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ABSTRACT

Future biomedical applications of nanomachines require elimination of fuel requirements since most
of the fuels have potential toxic effects. Herein, we report fuel-free magnetically powered gold-nickel
(Au-Ni) nanowires as nanomotors for multipurpose biomedical applications. Fabrication of the
nanowire-based nanomotors developed in this study is unique, and this protocol was dependent on
the electrochemical preparation of Au nanowires followed by the direct current (DC) magnetron
sputtering of Ni part. DC magnetron sputtering-based preparation used for the first time in the
literature not only ensured homogeneous distribution and rapid deposition of the metal directly but
also provided reproducible thin layers of magnetic Ni resulting in a significant improvement at
nanomotor speeds. Besides magnetic propulsion, acoustic propulsion was also successfully applied.
The effects of both propusion mechanisms were tested on the speed and direction of Au-Ni
nanomotors. Biomedical applications of the motors accomplished in this study are rapid and sensitive
detection of an important cancer biomarker microRNA-21 (miRNA-21) and pH-dependent and near-
infrared (NIR) triggered release of a commonly used chemotherapeutic drug doxorubicin (DOX).
Sensitive and selective miRNA-21 detection was achieved by using dye-labeled single-stranded DNA



(ssDNA probe) modified Au-Ni nanomotors with a wide linear concentration range of 0.01 nM to 25
nM. Low detection limits of 2.9 pM and 1.6 pM were obtained for fluorescence and speed-based
detection, respectively (n = 3). In addition, magnetically powered DOX-loaded Au-Ni nanomotors were
guided on cancer cells (human breast cancer cell lines, MCF-7) in a controllable way for the efficient
and controlled delivery of DOX. Cytotoxicity studies of the nanomotors presented negligible influence
on the cell viability.
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1. INTRODUCTION

Nanotechnology has led to the development of powerful synthetic micro/nanomotors that convert
energy into movement and are able to perform advanced tasks at the micro- and nanoscales.>? These
small motors are highly favorable for specific applications such as (bio)chemical sensing, targeted drug
delivery, noninvasive surgery, security and defense, environmental monitoring and remediation, cell
manipulation, and isolation.3®* Nanomotors can be self-propelled or externally powered in the liquid
phase by different types of energy sources such as catalytic, magnetic, ultrasonic, electrical field, and
light propulsion mechanisms.®” These propulsion mechanisms directly affect the possible use of these
motors for real-life applications. In this context, nanomotors driven by magnetic field have attracted
great attention due to their certain advantages on motion control, targeted delivery, longlifetime, and
have great potential for in vivo studies.*® There have been important improvements with the advances
of these propulsion mechanisms in the micro/nanomotor field. For example, Li et al. have investigated
a magneto-acoustic hybrid fuel-free nanomotor which could be controlled by both ultrasound and
magnetic field.®2 They have used these external fields according to their biocompatible energy and
extensive use in monitoring, diagnostic, and drug delivery applications. For controlled cargo release in
biological fluids, Liu et al. have described magnetically actuated nanomotors based on 6-
carboxyfluorescein (FAM) release from functionalized magnetic nanomotors.® Cai et. al have presented
the advantages of zinc oxide (ZnO) and nickel (Ni) to fabricate ZnO-Ni microrockets that provided
effective magnetic control.?®

Owing to micro and nanomotors' inimitable properties, including autonomous motion, easy surface
functionalization, availability for effective capture, and isolation of target analytes, they look promising
for various biomedical applications such as diagnosis of diseases.! As an example, de Avila et al. have
described a fluorescence strategy for detecting the endogenous content of microRNA-21 (miRNA-21)
based on an ultrasound propelled gold (Au) nanomotor functionalized with singlestranded DNA
(ssDNA).2? Nelson et al. have demonstrated a magnetic microswimmer functionalized with plasmid



DNA (pDNA) for biosensing and targeting cancer cells.®* In addition, Wang et al. have used gold
nanowires that were functionalized with enzyme for targeting cancer cells.}* Graphene-oxide coated
gold nanowire motors functionalized with fluorescein-labeled DNA aptamers for qualitative detection
of overexpressed AIB1 oncoproteins in MCF-7 breast cancer cells have been studied by Beltran-
Gastelum.?®

When it comes to drug delivery, Wang's group has established the first proof of concept of chemically
powered catalytic micromotors as liposomal and polymeric drug carriers.® Sanchez et al. have
demonstrated urease powered nanomotors for anticancer drug doxorubicin (DOX) loading and release
to cancer cells.'” Garcia-Gradilla et al. have stated that the ultrasound propelled nanowire motors with
improved drug loading capacity provided a good approach for the rapid and efficient delivery of
therapeutic payloads.’® Magnetically driven thumbtack-like and frisbee-like chitosan and calcium
alginate hydrogel DOX-loaded microrobots have been fabricated for pH-sensitive drug release by Xie
et al.® Another study showing the significant potential of nanomotors for biomedical applications has
been performed by He et al.?° They have exploited DOX encapsulated motors navigated to cancer cells
by magnetic field for drug delivery and release under NIR light.2? Singh et al. have demonstrated
molybdenum disulfide-based tubular microengines used for efficient drug loading (DOX) and release.
In addition, they have presented the use of fluorescent detection of miRNA-21.2* The noteworthy
capabilities of fuel-free acoustically driven functionalized Au-Ni-Au nanowires have been reported by
Garcia-Gradilla et al. for pH-sensitive drug loading with the use of polystyrene sulfonate (PSS) layer.?
Jiao et al. have developed a Au sputtered Janus mesoporous nanocarrier with NIR propulsion for cell
interaction.?

