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A B S T R A C T

Artificial micromotors evolve to improve multitasking performance in different research areas, and different
power sources are combined to give rise to hybrid micromotors. Such combinations can alter physical features
and influence movement aspects that until now have not been taken into account. Here, we comparatively
studied how physical features of magnetic (erGO/Ni), catalytic (erGO/Pt), or dual propulsion (erGO/Pt-Ni and
its inverted form erGO/Ni-Pt) micromotors can influence direction and speed. The results showed that erGO/Pt
and erGO/Ni microtubes presented different growth modes dependent on experimental conditions. For the
hybrid form, similar features were observed but thicker and shorter than their individual versions. The catalytic
motion comparison demonstrated that the main movement pattern was circular, and erGO/Pt micromotors were
faster than the hybrid form, reaching speeds up to 360 μm s−1. The addition of a third material decreased
significantly the speed especially when nickel was in the last layer, demonstrating that the order in which
metallic elements are deposited is relevant and influences the speed. The erGO/Pt microtubes were selected to
detect Reprimo, a gastric cancer biomarker. The detection assay (static or catalytic conditions) relies on the turn-
off/turn-on fluorescence recovery due to the hybridization process between the Reprimo probe tagged with a
fluorescein amidine dye and target biomarker Reprimo ssDNA, followed by its detachment from microtube. The
catalytic detection results have shown to possess great selectivity as well as good reproducibility and can become
a promising strategy for qualitative or quantitative detection of Reprimo or other circulant cancer biomarkers
based on DNA.

1. Introduction

The design and development of artificial micromotors continue re-
ceiving significant attention in the last decade since these microdevices
have the fantastic ability to perform different complex tasks while they
are in continuous motion [1–3]. The motion of these microengines is
sometimes produced by a catalytic reaction or by converting an ex-
ternal source of energy, e.g., magnetic, electrical, or thermal, into
mechanical work [4,5]. This ability has enabled its use in multiple areas
as environmental remediation [6,7], cargo delivery [8–10], and bio-
sensing applications [11,12]. The last one includes the detection of

nucleic acids, protein, cancer cells, among others, in which the use of
micromotor has demonstrated potentiality as a sensing device in mo-
tion-based studies. However, to date, there are only a few reports of
micromotors for applications in the detection of DNA biomarkers as-
sociated with cancer but not in gastric cancer [13,14]. Gastric cancer
(GC) could be a curable disease if it is diagnosed at the early stages.
However, at this phase gastric cancer is asymptomatic, and therefore,
most cases are diagnosed once the condition is at advanced stages.
Among the methodologies developed to detect cancer biomarkers are
polymerase chain reaction (PCR) [15], electrophoresis [16], enzyme-
linked immunoadsorption assay (ELISA) [17] and surface plasmon
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spectroscopy [18], among others. However, despite the high sensitivity
of these techniques, they require a high sample volume and preparation
time, delaying the analysis and therefore the result. In this sense, the
use of micromotors could be useful as part of detection systems because
they can be in constant movement within the sample, increasing the
chances of interaction with target molecules (biomarker) and de-
creasing the detection and analysis time.

The current micromotor morphologies most reported for sensing
applications are spherical [5], helical [19,20], and tubular forms, all of
which are closely related to their methods of preparation. The e-beam
evaporation and glancing angled deposition techniques have been
generally used to synthesize the spherical and helical forms, while roll-
up technology and the template-assisted electrochemical method have
been used to develop the tubular shape [1,21–23]. The last method
stands out from the rest since it starts from a simple and inexpensive
redox reaction and can obtain a large quantity of material compared to
the roll-up technology. Additionally, new kinds of microtubular motors
can be obtained with this method, by either changing the composition
or the geometric template dimensions.

One of the most popular propulsion mechanisms of microtubular
motors is produced by a chemical reaction that occurs inside the tube;
this produces bubbles that are self-expelled from one output of the tube
and creates a propulsion force that is contrary to the bubble direction
[1,24,25]. The most common catalysts used are MnO2, Pd, Ir, and Pt,
which decompose hydrogen peroxide (H2O2), used as fuel, into O2

bubbles and water, and noncatalysts, such as Mg or Zn, that react in
acidic environments to produce hydrogen bubbles [26]. Microtubular
motors with inner platinum can achieve higher speed in the presence of
a minimum concentration of H2O2 and move for a long time compared
with other catalytic micromotors, so they are still widely developed
despite the constant search for new biocompatible sources of fuel
[1,27]. However, due to their small size, these self-propelled micro-
motors are highly influenced by Brownian behavior, which means that
the displacement occurs in random directions regardless of their com-
position [28]. Moreover, it is not possible to stop them, and therefore,
movement control and guidance represent a great challenge. To address
this limitation, efforts have been made to design and incorporate more
than one power source that accomplishes these requirements, forming a
hybrid microengine. Materials such as polymers, metal oxides, carbon
nanomaterials (graphene derivates and carbon nanotubes), and mag-
netic compounds (iron, cobalt, nickel) have been used to modify pro-
pulsion aspects including direction control and speed or the micro-
motor's functionality by modifying its surface to perform different tasks
at the same time.

