained from New England Biolab
(USA). Fetal bovine serum (FBS), bovine serum albumin (BSA),
RPMI-1640 cell culture medium and trypsin were obtained from
KeyGen Biotech Co., Ltd. (China). b-estradiol was obtained from J&K
Scientific (China). Carcinoembryonic antigen (CEA), a-fetoprotein
(AFP), and carcinoma antigen 125 (CA 125) were purchased from
Beijing Keybiotech Co., Ltd. (China). Human serum samples were
supplied by Jiangsu Cancer Hospital. Ultrapure water from a Milli-
pore water purification system (Milli-Q, Millipore) was used for the
whole experiment. All other reagents were used without further
purification. The assay buffer (pH 7.4) contained 10mM Tris-HCl,
50mM KCl, 1mM MgCl2, and 100 mgmL�1 BSA. All DNA oligonu-
cleotides were synthesized and purified by Sangon Biotechnology
Co., Ltd. (Shanghai, China), and the DNA sequences were listed in
Table S1, supplementary.

Hitachi F-7000 fluorescence spectrophotometer (Hitachi, Japan)
was used to collect fluorescence signal at room temperature.

2.2. Synthesis of 3D DNA track

13 nm AuNPs were synthesized according to previous report
[38]. Briefly, 5mL of 38.8mM trisodium citrate was added quickly
to 50mL of 1mM HAuCl4 boiled in a three-necked flask under
robust stirring. After 30min stirring, the solution was cooled down
to room temperature and then stored at 4 �C before usage. The
concentration of AuNPs was calculated to 11 nMwith the extinction
coefficient of 1.39� 108M�1 cm�1 by using the absorbance at
520 nm [39].

The 3D DNA track was constructed by modifying high-density
FAM-labeled hairpin DNA1 (FAM-DNA1) on AuNPs (Au-DNA1)
[40e42]. Firstly, annealed FAM-DNA1 was mixed with AuNPs at a
molar ratio of 300:1, followed by freezing at �20 �C for 2 h. After
thawing at room temperature, excess FAM-DNA1 was removed by
centrifugation to obtain the Au-DNA1. The obtained Au-DNA1,
defined as 3D DNA track, was stored at the concentration of 4 nM
in Tris-HCl buffer (pH 7.4) with 0.01% Tween-20 before usage.

To evaluate the number of FAM-DNA1 on each AuNP, 10mM
dithiothreitol (DTT) was added into the Au-DNA1 to replace the
FAM-DNA1 fromAuNP surfaces [43]. After the overnight incubation
at room temperature under stirring, the solution was centrifuged
and the fluorescence of supernatant was measured to calculate the
amount of FAM-DNA1. Solutions containing DTT and serial con-
centrations of standard FAM-DNA1 were measured as calibration.
The loading number of FAM-DNA1 on each AuNP was then derived.

2.3. Detection of PDGF-BB

A pair of aptamer probes (DNA3 and DNA4) were used as affinity
regents for PDGF-BB detection. The mixture of DNA2 and DNA3
with a molar ratio of 1:1.25 was heated at 95 �C for 5min and
cooled slowly to 20 �C over 3 h to form the DNA2/DNA3 duplex (ds-
DNA2/3). 20 mL of various concentrations of PDGF-BB was added
into 40 mL of the assay buffer containing 20 nMds-DNA2/3 and
DNA4 for a pre-incubation at 37 �C for 20min, followed by mixing
with 20 mL of the mixture of Au-DNA1, MgCl2, and Nt.BbvCI to
obtain a total reaction volume of 80 mL, in which the final concen-
trations of Au-DNA1, MgCl2, and Nt.BbvCI were 0.75 nM, 10mM,
and 0.19 U mL�1, respectively. Here, the Nt.BbvCI was pretreated
with 60mMH2O2 before usage for 10min to oxide DTT in the
storage buffer [25]. The mixture solution was then incubated for
1 h at 37 �C and the fluorescence was detected with excitation at
485 nm and emission at 515 nm.
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2.4. Detection of PDGF-BB secreted by MCF-7 cell

