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HIGHLIGHTS

e Micromotor application of Ws014
microwires was presented for the
first time.

e RF-Rotating plasma PEDOT modified
W5014 microwires were successfully
synthesized.

e SSDNA probe immobilized micro-
motors detected miRNA-21 sensi-
tively and selectively.

e The speed and fluorescence in-
tensities of micromotors changed
with hybrizidation.

e These micromotors can facilitated
early cancer diagnosis.
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ABSTRACT

Functionalized micro/nanomotors having immobilized biological molecules provide excellent and
powerful tools for the detection of target molecules. Based on surface modifications and mobilities of
micromotors, we report herein a new experimental design of high-speed, self-propelled and plasma
modified micromotors for biomedical applications. Within this scope, in the first step, poly (3,4-
ethylenedioxythiophene) (PEDOT) was in-situ synthesized onto Ws014 (tungsten trioxide) wires by
using radio frequency (RF) rotating plasma reactor. Then, W5014/PEDOT-Platinum (Pt) hybrid micro-
motors were fabricated by using magnetron sputtering technique. The detection of miRNA-21 was
performed using both single-stranded DNA (ssDNA) (probe DNA) immobilized W5014—Pt and W5014/
PEDOT-Pt micromotors. The fluorescence signals were determined after hybridization of probe DNA
immobilized these novel W5014—Pt and W5014/PEDOT-Pt micromotors with different molar concen-
trations of the synthetic target (6-carboxyfluorescein dye (FAM)-labeled miRNA-21). The changes in the
micromotor speeds after the hybridization process were also evaluated. W5014/PEDOT-Pt micromotors
presented better sensor properties compared to the W5014—Pt micromotors. A good linearity for miRNA-
21 concentration between 0.1 nM and 100 nM was obtained for these micromotors based on their
fluorescence intensities. The detection limit was found as 0.028 nM for W5014/PEDOT-Pt micromotors
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(n = 3). Thus, sensor and motor characteristics of the W504—Pt micromotors were improved by RF
plasma enhanced PEDOT coatings. The new catalytic W5014 based micromotors demonstrated here had
great potential for the development of sensitive and simple sensing platforms for detection of miRNA-21.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Inspired by the biomachines of nature, scientists have devoted
remarkable efforts to the development of artificial micro/nanoscale
motors similar to the macroscopic ones present in our everyday life.
Micro/nanomotors represent a primary step towards the realization
of convenient nanomachines. Nano-, micro-, and macroscopic level
of the synthetic motors are designed in order to obtain a me-
chanical motion such as cargo transport [1] and object trans-
location. One example of such promising artificial machines are
synthetic nano/micromotors, which are small devices that can
perform self-propelled motion in fluids by converting different
types of energies into mechanical movement [2]. Nano/micro-
motors have metallic parts, which play a role as catalysts to
decompose of hydrogen peroxide to the products of water and
oxygen gas. The bubbles of oxygen gas trigger the propulsion of the
motors [3,4]. For example, catalytic decomposition of hydrogen
peroxide (H,03) has been frequently reported for the propulsion of
synthetic nano/micromotors including nanowire motors [5—10].

The movement of man-made micromachines provides benefits
for biomedical fields such as drug delivery, diverse environmental
and biomedical applications and sensing [11,12]. Among various
biomedical applications of the nano/micromotors, early cancer
detection has become a priority due to the fact that cancer is one of
the most serious deadly diseases that kills millions of people
nowadays [13]. Because of the importance of early cancer diagnosis
and the need to differentiate multiple cancers, studies have focused
on identifying and validating microRNA (miRNA) signatures. To
date, giant range of miRNAs have been identified in animals, plants,
microorganisms and over 4000 miRNAs have been defined in
humans [14,15]. miRNAs are small (18—25 nt in length), single-
stranded, endogenous and non-protein-coding RNA molecules
that control the expression of target genes [16]. In addition to their
effective use in neurological and autoimmune diseases, miRNAs are
specific markers for various types of cancers due to variations in
miRNA expression levels [17,18]. Particularly, miRNA-21 is an
important biomarker used for mainly breast, prostate, colorectal
and lung cancers diagnosis [17—19]. Therefore, there is an urgent
need to develop sensitive and selective methods for miRNA-21
detection. Esteban-Fernandez de Avila et al. produced ultrasound-
driven dye-labeled single-stranded DNA (ssDNA)/graphene-oxide
(GO) coated gold nanowires (AuNWSs) based motor system for
miRNA recognition. They showed that these nanomotors recog-
nized the cancer cell based on the endogenous content of the target
miRNA in the presence of miRNA-21 expression in MCF-7 and HeLa
cells [20]. Such nanomotor-based biosensing approach leads to
ways to monitor miRNA expression at the single-cell level, pro-
moting the investigation of miRNA in clinical applications.