With regard to magnetic and catalytic hybrid microtubular motors,
which offer a double function since they can be guided while they are
self-propelled, only a few reports are found. For instance, Singh et al.,
developed a zirconia-graphene/platinum microtubular motor to cap-
ture nerve agents; they added an extra nickel layer to isolate and re-
cover them magnetically [29]. Vilela et al., designed a multilayer mi-
cromotor based on graphene oxide (GO) and a nickel-platinum (Ni-Pt)
inner layer for heavy metal remotion from water [7]. Additionally,
Molinero-Fernandez et al., developed a similar microtubular motor for
mycotoxin analysis [30], and recently, Liang et al., described the de-
velopment of titanium microtubular motor coated with silica and with
platinum and magnetic nanoparticles inside for collection and de-
gradation of pollutants [6]. All the examples mentioned above focused
mainly on environmental applications of the hybrid microtubular mo-
tors, arbitrarily leaving the magnetic component in between the me-
tallic deposits and only for collection purposes. Instead, the platinum
deposit is exposed to the inside of the microtube and used for self-
propelling motion.

Nevertheless, the influence of the order in which the metals have
been deposited on the final type and speed of movement has not been
studied to date. The geometrical characteristics of the resulting hybrid
microtubular motors have not been taken into account on motion

aspects and have not been compared with their individual versions,
such as the reduced graphene oxide and platinum (rGO/Pt) or nickel
(rGO/Ni) micromotors with the rGO/Ni-Pt and inverted rGO/Pt-Ni
micromotors.

In this work, four microtubular motors consisting of electro-
chemically reduced graphene oxide (erGO), nickel, and platinum were
prepared: the erGO/Pt and erGO/Ni micromotors, which present
magnetic or self-propelled motion, respectively, and two hybrid types,
erGO/Ni-Pt with its inverted form erGO/Pt-Ni. For these last two, both
magnetic and self-propelling motion are expected. We comparatively
studied how the geometrical features, the number of metallic deposits,
and the deposition order influence the motion aspects, including di-
rection control and speed. Moreover, to our understanding, neither
erGO/Ni nor erGO/Pt-Ni microtubular motors have been described to
date.

A functional assay is also presented by using micromotors as a
sensing system to detect the methylated promoter region of Reprimo
(RPRM). RPRM is a short, 303 bp, coding gene, regulated by DNA
methylation of its promoter region. Methylation leads to a functional
silencing of RPRM which is associated with the loss of tumor suppressor
properties and associated with the development of gastric cancer.
Methylation of the promoter region of RPRM has been proposed as a
potential biomarker for non-invasive detection of gastric cancer since
its DNA can be extracted from serum and plasma samples in cancer
patients but is rarely found in healthy controls [31–34]. The detection
procedure detailed in the following sections relies on the well-known
quenching effect that reduced GO produces to some fluorescent mole-
cules adsorbed on its surface [35]. In this case, the complementary
Reprimo ss-DNA probe, tagged with a fluorescein amidine dye (RPRM/
FAM) was adsorbed on erGO, the outer layer of the microtubes. The
quenched fluorescence was used as a strategy to make a turn-off/turn-on
detection system based on the hybridization process between both
ssDNA (RPRM/FAM probe and target RPRM), which leads to a recovery
of the fluorescence signal due to the formation of the double-stranded
DNA and its detachment from the rGO microtube. Besides, the detection
of this GC biomarker is reported in static and catalytic conditions. The
last one assessed by the addition of hydrogen peroxide used as fuel, to
investigate the effect of catalytic motion on the detection. To the best of
our knowledge, this is the first time that micromotors are applied in the
detection of DNA biomarkers associated with gastric cancer.

2. Experimental section

2.1. Materials and reagents

Cyclopore polycarbonate membranes with 5 μm tubular-shaped
pore diameters were purchased from Whatman, USA (catalog No 7060-
2513). Methylene chloride, isopropanol, and ethanol were obtained
from Sigma Aldrich. Hydrogen peroxide (H2O2, 32 wt%), platinum
plating solution, nickel chloride, nickel (II) sulfamate tetrahydrate,
boric acid, and sodium cholate (SCh) were purchased from Merck, and
alumina slurry was purchased from G. Busch & Cia. Ltda. Our lab
previously synthesized and characterized graphene oxide through a
modified Hummer’s method [36], and this reagent was dry-stored. Ul-
trapure water was obtained from a Millipore water purification system
(≥ 18 MΩ, Milli-Q, Millipore) and used to prepare all solutions.

