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ABSTRACT A nanomotor-based strategy for rapid single-step intracellular biosensing
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of a target miRNA, expressed in intact cancer cells, at the single cell level is described. The
new concept relies on the use of ultrasound (US) propelled dye-labeled single-stranded — [ p,
DNA (ssDNA)/graphene-oxide (GO) coated gold nanowires (AuNWs) capable of penetrat- - ‘ < Py t

ing intact cancer cells. Once the nanomotor is internalized into the cell, the quenched
fluorescence signal (produced by the 77— interaction between GO and a dye-labeled
ssDNA) is recovered due to the displacement of the dye-ssDNA probe from the motor
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MCF-7 cell

GO-quenching surface upon binding with the target miRNA-21, leading to an attractive

intracellular “OFF-ON” fluorescence switching. The faster internalization process of the

US-powered nanomotors and their rapid movement into the cells increase the likelihood of probe—target contacts, leading to a highly efficient and rapid
hybridization. The ability of the nanomotor-based method to screen cancer cells based on the endogenous content of the target miRNA has been
demonstrated by measuring the fluorescence signal in two types of cancer cells (MCF-7 and Hela) with significantly different miRNA-21 expression levels.

This single-step, motor-based miRNAs sensing approach enables rapid “on the move” specific detection of the target miRNA-21, even in single cells with an

extremely low endogenous miRNA-21 content, allowing precise and real-time monitoring of intracellular miRNA expression.
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icroRNAs (miRNAs) are small (18—25
Mnucleotides), endogenous, sin-
gle-stranded non-protein-coding

RNAs, encoded in the genomes of plants,
animals, and some virus species. These
miRNAs play a major role in regulating
important biological processes through
the modulation of gene expression, includ-
ing early development, cell differentiation,
hematopoiesis and proliferation." More-
over, abnormal expression of specific miR-
NAs is associated with many diseases,
ranging from cancer to diabetes.? miRNAs
have thus been regarded as biomarker can-
didates in disease diagnosis and therapy.
Accordingly, the development of effective
miRNA detection methods is of consider-
able clinical importance.?

Different methods for detecting miRNA
have been described and reviewed re-
cently.* ® These include Northern blotting,”
real-time quantitative RT-q-PCR.®° micro-
arrays,'®'" and electrochemical, fluorescence
or electrochemiluminescence sensors.>'?~ '
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Despite major advances made toward sensi-
tive miRNA detection, only few of these
methods have demonstrated the possibility
to perform real-time miRNA sensing in
human serum’> or miRNA detection in intact
cells,>'® which are of major dlinical signifi-
cance. Such intracellular detection methods
require long incubation times (~14 h) at
37 °C along with a high cell density suspen-
sion (~6 x 10* cells) to detect the target
miRNA expression. These methods also do
not allow single-cell analysis, so important
information is lost when thousands of cells
are profiled simultaneously, including cell
identity and heterogeneity across cell popu-
lations. Accordingly, there are urgent needs
for methods that can achieve miRNA expres-
sion analysis of at single-cell resolution.

In this paper, we describe the use of novel
nanomotors for rapid and sensitive intracel-
lular miRNA detection. The feasibility of the
new nanomotor approach was demon-
strated for miRNA-21 detection, which is
found to be overexpressed in 80% of tumor
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Figure 1. Intracellular detection of miRNAs by US-propelled ssDNA@GO-functionalized gold nanomotors. Schematic
illustrations of (A) the “OFF-ON” fluorescent switching system for the specific detection of miRNA-21 in intact cancer cells,
and (B) steps involved: (a) immobilization of the dye-ssDNA on the GO-functionalized AuNWSs and quenching of the dye
fluorescence, and (b) fluorescence recovery due to release of the dye-ssDNA from the motor GO-quenching surface upon
hybridization with the target miRNA. (C) Fluorescence images of a MCF-7 cell (a) before and (b) after 20 min incubation with
the ssDNA@GO-modified AUNWSs under an US field (with 6 V and 2.66 MHz). Scale bar, 10 um.

samples.'”” The motor-based miRNA sensing strategy
combines the advantages of using graphene oxide
(GO) for fluorescence-quenching biosensing of nucleic
acids,'®'? with the ability of ultrasound (US)-propelled
nanowire (NW) motors to be internalized into the
cells,?® and accelerate the intracellular hybridization
process toward rapid “on the move” miRNAs detection
with single-cell resolution.