MCF-7 human breast cancer cells were cultured in 5mL of
RPMI-1640 supplemented with 10% FBS at 37 �C until about 90%
confluent (~4.5� 106 cells in the T-25 flask). Then the MCF-7 cells
were cultured for another 32 h in 2.5mL of serum-free RPMI-1640
with and without 5� 10�7M b-estradiol. At certain intervals,
200 mL of supernatant was collected as sample for PDGF-BB
detection. Here, the medium was supplemented with fresh RPMI-
1640 immediately to maintain the total volume after each sample
collection. Following the same detection procedure described
above, the PDGF-BB secreted by MCF-7 cells was monitored. Solu-
tions containing serial concentrations of standard PDGF-BB and
25% RPMI-1640 were measured as calibration. As a contrast, sam-
ples were also detected with a commercial PDGF-BB ELISA kit.
2.5. Detection of thrombin

For the detection of thrombin, a pair of thrombin aptamers
(DNA5 and DNA6) were used for affinity recognition. Firstly, the
DNA2/DNA5 duplex (ds-DNA2/5) was prepared under the same
operation as ds-DNA2/3. Then, 20 mL of various concentrations of
thrombin was added into 60 mL of 1� cutsmart buffer containing
ds-DNA2/5, DNA6, Au-DNA1 and Nt.BbvCI with the final concen-
trations of 10 nM, 10 nM, 0.75 nM and 0.19 U mL�1, respectively.
After a 1-h incubation at 37 �C, the fluorescent spectrum of the
solution was recorded.
3. Results and discussion

3.1. Design of the proximity hybridization-induced on particle DNA
walker

The proximity hybridization-induced on particle DNA walker
system consisted of a pair of aptamer probes (DNA3 and DNA4), a
DNAwalker (DNA2), a nicking endonuclease (Nt.BbvCI), and the 3D
DNA track (Au-DNA1) to perform the target recognition and signal
generation (Scheme 1). Here, the DNA2 walker was pre-locked by
DNA3 in the form of DNA2/DNA3 duplex (ds-DNA2/3) with 13
complementary bases. In the presence of PDGF-BB, the simulta-
neous recognition of PDGF-BB with the two aptamer probes
brought ds-DNA2/3 and DNA4 into close proximity. As the DNA4
had 11 complementary bases with DNA3, it could perform
proximity-assisted displacement of DNA2 to hybridize with DNA3,
resulting in the activation of DNA2 walker. Subsequently, the free
DNA2 opened the hairpin DNA1 with 11 complementary bases to
Scheme 1. Schematic illustration of the detection of PDGF-BB secreted by MC
form a specific recognition site for nicking endonuclease. With the
enzymatic cleavage of Nt.BbvCI, a fragment of FAM-DNA1 was de-
tached from the AuNP surface, meanwhile, DNA2 was free again to
open another DNA1 nearby. Theoretically, DNA2 could be recycled
to traverse the Au-DNA1, leading to the circular release of FAM-
DNA1 fragment and hence the amplified fluorescence signal for
sensitive detection of PDGF-BB secreted by cancer cells.
3.2. Characterization of the 3D DNA track

In this work, AuNPs with an average diameter of 13 nm were
used for functionalization of high-density FAM-DNA1 to construct
the 3D DNA track (Fig. 1A). UV/vis absorption, hydration diameters
and zeta potentials were measured to evaluate the fabrication of
Au-DNA1. Compared with AuNPs, the absorption peak shifted from
520 nm to 525 nm for Au-DNA1 (Fig. 1B). The red-shift of absorp-
tion peak indicated the increase of AuNPs diameter by surface
modification. Dynamic light scattering measurements also showed
obvious increase of the average hydrodynamic diameter from
18 nm of AuNPs to 33 nm of Au-DNA1 (Fig. 1C), suggesting the
successful modification of FAM-DNA1 on AuNP surface. In addition,
zeta potential analysis showed the Au-DNA1 was less negative than
bare AuNP (Fig. 1D), which attributed to the replacement of citrate
anions by DNA1 on AuNPs surface [44]. All the above results
confirmed the successful fabrication of Au-DNA1 with good dis-
persity in aqueous media. The coverage of DNA1 on each AuNP
could be calculated to be 76 by dissociating FAM-DNA1 from Au-
DNA1 and then measuring the concentration of FAM-DNA1 in the
supernatant solution and the amount of AuNPs. Thus, the density of
DNA1 on AuNPs as well as the intermolecular space could be
calculated to be 1.43� 1013 per cm2 and 2.6 nm, respectively.
3.3. Feasibility of the DNA walker based assay