All the synthetic DNA oligonucleotides were purchased from
Integrated DNA Technologies (IDT, Coralville, IA, USA) and the se-
quences are enumerated below:

- Reprimo ssDNA probe (RPRM/FAM): FAM- 5′AAAAACGAACGAA
CGCCGCGAACGACGCGAATCCGA-3′

- Target Reprimo ssDNA (RPRM): 5′-TCGGATTCGCGTCGTTCGCG
GCGTTCGTTCGTTTTT-3′

- Non complementary ssDNA (NC): 5′-CTCAGCAAGCCTCAATG-3′
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2.2. Solutions

0.10 mg of graphene oxide was dispersed in a solution consisting of
H2SO4 (0.1 M) and Na2SO4 (0.1 M) [27]. The nickel solution was pre-
pared according to reference [37]. Sodium cholate was prepared by
dissolving 0.02 g in 1 mL of Milli-Q water.

All ssDNA oligonucleotides were reconstituted in TE buffer solution
(0.20 M Tris−HCl, 20 mM EDTA, pH 7.5), aliquoted in 100 μM stock
solution, and kept frozen until use. The DNA immobilization was made
using TE buffer saline solution (containing NaCl 100 mM, pH 7.5).

2.3. Preparation of micromotors

Template electrochemical deposition of the microtubes was con-
ducted by a CHI 760 potentiostat (CH Instrument, Inc., Austin, Tx,
USA); a Pt wire and an Ag/AgCl (3 M KCl) electrode were used as
auxiliary and reference electrodes, respectively. A polycarbonate
membrane was sputtered on one side with a gold film (70 nm) and used
after as a template and working electrode. The sputter was performed
using a Cressington Sputter Coater 108 auto with MTM-20 thickness
controller equipment under vacuum at room temperature and 40 mA.

First, the membrane was assembled into a customized Teflon cell
where 10 mL of graphene oxide (GO) solution was added to the cell and
electrochemically reduced over the wall pores of the membrane (Fig. 1,
step a) at room temperature using cyclic voltammetry (CV, over +0.30
to –1.50 V, at 50 mV s−1, for five cycles). Subsequently, a layer of
platinum, nickel or both was electrodeposited over the surface of erGO
(Fig. 1, step b). The platinum layer was galvanostatically deposited at
-2.0 or -20.0 mA for 300, 500, 1000 and 2000s. Nickel was deposited
amperometrically at -1.30 V for 1.0 C and 4.0 C. To release the mi-
crotubes from the template membrane (Fig. 1, step c), the gold layer
was completely removed by mechanical hand polishing with a 5.0 μm
alumina slurry, and then the membrane was dissolved in methylene
chloride for 15 min. Then, the microtubes were collected by cen-
trifugation at 3835 g for 3 min. Afterward, successive washes with
isopropanol followed by ethanol and ultrapure water (three times) were
performed with a 3 min centrifugation at 3835 × g between each wash.
All microtubes were stored in ultrapure water at room temperature
when not in use. The template preparation method resulted in re-
producible micromotors.

2.4. Immobilization of ssDNA RPRM/FAM probe on micromotors

To immobilize the RPRM/FAM probe (λex: 495 nm, λem: 520 nm)
onto the erGO micromotor surface, 200 μL of RPRM/FAM probe (10
μM), prepared in TE buffer saline solution, was added dropwise to the
microtubes. The mixture solution was incubated overnight with gentle
magnetic stirring at room temperature. Then, the modified RPRM/
FAM/erGO/Pt micromotors travel decanted for 50 min, the supernatant
was extracted and 200 μL of TE buffer solution was added (repeated
two-times), then the RPRM/FAM/erGO/Pt micromotors were stored in
TE buffer solution at 4.0 °C.

2.5. Fluorescence recovery assay

A volume of 10 μL of the modified RPRM/FAM/erGO/Pt micro-
motors solution and 2.0 μL of sodium cholate (2.0 % wt final) was
added into a 0.5 mL tube maintained without movement. Then, 2.0 μL
of different solutions and concentrations were added depending on the
study. For catalytic detection, H2O2 was added (1.5 % wt final) and for
the detection in static conditions, TE buffer solution was added in re-
placement of the fuel. The fluorescence intensity recovery was mon-
itored at different times by taken 0.5 μL of the mixture, placed onto a
clean glass slide and measuring the fluorescence intensity of the dro-
plet.

2.6. Instruments

A scanning electron microscope (SEM; Jeol JSM IT300 LV) coupled
with an energy-dispersive spectrometer (EDS; Oxford Instruments,
U.K.) was used to assess the morphology and elemental mapping of the
micromotors.

To perform and record the movement, 2.0 μL of freshly prepared 2.0
wt% sodium cholate (Sch) was placed onto a clean glass slide, and then
2.0 μL of each type of micromotor (erGO/Pt, erGO/Pt-Ni or erGO/Ni-
Pt) was added. Finally, 2.0 μL of H2O2 solution at different concentra-
tions (wt%) was added to induce the self-propelled movement. For
magnetic motion, a magnet was drawn close to the left side of the glass
slide. For magnetic motion, a magnet was drawn close to the left side.
Magnetic field intensity was measured using a gaussmeter (PCE-MFM
3000, PCE Instruments).