In the current work, we aimed to design new micromotor sys-
tem including inorganic/organic hybrid systems for detection of
miRNA-21. N-type semiconductor tungsten trioxide structures are
extremely important among many semiconductor oxide nano/
micromaterials because of their low cost, non-toxicity, high effi-
ciency and biocompatibility [21]. The combination of biological
molecules and metal oxides plays an important role in the devel-
opment of nano/microscale devices in the field of clinical diagnosis
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and treatment [22]. A good sensitivity (26.56 Q ng~! mL cm—2) and
awide linear detection range (1—250 ng mL™!) for cardiac troponin
I (cTnl) detecting 3-aminopropyl triethoxysilane (APTES) conju-
gated tungsten trioxide nanoparticles (APTES/n-WOj3) were intro-
duced by Sandil et al. [23]. Shuai et al. fabricated a WOs-graphene
composite, exhibiting significant sensing performance for miRNA
with a detection limit of 0.05 fM [24].

W5014 compound belongs to the W;,03,.1 Magneli’s phases and
has favorable properties in comparison with other tungsten oxide
phases [25]. Various number of reports have been published to
investigate the properties of tungsten-based materials for different
applications. However, the production of tungsten-based nano-
materials with better morphologies is still a challenge for highly
sensitive sensor applications. This work describes a novel sensitive
method using W5014 wire-based micromotor approach for miRNA-
21 detection. W5014 nanowires were modified with PEDOT using
RF rotating plasma polymerization method. W5014/Pt and W5014/
PEDOT-Pt microwires were prepared by RF magnetron sputtering
coating method. Among many conducting polymers, poly (3,4-
ethylenedioxythiophene) (PEDOT) has attracted great attention
due to its lightweight, conductivity, mechanical flexibility, unique
chemical and redox properties, along with minimal structural de-
fects, high aqueous stability and biocompability [26—29]. Because
of these properties, functionalized-polymer microstructures play
an important role for various biomedical applications such as mi-
cro/nanoscale actuators, drug carriers or metabolite and genetic
biosensors [30—32].

In the present work, the changes in the fluorescence intensity as
well as the changes in the speed of W5014/Pt and W5014/PEDOT-Pt
micromotors were examined before and after hybridization of the
probe DNA immobilized onto micromotors with target miRNA-21.
Analytical signals based on speeds and distances were the basis
of the motion-oriented DNA detection approach. These motors can
be also capture various nucleic acids instantly with a high sensi-
tivity and selectivity [33,34]. The propulsion of the micromotor was
performed in the presence of 3% H,0, fuel (containing 5% of the
Triton X-100 surfactant). The prepared micromotors demonstrated
long life time, excellent bubble propulsion motion which can be
detected even in the presence of low concentration of hydrogen
peroxide. To the best of our knowledge, this study is the first to
present preparation of Ws5014/Pt and W5014/PEDOT-Pt micro-
motors and their applications for cancer biomarker detection. Due
to active motion characteristics as well as their certain functional
properties such as easy conjugation with biomolecules, the func-
tionalized micromotors can identify the hybridization process
sensitively and efficiently.