Due to the hairpin structure of DNA1, FAM was in near close to
the AuNP and the Au-DNA1 showed weak fluorescence. Slight in-
crease of the fluorescence intensity was observed in the coexis-
tence of Au-DNA1with Nt.BbvCI, ds-DNA2/3, and DNA4 (curves a-c,
Fig. 2A). These results indicated DNA2 was well inactivated in the
form of ds-DNA2/3 in the absence of PDGF-BB. In presence of PDGF-
BB, the fluorescence intensity increased sharply (curve d, Fig. 2A),
which indicated the successful activation of DNA2 walker by the
proximity hybridization-induced DNA displacement and its
walking on Au-DNA1 by enzymatic cleavage, confirming the feasi-
bility of the DNA walker based assay.

On the other hand, the fluorescence signal was unable to be
F-7 cells using proximity hybridization-induced on particle DNA walker.



Fig. 1. (A) TEM image of AuNPs. (B) UVevis spectra, (C) hydration diameters and (D) Zeta potentials of AuNPs and Au-DNA1.
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generated only by DNA2 hybridization but without walking via
enzymatic cleavage (curve a, Fig. 2B). This was because the formed
double strand DNA1/DNA2 had only 11 complementary bases, and
could push fluorophore away from the AuNP surface for only 3 nm,
which was less than the efficient quenching distance (~10 nm) of
AuNP based resonant energy transfer [45]. In the presence of
Nt.BbvCI, DNA2 walked on the Au-DNA1 by enzymatic cleavage to
produce amplified signal (curve b, Fig. 2B). This on particle DNA
walker strategy could detect DNA2 from 0.02 to 300 pM with
detection limit down to 13 fM (Fig. S1, supplementary), exhibiting
good potential for developing sensitive protein assays by
combining with proximity hybridization methods.

The proximity hybridization-induced DNA displacement was
further characterized by using a FAM labeled DNA3 (DNA30) and a
Dabcyl labeled DNA2 (DNA20) (Fig. S2A, supplementary). In the
absence of PDGF-BB, DNA2 hybridized stably with DNA3 in the
form of ds-DNA2’/3'even in the existence of DNA4, resulting in the
approach of FAM to Dabcyl and hence the low fluorescence in-
tensity (curves a and b, Fig. 2C). An obvious increase of the fluo-
rescence intensity was observed in the presence of PDGF-BB (curve
c, Fig. 2C), confirming the proximity hybridization-induced DNA
displacement.

In comparison to the conventional assay based on proximity
hybridization-induced enzymatic hairpin DNA recycling strategy in
which FAM/Dabcyl double labeled hairpin DNA1 (DNA1’) was used
(Fig. S3A, supplementary), the proposed DNA walker based assay
showed lower background and higher signal (Fig. 2D) owning to the
strong quenching ability of AuNPs, and the high local concentration
of DNA tracks on AuNP surface. The good signal to noise ratio (S/N)
of the DNA walker based assay also confirmed its high sensitivity
for PDGF-BB detection.

3.4. Optimization of assay conditions

The complementary length of DNA3 and DNA4 was the key
factor affecting the detection performance of the proposed assay. In
the case of high complementary length between DNA3 and DNA4,
the two DNA strands could be hybridized without the help of
proximity effect, leading to a high background; on the other hand,
with short complementary length, the DNA4was unable to displace
DNA2 from ds-DNA2/3 evenwith the assistance of proximity effect,
resulting in a low signal. Considering the 13 complementary bases
of ds-DNA2/3, DNA4 with 10e15 complementary bases to DNA3
was used for optimization (Fig. 3A). As expected, the signal as well
as the noise increased by increasing the complementary base
number of DNA3 and DNA4. Taking consideration of the S/N, a
complementary length of 11 bases was chosen in this work.

In addition, the concentration of Au-DNA1, ds-DNA2/3 and
DNA4, and the incubation time of enzymatic cleavage was also
optimized. With the increase of the concentration of Au-DNA1, the
signal increased sharply but the noise increased slowly when the
concentration of Au-DNA1 was lower than 1.00 nM (Fig. 3B).
Considering the S/N, 0.75 nM of Au-DNA1 was selected. In contrast,
the noise was more affected than the signal by increasing the
concentration of ds-DNA2/3 and DNA4 (Fig. 3C). Taking into ac-
count the detection range of PDGF-BB, 10 nM was chosen for ds-
DNA2/3 and DNA4. Fig. 3D showed the signal increased with
increasing the incubation time and reached the flat value at the
incubation time up to 45min. In order to ensure complete enzy-
matic cleavage, 1-h incubation was used in this work.



