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a b s t r a c t

A motor-based microprobe is proposed using a tubular microengine powered by bio-assembled enzyme
as catalyst and exploited for washing-free detection of DNA through motion readout. The microprobe is
fabricated by assembling a catalase layer on the inner surface of poly(3,4-ethylenedioxythiophene)/Au
(PEDOT/Au) microtube through DNA conjugate, which is responsible for the biocatalytic bubble pro-
pulsion. The sensing concept of the microprobe relies on the target-induced release of catalase through
the DNA strand-replacement hybridization, which decreases the amount of enzyme assembled on mi-
crotube to slow down the movement of the microprobe. Therefore, the motion speed is negatively
correlated with the target concentration. At the optimal conditions, the microprobe can conveniently
distinguish the concentration of specific DNA in a range of 0.5–10 mM without any washing and se-
paration step. This microprobe can be prepared in batch with good reproducibility and stability, and its
motion speed can be conveniently visualized by optical microscope. The proposed motor-based mi-
croprobe and its dynamic sensing method provide a novel platform for the development of intelligent
microprobe and clinical diagnostic strategy.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

As the carrier of genetic information, DNA is the most im-
portant genetic material of living beings. The detection of specific
DNA fragments can provide useful information for the diagnosis of
many genetic disease and cancers (Drummond et al., 2003; Hay
Burgess et al., 2006; Risch and Merikangas, 1996; Wang et al.,
1997). Various DNA biosensors along with different signal read-
outs such as electrochemiluminescence, fluorescence, chemilu-
minescence, colorimetry and electrochemistry have been reported
(Feng et al., 2015; Gao and Li, 2013; Li et al., 2016; Ling et al., 2015;
Lou et al., 2015; Shen et al., 2012). Although those biosensors have
demonstrated good performance, most of them require sophisti-
cated detection instruments and the complexity manufacturing
processes, which greatly limit their applications. Therefore, it is a
promising way to design new efficient signal transduction plat-
form for DNA detection by utilizing the unique physical properties,
for example, analyzing the motion of micromotors.

Micromotors are self-propelled in liquids by converting differ-
ent sources of energy into mechanical force and motion (Kagan
et al., 2012; Mei et al., 2011; Paxton et al., 2004; Peyer et al., 2013;
Sanchez et al., 2015; Solovev et al., 2009), and display a high speed
and power, good stability, precise motion control, and self-mixing
ability (Gao et al., 2012a, 2012b; Guix et al., 2014; Patra et al., 2013;
Wang and Pumera, 2015) in recognizing, transporting, and isolat-
ing of a wide range of target biomaterials (Campuzano et al., 2012;
Orozco et al., 2013a, 2013b). Recently, powerful synthetic self-
propelled nano/micromotors offer considerable promise for de-
veloping bioanalytical and biosensing protocols (Bunea et al.,
2015; Campuzano et al., 2011; Guix et al., 2014; Wang, 2016; Wang
and Pumera, 2015) because the motion sensing platform does not
require sophisticated analytical instruments and potentially offers
spatial resolution. The idea of motion as a transduction mechan-
ism was firstly introduced by Wang and co-workers (Kagan et al.,
2009) and adopted to design the motion-based biosensor for de-
tection of DNA and RNA with a bimetallic nanorod (Wu et al.,
2010). To address the limitation of catalytic nanowire motors in
high ionic-strength media (Paxton et al., 2006; Sanchez et al.,
2015), bubble-propelled tubular micromotors have been designed
for the detection of natural toxin and heavy metal ions through
their inhibition to catalase (Orozco et al., 2013a, 2013b), cancer
biomarkers (Yu et al., 2014) and nucleic acids (Nguyen and Min-
teer, 2015) due to their efficient bubble-induced propulsion in
relevant biological fluids (Gao et al., 2011; Mei et al., 2008).
However, the biorecognition layer constructed on the micromotors
by the self-assembly of the alkanethiol monolayer and covalent
coupling of bioreceptors leads to a significant inhibition to the
catalytic layer (Balasubramanian et al., 2011; Campuzano et al.,
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Scheme 1. Schematic representation of motor-based microprobe for DNA detection via motion speed change.
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2012). Moreover, the motor-based detection protocol for DNA
analysis mostly relies on a sandwich identification assay (Nguyen
and Minteer, 2015), which is complex and relatively costly. Here,
we use catalase-labeled DNA to present an alternative design of
the motor-based DNA microprobe for identification of specific DNA
sequence.