2. Experimental
2.1. Reagents and solutions

Platinum targets from China Leadmat Advanced Materials Co.
LTD (2 inch diameter and 0.25 inch thickness) were used for
magnetron sputtering process. Hydrogen peroxide (H,0;) (30%),
sodium hydroxide (NaOH), 3,4-ethylenedioxythiophene (EDOT),
bovine serum albumin, Tris-HCl and ethylenediamine tetraacetic
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acid (EDTA) were purchased from Sigma-Aldrich. Triton X-100 was
purchased from Fluka. Other chemicals were from Sigma-Aldrich.
All chemicals used were of analytical-grade quality. Synthetic oli-
gonucleotides were purchased from Heliks Biotechnology (Turkey).
miRNA-21 plays a significant role in the development of breast
cancer, not by promoting or inhibiting tumor occurrence directly,
but rather by binding to complementary sequences within the
3'UTR (three prime untranslated region) of target miRNA tran-
scripts, leading to miRNA degradation and inhibition of translation
[35]. Cell proliferation, colony formation, migration and invasion
increase after overexpression of miRNA-21 in breast cancer cells.
Studies have shown that miRNA-21 level is a crucial biomarker for
breast cancer therapy [35—37]. Due to this fact, we selected the
probe DNA and its complementary miRNA-21 sequence.
The oligonucleoties used in the study are listed below:

ssDNA antimiRNA-21 Probe: 5'-TAGCTTATCAGACTGATGTTGA-3'

FAM-miRNA-21 Target: 6-FAM -5'-UAGCUUAUCAGACUGAUGUUGA-
3/

1-Base mismatch sequence (1-MM): 5'-UAGCUUAUAAGACUGAU-
GUUGA-3’

2.2. Preparation of solutions

The stock synthetic oligonucleotide solutions were dissolved in
Tris-EDTA (TE) buffer prepared in-nuclease-free water (10 mM Tris-
HCI, pH 8.0, containing 1 mM EDTA) and separated into small
100 uM aliquots. The solutions were stored at —20 °C until use.
20 mM Tris-HCl (pH 7.4) containing 100 mM NaCl and 5 mM MgCl,
prepared with Milli-Q water was used for the FAM-labeled ssDNA
immobilization onto micromotors. 20 mM Tris-HCI (pH 7.4) con-
taining 100 mM NaCl and 1 mM EDTA was used for the hybridi-
zation procedure. Washing process was performed with
100 pg mL~! of BSA.

2.3. Fabrication of micromotors

W5014 nanowires were synthesized in evacuated and sealed
quartz ampoule by a chemical vapor transport reaction (CVT) using
iodine as transport agent and nickel as a growth promoter [38].
From WOs3 precursor crystals and transport agent, the volatilized
WO,I, molecules were formed and being transported from 1133 to
1009 K under 6.2 °C cm~! temperature gradient. At the colder side,
these molecules decomposed to W5014 solid crystals in shape of
nanowires and I, gas. Transport reaction ran for 500 h. The W5014
nanowires of bright blue color and relatively narrow size range
were grown around 10 pm in length and 100 nm in diameter.

The uniform polymerization of 3,4-ethylenedioxythiophene
(EDOT) on W5014 nanowires was carried out in a capacitive
coupled, 13.56 MHz RF rotating plasma reactor as described in our
previous reports [39]. Steady-state plasma polymerization condi-
tions were applied for modifications during 30 min and at the
working pressure of 6 Pa. To modify the nanowires, EDOT monomer
was sent to the rotating chamber and then a 40 Watt of RF rotating
plasma power was applied. In Scheme 1, experimental set up and
the procedure were summarized. Also, the RF rotating plasma
schematic diagram is shown in Fig. S1.

A thin layer of Pt as the catalyst was deposited onto the surfaces
of W5014 and W5014/PEDOT microwires by RF magnetron sput-
tering method: The W5014 and W5014/PEDOT microwires were
dispersed in ethanol. This dispersion was drop coated on a glass
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slide and dried. W5014 and W5014/PEDOT microwires coated glass
slides were then coated with Pt layer using RF magnetron sput-
tering. Sputtering base pressure was 2 mTorr and working pressure
was 15 mTorr. Sputtering parameters were 50 Watt, 15 min and
Argon gas flow. The distance between Pt target and glass slide
substrate was kept at 9 cm for all sputtering processes.