To investigate the microtube motion, movie clips were recorded
during a given time using an inverted microscope Nikon TS-100
equipped with a 10X or 40X objective and an Andor Zyla digital
camera. The tracking and analysis of the video clips were conducted
using MATLAB software.

Fluorescence images were recorded using an inverted Olympus
CKX41 microscope with filter and Nikon camera DS-Fi 2. The
quenching effect and the recovered fluorescence intensity produced by
the hybridization process was estimated by analyzing the corre-
sponding images using the ImageJ software.

3. Results

The micromotors were prepared through the template-assisted
electrochemical method following the protocol described by Wang’s
group [11] with some modifications; the step sequence is illustrated in
Fig. 1. First, an outer layer of electrochemically reduced graphene oxide
(erGO) was deposited onto the pore wall of a microtubular membrane
(step a) to give support to a second metallic layer. In step b, a single
metallic layer of platinum (Pt) or nickel (Ni) was deposited onto the
erGO surface to form the erGO/Pt and erGO/Ni microtubes, respec-
tively. Subsequently, a third layer can also be formed by a second metal
deposition, Pt or Ni, to form the erGO/Pt-Ni and the erGO/Ni-Pt hybrid
micromotors. It should be noted that erGO/Ni and erGO/Pt-Ni micro-
motors have not been reported to date. Finally, the four kinds of mi-
crotubes were removed from the membrane (step c) by dissolution and

Fig. 1. Schematic illustration of the template-assisted electrochemical deposition method to prepare the microtubular motors, where (a) represents the erGO de-
position; (b), metallic deposition; and (c), the release of the microtubes from the membrane.
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stored in Milli-Q water. The motion of the microtubular motors is
performed through the addition of hydrogen peroxide (H2O2) in dif-
ferent concentrations, by an approaching magnet or both at the same
time.

The graphene oxide (GO) characterization and the electrochemical
profile for the deposition of reduced graphene oxide (erGO) are shown
in Supplementary Figure S1(a–c). Figure S1a depicts a characteristic
Raman spectrum for GO showing the G (∼1580 cm−1) and D peak
(∼1350 cm−1). From the intensities of these two bands, the ID/IG ratio
was calculated as a measure of the defect degree related to in-plane
vacancies or impurities as interstitial or edge heteroatoms coming from
the functional groups present in the carbon nanomaterial. Figure S1b
shows the contribution of those carbon functional groups. The con-
tribution located at 284.6 eV can be associated with the Ce/C]C
groups, whereas those observed at 286.8 eV, 288.2 eV, and 289.2 eV
correspond to the CeO, C]O, and OeC]O groups, respectively. Figure
S1c, shows a clear reduction peak is observed at -0.870 V (vs. Ag/AgCl)
and attributed to the reduction of functional groups present in GO
(ketones, hydroxyls, aldehydes, and carboxylic acids, among others)
[5]. The current intensity of the reduction signal decreases with the

scan number, indicating that most of the oxygen moieties have been
successfully reduced. Fig. 2A shows the potential vs. time profile ob-
tained for the galvanostatic electrodeposition of platinum onto the
erGO surface to form the erGO/Pt microtubes. The curves obtained are
similar to those registered by other researchers for the deposition of
platinum nanoparticles via an open circuit potential method over a
microelectrode surface [38,39]. When the current applied is – 2.00 mA
during 300, 500 or 1000s, a potential of -0.250 V is reached and re-
mains constant over time, but when the current is applied for 2000s, the
potential decreases to -0.237 V, and then remains constant over time.
Fig. 2A (a–d) shows one representative SEM image of the obtained
erGO/Pt microtubes synthesized under these experimental conditions.
The continuous growth of the microtubes with longer deposition times
was observed. Measured average lengths of 4.15 ± 0.68, 6.20 ± 0.10,
6.96 ± 0.49 and 12.3 ± 0.60 μm were obtained for 300, 500, 1000 and
2000s, respectively (at least ten microtubes were measured). The same
behavior was recently reported by Pumera et al., who synthesized
platinum micromotors using a 3 μm pore diameter membrane [40,41].

All microtubes obtained from these experimental conditions were
subjected to a rapid test of motion and showed no self-propulsion