The field of nano/micromachines is expected
to lead the development of innovative biosensing
strategies.?' ~%> Besides operating in previously inac-
cessible microscale biological environments, nano-
motors can lead to fundamentally new sensing
approaches. The continuous movement of receptor-
functionalized nanomotors has been shown to in-
crease the likelihood of target-receptor contacts and
thus to greatly increase the sensitivity while reducing
largely the assay time of bioaffinity assays.”> With
increased sophistication and functionalization, future
nanomachines are expected to perform more de-
manding analytical tasks.

Major advances in the nanomotor field*>?%~2° have
led to the growing use of nanomotors in diverse envi-
ronmental,** >3 biomedical,>**~3% and sensing®'*"~*°
applications. Recent efforts have led to the develop-
ment of fuel-free US-powered motors, which have
attracted considerable interest due to their potential
biomedical possibilities, including microsurgery,*' iso-
lation of biological targets,** drug delivery,**** and
movement within living cells.?

Carbon-based nanomaterials, including carbon
nanotubes (CNTs),** GO,? and carbon nanoparticles,*
have been used as common fluorescence quenchers.
In particular, GO has been suggested to be a very
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efficient quencher due to its high surface area and
two-dimensional structure.*®*” These characteristics
allow the adsorption of fluorophore-labeled probes
through z-stacking interactions between the nucleo-
tide bases and the carbon nanomaterial, leading to
quenching of the fluorescence due to the fluorescence
resonance energy transfer (FRET) effect through fluoro-
phore (photodonor)/quencher (photoacceptor) system.

The nanomotor-based fluorescent sensing strategy,
described in the present work, allows for the first time
real-time monitoring of a target miRNA at single-cell
level. For such purpose, ssDNA@GO-modified AUNWs
were prepared, by covalent immobilization of a GO
sheet onto cysteamine-modified AuNWSs through
EDC/NHS chemistry, and applied to directly monitor
the expression of a target miRNA in intact cancer cells.
As illustrated in Figure 1, the nanomotor-based miRNA
fluorescence “ON” sensing approach relies on the
fast recovery of the quenched fluorescence of a dye-
labeled specific single-stranded DNA (ssDNA) probe
due its preferential binding with the target miRNA-21
compared to the GO surface (responsible for the
quenching). The applicability of the approach is illu-
strated in the following sections for miRNA-21 detec-
tion in both a cell-free system and in intact cancer cells
with different expression levels of the target miRNA.
The new nanomotor-based real-time miRNA monitor-
ing strategy offers a dramatic acceleration of the
hybridization time, to enable fast, ultrasensitive and
specific detection of the target miRNA-21 in intact
individual cells at room temperature within few min-
utes compared to several hours and large number of
cells required by existing miRNA detection methods.
The new strategy thus holds considerable promise for

AR

VOL.9 = NO.7 = 6756-6764 = 2015 WQ@}N&M{)

WWwWW.acsnano.org

6757



in situ miRNA expression analysis at single-cell resolu-
tion for basic research and clinical diagnostics.