In the light of these published works, we aimed to develop novel and different nanomaterials that
were propelled under controllable magnetic field since magnetic propulsion could be more convenient
for most of the real-life applications such as biosensing and disesase therapy. These nanomaterials
based on Au-Ni nanowires as nanomotors were constructed by the electrochemical preparation of the
Au segment using conventional template-assisted deposition steps be pursued by the direct current
(DC) magnetron sputtering of the Ni segment onto Au nanowires. Conventional methods for the
formation of magnetic Ni segments commonly include template-assisted electrochemical deposition
of the metal.?*?® In addition, there have been several works apart from electrochemical deposi-tion.?
Directional control of micromotors under an external magnetic field has been achieved by Cai et al.
using titanium dioxide-iron (TiO»-Fe) Janus micromotors with sputtered magnetic layer.26 A bubble-
propelled catalytic Janus micromotor has been demonstrated by Wu and his group.?” This motor has
been based on a porous polystyrene (PS) sphere which was half-coated with Ni-Fe by a magnetron
sputtering method to accomplish magnetic guidance. In this study, the magnetic segment of the
motors were created by DC magnetron sputtering. This fabrication resulted in several superior
characteristics such as homogeneous distribution of Ni metal onto Au nanowire structures, rapid and
reproducible formation of the magnetic segment, and magnetic motors with higher speeds compared
to the other magnetically propelled nanomotors. Furthermore, metal deposition from the Ni target
served direct preparation and prevented any other chemical reagent utilization. Then the biomedical
applications of these nanowires as nanomotors were performed for an important cancer biomarker
miRNA-21 which was used mainly for the diagnosis of solid tumors including mainly breast,
colorecteral, prostate, gastric, pancreatic, and lung cancers®? and controlled and triggered the
release of a commonly used antitumor agent Doxorubicin.3%3! For the biosensing study, the proposed
nanomotors provided highly sensitive, selective, and reproducible results for miRNA-21 detection. For
the drug delivery approach, improvement in the nanomotor speeds provided controllable changes
under implemented factors including NIR triggered and pH-dependent studies. Quartz crystal
microbalance (QCM) spectroscopy and ultraviolet-visible (UV-vis) spectroscopy were also used to



follow up on the released drug, and all the results were well correlated. In vitro applications of the Au-
Ni nanowires as nanomotors were successfully accomplished. Cytotoxicity tests were performed and
24 h toxicity studies showed that the nanomotors had insignificant influence on the cell viability. Thus,
these novel magnetic nanomotors offer considerable potential for the construction of rapid and
reliable cancer detection and efficient drug delivery systems with their reproducible, practical, and
low-cost fabrication, effective surface, motion controllability, and targeted transport.

2. MATERIALS AND METHODS
2.1. Reagents and Solutions

Bovine serum albumin (BSA), ethylenediamine tetraacetic acid (EDTA), Tris-HCl, and doxorubicin
hydrochloride were purchased from Sigma-Aldrich. Oligonucleotides were purchased from Heliks
Biotechnology (Turkey). The oligonucleotides used in the study are listed below:

6-carboxyfluorescein dye-labeled-single-stranded DNA probe (FAM-ssDNA anti-miRNA-21 probe):
FAM-5 '-TCAACATCAGTC-TGATAAGCTA-3'

Target miRNA 21:5' -UAGCUUAUCAGACUGAUGUUGA-3'
1-Base mismatch sequence (1-MM): 5'-UAGCUUAUAAGACUG-AUGUUGA-3'
2.1.1. Preparation of Solutions

Oligonucleotide solutions were dissolved in pH 8.0 10 mM Tris-EDTA (TE) buffer prepared innuclease-
free water (containing 1 mM EDTA) and separated into small 100 pM aliquots. The solutions were
stored at -20 °C until use. For FAM-labeled ssDNA probe immobilization, 20 mM Tris-HC| containing
100 mM NaCl and 5 mM MgCI2 were prepared with Milli-Q water. Twenty mM pH 7.4 Tris-HCI
containing 100 mM NaCl and 1 mM EDTA was used for the hybridization studies. Washing steps were
performed with 100 pg mL? of bovine serum albumin (BSA).

2.2. Instrumentation

Template electrochemical deposition of nanowires was carried out with a CHI 720E potentiostat (CH
Instruments, CHI). A Nikon Instrument Inc. Ti Optic LV100ND Model optical microscope was used for
measuring and displaying the fluorescence intensity and speed of nanomotors. The motion videos of
nanomotors were taken at 100X magnification at a frame rate of 5 s*. According to the literature, the
emission wavelength of DOX covers both green and red light, with green light being predominant. Also,
the green fluorescence imaging intensity of DOX has a higher sensitivity than the red fluorescence.??
DAPI (4',6-diamidino-2-phenylindole) filter (green filter, excitation at 470 nm) was used for
fluorescence measurements. Due to the specifications of this microscope set up DOX/PSS/Au-Ni
nanomotors showed green fluorescence in parallel to literature.!®