Fig. 2. (A) Potential vs. time profile for the platinum (Pt) deposition and SEM images obtained for the erGO/Pt microtubes at -2 mA for 300 s (black line, image a);
500 s (red line, image b); 1000s (blue line, image c) and 2000s (green line, image d). At -20 mA for 2000s (pink line, images e–f). (B) Current vs. time profile for
nickel (Ni) deposition and SEM images for the erGO/Ni microtubes obtained at a charge of 1 C (black line, image a) and 4 C (red line, image b). Inset images
correspond to the top view of the microtube; scale bar is 10 μm unless otherwise specified.(For interpretation of the references to colour in the Figure, the reader is
referred to the web version of this article).
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response even at high concentrations of hydrogen peroxide. This be-
havior might be due to the inhibition of the bubble formation, growth
and ejection since the process is dependent on the geometric symmetry
and the length of the microtube where fluctuations inside the tubular
structure may eventually inhibit this process changing the rate of
bubble formation and disturbing the motion [42]. For this reason, we
decided to increase the applied current from -2.0 mA to -20.0 mA for
2000s. In Fig. 2A (pink curve), a negative shift in potential to -0.300 V
can be seen, in comparison to those obtained at -2.0 mA. Fig. 2A (e)
depicts that the microtubes prepared under this experimental condition
presented an entire tube-shaped morphology, a homogeneous surface
with geometric dimensions of 12.6 ± 0.36 μm length, a 4.15 ± 0.26
diameter and a 0.22 ± 0.03 μm thickness. Fig. 2A (f) shows the pla-
tinum nanoparticles viewed inside of the microtube with an average
diameter size of 82.70 ± 2.70 nm, confirming its deposition. These
results indicate that the electrodeposition time of platinum and the
current intensity applied are crucial for the formation and stability of
the erGO/Pt microtube structure. A rapid test of motion showed clear
self-propulsion movement of the microtubes (Supplementary Video 1)
and is the reason why we selected this experimental condition for
erGO/Pt microtube preparation. The composition of erGO/Pt micro-
tubes was analyzed by energy-dispersive X-ray spectroscopy (EDX) in
the mapping mode for carbon (from erGO) and platinum. The images of
the elemental composition are shown in Supplementary Figure S2 (a),
where it can be seen that both carbon from erGO deposition (green
image) and platinum nanoparticles (cyan image) are distributed
homogeneously through the microtube surface.

Fig. 2B displays the current vs. time plot obtained for the ampero-
metric deposition of nickel over the erGO inner surface to form the
erGO/Ni microtubes. Two charges were studied in this case to verify
differences in physical features and magnetic motion. A fixed potential
of -1.300 V (vs. Ag/AgCl) was applied for the necessary time to reach a
charge value of 1.0 C and 4.0 C, the black and red lines, respectively.
The charge, obtained from the area under the curve, can be easily ob-
tained from this electrochemical response. It can be observed that in
both cases when the potential is applied, the current has an initial in-
crease attributed to the formation of nickel species inside the erGo
surface. Under these experimental conditions, erGO can still be reduced
[43,44]. From SEM images of the erGO/Ni microtubes presented in
Fig. 2B (a–b), it can be seen that the microtube formation process was
different from that obtained for erGO/Pt. Both conditions studied were
sufficient to form and maintain the structure of the microtube with si-
milar geometric dimensions of 11.9 ± 0.5 μm length and 4.01 ± 0.03
μm diameter (at least ten microtubes were measured for both types).
However, the insets of Fig. 2B (a–b) showed a dramatic difference in the
microtube thickness, changing from 0.145 ± 0.01 μm when the de-
posited charge was 1.0 C to 1.24 ± 0.10 μm when the charge was 4.0 C,
i.e., the microtubes obtained at 4.0 C are 10 times thicker. Thus, this

type of micromotor presents a different mode of growth in comparison
to the erGO/Pt micromotor, characterized by a constant length but a
thickness that varies according to the charge selected. Both types of
erGO/Ni micromotors presented unidirectional displacement toward
the direction where a magnet was positioned (Supplementary Video 2).
After a few seconds, it is possible to observe the formation of rows like a
chain-train between the microtubes that remain even when the magnet
moves away, requiring an extra power source such as agitation to dis-
rupt this organization. The elemental composition of the erGO/Ni mi-
crotube under both conditions is shown in Supplementary Figure S2
(b–c) measured by EDX in mapping mode, where both carbon (green)
and nickel (red) were well distributed over the microtube surface.

In efforts to obtain micromotors with better capabilities of motion
and function, microtubular motors that combine both magnetic and
self-propelled motion have been developed. Previously, the erGO/Ni-Pt
micromotor [7,30] was developed for environmental applications,
where the characterization of the dual movements has not been de-
scribed. We subsequently prepared erGO/Ni-Pt and erGO/Pt-Ni mi-
crotubes, starting with the electrodeposition of erGO as previously
described; then, for platinum and nickel deposition, the selected ex-
perimental conditions were -20.0 mA for 2000s and -1.30 V at a charge
of 1.0 C, respectively, regardless of which metal was deposited first. The
electrochemical response (not shown) was equivalent to that obtained
in Fig. 2 (A and B), while the SEM images (top and side view) and the
EDX mapping for the elemental composition are shown in Fig. 3A for
erGO/Pt-Ni and Fig. 3B for erGO/Ni-Pt. Both microtubes presented a
microtubular morphology with homogeneous topography (side view).
The geometrical dimensions were similar for both with an average
length and diameter of 11.70 ± 0.19 μm and 3.83 ± 0.18 for erGO/Pt-
Ni and 11.50 ± 0.46 μm and 3.54 ± 0.28 μm for erGO/Ni-Pt, re-
spectively. A thickness (top view) of 0.78 ± 0.06 μm for both micro-
motors was obtained. Analyzing the elemental composition for carbon
(green), platinum (cyan), and nickel (red), a well-distributed deposition
along the tube was observed. In summary, both types of hybrid mi-
crotubes showed similar physical features but were shorter and thicker
than their individual versions.