RESULTS AND DISCUSSION

Fabrication of ssDNA@GO-Functionalized Gold Nanomotors.
The new nanomotor strategy offers a rapid and specific
intracellular detection of miRNA-21. Figure 1A illus-
trates the “OFF-ON" fluorescence switching approach
developed for monitoring the expression of a target
miRNA in intact cancer cells using US-propelled
ssDNA@GO-functionalized gold nanomotors. The GO-
functionalized AuNWs serve as ultrasound-propelled
vehicles, transporting the ssDNA capture probe into
the cell. Upon entering the cell, the ssDNA probe,
attached to the GO-functionalized AuNWs, binds to a
specific target miRNA through complementary base-
pairing, releasing it from the motor and turning the
fluorescence “ON". The template electrosynthesis of
AuNWSs and their covalent modification with GO are
detailed in the Experimental Section. These nano-
motors constituted promising platforms for carrying
the fluorescein amidine (FAM)-labeled ssDNA probe
and internalizing it into intact cells within a few
seconds. Different features of GO are exploited in
this in situ sensing nanovehicles. First, the inherent
structure of GO provides a suitable scaffold for the
spontaneous adsorption of ssDNA onto its surface by
noncovalent sz-stacking interactions between the ring
structures of the nucleotide bases in the ssDNA and the
GO sheet.*® Experimental results indicate that this
mechanism occurs within 2—3 min, which is faster
than using single-walled CNTs due to the availability
of a high planar surface.*® Second, owing to the optical
and photophysical features of GO, and due to the close
proximity of the FAM-ssDNA to graphene, GO acts as
an effective quencher for the FAM dye fluorophore,
rapidly switching its fluorescence “OFF” (Figure 1B(a)).
The presence of the target miRNA leads to its rapid
hybridization to the dye-labeled DNA and to release
the resulting RNA—DNA hybrid duplex from the motor,
due to the weaker interaction between the DNA—
miRNA duplex and GO.***' This results in rapid recov-
ery of the dye fluorescence due to the remoteness of
the GO quencher, and in a readily detectable signal
(Figure 1B(b)). The images of Figure 1C illustrate the
“OFF-ON”" fluorescence switching inside one single
MCF-7 cell (with target miRNA-21 overexpression)
using US-propelled modified nanomotors following
a 20 min incubation (a vs b). These images clearly
demonstrate the feasibility of the new method to
detect the target miRNA in a single and intact breast
cancer cell, as will be described in detail below.

Scanning electron microscopy (SEM) images were
carried out to examine the structural morphology of
the GO-AuNWs. Figure 2A shows the SEM images of an
unmodified AUNW with 4 um length and a diameter of
200 nm (see inset). The later reflects the pore size of the
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Figure 2. SEM images of (A) unmodified AuNW and (B) GO
modified AUNW. Insets: whole AUNW and GO-AuNW struc-
tures. AuNW length, 4 um.

anodic aluminum oxide membrane template used in
the fabrication process. The solid smooth surface of the
NW demonstrates the gold morphology. Furthermore,
the resulting NWs present a concave end, essential
for the acoustic propulsion mechanism, as motion is
achieved due to a pressure gradient generated by the
scattering of US waves at such concave end.***?*3 The
AuNWs were modified via the self-assembly of the
cysteamine bifunctional agent on the gold surface,”*
to bond with GO via EDC/NHS coupling of the cystea-
mine amine group and the carboxylic acid groups
of GO. The SEM images of the modified GO-AuNW
(Figure 2B) show the thin and folded GO layers cover-
ing the entire surface of the AUNW, demonstrating the
successful modification of the nanomotor with GO.

Detection of miRNA-21: In Vitro Studies. Prior to studying
the intracellular miRNA-21 detection, we evaluated the
fluorescence quenching ability of the GO coating by
examining the change of the fluorescence signal of the
FAM-labeled ssDNA@GO-functionalized AuNWs in
the absence and presence of the synthetic miRNA-21
target. FAM-ssDNA exhibited a strong fluorescence
signal, characteristic of the FAM dye at A¢m 520 nm
(Aex 495 nm). When the GO-AuNWSs were incubated
with FAM-ssDNA, the FRET effect provoked that the
photons absorbed by the FAM dye were transferred to
the GO acceptor with high efficiency, thus decreasing
the fluorescence down to the corresponding back-
ground value. Such behavior reflects the strong and
fast quenching effect of GO on the fluorescence of
FAM-ssDNA.>>

To demonstrate the feasibility of the nanomotor
approach toward miRNA detection, we compared the
fluorescence signals observed after incubating the
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Figure 3. In vitro assay. Fluorescence recovery caused by the hybridization process between the ssDNA capture probe
immobilized onto the GO-AuNWs and the synthetic target miRNA-21 at 100 nM. Fluorescence images of the ssDNA@GO-
modified AUNWs solution taken after 5 min incubation with the target miRNA-21 using (a) static conditions and applying US at
(b) 6 V and (c) 9 V. In black, background signals. (d) Fluorescence signals corresponding to (a), (b) and (c) images (background
subtracted). Error bars estimated as a triple of the standard deviation (n = 3).