Comparing with Pt nanoparticle, catalase as catalyst has higher
activity to drive the motion of micromotors through a bubble-in-
duced propulsion mechanism, in which hydrogen peroxide is de-
composed to form oxygen gas (Sanchez et al., 2010). In this work, a
motor-based microprobe is fabricated by assembly of a catalase
layer on the inner surface of poly(3,4-ethylenedioxythiophene)/Au
(PEDOT/Au) microtube through DNA conjugate. The motion signal
of microprobe is responsible for the biocatalytic bubble propul-
sion, which can be regulated by the target molecule (Scheme 1). In
the presence of target DNA, the DNA1-catalase conjugate is dis-
placed by target DNA, which decreases the amount of enzyme
assembled on microtube, and leads to a decrease of the motion
speed of microprobe. Thus, a method for convenient and dynamic
label-free detection of specific DNA fragments is developed by
motion readout. This motor-based microprobe as well as the mo-
tion-based detection protocol can be conveniently combined with
the developed signal amplification strategies to improve its sen-
sitivity, and extended to detect other analytes such as small mo-
lecules and proteins.
2. Materials and methods

2.1. Materials and reagents

3,4-ethylenedioxythiophene (EDOT), 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide hydrochloride (EDC), N-hydro-
xycinimide (NHS), tris (2-carboxyethyl) phosphine hydrochloride
(TCEP), 6-mercapto-1-hexanol (MCH), brilliant blue R and catalase
from bovine liver were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). Gold plating solution was gifted by Pro-
fessor Wang Wei at Harbin Institute of Technology (Shenzhen).
Sodium cholate hydrate was purchased from Alfa Aesar China Ltd.
Sodium dodecyl sulfate (SDS) was obtained from Shanghai Re-
agent Co. (Shanghai, China). TE buffer (10 mM, pH 7.4) was used to
prepare oligonucleotide stock solutions. Phosphate-buffered saline
(PBS, 10 mM, pH 5.5) was used as coupling buffer for the
immobilization of catalase. Blocking buffer, which was used to
block the residual reactive sites on the DNA-modified microtube,
was 10 mM PBS (pH 7.4) containing 1 mM MCH. Washing buffer
was 10 mM PBS (pH 7.4) spiked with 0.05 wt% SDS. Other reagents
were of analytical grade and used as received. Ultrapure water
obtained from a Millipore water purification system (Z18 MΩ,
Milli-Q, Millipore) was used in all experiments. The oligonucleo-
tides with the following sequences were purchased from Shanghai
Sangon Biotechnology Co. Ltd. (China) and purified by high-per-
formance liquid chromatography. Their sequences were as follows:

DNA1: 5′-HOOC-TTTTTTTGGTAAAGATGG-3′
DNA2: 5′-HS-TTTTTTCCATCTTTACCAGACAGTGTTA-3′
target DNA: 5′-TAACACTGTCTGGTAAAGATGG-3′
non-complementary DNA: 5′-GATTCGATCTCGACTTCGCATG-
TACG-3′
single-base mismatch DNA: 5′-TAACAGTGTCTGGTAAAGATGG-3′
three-base mismatch DNA: 5′- TAACAGTGTCTCGTAAACATGG-3′

2.2. Apparatus

Template-assisted electrochemical growth of polymer was
carried out with a CHI660B electrochemical workstation (CH In-
struments Inc., USA). The morphology of the microprobe was ex-
amined with scanning electron microscope (SEM) (Hitachi S-4800,
Japan). Zeta potential analysis was performed on Zetasizer (Nano-
Z, Malvern, UK). Polyacrylamide gel electrophoresis (PAGE) ana-
lysis was performed on an electrophoresis analyser (Bio-Rad, USA)
and imaged on Bio-rad ChemDoc XRS (Bio-Rad, USA). The images
and videos were captured by Leica DMI 3000B inverted micro-
scope equipped with a Photometrics Evolve 512/SC camera (Roper
Scientific, Duluth, GA), and acquired at a frame rate of 10 frames/s
using the Leica MM AF 1.5 software.