Fig. 2. (A) Fluorescence spectra of (a) Au-DNA1þNt.BbvCI, (b) (a)þds-DNA2/3, (c) (b)þDNA4, and (d) (c)þ300 pM PDGF-BB. (B) Fluorescence spectra of (a) Au-DNA1þ300 pM DNA2,
and (b) (a)þ Nt.BbvCI. (C) Fluorescence spectra of (a) 40 nM ds-DNA2’/30 , (b) (a)þ40 nM DNA4, (c) (b)þ10 nM PDGF-BB. (D) Detection of 300 pM PDGF-BB by (a) the proposed assay
and (b) the assay using proximity hybridization-induced enzymatic hairpin DNA recycling.

Fig. 3. Optimization of (A) the complementary length between DNA3 and DNA4, (B) concentration of Au-DNA1, (C) concentration of ds-DNA2/3 and DNA4, and (D) incubation time.
The concentrations of Au-DNA1, ds-DNA2/3, DNA4, Nt.BbvCI and PDGF-BB were always 0.75 nM, 10 nM, 10 nM, 0.19 U mL�1 and 300 pM, respectively, except when it was optimized.
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Table 1
Recovery results of PDGF-BB in diluted serum samples.

Samples (pM) Added (pM) Found (pM) Recovery (%) RSDa (%)

1 3 3.22 107.23 8.41
2 30 30.33 101.09 4.01
3 300 274.03 91.34 5.61
4 1000 960.23 96.02 3.17

a Means three parallel experiments.
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3.5. Assay of PDGF-BB

Under optimal conditions, the fluorescence intensity propor-
tionally increased with increasing PDGF-BB concentration (Fig. 4A).
The intensity was log-linear correlation with PDGF-BB concentra-
tion in 1e4500 pM with the linear equation of F ¼ 136 þ 115 lg C
(pM). The detection limit was calculated to 0.59 pM (15 pgmL�1)
corresponding to the signal of blank plus 3 times standard devia-
tion (Fig. 4B). Obviously, the detection limit as well as the detection
range was better than the assays based on proximity hybridization-
induced DNA displacement (Fig. S2, supplementary) and enzymatic
hairpin DNA recycling (Fig. S3, supplementary) which showed
detection ranges of 2e25 nM and 0.02e3 nM with detection limits
of 0.83 nM and 9.48 pM, respectively. In addition, the detection
limit was more than 1000 times lower than the fluorescent assay
using binding-induced strand displacement [11], 700 times lower
than the endonuclease-assisted circular fluorescent assay [46], and
also much lower than the fluorescent assay using a swing arm-
based 3D DNA machine [25,37]. The detection performance of
this work for PDGF-BB was superior to that of most fluorescent
assays using different amplification strategies except PCR, and was
also comparable to electrochemical assays (Table S2, supplemen-
tary). The high sensitivity of the proposed assay should be attrib-
uted both to the enhanced signal from on particle DNA walker
based amplification and the low background from the Au-DNA1 in
which the fluorescence of FAM-DNA1 could be quenched efficiently
by AuNP via resonant energy transfer.

One thing to be noted, PDGF-BB at the concentration ranging
from 0.1 to 1 pM also could be detected and good linear correlation
between the intensity and logarithm of PDGF-BB concentrationwas
obtained (inset, Fig. 4B). However, the detection sensitivity (the
slope of the linear equation) of PDGF-BB ranging from 0.1 to 1 pM
was much lower than that of PDGF-BB ranging from 1 to 4500 pM.
Thus, for preciseness, the proposed assay could apply for qualitative
detection of PDGF-BB in 0.1e1 pM.

The specificity of the proposed assay was evaluated by applying
this assay to detect solutions containing CEA, BSA, CA 125,
thrombin, PDGF-AA, PDGF-AB and PDGF-BB (Fig. 4C). Except PDGF-
BB, no signal was observed for CEA, BSA, CA 125 and thrombin. In
addition, for PDGF-AA and PDGF-AB, the other two members in
PDGF family with structures similar to PDGF-BB, only slight signal
was observed. This should be due to the sandwich recognition
format and the low binding affinity of PDGF-BB aptamer to PDGF-A
part in PDGF-AA and PDGF-AB [8]. These results demonstrated the
good specificity of the assay.