ssDNA@GO-modified AuNWs with 100 nM synthetic
target miRNA-21 for 5 min under static conditions or
upon propelling the wires at various speeds. As illu-
strated in Figure 3a,d (a, green bar), even under static
conditions, the fluorescence signal is five times higher
than the one obtained in the absence of the target
miRNA (5000 au vs 1000 au, unshown value). This
reflects the extremely high quenching efficiency of
GO (that leads to high signal-to-background ratios)
and the hybridization of the target miRNA with the
ssDNA (attached to the GO-AuNWSs). No FAM fluores-
cence signal was observed after incubating the target
miRNA (100 nM) with the unmodified AuNWs (without
GO) for 10 min under static conditions, reflecting the
crucial role of the FAM-ssDNA/GO coating. Figure 3b,c
depicts the fluorescence images obtained in the pre-
sence of 100 nM miRNA after applying US voltages of
6 and 9 V, respectively. The corresponding fluores-
cence values of 20000 and 38000 au for 6 and 9V,
respectively (Figure 3d (b and ¢, green bars)), demon-
strate a dramatic improvement in the hybridization
efficiency due to the motor movement, as compared to
the 5000 au observed under static conditions. The fast
motor movement thus accelerates the transport of the
target miRNA to the surface DNA probe, resulting in a
much more efficient duplex formation, as expected for
“on the move” hybridization processes.>” As a result,
the fluorescence “ON” hybridization signal is directly
related to the applied US voltage and corresponding
motor speed (Figure 3d). It is important to note also
that applying US at 9 V resulted in ~60% recovery of
the fluorescence intensity within 5 min, compared to
the 30 min needed for recovering half of the fluores-
cence under static conditions'® or to 60 min for 86%
recovery using a different miRNAs fluorescent quench-
ing detection scheme.>® Overall, the data of Figure 3
thus demonstrate the distinct speed and efficiency
advantages of the new nanomotor miRNA detection
method.

Furthermore, the selectivity of this new nanomotor
approach was evaluated by comparing the fluores-
cence signal for the miRNA-21 target with the signal
obtained from a synthetic 1-mismatched (1-m) se-
quence, after applying US at 9 V during 5 min. The
1-m sequence leads to an 80% of the fluorescence
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signal given by the fully complementary target miRNA-
21. These data demonstrate a satisfactory discrimina-
tion, in agreement with previous reports,>® considering
that the 1-m tested is located in the center of the
sequence (see underlined base in sequence 1-m in
Supporting Information Table S1).

Detection of Endogenous miRNA-21: Intracellular Studies.
The practical utility of this nanomotor methodology
was further demonstrated by detecting in real time
the target miRNA expression inside intact cancer
cells. To perform these studies, we employed a well-
characterized estrogen-receptor-positive metastatic
breast-cancer cell line (MCF-7). This is a useful cell-
based model of breast-cancer cells, with a very high
endogenous content of miRNA-21.>” As control experi-
ments, we switched to the Hela cells (human epithelial
cervix carcinoma cells) as they have an extremely low
endogenous level of the mature miRNA-21.38°°

Figure 4 shows the actual time-lapse images
(taken from Supporting Information Video 1) illustrat-
ing the internalization process by US propulsion of
one ssDNA@GO-functionalized AuNWs (indicated by
a red circle) into a single MCF-7 cell, with additional
modified AuNWs inside the cell and others stuck on
its membrane. These results demonstrate that the
US-propelled ssDNA@GO-functionalized AuUNWs in-
teract dynamically with intact cancer cells, similar
to the reported internalization of bare AuNWSs.2°
The latter study also reported that some AuNW
motors stick to the cell membrane. The functiona-
lized AuNWs can be internalized in a few seconds,
remained acoustically active and undergo both di-
rectional and spinning motion inside the cells (see SI
Video 2 and Video 3 in Supporting Information).
These results are particularly relevant since the early
study which reported the internalization of gold rods
required prolonged incubation times (~24 h).*°
The faster internalization can be attributed to the
hydrophilic character of GO, that possesses oxygen-
contained functional groups (hydroxyl, carboxyl,
ester). This character results in the high stability of
the GO in aqueous solutions and minimization of the
in vivo aggregation of the GO sheets, and facilitates
its internalization into the cells and its following
degradation.®®
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Figure 4. US-powered functionalized AuNWs in the presence of MCF-7 cells. (a—e) Actual time-lapse images taken from
Supporting Information Video 1 (4 s intervals) illustrating the internalization process of one modified AuNWs (red circle) into
a representative single MCF-7 cell (blue arrow) with other AUNWs already internalized while others stuck on the membrane.