To magnetically operate the Au-Ni nanowire as a nanomotor, an external magnetic field, 22 mT, was
applied by placing a coil 6 cm away from the glass slide without changing the distances. Movement
studies at different frequencies were performed using an alternating magnetic field (0-20 Hz) at a
specific speed. The manipulations of the magnetic nanomotors and their motion were tracked using
the optical microscope. For acoustic propulsion of the nanomotors, a surface acoustic wave (SAW)
system was used.3 The solution in the cell was excited by a piezoelectric electrode which includes a
128° rotated Y cut-X propagation lithium niobate (LiNbOs) substrate with interdigital transducers (IDTs)



deposited on it and a square glass capillary. The resonant frequency of the cell center was (96 + 0.01)
MHz, and the standing surface acoustic wave wavelength was 40 um. The power, a peak to peak value
of 5 dBm, was applied using a waveform generator. The combined effect of the magnetic-acoustic
power on the propulsion performance of the Au-Ni nanomotors was investigated under different
operation modes using this setup. Precise control of the magnetic propulsion of the Au-Ni nanomotors
were achieved using an external magnet next to a SAW cell that created a uniform 22 mT magnetic
field described above. The behavior of the magnetically propelled nanomotors in the presence of an
acoustic field was analyzed and compared with their behavior in the absence of an acoustic field.

The structural morphology and elemental analysis of the Au-Ni nanomotor were examined using
scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), FEI Quanta FEG 250
Model. UV-vis spectroscopy analysis was performed using a PerkinElmer UV/vis spectrometer, Lambda
20. Maxtek Inficon RQCM (RQCM Maxtek, U.S.A.) 5 MHz AT-cut quartz crystal device was used by
conjunction with a computer program to monitor real-time resonance frequency change. A gold-plated
5-MHz AT-cut quartz crystal and a flow cell (Inficon Maxtek, FC-550) were used in drug loading and
release applications. The drug solution was pumped (Instech, model P720 peristaltic pump)
continuously into a closed loop through the flow cell by optimizing at a flow rate of 10 uL min™.

2.3. Synthesis of Au-Ni Magnetic Nanowires. The gold

The gold nanowires were fabricated using a common template-electrodeposition technique. A silver
film was sputtered (RF magnetron sputtering, 40 W, 15 mTorr) on one side of the porous alumina
membrane (AAQ) template containing 0.2 um diameter pores (Catalog No 6809-6022; Whatman, U.K.)
to use as a working electrode. The membrane was assembled in a plating cell with aluminum foil
serving as the contact for the sputtered silver side. Platinum counter electrode and Ag/AgCl reference
electrode were purchased from CHI and utilized. The Au wire was electrodeposited in the branch area
of the membrane from the commercial gold plating solution (Orotemp 24 RTU RACK; Technic, Inc.,
Anaheim, CA, U.S.A.) at -0.05A during 3600 s. The sputtered silver layer was mechanically removed
from the membrane by hand polishing it with a 3-4 um alumina slurry. Then the membrane was
dissolved in 4 M NaOH solution for 20 min to completely release the gold nanowires. The nanowires
were collected by centrifugation at 6000 rpm for 5 min and washed repeatedly with deionized water
(18.2 MQ cm at room temperature), three times each, with centrifugation for 5 min following each
wash. After the nanowires in pure water were centrifuged, the water was carefully removed and
ethanol (99.8%) was added. The dispersed nanowires in ethanol were dipped onto a clean slide and
dried. The Au nanowires coated on the glass substrate were placed in a DC magnetron sputter system
for Ni coating. The DC magnetron sputter system pressure dropped to 50 mTorr, under argon gas flow.
Ni coating was realized under 150 mTorr pressure and 300 W power for 15 min.

2.4. ssDNA Probe Immobilization onto Au-Ni Nanowires and Target miRNA-21 Detection

Au-Ni nanomotors were incubated with 60 M FAM-labeled ssDNA probe solution for 30 min at room
temperature. FAM-ssDNA has bound nonspecifically to Au-Ni nanomotor surfaces, presumably by
means of interactions provided through the exposed bases and the hydrophobic interaction via van
der Waals forces between the nucleobases.?* Probe immobilized Au-Ni (ssDNA/Au-Ni) nanomotors
were washed with 50 uL BSA solution. Target miRNA-21 (100 nM, prepared in 20 mM pH 7.4 Tris-HCI
buffer) was added to ssDNA/Au-Ni medium and incubated for different times, such as 5, 10, 15, 30,
and 60 min, to perform optimization experiments. For miRNA-21 detection studies, ssDNA/Au-Ni



nanomotors were incubated with various concentrations of miRNA-21. Nanomotors were washed with
BSA solution after hybridization. The same procedure was applied for the 1-M sequence to test the
specificity. The biodetection strategy based on the fluorescence intensities and speed changes of the
nanomotors was followed with optical microscopy.

2.5. Chemotherapeutic Drug Loading onto Au-Ni Nanomotors

The surfaces of Au-Ni nanowires as nanomotors were activated by immersing a batch of the
nanomotors into 1 mL of poly(sodium 4-styrenesulfonate) (PSS) solution (2 mg mL? prepared in 6 mM
NaCl) for 3 h. After incubation, the nanomotors were washed with pure water 3 times. The
chemotherapeutic drug solutions (200, 100, 50, 25 uM) which were prepared in pH 8.0 phosphate
buffer were loaded onto the PSS/Au-Ni nanomotors and stored at 4 °C for 24 h. After centrifugation
and three cycles of washing with pH 8.0 phosphate buffer, DOX/PSS/Au-Ni nanomotors were subjected
to fluorescence intensity and speed measurements using optical microscopy. Drug release was
performed by changing the pH of the buffer solution from 8.0 to 5.0.