2.3. Preparation of PEDOT/Au microtubes

The PEDOT/Au microtubes were prepared using a common
template-directed electrodeposition protocol (Gao et al., 2012a,
2012b). Briefly, a polycarbonate membrane with 5-mm-diameter
micropores (Catalog No 7060-2513, Whatman, U.S.A) was em-
ployed as the template. A gold film with a thickness of 75 nm was
firstly sputtered on one side of the porous membrane, which was
then assembled in a plating cell with an aluminum foil to serve as
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a working electrode. On the wall of the micropores, poly(3,4-
ethylenedioxythiophene) (PEDOT) was prepared with electro-
polymerization at þ0.80 V to a charge of 0.30 C (vs SCE) in a
plating solution containing 15 mM EDOT, 7.5 mM KNO3 and
100 mM SDS using a Pt wire as counter electrode. Subsequently,
the inner Au layer was deposited on the PEDOT galvanostatically at
�1.0 mV to a charge of 0.80 C (vs Ag/AgCl) from a gold plating
solution, which led to the PEDOT/Au microtubes after the sput-
tered gold film was removed by polishing with 1 mm alumina
slurry, and the template membrane was dissolved in methylene
chloride for 15 min. The PEDOT/Au microtubes were collected by
centrifugation and washed repeatedly with methylene chloride,
ethanol, and ultrapure water. The microtubes were finally col-
lected and stored in ultrapure water at room temperature.

2.4. Fabrication of motor-based microprobe

The fabrication of motor-based microprobe was described as
follows. After the mixture of 20 mM DNA1 and 20 mM DNA2 was
incubated in hybridization buffer (pH 7.0) containing 50 mM NaCl
and 20 mM TCEP for 1 h at room temperature to form DNA duplex,
the PEDOT/Au microtubes were incubated in the mixture over-
night, which led to the modification of DNA duplex on the inner Au
surface through Au-S binding. Excess DNA was removed by cen-
trifuging at 6000 rpm for 10 min. Afterward, the modified micro-
tubes were dispersed in blocking buffer containing 1 mM MCH for
1 h to block the free surface of the inner Au layer. After thrice
rinsing with water, the microtubes were transferred into the
coupling buffer (PBS, 10 mM, pH 5.5) containing EDC (0.4 M) and
NHS (0.2 M) to activate the carboxyl group on DNA1 for 30 min
activation at 37 °C. The microtubes were collected and incubated
in the catalase (3 mg/mL) solution for 7 h at room temperature,
resulting in the modification of catalase on DNA1. Finally, the
microtubes were washed repeatedly to remove the excess catalase
from the solution. Thus the motor-based microprobes were ob-
tained and suspended in pH 7.0 buffer and stored at 4 °C before
use. With the optimized electroplating and modification, more
than thousands of micromotors could be gotten in one batch, and
Fig. 1. SEM images of PEDOT/Au microtube from top (A) and side (B) views, and EDX m
elements in a PEDOT/Au microtube. Scale bars are 3 and 5 mm in (A) and (B–F), respect
each of them could serve as a microprobe.

2.5. Detection of target DNA

After the prepared microprobe was incubated with 30 μL target
DNA at different concentrations for 30 min to ensure sufficient
strand-displacement hybridization, equal volumes (2.0 μL) of the
microprobe dispersion, 5% sodium cholate, and 6% hydrogen per-
oxide were mixed and casted on a glass slide. The movement of
microprobe was visualized with an inverted optical microscope.
The velocity of microprobe was calculated by tracking the object”s
center-to-center displacement from frame to frame. The motion
signal of microprobe was negatively correlated with the con-
centration of target DNA.
3. Results and discussion

3.1. Characterization of PEDOT/Au microtubes

The SEM images of PEDOT/Au microtube were captured to ex-
amine the structural morphology. The top and side views of the
microtube showed a length of �13.5 mm and a defined cone tub-
ular geometry with outer diameter of �5.0 mm and inner opening
of �3.0 mm (Fig. 1A and B). The outer surface of the polymeric
microtube was uniform and compact, while the inner surface of Au
layer was rough. An energy dispersive X-ray (EDX) spectroscopy
analysis was employed to characterize the composition of PEDOT/
Au microtubes. These EDX images clearly showed the presence of
Au (Fig. 1C), carbon (Fig. 1D) and sulfur (Fig. 1E) within the mi-
crotube with a uniform distribution. The overlap image of the
three elements in a PEDOT/Au microtube demonstrated the suc-
cessful synthesis of PEDOT/Au microtubes (Fig. 1F).