US field, 6 V and 2.66 MHz. Scale bar, 10 um.

Figure 5. Specific detection of miRNA-21 in different cell
lines. (a) Optical and (b) fluorescence images of representa-
tive single MCF-7 and Hela cells after 10 min incubation
with the ssDNA@GO-modified AuNWSs under an US field (6 V
and 2.66 MHz). Scale bar, 10 um.

To examine the feasibility of the motor-based single
cell sensing approach, we compared the fluorescence
signals obtained after 10 min incubation with the
ssDNA@GO-modified AuNWs in two cancerous cell
lines with significantly different endogenous level of
the target miRNA-21: MCF-7 and Hela cells (Figure 5).
Once demonstrated, the internalization process of the
modified nanomotors into both types of cells (see
Supporting Information Videos 1—3), the fluorescence
images of both cell lines, obtained under similar ex-
perimental conditions and using a similar amount of
cells (~1.5 x 102 cells), were compared. For clarity,
toward demonstrating the single-cell resolution of the
nanomotor approach, Figure 5 shows the fluorescence
images of single representative MCF-7 (a) and Hela (b)
cells. The intracellular delivered ssDNA@GO-modified
AuNWs resulted in the recovery of the FAM fluores-
cence signal. The different intensity for these cancer
cell lines reflects the different degrees of miRNA-21
expression levels. The fluorescence intensity observed
inside MCF-7 cells is 44 times higher than that found
inside Hela cells (3750 vs 85 au). These results are
consistent with previous findings®' and confirm the
higher expression of the target miRNA-21 in the MCF-7
compared to Hela cells. As shown in Supporting
Information Figure 2a, the nanomotor-based miRNA
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sensing was robust enough to minimize nonspecific
fluorescence signal, thus, yielding sensitive and quan-
tifiable response to the target miRNA with low basal
fluorescence even in intact cancer cells. These results
also demonstrate the screening potential of the single-
cell strategy, depending on the endogenous expres-
sion level of the target miRNA in the target cells, along
with the high sensitivity of the nanomotor method,
and its ability to detect the target miRNA in a single cell,
including cells with an extremely low endogenous
miRNA content such as Hela (85 au compared to
20 au, in the absence of target miRNA-21). The latter
is commonly undetectable for other PCR-amplification
free miRNAs biosensing methodologies.>>® Note also
that the recovery of fluorescence inside a single MCF-7
cell is achieved within 5 min incubation with ssDNA@-
GO-modified AuUNWSs (2150 au) under an US field at 6 V
and 2.66 MHz (see Figure 6B(b) and corresponding
green bar in Figure 6B(e)).

To improve the sensing methodology based on the
hybridization-induced fluorescence recovery inside
the cells, the influence of the US exposure time and
the applied voltage was further examined. Figure 6A
shows fluorescence images of the MCF-7 cells after
10 min incubation with the ssDNA@GO-modified AUNWSs
using static conditions (Figure 6A(a)), and under US
field (2.66 MHz) at different voltages (3—9 V, Figure 6A-
(b—d, respectively)). These images show that the fluo-
rescence inside the cells increases upon raising the
applied amplitude voltage values; at the maximum
voltage (9 V), the fluorescence intensity is 17 times
higher than under static conditions (Figure 6A(e)).
These results demonstrate again the major role of the
nanomotor propulsion in facilitating the internaliza-
tion into the cells and the hybridization efficiency with
the target miRNA at room temperature. The miRNA
fluorescence signal depends linearly on the US voltage
amplitude and the propulsion time, as illustrated in
Figure 6A(e), B(e), respectively, resulting in stable fluo-
rescence intensities after 20 min incubation with the
modified nanomotors under a 6 V and 2.66 MHz US
field (see Supporting Information Figure 2g).