2.6. Cell Viability Experiments

Cytotoxicity testing was performed using a mouse embryonic fibroblast continuous cell line (NIH/3T3,
ATCC CRL-1658TM, U.S.A.), according to the EN I1SO 10993-5 standard with modification. The ATCC-
formulated Dulbecco’s Modified Eagle’s Medium (BioSera, France), containing 10% calf serum
(BioSera, France) and Penicillin/Streptomycin at 100 U mL* (PAA Laboratories GmbH, Austria) was used
as a culture medium. The tested samples were diluted in the culture medium with concentrations of
5, 10, and 20% (v/v). Cells were precultivated for 24 h in a 96 well-plate, and after the cultivation
process, the culture medium was subsequently replaced with diluted samples and incubated for 24 h.
As a reference, cells were cultivated in a pure medium and considered as 100% viable. The changes in
cell morphology were observed with an inverted fluorescent microscope (Olympus, IX 81). In order to
assess the cytotoxic effect, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(Duchefa, Biochemie, Netherlands) was performed. The absorbance was measured by an Infinite M200
Pro NanoQuant absorbance reader (Tecan, Switzerland). All tests were performed in quadruplicate.

2.7. Zeta Potential Measurements

Au-Ni, PSS/Au-Ni and DOX/PSS/Au-Ni nanomotors were dispersed in 2 mL of pure water. Zeta potential
experiments were made to determine the electrophoretic mobility using a Hariba Scientific
Nanoparticle-Nanoparticle analyzer SZ-100 V2. Experiments were carried out at room temperature
and measured at least three times.

2.9. In Vitro Experiments

An MCF-7 human adenocarcinoma breast cancer cell line was used in the targeted drug transport and
intracellular drug release experiments. Cells were cultured in DMEM-F 12 (Dulbecco’s Modified Eagle
Medium-F12) supplemented with 10% FBS (Fetal bovine serum) and 1% penicillin/streptomycin
(Gibco) at 37 °C in a humidified incubator with CO; (5%) in a T25 flask.3®* When the cells reached 80%
confluence, the cells were removed with the help of 0.25% trypsin/EDTA (Gibco) to seed onto sterilized



coverslips which were accordingly placed in a 6-well plate to observe the interaction between cells and
nanomotors under optical microscopy. All studies were carried out with sterilized materials in
biocabins.

2.10. NIR Irradiation Triggered Intracellular Drug Release Studies

DOX release from DOX/PSS/Au-Ni nanomotors was carried out at room temperature by irradiation of
the motors using near-infrared laser (at 800 nm and 20 mW). MCF-7 cells were coincubated with
DOX/PSS/Au-Ni nanomotors (20 uL) in pH 8.0 phosphate buffer. The autonomous nanomotors were
guided toward the MCF-7 cells by the external magnetic field (22 mT). NIR was facilitated to trigger
DOX release using different durations. The fluorescence intensities of the nanomotors were monitored
and analyzed by optical microscopy.

A summary of the experimental protocol including the synthesis and application of the nanomotors is
given in Scheme 1.



Scheme 1. Summary of the Experimental Protocol
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3. RESULTS AND DISCUSSION
3.1. Characterization Studies and Optimization of Magnetic

Propulsion Conditions of the Au-Ni Nanomotors. SEM characterization was performed to identify
different segments of Au-Ni nanowires as nanomotors. Figure 1A-a shows the SEM image of a Au
nanowire with 3 um length and 200 nm diameter. The solid smooth surface of the nanowire indicates



the morphology of the gold.?? The presence of a Ni layer onto the Au nanowires is shown in Figure 1A-
b. The energy-dispersive X-ray (EDX) mapping analyses depicted in Figure 1A-c clearly revealed the
presence of Au and Ni within the smooth wire shape. The separate EDX spectra of Au and Ni are given
in Figure 1A-d and A-e. Further characterization and optimization studies were then carried out under
a magnetic setup combined with the optical microscope. Schematic presentation of this setup is given
in Figure 1B.

The traveling ability of nanomotors on a predetermined path is an important aspect of the integration
of nanomotors into microfluidic networks.36 Directed motion of fuel-free Au-Ni nanowires within the
microchannel network is illustrated in Supporting Information, SI, Video S1. Au-Ni nanowire was
directed in a pattern along a 200 um long and 77.75 um width microchannel over 20 s. A 22 mT
constant magnetic field was applied at a distance of 20 mm to observe movement of the nanowires in
the microchannel. The speed of Au-Ni nanomotor was measured as 15 um/s under 22 mT magnetic
field. These magnetic nanowires appeared routable and predictable in the linear regime.?