3.2. Characterization of motor-based microprobe

A PEDOT polymeric microtube was fabricated to check the non-
specific adsorption of DNA on the outer surface of PEDOT/Au
apping analysis of Au (C), carbon (D), sulfur (E) and the overlap image (F) of three
ively.
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microtube. The zeta potential analysis indicated that the PEDOT
polymeric layer was negatively charged (Fig. S1). Thus, little DNA
could be adsorbed on the PEDOT surface due to the electrostatic
repulsion. This was verified by the zeta potential of PEDOT mi-
crotube after incubation with DNA, which was similar to that of
the clean PEDOT tube (Fig. S1). In the process of DNA modification
on the surface of Au inner layer of the microtube, the MCH
monolayer was introduced to maintain the upstand of DNA
strands and minimize the non-specific adsorption of catalase on
the surface (Orozco et al., 2013a, 2013b). After incubation in
3 mg/mL catalase solution overnight, the MCH modified microtube
did not show any motion movement in the presence of hydrogen
peroxide, while the proposed microprobe powered by bio-as-
sembled catalyst layer through DNA conjugate showed a good
movement performance (Video S1), indicating catalase did not
non-specifically adsorb on the MCH modified inner Au layer.

Supplementary material related to this article can be found
online at http://dx.doi.org/1016/j.bios.2016.07.104.

The SEM images were used to characterize the surface of Au
inner layer of PEDOT/Au microtubes before and after the mod-
ification of DNA-catalase conjugate. Upon the electroplating of Au
layer on inner surface of PEDOT, the SEM image showed a rough
but clean surface, and some nano granules occurred on the inner
layer (Fig. 2A). After the modification of DNA-catalase conjugate,
most of the nano granules were covered by a blurry membrane
along with slight increased size (Fig. 2B), which looked like the
accumulation of protein on the Au surface, indicating the mod-
ification of DNA-catalase conjugate onto the Au inner surface and
the successful fabrication of the microprobe. PAGE analysis was
performed to verify the formation of DNA-catalase conjugate
(Fig. 2C and D). Here, the DNA1 was modified with Cy5 (fluor-
escein) for fluorescent imaging of DNA1 and DNA1-catalase con-
jugate. The catalase was invisible in gel electrophoresis image
(Fig. 2C, lane 1) and the DNA1 exhibited a clearly bright band as
control (Fig. 2C, lane 2). The mixture of catalase and DNA1 showed
a similar clearly bright band in agreement with the location of the
band in lane 2, indicating catalase could not conjugate with DNA1
without EDC-NHS coupling (Fig. 2C, lane 3). On the other hand,
catalase and DNA-catalase conjugate were stained by brilliant blue
R (Xiang and Lu, 2011). The DNA-catalase conjugate showed a
Fig. 2. SEM images of Au inner layer of PEDOT/Au microtube before (A) and after (B) t
phoresis image of catalase (lane 1), DNA1 (lane 2), mixture of catalase and DNA1 (lane
sponding lanes in (C) treated with brilliant blue R.
bright fluorescent band at the slow migration position (Fig. 2C,
lane 4), which was in agreement with the location of the band in
the protein-stained image (Fig. 2D, lane 4′). These results indicated
the successful conjugation of DNA1 with catalase through EDC-
NHS coupling. In addition, the displacement hybridization of tar-
get DNA with DNA1 was also demonstrated through gel electro-
phoresis analysis (Fig. S2).

