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S
elf-propelled catalytic nanomotors,
capable of converting energy into
movement and forces,1�6 have shown

considerable promise for diverse practical
applications. Particularly attractive are tu-
bular microengines owing to their efficient
bubble-induced propulsion in complex
biological media and high ionic-strength
environments.4,7,8 Such chemically pow-
ered nanomotors have been commonly
prepared by top-down photolithography,
e-beam evaporation, and stress-assisted
rolling of functional nanomembranes into
conical microtubes.5 Alternatively, a simpli-
fied membrane-template electrodeposition
protocol can be used for mass production
of high-performance catalytic microtubular
engines.9,10 The resulting microengines are
smaller in size (∼8 μm long), require low fuel
concentrations (down to 0.2% H2O2), and
move at an ultrafast speed (over 1400 body
lengths/s). These template-fabricated mi-
crotubes commonly consist of a polymer/
Pt bilayer and require additional Ni and Au
layers for theirmagnetic guidance and facile
functionalization (e.g., with receptors), re-
spectively. A judicious modification of the
outer Au surface by molecular bioreceptors,
e.g., DNA probes,11 aptamers,12 antibodies,13

or lectins,14 has thus been shown useful for
diverse target-isolation sensing applica-
tions. Considerable efforts have also been
devoted toward the use of catalytic nano-
motors for targeted drug delivery.15

In this paper we demonstrate the first
example of using functionalized nanoma-
chines toward environmental remediation
of contaminated water. In particular, we
illustrate how the deliberate modification
of the rough outer surface of microengines
with highly hydrophobic long-chain self-
assembled alkanethiol monolayers offers

considerable promise for the capture, trans-
port, and removal of oil droplets from water
samples. Oil is a major source of ocean
pollution and groundwater contamination.
The presence of oils in wastewaters as a
product of variousmanufacturing processes
is common in different industries. Further-
more, episodes of major water pollution,
caused by oil spillage, result in the release
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ABSTRACT

We demonstrate the use of artificial nanomachines for effective interaction, capture,

transport, and removal of oil droplets. The simple nanomachine-enabled oil collection method

is based on modifying microtube engines with a superhydrophobic layer able to adsorb oil by

means of its strong adhesion to a long chain of self-assembled monolayers (SAMs) of

alkanethiols created on the rough gold outer surface of the device. The resultant SAM-coated

Au/Ni/PEDOT/Pt microsubmarine displays continuous interaction with large oil droplets and is

capable of loading and transporting multiple small oil droplets. The influence of the

alkanethiol chain length, polarity, and head functional group and hence of the surface

hydrophobicity upon the oil�nanomotor interaction and the propulsion is examined. No such

oil�motor interactions were observed in control experiments involving both unmodified

microengines and microengines coated with SAM layers containing a polar terminal group.

These results demonstrate that such SAM-Au/Ni/PEDOT/Pt micromachines can be useful for a

facile, rapid, and efficient collection of oils in water samples, which can be potentially

exploited for other water�oil separation systems. The integration of oil-sorption properties

into self-propelled microengines holds great promise for the remediation of oil-contaminated

water samples and for the isolation of other hydrophobic targets, such as drugs.
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of millions of tons each year. For example, the 1989
Exxon Valdez and 2010 Deepwater Horizon incidents
spilled millons of gallons of crude oil.16,17 The removal
of oils andorganic solvents from contaminatedwater is
thus of considerable importance for minimizing the
environmental impact of these pollutants.
Substantial efforts have thus been devoted to devel-

op effective tools toward the remediation and cleanup
of oil spills. Although oils in wastewater plants are
mostly removed by a mechanical separation, other
methods have been proposed to address related pol-
lution episodes.18,19 However, most of these methods
lack the desired selectivity and efficiency and are not
cost-effective or environmentally friendly. Accordingly,
the development of new highly effective oil�water
separation methods is highly desired.
Different synthetic and natural materials have been

proposed as possible sorbents for oil removal. Surfaces
with superhydrophobic properties have recently at-
tracted particular interest for oil�water separation
owing to their high efficiency and selectivity,18�22

although their high cost, complex preparation pro-
cesses, and scalability issues have hindered their prac-
tical applications.16 These hydrophobic surfaces tend
to repel water while strongly interact with non-
polar or oily liquids, which firmly adhere to textured
interfaces.21 Both the micronano-hierarchical texture
and the chemical composition are essential for pro-
moting the superhydrophobic character necessary for
effective oil removal. The surface polarity and rough-
ness are thus expected to influence the extent of the
oil�surface interaction.23,24 Self-assembled mono-
layers (SAMs), formed by the spontaneous and strong
chemisorption of alkanethiols at gold or silver surfaces,
have been particularly useful for transforming these
surfaces into superhydrophobic interfaces.24 Guo et

al.25 reported that ZnO hydrophilic surfaces become
superhydrophobic after exposure to an octadeca-
nethiol solution. Tailoring the length of the alkanethiol
chain has allowed the control of the surface polarity
and hence tuning the partition of hydrophobic
drugs.26 The choice of the ending functional group is
also vital for tailoring the polarity of the SAMs. For
example, water contact angle studies reveal that
methyl-terminated SAMs lead to hydrophobic surfaces,
while hydroxyl-terminated ones provide wettable
surfaces.27 However, there are no reports of integrating
these oil-sorption properties into self-propelled micro-
engines and using such superhydrophobic nanomo-
tors to facilitate the capture, transport, and separation
of oil droplets. Autonomously moving synthetic nano-
motors have recently been employed for the pick-up
and transport of diverse payloads, ranging from cancer
cells to drug-loaded polymeric spheres,12,14 but not in
connection to the isolation of oily contaminants.
The method herein presented is based on the crea-