In this study, the nanowire speeds were controlled by varying the frequency of the applied field. Figure
2A presents the dependence of the velocity on the magnetic field over the range of 0-20 Hz. The speed
of the magnetic nanowire increased from 6.35 to 21.5 um/s upon raising the frequency from 4 to 20
Hz. Gao et al. have found that flexible magnetic nanowire motor speeds increased (1.5 to 6 um/s) with
increasing magnetic field frequency (5 to 15 Hz).%

Gauss Meter Probe
fl— ‘

100x Optical
Objective Lens

Figure 1. (A) SEM images of (a) Au nanowire, (b) Au-Ni nanowire and corresponding EDX mapping images of (c) Au-Ni
nanomotor, (d) Au layer, (e) Ni laer. (B) Schematic diagram of the experimental setup.
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Figure 2. (A) Dependence of the speed of magnetic nanowires upon the frequency of magnetic field (0-20 Hz).
Effect of hybridization time on (B) nanomotor fluorescence intensities, and (C) nanomotor velocities (n = 3).

In our study, Au-Ni magnetic nanowires indicated higher speed performance as 11 um/s at 14 Hz
magnetic field frequency. It can be concluded that the fabrication protocol of the magnetic segment
using DC magnetron sputtering improved the velocity of the nanowire significantly.

Combining different fuel-free propulsion mechanisms into a single nanomotor such as magnetic and
acoustic propulsion is quite a challenging task.® Herein, our Au-Ni nanomotors presented controlled
motion under a magnetic and acoustic field. In addition to magnetic guidance, the acoustic field was
also applied to the Au-Ni nanomotors. Video S2 shows nanomotor behaviors under 22 mT magnetic
field and both magnetic and acoustic field (3 dBm). While the speed of nanomotor measured using the
magnetic mode was 20 um/s, 120 um/s was achieved under both magnetic and acoustic mode
conditions. These nanomotors were also reoriented in a different direction and they were faster in the
presence of an acoustic wave.?” Thus, the fabricated nanomotors had the advantage of dual propulsion
mechanisms which were safe and convenient technologies.
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Figure 3. Calibration curves based on: (A) fluorescence intensity and (B) speed (n = 3).



o pm

15 minTargel 15 min 1-MM

Hukiridiratinn Tima

Figure 4. (A) Histogram presenting the effect of fluorescence intensity on selectivity of nanomotors (n = 3), (B)
optical microscopy images of (a) Au-Ni nanomotors, (b) FAM-ssDNA/Au-Ni nanomotors and FAM-ssDNA/Au-Ni nanomotors
incubated with (c) 0.05 nM target, (d) 0.1 nM target, (e) 50 nM target, and (f) 100 nM target.

3.2. Biosensing Applications of Au-Ni Nanowires

The miRNA-21 sensing properties of magnetic Au-Ni nanowires as nanomotors were examined based
on the fluorescence quenching and the decrease in nanomotor speeds as a result of miRNA-21
recognition by the nanomotors. For this recognition, first a fluorescent dye-labeled ssDNA probe was
immobilized on Au-Ni nanomotors (ssDNA/Au-Ni nanomotors). Without probe immobilization, the
fluorescence intensity of the Au-Ni nanomotor was measured as 740 au After FAM-labeled ssDNA
incubation, the fluorescence intensity of the nanomotor was determined as 2950 au due to FAM
labeling. In the presence of the ssDNA probe, Au-Ni nanomotors hybridized with the miRNA-21 target
sequence in an efficient and sensitive way. The selectivity experiment of the ssDNA/Au-Ni nanomotors
was performed in the existence of 1-MM sequence and resulted in high selectivity. The fluorescence
intensities and the velocities of ssDNA/Au-Ni nanomotors were changed after the hybridization with
the miRNA-21 target sequence. Decreases in the intensities and speeds were obtained. Thus, a two-
way detection strategy was successfully developed in the study. Detection of this hybridization could
be one of the possible identifiers of specific miRNA-21 levels within cells or in tissue for important
biomedical applications.®®

In the beginning of MiRNA-21 sensing studies, immobilization of the ssDNA probe was accomplished
on Au-Ni nanowires by the incubation of FAM-labeled ssDNA for 30 min at room temperature. After
this incubation step, ssDNA/ Au-Ni nanomotors interacted with 1 nM target miRNA-21 at various times
(5 to 60 min) to determine the optimum hybridization time. These optimization studies were
conducted using the changes in both the fluorescence intensity (Figure 2B) and the nanomotor speed
(Figure 2C). With increasing hybridization time (from 5 to 60 min), the fluorescence intensity of the
ssDNA/Au-Ni nanomotor decreased from 2016 au to 1400 au and the speed of ssDNA/Au-Ni
nanomotor decreased from 18 to 7 um/s (Figure 2C). It should also be noted that after 5 min of target
interaction, there were still reductions in the measured values compared to the 0 min values.
Quenching in the fluorescence intensity could be attributed to the internal hybrid formation on the
nanomotors, while the decrease in the speed could occur due to blocking of the nanomotor surfaces
as a result of this hybrid formation.3® After 15 min of hybridization, there was no significant change in
the fluorescence intensity. In addition, for the speed changes, the responses with 15 and 30 min of



hybridization times were almost the same. Thus, 15 min of hybridization time was used for the miRNA-
21 detection.

Under optimal conditions, the relationships between the fluorescence intensity of the nanomotors and
the concentration of the target miRNA-21 and also the speed of the nanomotors and the concentration
of the target miRNA-21 were probed. With increasing target concentration from 0.01 nM to 25 nM
target, the fluorescence intensities of nanomotors decreased gradually (Figure 3A). The decreases in
the speed of nanomotors were given in Figure 3B. The linear miRNA-21 concentration range was
between 0.01 nM to 2.5 nM for this sensing strategy.
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Figure 5. Effect of different concentrations of DOX on the (A) fluorescence intensity and (B) speed of PSS/Au-Ni nanomotors
before and after drug unloading (n = 3).