A comparison of the self-propelled movement for erGO/Ni-Pt and
erGO/Pt-Ni micromotors was evaluated and compared with that ob-
served for erGO/Pt. The motion was performed by the addition of dif-
ferent concentrations of H2O2 as fuel and sodium cholate (SCh) 2.0 wt%
(the sodium cholate has been used as surfactant to improve the bubble
generation and self-propulsion in comparison of sodium dodecyl sulfate
(SDS) or in the absence of surfactant (Figure S3). The erGO/Ni was
excluded because it does not present a catalytic reaction with H2O2. In
this study, we analyzed the motion of more than one hundred micro-
motors and found that the main movement pattern was circular with 47
% of the micromotors, followed by straight (39 %) and spiral (14 %).
This tendency was observed independently of the type of micromotor

Fig. 3. Top and side view of SEM images and EDX mapping analysis of carbon (green), platinum (cyan) and nickel (red) for (A) microtubes of erGO/Pt-Ni and (B)
microtubes of erGO/Ni-Pt. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article).
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and concentration of fuel used. Fig. 4 (A, B and C) shows an image of
each pattern of motion extracted from Supplementary Video 3, where
the bubble wakes draw the circular (A), straight (B), and spiral (C)
trajectories. In previous literature reports, different patterns of motion
for nonhybrid and hybrid microtubular motors have been discussed,
which could possibly be due to an asymmetric inner deposition that
leads to an unbalanced formation and ejection of the oxygen bubbles
but could also be due to a heterogeneous final edge tube, which twists
the tube and therefore displays distinct movements [3,27,29]. In
Fig. 4D, the speed vs. H2O2 (wt%) profile is separated according to the
type of self-propelled movement that is displayed for the three different
micromotors, erGO/Pt (black square), erGO/Ni-Pt (pink triangle), and
erGO/Pt-Ni (blue circle). The average speed of the micromotors was
obtained from a MATLAB-code based program that tracked the position
of the micromotor in time during its trajectory. In all cases, the speed
increased with increasing H2O2 concentration. The speed was faster for
erGO/Pt micromotors for the three types of movements, reaching va-
lues up to 360 μm s−1 at 10 wt% of H2O2 in the straight movement
pattern. No movement was observed for erGO/Pt-Ni at 0.5 H2O2 wt%,
and the maximum speed reached for this type of micromotor at 10 wt%
of H2O2 was only 137 μm s-1. Instead, the erGO/Ni-Pt micromotor,
which has a variable speed depending on the type of motion, reached a
maximum of 170 μm s-1.

In summary, the addition of a third material to form hybrid mi-
cromotors makes the microtube thicker and slower in comparison to the
individual version. This reduction in the speed was more observable
when the nickel was in the last layer, demonstrating that the order in
which the metallic layers were deposited was not trivial and seriously
influenced the speed. Since the net speed is dependent on the geometry
features of the micromotors and the fluid viscosity it would be inter-
esting to count with a theory that can determinate the speed of catalytic
microtubular motors considering the thickness and elementary com-
position layer of the microtube and the order in which they are de-
posited, in that case, the equation proposed by Wang et al., could be the
closest model to determinate the theoretical speed of thicker micro-
motors [45]. If faster hybrid micromotors are required, it is necessary to

deposit the platinum layer at the end, ensuring that it be exposed to the
solution inside of the tube.

We also comparatively studied the single magnetic motion for
erGO/Ni by the approaching of a magnet and the dual motion for erGO/
Ni-Pt and erGO/Pt-Ni by approaching the magnet at the same time the
micromotors are self-propelled (at 5.0 wt% of H2O2). Fig. 4E (a–c) il-
lustrates a column of six time-lapse images extracted from Supple-
mentary Video 4, taken every 200 ms for 1.0 s. For erGO/Ni (Fig. 4Ea),
the motion started when the magnet approached enough in the left
direction to apply a magnetic field intensity between ∼8 m T to ∼10 m
T, presenting a unidirectional trajectory, with a total travel distance of
40 ± 8.0 μm. The magnet approaching effect (in the left direction) for
erGO/Pt-Ni or erGO/Ni-Pt in Fig. 4E b and c, respectively. When erGO/
Pt-Ni or erGO/Ni-Pt are in self-propelled mode, a breaking of the pre-
vious pattern of motion (at 5.0 wt% H2O2) is observed, forcing a uni-
directional motion. The aggregation of micromotors, previously ob-
served for erGO/Ni, was not observed for these kinds of hybrid
micromotors. On the other hand, the magnet approach permitted an
increase in the distance traveled, which was 210 ± 26.0 μm for the
erGO/Pt-Ni and 593 ± 39.0 μm for the erGO/Ni-Pt micromotors.
However, once the magnet is removed, the previous pattern of motion
is recovered.