These results demonstrated that the nanomotor
detection strategy has the potential to monitor the
dynamic changes of miRNA expression in intact single
cancer cells, quantitatively, conveniently, in real time
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Figure 6. Recovery of the fluorescence in intact MCF-7 cells due to the hybridization process between the immobilized ssDNA
(onto the AuNWs) and the endogenous target miRNA-21 overexpressed into these metastatic breast cells. (A) Fluorescence
images of the MCF-7 cells after 10 min incubation with the modified AuNWs using (a) static conditions, and under US field
(2.66 MHz) at different voltages: 3 V (b), 6 V (c), and 9 V (d). (e) Dependence of the fluorescent signal upon the voltage
amplitude. (B) Fluorescence images corresponding to the MCF-7 cells (a—d) after incubation with the ssDNA@GO-modified
AuNWs using different US propulsion times: 0 (a), 5 (b), 10 (c), and 20 (d) min, at 6 V and 2.66 MHz. (e) Dependence of the
fluorescence signal upon the US exposure time. Scale bar, 10 um. Error bars estimated as a triple of the standard deviation (n = 3).

and at room temperature by guiding the ssDNA@GO-
functionalized gold nanomotors to the target cell.
While the most widely used detection methods require
multiple steps and prior total RNA extraction to per-
form the miRNAs determination, the new concept
offers a much simpler, shorter and a nondestructive
single-step approach to examine the endogenous
miRNA expression in individual target cells, which
could be used for further downstream analysis. More-
over, the proposed strategy helps to resolve the main
challenge of the few reported works that allow the
miRNA detection in intact cells but required higher cell
density and longer incubation times.'® In comparison
with these approaches, which were only able to reflect
the average expression of the target miRNA across the
collected cell population, the developed assay allowed
studying miRNA expression at the single-cell level,
which enables distinguishing between cells of the
same sample type with different expression.

CONCLUSIONS

In summary, we presented for the first time a single-
step nanomotor-based strategy for rapid monitoring of
miRNA-21 expression in individual intact cancer cells.
This new approach is based on measuring the (“OFF-
ON") fluorescence signal (GO quenching-dependable)
of internalized US-powered ssDNA@GO-functionalized
AuNW motors due to the hybridization of the specific
FAM-ssDNA probe immobilized onto the motors with
the endogenous target miRNA. The presented results
demonstrate the feasibility of this methodology to

EXPERIMENTAL SECTION

Reagents and Solutions. Graphene oxide (GO) dispersion in
H,0 (2 mg/mL, ~0.5 um length by ~0.5 um thickness and >95%
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assess the differential endogenous expression of a
target miRNA in single intact cells in a few minutes
compared to several hours and high number of cells
required by existing miRNA detection methods. These
major improvements in sensitivity and detection time
have been attributed to the faster internalization pro-
cess of the nanomotors and their rapid movement
inside the cells upon applying the US field, which
increases the probability of probe—target contacts
and results in a faster and more efficient hybridization.
The new simple and rapid nanomotor biosensing tool
could find important applications for profiling miRNAs
expression at the single-cell level in a wide variety of
preclinical and clinical scenarios, monitoring the expres-
sion of miRNA in living cells essential to elucidate the
roles of miRNA during complex regulatory processes
and to assess endogenous miRNAs expression in circu-
lating tumor cells. These attractive features make it very
promising in cancer diagnostics, patient follow-up and
monitoring of metastatic processes. The inclusion of a
magnetic segment in the nanomotor structure would
enable their guidance by an external magnetic field.
The key advantage of the new nanomotor fluores-
cent sensing technology is the ability to perform in situ
single-step target miRNA analysis within a single intact
cell using a short time. This unique capability made itan
extremely attractive screening methodology, readily
translated to point-of-care devices, and to the determi-
nation of other important endogenous biomarkers, such
as siRNAs, piRNAs or proteins merely by using probe-
modified nanomotors labeled with different dyes.

monolayer GO with thickness around 0.8—1.2 nm), cysteamine
hydrochloride, N-hydroxysuccinimide (NHS), 1-(3-(dimethyl-
amino)propyl)-N'-ethylcarbodiimide hydrochloride (EDC),
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2-(N-morpholino) ethanesulfonic acid (MES), bovine serum
albumin (BSA), Tris-HCl, ethylenediamine tetraacetic acid
(EDTA), KCI, NaCl, and MgCl, were purchased from Sigma-
Aldrich.