After the 2.5 nM concentration, the movement of the Au-Ni nanomotor was not observed because of
the large amount of loading onto Au-Ni nanomotors. The bar graphs for these detection studies are
presented in Figure S1-A,B. The responses of the higher concentrations which showed the saturation
levels for target miRNA-21 (50 nM and 100 nM) are included in Figure S1-A. After these promising
responses, the limit of detection (LOD) was calculated as 2.9 pM (3 o,b/slope, where o,b was the
standard deviation of blank samples) based on the declines in fluorescence intensities. It was
calculated as 1.6 pM for the speed-based miRNA-21 detection strategy (n = 3). Our detection limits
were lower than previous reports which studied nano/micromotors. The comparison of the results
with the previous works were shown Table S1. This table emphasized and highlighted the applicability
and efficiency of this new ssDNA/Au-Ni motors.

In order to present the selectivity of ssDNA/Au-Ni nanomotors for miRNA-21 sequence, experiments
with IMM sequence were carried out. At this time ssDNA/Au-Ni nanomotors were incubated with 1
nM 1-MM sequence for 15 min. The fluorescence intensities for the ssDNA/Au-Ni nanomotor (0 min),
target miRNA-21, and 1-MM were given in Figure 4A. It was clearly seen from this figure that the ssDNA
probe immobilized nanomotors were able to differentiate the target miRNA-21 and 1-MM effectively.

The optical microscopy images of Au-Ni nanomotors, ssDNA/Au-Ni nanomotors are shown in Figure
4B-a and b, respectively. Fluorescence responses of the ssDNA/Au-Ni nanomotors are clear (Figure 4B-
b). After the incubation of these nanomotors with 0.05 nM (Figure 4B-c) and 0.1 nM (Figure 4B-d)
target miRNA-21, there were small decreases in the fluorescence intensities as given quantitatively



above in Figure 3b. Optical images of the ssDNA/Au-Ni nanomotors after the hybridization protocol
with 50 nM miRNA-21 (Figure 4B-e) and 100 nM miRNA-21 (Figure 4B-f) presented the fluorescence
guenching better as expected.

The fluorescence intensity change of the hybridization of only ssDNA and miRNA-21 (without
nanomotors) was also studied for 3 different miRNA-21 concentrations (Figure S2). Approximately 4-
fold fluorescence changes were observed in the presence of nanomotors (Figure 3A). Thus, nanomotor
based approach provided a sensitive sensing protocol compared to this control experiment.

3.3. Chemotherapeutic Drug Loading and Release with Au-Ni Nanomotors

Drug loading and release capabilities of Au-Ni nanomotors were examined using chemotherapeutic
drug DOX. Figure S3 schematically describes the physisorption loading of DOX onto Au-Ni nanomotors
through hydrophobic interaction. For this Au-Ni nanomotors were initially modified with poly(sodium
4-styrenesulfonate) (PSS) as described in the experimental part. Subsequently, PSS/Au-Ni nanomotors
were incubated with various amounts of chemotherapeutic agent (25 uM to 200 uM) prepared at pH
8.0 for 24 h. After this drug loading step, DOX/PSS/Au-Ni nanomotors were subjected to fluorescence
intensity and speed measurements using optical microscopy. For the investigation of release profile of
PSS/ Au-Ni nanomotors, they were put into pH 5.0 medium for 1 h and the fluorescence quenching on
this pH-dependent nanomotors were checked. Besides fluorescence control, the speed changes were
tracked. The polyelectrolyte layers generally have high loading ability and selectivity which makes them
good candidates for drug delivery.?® The conjugation between PSS and DOX includes not only
electrostatic interaction between the negatively charged sulfonate group of the PSS and the amine
group of the positively charged DOX, but also an additional hydrogen bond between the amino and
hydroxyl groups of DOX and the sulfonate group of PSS.®

First, the effect of DOX concentration was investigated by probing the fluorescence intensities of
PSS/Au-Ni nanomotors. The fluorescence intensity of the PSS/Au-Ni nanomotor under optical
microscope was measured as 740 au The fluorescence intensity of 25 uM drug-loaded motor was
measured as 1800 au; 2-fold fluorescence intensity was observed compared to the drug- unloaded
motor. Fluorescence intensity of nanomotor loaded with 200 uM drug increased to 2150 au value
(Figure 5A-green bars). An increase in fluorescence intensities of PSS/Au-Ni nanomotors were
observed due to the increased amount of drug onto PSS/ Au-Ni nanomotors. As seen in Figure 5B, the
speed of nanomotor decreased with increasing drug concentration (Figure 5B, purple bars). The drug-
loaded nanomotors were then kept in phosphate buffer solution at pH 5.0 for drug releasing process
and the same experimental procedure were repeated. Figure 5A (blue bars) shows the changes in
fluorescence intensity of nanomotors for this condition. With a pH-dependent release, the
flourescence intensity of 200 M DOX-loaded nanomotors decreased about 48%, whereas it was about
7% for 25 uM DOX-loaded PSS/Au—Ni nanomotor. The decrease in the flourescence intensity of
nanomotors with changing pH was related to the incerasing hyrophilicity of the DOX molecule in acidic
medium. The amino group on the DOX molecule improved the water solubility and desorption
capability at lower pH.12 The speed of nanomotors increased after the pH change due to the unloading
of the drug from the nanomotor surface (Figure 5B, gray bars).
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Figure 6. Fluorescence images of (A) PSS/Au—Ni nanomotors, (B) 200 uM-loaded DOX/PSS/Au—Ni nanomotors,
(C) the zeta potentials of PSS/Au—Ni nanomotors and DOX/PSS/Au—Ni nanomotors (n = 3), (D) cytotoxicity assays and
efficacy testing of the PSS/Au—Ni nanomotors as drug carriers: biocompatibility of nanomotors containing three different
concentrations (5%, black; 10%, red; 20%, blue bars) and various concentrations of drug (25, 50, 100, 200 uM) (n = 3).