3.3. Optimization of preparation and detection conditions

To obtain regular morphology and superior motion perfor-
mance, the conditions for preparation of motor-based microprobe
were firstly optimized. The morphology of the motor-based mir-
oprobe depended on the preparation conditions such as the
electropolymerization charge of outer PEDOT layer and inner Au
layer. The microtube with little deposition charge of polymer was
irregular and deformable because the formed polymer layer was
too thin, while the microtube with large deposition charge pro-
duced too thick outer polymer to affect the inner opening dia-
meter (Fig. S3). In this work, an optimized deposition charge of
0.3 C was selected for the electropolymerization of PEDOT. In ad-
dition, as expected, with the increasing deposition charge, more
Au could be electrodeposited on the inner wall of PEDOT (Fig.
S4A). When the deposition charge was more than 0.8 C, the
thickness of the inner layer affected the inner opening diameter,
which led to the lower navigation speed of the microprobe in H2O2

solution (Fig. S4B). Thus, 0.8 C was used for the electrodeposition
of the inner Au layer.

The DNA concentration used in preparation of the motor-based
microprobe was an important factor affecting the motion perfor-
mance of microprobe. Under the optimal deposition conditions,
the optimized concentration was 20 mM (Fig. 3A). As the motion of
the microprobe relied on the catalytic generation of oxygen gas
produced by catalase, the effect of catalase concentration was
examined, which showed the maximum speed at 3 mg/mL
(Fig. 3B). The speed of the microprobe also depended on the
concentration of H2O2 fuel. The average speed increased from
49716 mm/s at 0.5% H2O2 to 411740 mm/s at 5% H2O2, in the
presence of 1.6% (w/v) sodium cholate (Fig. 3C and Video S2). To
maintain good movement performance of the microprobe and
he modification of DNA-catalase conjugate at scale bar of 200 nm. (C) Gel electro-
3), and catalase-DNA1 conjugate (lane 4). (D) Protein-staining image of the corre-

http://dx.doi.org/1016/j.bios.2016.07.104


Fig. 3. Motion speed of the microprobe prepared with (A) 1, 10, 20 and 30 mM DNA1 and DNA2, and (B) 0.5, 1.0, 2.0 and 3.0 mg/mL catalase. (C) Dependence of average speed
on H2O2 concentration. (D) Time-lapse motion images of a microprobe at 0 (a), 1 (b), 2 (c), 3 (d), 4 (e) and 5 s (f) in 2% H2O2 solution containing 1.6% (w/v) sodium cholate at
scale bar of 60 mm. Error bars represent the standard deviations of speed from 20 microprobes.

Y. Xie et al. / Biosensors and Bioelectronics 87 (2017) 31–37 35
good activity of the enzyme modified on microtube, 2% H2O2 was
used for DNA detection. Time-lapse motion images of a microp-
robe in 2% H2O2 solution containing 1.6% (w/v) sodium cholate
demonstrated the high speed and stable motion activity, which
was beneficial for bioassay.

Supplementary material related to this article can be found
online at http://dx.doi.org/1016/j.bios.2016.07.104.
Fig. 4. (A) Time-lapse images of motor-based microprobe in response to 0 (a), 0.5 (b), 1
sodium cholate at scale bar of 60 mm. (B) Dependence of average speed on DNA concent
3.4. Assay performance

The responses of the microprobe motion to different con-
centrations of target DNA were represented in Fig. 4 and Video S3.
With increasing of the DNA concentration, the speed of the mi-
croprobe decreased (Fig. 4B). Thus, based on the motion signal,
each microprobe could be used as a microsensor to reflect the
concentration of target DNA. As shown in Fig. 4B, motion speed
response showed low power exponential function relationship
with the DNA concentration from 0.5 to 10 mM. The regression
(c), 3 (d), 5 (e) and 10 mM (f) target DNA in 2% H2O2 solution containing 1.6% (w/v)
ration. Error bars represent the standard deviations of speed from 20 microprobes.

http://dx.doi.org/1016/j.bios.2016.07.104
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equation was S¼371.9–180.26C0.18 with the correlation coefficient
of 0.982, in which C was the concentration of target DNA. How-
ever, it was noted that the exponential value of the motion readout
(0.18) was much lower than 1, suggesting the microprobe was
suitable for semi-quantitative rather than precise analysis of DNA
(Yu et al., 2014). The poor sensitivity of the motion speed upon
change of DNA concentration was probably due to the low dis-
placement efficiency between target DNA and DNA duplex in inner
layer of the microtube and the limited catalytic performance of the
single enzyme label on DNA-conjugate. In order to improve the
sensitivity, different signal amplification strategies, for example
hybridization chain reaction, could be introduced to construct
multi enzyme labels on each DNA-conjugate. In addition, we are
trying to develop new open-typed microprobes, in which the bio-
recognition reaction will occurred in the outer surface of the
motor-based microprobe. Furthermore, the sensitivity could be
even enhanced by developing a motion-optical based two-way
transduction detection model.