2.4. Characterization

Morphological and elemental properties of Ws014/Pt and
W5014/PEDOT-Pt micromotors were characterized by electron
scanning microscopy (SEM) and energy dispersive X-Ray spec-
troscopy (EDX) (FEI Quanta FEG 250 Model). X-ray photoelectron
spectroscopy (XPS) technique was performed with a Thermo Sci-
entific K-Alpha spectrometer using AlKa radiation as an excitation
source at a photo energy of 1486.7 eV. The measurement was car-
ried out using a Kratus AXIS Ultra DLD system under UHV condi-
tions with a base pressure less than 1 x 10~° mBar. The spectra
were acquired with the pass energy of 20 eV and fitted using
CasaXPS software. All spectra were calibrated to yield a primary C1s
component fitting was applied by Voight functions with 30% Lor-
entzian component. Optical microscopy videos and images were
obtained using a Nikon Eclipse Optic LV100ND microscope with a
Nikon digital sight DS-Fi3 camera connected to a computer and
operated by Nikon NIS software. Motion videos were recorded at 30
frames per second using a 40 x objective. The time interval between
two frames is 0.05 s. For each of data points in the speed profile
figures, at least 50 measurements were taken into account. To
minimize the effect of fuel depletion, only the videos recorded at
the first 5 min after fuel addition were taken into account for speed
calculation. Free NIS software was used to calculate the speed of
micromotors, edit videos and extract pictures.

2.5. Detection of target miRNA-21

W5014/Pt and W5014/PEDOT-Pt micromotors were incubated
with 10 pL probe DNA solution (50.0 uM) prepared in 20 mM Tris-
HCI (pH 7.4) containing 100 mM NaCl, 5 mM KCl, and 5 mM MgCl,
for different times such as 5, 15, 30 and 60 min with the aim to
determine the optimum incubation time. By measuring the speed
and fluorescence intensities of the micromotors as depending on
incubation time, the optimum incubation time was determined as
30 min for ssDNA probe. The micromotors were washed with 50 puL
BSA (washing solution) and centrifuged to remove unbound probe
sequences. miRNA-21 detection protocol was depended on the
duplex formation (hybridization). The target, 100 nM FAM-labeled
miRNA-21 (100 nM, prepared in 20 mM Tris-HCI buffer (pH 7.4)
containing 100 mM NaCl, 5 mM KCI and 5 mM MgCl,) was kept in
probe DNA immobilized micromotors solution for 15 min of hy-
bridization time. Same procedure was applied for the 1-M
sequence. Then, the micromotors were washed with buffer solu-
tion. The speed and fluorescence intensities of micromotors were
measured using with Nikon Eclipse Ti Optic LV100ND Model mi-
croscope (at 520 nm wavelength and fixed frequency, 12 V DIA).

3. Results and discussion

Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDX) experiments were carried out to examine
the structural morphology and elemental composition of the
W5014/Pt and W5014/PEDOT-Pt micromotors. As seen in Fig. 1, the
EDX mapping of micromotors has indicated homogenous distri-
bution of W and Pt components for W5014/Pt micromotors (Fig. 1a)
and S, W and Pt components for W5014/PEDOT-Pt micromotors
(Fig. 1b). Fig. 1c illustrates the SEM image of ~10 pm-long W5014/Pt



G.C. Cogal, G.Y. Karaca, E. Uygun et al.

During Plasma

Analytica Chimica Acta 1138 (2020) 69—78

@ o o o o
+ Power Suppl!
s S § s PPy
s : $ @ (© Electren
N @) Argon
Vacuum Pump @ Pratom
RF Power ‘ W,0,, Wires Powder Electrode
¥ Vacuum Pump
ol = »—> !l b \
Vacuum Chamber Product °© ®®e
—
g é yd s é inert Gas (Ar)
s s —  Counter Electrode
EDOT Monomer S s
4 \ / \
Before Plasma U U Vacuum Chamber VL
s V= —
R0 /\ ,\ 2 © Product
= sv s h <
/ S $ W,0,,/ Pt

4
?ouou?
v

W,0,, - PEDOT / Pt

Scheme 1. Schematic diagram representing the micromotor preparation protocol.

| I

w
Bt

WA P AR

WEQR ARSI

Fig. 1. The EDX analysis results of the a) Ws014/Pt; b) W5014/PEDOT-Pt micromotors and c) SEM images of the Ws014/Pt microwires.

microwires. This figure presented the homogenous and uniform
structure of the prepared microwires.