Video S3 shows the movements of 200 j«M DOX-loaded PSS/Au—Ni nanomotors before and after
holding them at pH 5.0 media under applied magnetic field 22 mT.

Figure 6A,B illustrates changes in fluorescence intensity of PSS/Au—Ni nanomotors and DOX/PSS/Au—
Ni nanomotors (for 200 uM of drug loading), respectively. After DOX loading, the fluorescence intensity
of the nanomotor clearly increased. Zeta potential is an important factor to evaluate the storage
stability of colloidal dispersion. The higher value of the zeta potential increases the particles'
stability.*>#! The zeta potential analysis shows that the Au—Ni nanomotors and PSS/Au—Ni
nanomotors have a negative charge (—57 and —49.1 mV), whereas DOX/PSS/Au—Ni nanomotors
have a positive charge (2.03 mV), as illustrated in Figure 6C. The positive zeta potential result of
DOX/PSS/Au—Ni nanomotors presents the interaction between the negatively charged sulfonate
group of the PSS and the positively charged amine group of DOX. Therefore, DOX adsorption is from
the electrostatic interaction between the sulfonate groups of PSS and the amino groups of DOX.
DOX/PSS/Au—Ni stored in the refrigerator is physically stable and does not flocculate under these
conditions.

The data obtained and the Video S3 revealed the possible use of PSS/Au—Ni nanomotors as drug
carriers. In light of these promising results, biocompatibility and efficacy tests for the drug delivery
vehicles were made using the primary mouse embryonic fibroblast cell. In order to determine the



toxicity profile of these nanomotors, the methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay
was chosen. MTT assay was performed to measure the cytotoxicity of DOX/PSS/Au— Ni nhanomotors.
Different amounts of DOX (25, 50, 100, and 200 uM) are loaded with various concentrations of
nanomotors (5%, 10%, 20%) to see the effect of the nanomotor concentration on the cell viability.
Figure 6D shows the MTT assay of the mouse embryonic fibroblast cell for 24 h exposure to DOX-
loaded PSS/Au—Ni nanomotors. The nanomotors demonstrated biocompatibility (>80% viable cells)
up to a concentration level of 50 uM DOX with 20% concentration of Au—Ni nanomotors (Figure 6D,
blue) after the 24 h incubation period. Also, the concentration-dependent toxicity trend which was
higher than nondrug loaded nanomotors was observed in all motor concentrations (>95% viable cells).
DOX binds to DNA by intercalation and inhibits nucleic acid synthesis in the cell.3! Therefore, the cell
viability decreases with increasing drug concentration and nanomotor concen-tration.3® When
biocompatibilities of nanomotors are examined, no obvious cytotoxicity was detected until 100 uM
DOX (20% nanomotor concentration). Furthermore, it was the same for 200 uM DOX at 10% and 20%
of nanomotor concentrations.

Table 1. Comparison of Nanomaterial-Based MTT Assay—Viability Studies

nana, micrmmotors [MOX/ carrier concentration freatment time cell viahility reference
reduced nanographene oxide/Pt 3 mgmL /3 mg mL™ I4h < 30% 42
magnetic silica composite 28 uM/30 pg mL™ 24h <4% 43
silica spheres 1.0 mM /0.5 mg mL™" 24h <704 17
An =Ni 200 pM/005 mg mL™" and 0.1 mg mL™ 24h <80% this study
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Figure 7. (A) QCM measurements of the PSS/Au-Ni nanomotors for loading and release of DOX and (B) UV-vis absorbance
spectra of the released DOX from QCM electrode (n = 3).



Figure 8. Movement of the ssDNA/Au-Ni nanomotor toward the MCF-7 cell under a 22 mT magnetic field: (A) movement,
(B) approaching, (C) penetrating, and (D) inside the MCF-7 cell.

Especially, 200 uM DOX-loaded nanomotors with concentration of 20% showed cytotoxic effect for
mouse embryonic fibroblast cells with a viability decreased down to 60%. The nanomotors presented
in this study highlighted possible targeted drug delivery and thus cancer treatment with them.
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and (d) 20 min; (B) effect of NIR laser application time on fluorescence intensities of drug-loaded motors (n = 3).




In addition, reduced side effects of the given drug provided benefits for the development of advanced
drug delivery systems.?® Comparison between previous studies and DOX/PSS/Au-Ni nanomotors are
very promising and comparable. They had lower toxicity compared to the literature (Table 1).