Supplementary material related to this article can be found
online at http://dx.doi.org/1016/j.bios.2016.07.104.

3.5. Selectivity and stability of microprobe

The specificity of motor-based microprobe for DNA analysis
was verified with four different DNA sequences. The target DNA
that perfectly matched DNA2 showed a big decrease of motion
speed. The proposed microprobe could discriminate the target
from three-base mismatched DNA, though it could not dis-
criminate the target from the single-base mismatched DNA. The
response of non-complementary DNA was close to that obtained
without target DNA (Fig. 5A and Video S4). These results indicated
that this microprobe possessed excellent capability to differentiate
perfectly matched and mismatched DNA, demonstrating the ac-
ceptable selectivity. To test the stability of the microprobe against
the storage time, we examined the motion speed of microprobes
prepared in one batch every five days. The motion speed had little
change even stored at 4 °C after 20 days (Fig. 5B), suggesting that
the microprobe could maintain a good catalytic activity and mo-
tion performance for a long time at 4 °C. Further speed measure-
ments of the microprobes at different storage times after incuba-
tion with 5 mM DNA solution demonstrated that the microprobes
could maintain a good stability for DNA detection (Fig. S5).
Therefore, the designed motor-based microprobe had a good
Fig. 5. (A) Average motion speed of microprobe incubated with 2% H2O2 solution contain
(b), 50 mM single-base mismatch DNA (c), 50 mM three-base mismatch DNA (d), and 50
time at 4 °C. Error bars represent the standard deviations of speed from 20 microprobe
stability, as those reported in previous work (Orozco et al., 2012).
The long-term stability with low apparent discrepancy could be
attributed to the immobilization of catalase on the solid support,
which minimized the conformational change compared with the
free enzyme (Uygun et al., 2015).

Supplementary material related to this article can be found
online at http://dx.doi.org/1016/j.bios.2016.07.104.

The reproducibility of microprobe was investigated by using
three different batches of the microprobes to detect 3 mM target
DNA. All the microprobes were able to sense the target DNA effi-
ciently. The relative standard deviations (RSD) calculated based on
twenty microprobes was 14.4%, showing good precision and ac-
ceptable fabrication reproducibility of the motor-based microp-
robe. The relative recovery of this method was evaluated by de-
tecting the DNA concentrations at 4 mM and 8 mM according to the
fitted equation obtained above, which were 91.8% and 88.6%, re-
spectively, giving good credibility. To evaluate the practical appli-
cation of the proposed motor-based probe, the microprobe was
used for semi-quantitative analysis of 5 mM DNA spiked in serum
sample, which showed a speed of 134719 mm/s, and the recovery
was calculated to be 93.2%. This demonstrated a good performance
of the microprobe in complex biological environment and showed
promising application.
4. Conclusions

This work successfully proposes a motor-based autonomous
microprobe powered by bio-assembled enzyme as catalyst for
convenient detection of specific DNA. The DNA microprobe with
good motion performance can be conveniently synthesized by
template electrodeposition and bio-assembly methods. Regulated
by the DNA replace hybridization, the microprobe can be used for
semi-quantitation of target DNA without any washing and se-
paration step. The microprobe shows good performance with ex-
cellent stability, good selectivity and credibility. Benefitting from
the mass production, simple operation and detection, the pro-
posed microprobe shows great potential for point-of-care testing
in diverse clinical diagnosis.
ing 1.6% (w/v) sodium cholate in (a) absence (b–d) and presence of 5 mM target DNA
mM non-complementary DNA (e), and (B) dependence of average speed on storage
s.
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