X-ray photoelectron spectroscopy (XPS) of the Ws5014/Pt
(Fig. S2) and W5014/PEDOT-Pt micromotors (Fig. 2) were measured
to gain insight into the exact chemical composition of the surface of
the microwire motors. XPS spectrum of W5014/PEDOT-Pt micro-
motor showed carbon (Cl1s peak) and sulfur (S2p peak) peaks as
different apart from XPS spectrum of W5014/Pt micromotor. In
Fig. 2a, the WA4f, S2p, Cls, Pt4f and O1s peaks appeared at 28.0,
157.0, 283.0, 62.0, and 532.0 eV for W5014/PEDOT-Pt, respectively.
The high resolution XPS spectrum of Ws5014—Pt micromotor
exhibited the presence of tungsten (W4f peak), oxygen (O1s) and
Platinum (Pt4f peak) (Fig. 2a). The XPS of W4f can well fit with two
peaks due to W% (36.3 eV) and W (30.0 eV) (Fig. S2a). The O1s
can fit with one peak which is attributed to O—W+5 (531.9 eV)
(Fig. S2b). The XPS spectrum of Pt4f has two main peaks: the first at
77.1eV and the other one at 73.2 eV refer to Pt (4fs2) and Pt (4f7)2),
respectively (Fig. S2c) [40]. With the incorporation of PEDOT into
the structure, the peaks of W4f7;, were broader and the binding
energy region appeared at 30—37 eV (Fig. 2b). After wide peak
deconvoluting, two tungsten types were observed as W*® (36.4 eV)
[41] and W4 (31.2 eV) [42], respectively. The change of W valence
states is attributed to the polymerization. The core level S2p XPS
spectra of the synthesized W5014/PEDOT-Pt can be decomposed
into two peaks, at 169.7 and 163.5 eV, that are attributed to the
EDOT sulfur atom (Fig. 2¢) [43]. In addition, 169.7 in the S2p spec-
trum corresponds to doped (partially oxidized) sulfur atoms [44].
The core level Cls peak (Fig. 2d) is composed of peak at 285.0 eV
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and 288.9 eV, corresponding to C—C/C—H and C=C—O bonds,
respectively. Photoelectrons from O1s (Fig. 2e) form peak with the
highest point at 531.7 eV, which corresponding to the oxygen bond
with 0~2-W*® at W5014 [42]. The spectrum of Pt4f peak (Fig. 2f) can
be divided into the two peaks of Pt4f;;; (71.9 eV) and Pt4fs),
(75.0 V), indicating the presence of metallic Pt (Pt®) [45,46]. These
XPS data confirm the successful formation of the W5014/Pt and
W5014/PEDOT-Pt micromotors.

SI Videos 1 and SI Video 2 present the movement of the W5014/
Pt and W5014/PEDOT-Pt in a 3% H,0; solution (containing 5% of the
Triton X-100 surfactant) during a 3 s period. The W5014/Pt and
W5014/PEDOT-Pt micromotors move rapidly in spiral and circular
trajectories, with an average speed of 473 um/s and 342 pm/s,
respectively. The micromotor was compared with the previous
studies based on conductive polymers and it was found that the
speed of the micromotor is higher than PEDOT/Pt—Ni (247 + 11 um/
s) [47], PAPBA/Ni/Pt (40 um/s) [48] and PEDOT/Pt (10 um/s) [49].
Meanwhile, the speed of W5014/Pt and W5014/PEDOT-Pt micro-
motors were recorded depending on the % H,0O, concentration. The
velocities of the Ws5014/Pt and Ws5014/PEDOT-Pt micromotors
increased from 473 pm/s to 545 um/s and 420 pum/s to 476 pm/s
with elevated hydrogen peroxide fuel concentrations from 3% to
10%, respectively. As known from previous works, the speed of
catalytic micromotor increases with the increasing concentration of
hydrogen peroxide fuel [50]. Also, functionalized-polymer micro-
motors have played an increasing role as biosensors due to their
properties such as biocompatibility, efficient surface area, con-
ductivity, unique chemical and redox properties [51—53]. The speed
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of the W5014/PEDOT-Pt micromotors decreased significantly after
efficient surface functionalization and the fast original speed of the
W5014/Pt nanowire motor was also affected by this functionaliza-
tion [54].