Thus, magnetic and self-propelled motion performed at the same
time has an advantage that does not lead to aggregation, as in the
erGO/Ni micromotor, and led to a single (straight) pattern of motion.
However, when dual motion is required, i.e., magnetic and self-pro-
pulsion, higher concentrations of fuel (H2O2) are necessary to reach
higher speeds than those obtained by erGO/Pt, especially when the
nickel is in the last layer. This consideration should be taken into ac-
count when these kinds of hybrid micromotors are desired.

Finally, erGO/Pt microtubes were applied to the detection of the
gastric cancer biomarker RPRM, because this type of micromotor pre-
sented higher speed at a minimum concentration of hydrogen peroxide.
Fig. 5A shows a schematic illustration for the immobilization and de-
tection procedure in static or catalytic conditions. Initially, the single-
stranded RPRM/FAM probe was adsorbed over the erGO surface mostly

Fig. 4. Image of each pattern of movement (A) circular, (B) straight and (C) spiral, the red arrow indicates the position of the microtube. (D) Average speed for the
three types of movement in different concentrations of H2O2 (wt%) for the erGO/Pt (black square), erGO/Ni-Pt (pink triangle), and erGO/Pt-Ni (blue circle)
micromotors. The standard deviation was calculated from n = 10 trajectories. (E) Time-lapse images for (a) erGO/Ni, (b) erGO/Pt-Ni and (c) erGO/Ni-Pt micro-
motors depicting the movement of a magnetic guidance mode (left direction) or dual movement: self-propulsion and magnetic guidance over 1.0 s at intervals time of
200 ms (at H2O2 5.0 % wt). The blue dashed line indicates the initial time. The scale bar is 100 μm. (For interpretation of the references to colour in the Figure, the
reader is referred to the web version of this article).
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due to π-π stacking and electrostatic interactions, which leads to a
quenched fluorescence [46,47].

]. Upon the addition of target RPRM, the hybridization process takes
place, releasing the double-stranded from the microtube to allow the
recovery of the fluorescence intensity from the FAM dye, and in con-
sequence the biomarker detection [35].

Fig. 5B shows the changes in the fluorescence intensity expressed in
percentage for the RPRM/FAM probe solution during the incubation
time with erGO/Pt microtubes. The RPRM/FAM probe (Fig. 5Ba), dis-
play strong green fluorescence intensity, which after 2.0 min of in-
cubation with erGO/Pt micromotors (Fig. 5Bb) notoriously decreased to
23.0 ± 2.3 %. The quenching effect is originated from fluorescence (or
Förster) resonance energy transfer (FRET), or non-radiative dipole-di-
pole coupling, between the FAM dye, coupled to RPRM probe and the
erGO outer layer of the micromotor, according to what has been de-
scribed in the literature [46, 47]. After 15 min of incubation, the
fluorescence intensity continues decreasing to 17.4 ± 1.0 % (Figure

5Bc), and for the final incubation, overnight condition, a quenching of
94.6 ± 1.6 % is reached from that obtained at the initial time (Figure
5Bd). The quenching effect remained constant for a period of one week.
The standard deviation was calculated from four different batches of
prepared RPRM/FAM/erGO/Pt micromotors.

In Fig. 5C, we investigated the stability of the RPRM/FAM probe in
the absence of micromotors, monitoring the fluorescence intensity as a
function of time. It can be observed that for RPRM/FAM probe (black
square), the fluorescence intensity does not suffer alterations, re-
maining constant. However, after the addition at 1 min of TE buffer
solution (red circle), the fluorescence intensity starts to increase
smoothly. On the contrary, when H2O2 (1.5 % wt, at 1 min) was added,
the fluorescence intensity decreased by 7.8 ± 0.9 % in the first minute
and then remained constant (blue triangle). These results were con-
sidered for the posterior detection of Rep C in static or catalytic de-
tection. Fig. 5D shows the fluorescence recovery expressed in percen-
tages as a function of time from the analysis RPRMFAM/erGO/Pt