All the used synthetic oligonucleotides were purchased
from Integrated DNA Technologies, Inc. (San Diego, CA) and
are listed in Supporting Information Table S1. The synthetic
oligonucleotides were dissolved in TE buffer prepared in nucle-
ase-free water (10 mM Tris-HCl, pH 8.0, containing 1 mM EDTA),
divided into small 100 uM aliquots, and stored at —20 °C
until use.

MCF-7 and Hela cancer cell lines were obtained from the
University of California—San Diego (UCSD), Nanomaterials &
Nanomedicine Laboratory. Both cell lines were grown onto
glass slides placed into Petri dishes containing DMEM
(Dulbecco's modified Eagle's medium), supplemented with
10% fetal bovine serum, penicillin and streptomycin, and
2.5 mM L-glutamine (GIBCO-Invitrogen, Carlsbad, CA), and the
cells were used immediately for the experiments. To prepare the
cells suspension, after removing the cell culture media, cells
were detached from the glass slide and resuspended in 20 mM
Tris-HCl, pH 7.4, containing 100 mM NacCl, 5 mM KCl, and 5 mM
MgCl,.

The following buffer solutions, prepared with Milli-Q water
were used: 20 mM Tris-HCl, pH 7.4, containing 100 mM Nadl,
5 mM KCl, and 5 mM MgCl, for the FAM-labeled ssDNA
immobilization onto the GO-functionalized AuNWs, and the
hybridization process, and 20 mM Tris-HCl, pH 7.4, containing
100 mM NacCl, 1 mM EDTA, and 100 ug mL~" of BSA to perform
all the washing steps.

A5 ug mL™' GO dispersion prepared in deionized water was
used to modify the AuNWs. Activation of the GO-carboxylic
groups was carried out using a 400 mM EDC/100 mM NHS
mixture solution prepared in 0.1 M MES buffer pH 6.5.

Standard solutions of the oligonucleotides were prepared
daily from the 100 uM stored aliquots in 20 mM Tris-HCl, pH 7.4,
containing 100 mM NacCl, 5 mM KCl, and 5 mM MgCl,.

All chemicals used were of analytical-grade reagents, and
deionized water was obtained from a Millipore Milli-Q purifica-
tion system (18.2 MQ cm at 25 °C).

Nanomotors Fabrication. The AuNWs were prepared by a com-
mon template-directed electrodeposition protocol. A thin gold
film was first sputtered on one side of the porous alumina
membrane template containing 200 nm diameter cylindrical
nanopores (Catalogue No. 6809—6022; Whatman, Maidstone,
UK) to serve as a working electrode. The membrane was
assembled in a Teflon plating cell with aluminum foil serving
as an electrical contact for the subsequent electrodeposition. A
sacrificial copper layer was electrodeposited into the branched
area of the membrane using a 1 M cupric sulfate pentahydrate
solution (CuSO,4-5H,0, Sigma-Aldrich, St. Louis, MO), using a
charge of 8 Cand a potential of —0.90 V (vs a Ag/AgCl reference
electrode, along with a Pt-wire as a counter electrode). The
removal of this sacrificial layer helps to create the concave
shape in one end of the gold wire motor. Subsequently, Au was
plated using a commercial gold plating solution (Orotemp 24
RTU RACK; Technic, Inc., Anaheim, CA) at —1 V (vs Ag/AgCl),
using a charge of 4 C. The resulting AuNWs had a length of
around 4 um. The sputtered gold layer and the copper sacrificial
layer were simultaneously removed by mechanical polishing
using cotton tip applicators soaked with 0.5 M CuCl, solution in
20% HCI. The membrane was then dissolved in a 3 M NaOH
solution for 30 min to completely release the nanowires. The
resulting nanomotors were separated from solution by centri-
fugation at 7000 rpm for 5 min and washed repeatedly with
ultrapure water (18.2 MQ cm) until a neutral pH was achieved.
Between washing steps, the nanomotors solution was mixed
with ultrapure water and briefly sonicated (2—5 s) to ensure
complete dispersion of nanomotors in the washing water.
All AuNWs were stored in 1 mL of ultrapure water at room
temperature.