Several crucial optimization parameters, including ssDNA
probe-micromotor incubation time, hybridization time between
ssDNA probe and FAM-miRNA-21 target that play important roles
in the sensing performance were investigated. To evaluate the
repeatability of the analytical performances, all tests were repeated
three times each. The interaction time of the probe with micro-
motors was optimized for different times of 5, 15, 30 and 60 min as
depending on the change of fluorescence intensity and speed of
micromotors (Fig. 3). These studies were carried out with W5014/Pt
and W5014/PEDOT-Pt micromotors. As seen in Fig. 3a—c, there was
no significant difference in fluorescence intensities of W5014/Pt and
W5014/PEDOT-Pt micromotors before and after ssDNA probe
immobilization since ssDNA probe didn’t have any fluorescence
property. However, the speed of W5014/Pt micromotors decreased
from 500 pum/s to 473 um/s as depending on probe immobilization
time for 5 min and 30 min presenting the addition of probe DNA
onto the micromotors (Fig. 3b). Also, the speed of W5014/PEDOT-Pt
micromotors decreased after incubating with the ssDNA probe for
different incubation times (Fig. 3d). For 60 min—30 min immobi-
lization times, the speed of the W5014/Pt and W5014/PEDOT-Pt
micromotors remained almost the same. Therefore, the optimum
probe incubation time was set at 30 min for the W5014/Pt and
W5014/PEDOT-Pt micromotors.

The hybridization time between the miRNA-21 and the ssDNA
probe is another significant parameter that needs to be optimized.
Accordingly, to optimize this parameter, various hybridization
times, including 5, 15 and 30 min were experimented for 100 nM
FAM-labeled miRNA target (Fig. 4). In these studies, both probe
DNA immobilized W5014/Pt micromotors and Ws5014/PEDOT-Pt
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micromotors were used. Since the target was FAM dye labeled, the
fluorescence intensities of the micromotors increased significantly
(Fig. 4a—c). From the data obtained for the fluorescence intensities,
approximately same responses were obtained with 15 min and
30 min of hybridization. Therefore, the results can be concluded as
the optimal interaction time is about 15 min where hybridization
process occurs effectively in this period. In Fig. 4b—d, the speeds of
the micromotors depending on the hybridization times were given.
After the hybridization with the target sequence, the speed of
micromotors decreased more compared to the ones observed as a
result of ssSDNA probe immobilization on micromotors. This speed
decrease could be associated with complete blocking of the surface
by effective formation of ssDNA probe and FAM-labeled miRNA-21
hybrid. The speed of W5014/PEDOT-Pt micromotors dramatically
decreased from 420 to 78 pm/s after 15 min hybridization time
while the speed of the W5014/Pt changed only from 473 to 420 pm/
s. Plasma coated PEDOT layer increased the effective surface area
for ssDNA probe and target interaction facilitating duplex forma-
tion on the micromotors.

SI Video 3, 4 and 5 show the trajectories of the probe DNA
immobilized W5014/Pt micromotors for 5, 15 and 30 hybridization
times, respectively. As indicated above, the fluorescent intensities
of the W5014/Pt based micromotors increase with increasing the
hybridization time. On the other hand, SI Video 6, 7 and 8 show the
trajectories of the W5014/PEDOT-Pt based micromotors for 5,15 and
30 hybridization times, respectively. In the case of W5014/PEDOT-Pt
micromotors, the fluorescence intensities increase with increasing
the hybridization time similarly to W5014/Pt micromotors, while
the decrease in the speed of the micromotors is much more as given
in Fig. 4. The reason of this decrease in the speed of the micro-
motors is the hybridization that occurred on the outer surface of the
ssDNA probe functionalized micromotors [54]. In addition, probe
DNA could bound on the surface of W5014 through the hydrophobic
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Fig. 4. The effects of hybridization time on fluorescence intensity and micromotor speed for Ws014/Pt (a—b) and W5014/PEDOT-Pt (c—d), respectively (n = 3).
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interaction via van der Waals forces between the nucleobases of
ssDNA probe, while the sugars in the ssDNA backbone created
strong electrostatic interaction [37,54,55]. Plasma PEDOT modifi-
cation of W5014 created more effective surfaces for probe DNA
immobilization. W5014/PEDOT-Pt micromotors had the electro-
static interactions between negatively charged phosphate groups of
ssDNA probe and the positively charged conductive polymer, also
hydrogen bonding interactions in parallel to the literature [56,57].