Moreover, QCM measurements were examined to confirm the loading and release process of DOX
onto/from PSS/Au-Ni nanomotors. For this purpose, PSS/Au-Ni nanomotors were dispersed in ethanol
and dried on a QCM gold electrode and placed in the cell. A 200 uM DOX solution prepared in pH 8.0
phosphate buffer was injected during 24 h (1440 min). Figure 7A shows the changes in mass increase
and frequency decrease on the electrode after starting the injection of the drug onto the QCM
electrode. At about 8 h (480 min), the drug loading capacity of the nanomotors leveled off. Thus, the
mass of the electrode remained almost constant. At the end of 24 h, pH 5.0 phosphate buffer was
injected to DOX-loaded nanomotors on the electrode. In this case, the mass of the electrode started
to decrease sharply because of the released drug from the nanomotors. When the loading and release
processes were compared, it was observed that the release process (160 min) was faster than the
loading process (1440 min). It was also indicated by Xing et al. that at pH 5.0, which is known as the
endosomal pH of cancer cells, DOX released significantly faster.?* During the release process in QCM
analysis, the released solutions were subjected to UV-vis spectroscopy measurements every 15 min.
The characteristic absorption band of DOX is around 480 nm.*° Figure 7B shows the absorbance values
of the released drug solutions from Au-Ni nanomotors at 480 nm. These results were in a good
correlation with the QCM results. With increasing time, the UV-vis absorption band intensity increased.
Furthermore, Figure S4 illustrates the absorbance spectra of the DOX solution (black), DOX/PSS/Au—
Ni nanomotor solution after several washing steps with pH 8.0 buffer (red), and after 60 min incubation
in pH 5.0 buffer (blue).

3.4. In Vitro Applications of Au-Ni Nanomotors

At last, in vitro applications of the Au-Ni nanomotors were performed to recognize miRNA-21, carry
drugs, and penetrate MCF-7 breast cancer cells under magnetic control. For the recognition of the
target miRNA-21 expression of intact cancer cells, ssDNA/Au-Ni nanomotors were directed to a breast
cancer cell line. It was observed that the ssDNA/Au-Ni nanomotors moved in the cell medium and
penetrated MCF-7 breast cancer cells successfully under magnetic control.

Figure 8 and Video S4 show the guided movement of the nanomotors toward the MCF-7 cell under a
22 mT magnetic field. The movement of ssDNA/Au-Ni nanomotors was changed from its original
straight line by a magnet. However, nanomotors continued their path without external interference
and arrived at the cell membrane. The nanomotor approaches the cell under the magnetic field and
penetrates the MCF-7 cell (Figure 8A-C). After it attaches to the cell, the fluorescence intensity
decreased from 2600 to 2000 au at about 2 min due to the overexpressed miRNA-21 in the MCF-7 cell
(Figure 8D).

Afterward, the drug delivery application was demonstrated. Video S5 presents the movement of a
single 200 uM DOX-loaded PSS/Au-Ni nanomotor at its straight line under a magnetic field and
penetrating a cancer cell. The drug release studies were then carried out using a NIR triggered
approach.? NIR laser (800 nm) was applied to drug-loaded nanomotors until 30 min while they were
held at close proximity to the cells. Optical microscopy images of MFC-7 cells and nanomotors during
1, 5, 15, and 20 min of NIR applications are shown in Figure 9A. Figure 9B shows the fluorescence
intensity changes of a motor during NIR laser application. After 20 min, the fluorescence intensity of
the nanomotor remained almost constant. The release profile of the motors under NIR are also given
in Figure S5. The magnetic directionality of the motor presented its successfully controlled and guided



motion under an applied external magnetic field. This facile movement and surface functionality of the
nanomotors provided outstanding biomedical applications.

In this study, the sensitive detection of an important cancer biomarker miRNA-21 and pH
dependent/near-infrared (NIR) triggered release of a commonly used chemotherapeutic drug
doxorubicin (DOX) were targeted. Thus, corresponding experiments were not affected by the
fluorescence intensity of the nanomotors. However, nanomotor applications where the nanomotor
uptake was crucial and targeted,®** it was known that the number of cells definitely affected the
fluorescence intensity of the nanomotors.

4. CONCLUSIONS

The fabrication and use of Au-Ni magnetic nanowires as nanomotors for a clinically relevant biomarker
miRNA-21 detection and controlled anticancer drug delivery were described in the present work. The
nanomotors were fabricated with the electrochemical preparation of Au nanowires followed by the
DC magnetron sputtering of the Ni part. To the best of our knowledge, DC magnetron sputtering-based
preparation has never been used for this purpose. This method served homogeneous distribution and
also rapid deposition of the metal directly. One of the most important advantages of these novel
nanomotors was its fuel-free magnetic propulsion. The fabricated Au-Ni nanomotors also had a
significant improvement at their speeds. Sensitive and selective miRNA-21 detection was achieved
using ssDNA/Au-Ni nanomotors with low detection limits of 2.9 and 1.6 pM for fluorescence and
speed-based detection, respectively. Magnetically powered DOX/PSS/Au-Ni nanomotors presented
good pH-dependent drug release. In addition, the DOX/PSS/Au-Ni nanomotors guided on MCF-7 cells
exhibited efficient and controlled delivery of the drug. Toxicity/biocompability of the nanomotors that
were tested with MTT assays were found to be very promising. In vitro applications for the ssDNA/Au-
Ni and DOX/PSS/Au-Ni nanomotors were successfully performed. In conclusion, the Au-Ni-based novel
nanomotors developed in this study are expected to be useful for important future bioapplications in
various media such as cell medium, serum, and urine.
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