Nanomotors Modification. The external gold surface of the
nanowires was modified by an overnight immersion in a
2 mM cysteamine hydrochloride solution prepared in water,
to obtain an appropriate self-assembly monolayer. A mixture
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solution, consisting of 5 ug mL™" GO water dispersion and
400 mM EDC/100 mM NHS solution prepared in 0.1 M MES
buffer (pH 6.5), was allowed to react during 30 min under
shaking, in order to activate the GO-carboxylic groups. After
washing with ultrapure water (by centrifugation at 7000 rpm for
3 min), the cysteamine-modified AUNWSs were incubated with
the GO/EDC/NHS mixture solution during 1 h under shaking.
After another washing step with ultrapure water, the GO-
modified AuNWs were incubated in a 1 uM FAM-labeled ssDNA
solution prepared in 20 mM Tris-HCl, pH 7.4, containing 100 mM
NacCl, 5 mM KCl, and 5 mM MgCl,, and allowed to react during
45 min under soft shaking. Finally, the FAM-ssDNA@GO-
modified AUNWs were washed twice with the washing buffer.
All incubation steps were carried out at room temperature.

AuNWs without FAM-labeled ssDNA or GO were also pre-
pared using the same protocol to perform the corresponding
control experiments.

In Vitro miRNA Detection. The in vitro miRNA-21 detection
protocol involved the duplex formation between the FAM-
labeled ssDNA released from the AuNWs surface and the
miRNA-21 added to the modified-nanowires solution. To per-
form these experiments, 100 nM of the synthetic target miRNA-
21 (prepared in 20 mM Tris-HCl buffer, pH 7.4, containing
100 mM NaCl, 5 mM KCI and 5 mM MgCl,) was added to the
GO@ssDNA AuNWs solution, and different incubation times
were studied, in static conditions and applying ultrasound
(2.66 MHz) at different amplitude voltages. After that, the
sample was collected and the fluorescence signal was mea-
sured in the microscope. Same protocol was used to evaluate
the selectivity toward the mismatched 1-m sequence. All the
experiments were carried out at room temperature.

Intracellular miRNA Detection. To determine the endogenous
level of target miRNA-21 in intact cancer cells, a mixture of 1.5 uL
of the cell suspension (~1.0 x 10° cells/mL) and 1.5 uL of the
ssDNA@GO-AuNWSs was prepared and different US propulsion
times and amplitude voltages were studied at 2.66 MHz. After
each study, the fluorescence signal of each sample was checked
in the microscope.

Videos were captured using Cool SNAP HQ? camera, 20x
and 40x objectives and acquired at the frame rate of 10 using
the Metamorph 7.1 software (Molecular Devices, Sunnyvale,
CA). A Nikon Eclipse 80i upright microscope with B2-A FAM filter
was used to capture fluorescence images and videos. The fluor-
escence signal produced by the hybridization process between
the ssDNA probe and the target miRNA-21 was estimated
by analyzing the corresponding time lapse images using the
software ImageJ.

Ultrasound Equipment. The acoustic cell setup consisted of a
piezoelectric transducer (Ferroperm PZ26 disk 10 mm diameter,
0.5 mm thickness) responsible for the generation of US waves,
attached by conductive epoxy glue to the bottom center of a
steel plate (50 mm x 50 mm x 0.94 mm); then the steel plate
was covered with a 240 um kapton tape protective layerand a
sample reservoir at the center (5 mm). A glass slide was used
to cover the reservoir for US reflection and to protect the
sample. The continuous US sine wave was applied via a
piezoelectric transducer, through an Agilent 15 MHz arbitrary
waveform generator, in connection to a homemade power
amplifier. The applied continuous sine waveform had a fre-
quency of 2.66 MHz and voltage amplitude, which varied
between 3 and 9 V, to modulate the intensity of the acoustic
wave.
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