To demonstrate the applicability of the micromotors approach
towards the miRNA-21 detection, the fluorescence signals and
micromotor speeds were examined after incubating various con-
centrations of FAM-miRNA-21 target with ssDNA probe immobi-
lized W5014/Pt and W5014/PEDOT-Pt micromotors for 15 min
hybridization time. A substantial increase in the fluorescence in-
tensity was noticed after the hybridization occurred on the
micromotor surfaces. Our data showed good correlation between
the change in fluorescence intensity and speed of micromotor and
the miRNA-21 concentration (Fig. 5a—d). As seen from the cali-
bration curves in Fig. 5a, linearity was observed between increasing
target concentration (1 nM—100 nM) and fluorescence intensity
(2096 a.u to 3330 a.u) of the probe DNA immobilized W5014/Pt
micromotors. Same tendencies were observed when the changes in
the speeds were evaluated. In Fig. 5b, the changes in these micro-
motor speeds decreased from 380 um/s to 120 um/s depending on
the increasing target concentration from 0.1 to 100 nM. Also, the
inset bar figures show the fluorescence intensity based on target
concentration. The fluorescence intensities of probe DNA immobi-
lized W5014/PEDOT-Pt micromotors increased from 2076 a.u.
(0.1 nM) to 3425 a.u. (100 nM) (Fig. 5¢) (n = 3). As the target
concentration increased from 0.1 nM to 100 nM, the speeds of
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micromotors decreased from 250 pm/s to 78 pum/s for Ws5014/
PEDOT-Pt micromotors (Fig. 5d).

The speed of the micromotors firstly decreased after ssDNA
immobilization as given above. This speed was still sufficient to use
these micromotors in the detection of target miRNA-21. In the
presence of miRNA-21, the micromotor speed further reduced after
hybridization. The decreased speed may be associated with partial
blocking by hybridized FAM-labeled miRNA-21 and poising some
catalytic side of Pt by sulfur atoms for W5014/PEDOT-Pt micro-
motors [55—58,58—61]. The decrease in speed of probe ssDNA
immobilized micromotors was proportional to the analyte miRNA-
21 concentration. These results along with the fluorescence in-
tensity illustrated that the developed micromotors had the capa-
bility of detecting miRNA-21 as a cancer biomarker.

Based on the changes in the fluorescence intensities, the limit of
detection (LOD) values were calculated from calibration graphs for
both micromotors. A commonly used definition for the limit of
detection was used as the blank signal plus three standard de-
viations of the blank [59].

They were found as 0.18 nM for the probe DNA immobilized
W5014/Pt micromotors and 0.028 nM for the probe DNA immobi-
lized W5014/PEDOT-Pt micromotors (n = 3). Another calculation
could also be done for these microstructures since they had a very
good correlation in terms of movement depending on the target
concentrations. In this context, based on the changes in the speeds
of micromotors, LOD values were found as 0.11 nM and 0.021 nM
for these micromotors, respectively (n = 3). Polymer modification
increased the analytical performance of the micromotors in terms
of higher sensitivity resulting lower LOD values [60]. Incorporation
of polymer into the micromotors could affect the effective surface
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Table 1

Comparison of the detection performances of different nano/micromaterials for miRNA-21 detection.
Method of Detection Nano/Micromaterials Detection Limit Reference
Fluorescence Gold-nanorod functionalized polydiacetylene microtube 1.0x 107" mol L! [62]
Fluorescence Gold nanoparticle 9.0x 107> mol L™! [63]
Fluorescence MnO, nanosheets 33x10" "% mol L™! [64]
Colorimetric Graphene/gold-nanoparticle 32x107° mol L™! [65]
Fluorescence Graphene oxide 1.60 x 10~ ' mol L~! [66]
Fluorescence Reduced graphene oxide/Ni—Pt microtube 1.3x 106 mol L! [68]
Fluorescence W5014/PEDOT-Pt 2.8x10" " mol L™! This study
Fluorescence W;5014—Pt 1.8x 107 mol L™ This study