As the concentration of PDGF-BB was sub-nM in cancer human
Fig. 4. (A) Fluorescence spectra of the DNAwalker based assay of PDGF-BB with concentratio
(B) Plot of fluorescence intensity vs. logarithm of PDGF-BB concentration. (C) Selectivity eval
1 nM PDGF-AA, 1 nM PDGF-AB and 1 nM PDGF-BB.
serum samples [47] and 8e40 pM in plasma [48], the proposed
assay offering the detection range of 1e4500 pM could detect
PDGF-BB in serum sample for cancer diagnosis. The recovery test of
the proposed assay was conducted in diluted human serum sam-
ples (Table 1). The relative standard deviations (RSD) were lower
than 9%, revealing the good accuracy of the proposed assay.

The practical application of the DNA walker based assay was
evaluated by monitoring the PDGF-BB secreted by MCF-7 human
breast cancer cells [49]. The concentrations of PDGF-BB from both
stimulated and unstimulated groups were tested by the DNA
walker based assay and commercial ELISA method (Fig. 5). During
the 24 h culture, PDGF-BB at pM level was secreted by MCF-7 cells
and the concentration of PDGF-BB increased gradually in both cases
of stimulation and non-stimulation. Obviously, MCF-7 cells with b-
estradiol stimulation secreted higher level of PDGF-BB (Fig. 5B).
However, after 32 h culture in serum-free medium, MCF-7 cells lost
their integrality and the supernatant turned turbid, leading to the
decrease of the concentration of PDGF-BB. These results were
consistent with the secretion of PDGF-BB reported in the literatures
[50,51]. In addition, the concentration value of PDGF-BB as well as
its changing trend during MCF-7 cells culture was similar to that
from the commercial ELISA method, revealing the good reliability
of the proposed assay.
3.6. Detection of thrombin

The DNA walker based assay could be easily extended to detect
other proteins by using corresponding aptamer probes. Here, by
using a pair of thrombin aptamer probes (DNA5 and DNA6), the
DNA walker based assay was also used for sensitive detection of
thrombin. Similar to the detection of PDGF-BB, the simultaneous
recognition of thrombin by DNA5 and DNA6 induced the
proximity-assisted DNA displacement to free DNA2 walker, which
subsequently walked on Au-DNA1 by enzymatic cleavage to release
FAM-DNA1 fragment and generate amplified fluorescent signal
(Fig. 6A). Here the reaction time were also optimized to be 1 h
ns at (from a to n) 0, 0.1, 0.2, 0.45, 1, 3, 10, 30, 100, 300, 1000, 2000, 4500 and 10000 pM.
uation of the assay to 10 nM CEA, 200 mgmL�1 BSA, 25 mgmL�1 CA125, 10 nM thrombin,



Fig. 5. Measurement of PDGF-BB secreted by MCF-7 cells without (A) and with (B) b-estradiol stimulation after certain intervals by both the DNA walker based assay and com-
mercial ELISA.

Fig. 6. (A) Illustration of thrombin detection by the proximity hybridization-induced on particle DNAwalker. (B) Optimization of the assay time of thrombin. (C) Plot of fluorescence
intensity vs. logarithm of thrombin concentration.
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(Fig. 6B). The linear range for thrombin detection was from 4.5 to
3000 pM with a detection limit of 3.43 pM (Fig. 6C).

4. Conclusion

A proximity hybridization-induced on particle DNA walker has
been developed for simple and sensitive detection of PDGF-BB. The
proximity binding of PDGF-BB with two aptamer probes induces
the activation of the DNAwalker and subsequent the movement on
the 3D tracks to circularly generate fluorescent signal. Benefiting
from the DNA walker based signal amplification, the assay can
detect PDGF-BB sensitively down to sub-pM level. Additionally, the
assay can reliably monitor the secretion of PDGF-BB from cancer
cells with stimulation. By adopting the specific aptamer probes, the
assay is also able to detect other proteins sensitively. The proposed
assay with the tandem design of proximity hybridization-induced
DNA displacement and 3D DNA walker possesses advantages of
simplicity, high sensitivity and selectivity, and good practical
applicability and extensibility, showing promise for practical
diagnosis.
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