Fig. 5. (A) Schematic illustration for the detection strategy. (B) Fluorescence intensity changes expressed as percentage for the incubation of RPRM/FAM with erGO/
Pt micromotors at (a) 0; (b) 2.0; (c) 15 min and (d) overnight incubation. (C) Fluorescence intensity versus time for RPRM/FAM probe (black square), RPRM/FAM +
TE buffer solution (red circle) and RPRM/FAM + H2O2 solution (blue triangle). (D) Fluorescence recovery intensities expressed as a percentage for RPRM/FAM/
erGO/Pt micromotors toward the addition of (a) TE buffer solution; (b) RPRM in static condition; (c) RPRM in catalytic condition and (d) NC in catalytic condition.
(F) Calibration plot for the RPRM detection in catalytic conditions. (For interpretation of the references to colour in the Figure, the reader is referred to the web
version of this article).
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micromotors in different experimental conditions (standard deviation
was calculated from n = 4 measurements). Supplementary Figure S3
shows representative fluorescence images of this study, and a total of
100 % fluorescence intensity corresponds to the obtained for the in-
cubation of RPRM/FAM and RPRM at 5μM both. Fig. 5Da (black curve)
showed no significant variation of fluorescence recovery after the ad-
dition of TE buffer solution performed as a control in catalytic condition
(static condition showed similar results). Besides, this result indicates
that the RPRM/FAM probe is not released from the microtube because
of the movement. Fig. 5Db (green curve) showed that for the detection
of RPRM (5.0 μM) in static conditions, only 22.0 ± 1.9 % of fluores-
cence recovery is reached, and was observed at 5 min of reaction. In-
stead, for the detection of RPRM (5 μM) in catalytic conditions
(Fig. 5Dc, purple curve) a fluorescence maximum of 64.0 ± 2.0 % is
recovered at 2 min of reaction, faster and sixfold higher than static
detection demonstrating that the self-propulsion of the micromotor
increases the effective encounter between the strands allowing the
hybridization process in shorter time. However, a decrease in the
fluorescence intensity is observed in later detection times, which is
possibly due to new interaction with the microtube and consequently to
quenching.

To study the specificity of the assay, a non-complementary ssDNA
strand (NC, 5.0 μM) was added in catalytic conditions. Figure 5Dd (red
curve) showed a similar response to that obtained for the detection of
RPRM in the static condition. This response could indicate that the
hybridization process occurs but with a maximum fluorescence re-
covery in posterior time compared to the catalytic detection and sixfold
lower. Thus, the catalytic detection could be used as a selective and
qualitative platform for target GC biomarker detection, without the
interference of another ssDNA.

Fig. 5F shows the calibration plot obtained in catalytic conditions at
2.0 min of detection for different concentrations of target RPRM. A
linear relationship is observed over the range from 1.0 to 10 μM (r2 =
0.993) with a detection limit (LOD) of 1.3 μM (taken as 3.3 σ/S, where
σ is the standard deviation of the blank signal and S is the sensitivity), a
quantification limit (LOQ) of 3.8 μM (taken as 10 σ/S) and relative
standard deviation (RSD) of 4.2 %. Lower concentrations of the target
biomarker can be detected by increasing the detection time. Supple-
mentary Figure S5 displays a series of representative droplet images of
this study showing that the fluorescence intensity obtained for the
catalytic detection at 2.0 min in (a) buffer TE solution, (b) target RPRM
and (c) noncomplementary DNA sequence were similar (89 ± 12; 95 ±
15; 83 ± 11 a.u, respectively). However, when the detection was
performed at 5.0 min a clear difference was observed between the
fluorescence intensity response from both 100 and 500 nM) con-
centrations of RPRM target studied (143 ± 11 a.u. at 2.0 min and 155
± 16 a.u. at 5.0 min) and the controls (85 ± 9.0 and 91 ± 12 a.u. for
TE buffer solution and NC, respectively).

In summary, the findings in this work suggest that geometrical
features should be considered in the development of single or hybrid
micromotors and when these are desired to be applied as an alternative
sensing system to real samples.

4. Conclusion

Catalytic (erGO/Pt), magnetic (erGO/Ni), and hybrid (erGO/Ni-Pt;
erGO/Pt-Ni) micromotors with single or dual motion were prepared
through an electrochemical template assistance method. The scanning
electron microscopy characterization revealed that erGO/Pt microtubes
have a continuous growth dependency with plating time and potential
energy. Instead, erGO/Ni showed microtubular morphology but with a
dramatic change in the wall thickness when the electrical charge was
varied. For the hybrid microtubular motors, similar physical features
were observed. However, they were thicker and shorter than their in-
dividual versions. The comparison of catalytic motion demonstrated,
first, that the main pattern of motion was circular and that erGO/Pt

microtubular motors were faster than the hybrid forms. This behavior is
due to the exposure of the platinum layer to the H2O2 solution inside
the microtube, as opposed to erGO/Pt-Ni hybrid micromotors. On the
other hand, when dual motion is activated by an approaching magnet,
while the micromotors are self-propelled, the magnetic field forces the
micromotor movement into a straight pattern. Additionally, an in-
creasing travel distance is obtained as a result of the high speed ob-
served; this effect was more relevant for erGO/Ni-Pt than for erGO/Pt-
Ni. These results were taken into account to select a micromotor for the
RPRM biomarker detection. The catalytic detection response was six-
fold higher than the detection in static conditions, showing high se-
lectivity as well as a fast detection response, making it a promising
alternative for qualitative or quantitative detection of other circulant
cancer biomarkers, based on DNA hybridization.
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