Fig. 6. Fluorescence-based optical microscope images of the probe DNA immobilized W5014/PEDOT-Pt micromotors for different target concentrations (15 min of incubation).

area for ssDNA probe immobilization and thus yielding higher
fluorescence intensities after hybridization [61]. There was a slight
increase in the fluorescence intensity of the W5014/PEDOT-Pt
micromotor. Meanwhile, with the existence of PEDOT into the
structure, a sharp decrease occurred in the speed of the micromotor
as seen in Fig. 5 presenting the use of biosensor also based on
micromotor speed changes. Furthermore, with the entrance of the
polymer into the structure according to the calculated LOD values,
the LOD of the probe DNA immobilized W5014/PEDOT-Pt micro-
motor is approximately 10 times higher than probe DNA immobi-
lized W5014/Pt micromotor. Thus, the findings offered promising
results for early cancer diagnosis and clinical applications. The
sensor performances of the synthesized microstructures were
compared to the existing biosensors in the literature used for the
detection of miRNA-21 (Table 1) [62—66]. It can be concluded that
the both biosensing platforms prepared in the work have compa-
rable results with the previous studies. The values based on the
fluorescence intensities were placed into Table 1 and the approach
in fluorescence intensity increments due to the FAM-labeled target
was used. FAM dye has fluorescence signal at ey, 520 nm [67].

76

Related optical microscope images of the probe DNA immobi-
lized W5014/PEDOT-Pt micromotors for different target concen-
trations are given in Fig. 6. Fluorescence intensity increments onto
micromotors can be clearly seen from these optical images. At
100 nM target concentration, there is a full surface coverage with a
high fluorescence intensity.

Furthermore, experiments performed with the single-base
mismatch (1-MM) exhibited that probe DNA immobilized W5014/
Pt and W5014/PEDOT-Pt micromotors were able to differentiate
miRNA-21 target and 1-MM successfully. Fig. 7 presents the com-
parison of the fluorescence intensities of the micromotors after the
incubation of target (100 nM) and 1-MM (100 nM) sequences for
15 min of incubation. These results showed that the probe immo-
bilized W5014/Pt and W5014/PEDOT-Pt micromotors are quite se-
lective for miRNA-21 target sequence.

4. Conclusions

In conclusion, synthesis, characterization and bioapplications of
W5014/Pt and W5014/PEDOT-Pt micromotors were performed for
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Fig. 7. The effects of target and 1-MM on fluorescence intensities for DNA probe
immobilized W5014/Pt and W5014/PEDOT-Pt micromotors (n = 3, target and 1-MM
concentration: 100 nM).

the first time in this paper. The critical comparison of the polymer
modified structure to the unmodified form was made and the dif-
ferences for miRNA-21 detection were considered. RF rotating
plasma modification was shown to be particularly very novel for
preparing such polymer-based catalytic micromotors. The plasma
polymerization process had the advantage of rapid and homoge-
neous deposition of thin polymer layers onto the nanowires. Dual
response of the probe DNA immobilized micromotors based on the
fluorescence intensities and micromotor speeds were considered as
the indicators of hybridization. The remarkable speed of the new
micromotors reflected in their high ability for biomarker respon-
sive performance. Especially, probe DNA immobilized polymer
modified W5014/Pt micromotor presented a wide linear target
concentration range of 0.1 and 100 nM with a detection limit of
0.028 nM (n = 3). Thus, polymer modification improved the
analytical performance of the micromotors presenting effective and
active surface areas for probe immobilization and hybridization.
The probe DNA immobilized W5014/PEDOT-Pt micromotor had
good sensitivity for the miRNA-21 target detection. These kind of
wire catalytic micromotors are expected to be of importance for
highly sensitive and selective detection of miRNA-21 in early
diagnosis of cancer.
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