tion of a SAM-modified microtubular engine able to

strongly interact with oily liquids via adhesion and
permeation onto its long alkanethiol coating. As illus-
trated in Figure 1, the new catalytic microsubmarine
is template-prepared by electroplating poly(3,4-
ethylenedioxythiophene) (PEDOT)/Pt bilayer followed
by e-beam deposition of Ni/Au and subsequent func-
tionalization with the SAM. In particular, dodeca-
nethiol-coated Au/Ni/PEDOT/Pt microsubmarines are
shown in the following sections to offer an effective
capture and transport of oil droplets from aqueous
media. The influence of the alkanethiol chain length
upon the oil�nanomotor interaction and the collec-
tion efficiency has been examined using SAMs of
different chain lengths, i.e., hexanethiol (C6), dodeca-
nethiol (C12), and octadecanethiol (C18). The optimal
C12 superhydrophobic SAM-coated microsubmarine
has showna strong prolonged interactionwith large oil
droplets (attached to the glass-slide surface) along
with the effective pickup and transport of multiple
small oil droplets present in an oil-contaminated water
sample. Unmodified microengines did not show such
affinity to oil droplets. These results demonstrate that
SAM-functionalizedmicrosubmarines can be useful for
facile, rapid, and highly efficient collection of oils in
water samples. This high oil-adsorption ability indi-
cates considerable potential for environmental reme-
diation of oil-contaminated water samples and other
contaminated water systems.

RESULTS

The fabrication of the oil-sorption hydrophobic mi-
crosubmarines, depicted in Figure 1, involves a tem-
plate-based electrodeposition of a PEDOT/Pt bilayer
microtube and e-beam vapor deposition of the Ni and
Au outer layers, essential for the magnetic navigation
control and surface functionalization, respectively. As
illustrated in Figure 1A(d), such functionalization in-
volves the formation of a superhydrophobic layer by
self-assembly of long alkanethiol chains on the rough
outer gold surface. A SEM image of the unmodified
microengine (Figure 1B) indicates a rough surface,
characteristic of nitrate-doped PEDOT films.10 The
template fabrication process results in 8 μm long
microtubes that are substantially smaller than com-
mon rolled-up tubular microengines.28 The relatively
similar dimensions of microsubmarine and oil droplets
(which range from ∼1 to ∼100 μm, depending on
the emulsion composition) permit convenient real-
time optical visualization of the oil�microengine
interaction. Similar to recently developed PANI/Pt
microengines,9 the new template-prepared PEDOT/Pt
microtubes were propelled efficiently in different me-
dia via the expulsion of oxygen bubbles generated from
the catalytic oxidation of hydrogen peroxide fuel at
their inner Pt layer.10 Several factors, such as additional
Ni and Au layers, influence the microengine speed.
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For example, and as expected for polymer/Pt micro-
engines,14 the fast speed of the PEDOT/Pt microen-
gines (∼420 μm/s average) is reduced by up to 50%
after the e-beam deposition of the outer Ni/Au layers.
The resulting Au/Ni/PEDOT/Pt microsubmarines were

then immersed in a 0.5 mM dodecanethiol ethanolic
solution for 30min to form the hydrophobicmonolayers
on the outer gold surface, as illustrated in Figure 1D (see
Methods Section in the Supporting Information for
additional details). Such surface modification of the
Au/Ni/PEDOT/Pt microsubmarine resulted in an addi-
tional ∼50% speed reduction, reflecting the partial
blocking of the inner Pt catalytic layer.29 However, the
reduced speed is sufficient for transporting large cargoes
in a manner analogous to our previously reported
Au/Ni/PANI/Pt microengines.14 Table 1 summarizes the
changes in the microsubmarines' speed due to each
different step involved in the fabrication process.
Figure 2A and Supporting Video S1A (right side) show

the Au/Ni/PEDOT/Pt micromotor approaching, contact-
ing, and spinning around a stained olive oil drop firmly
attached to a glass slide (see additional details in the
Supporting Information). The strong interaction be-
tween the SAM-modified microsubmarine and an oil

droplet results in a continuous spinning of the modified
engine around the droplet with an accelerated speed
ranging up to 200 μm/s. It should be pointed out that
such continuous high-speed spinning is observed even
after a prolonged 20min period. These data also confirm
that the hydrogen peroxide fuel and the sodium cholate
(NaCh) surfactant, essential for the microsubmarine
movement, do not compromise its interaction with the
oil droplet or the integrity of the SAM. In contrast, no
such interaction is observed using an unmodifiedmicro-
submarine (Figure 2B and Supporting Video S1 left side).
This bare Au/Ni/PEDOT/Pt micromotor moves rapidly,
while approaching, contacting, and bypassing the dro-
plet. Supporting Video S1B shows different unmodified
microsubmarines contacting, but not interacting, with
olive oil droplets of different sizes (from 5 to 25 μm;
attached to a glass slide).
Efficient capture and transport of oil droplets has

been observed when the modified microsubmarine
navigates in contaminated water samples containing

Figure 1. Fabrication and modification of the SAM-Au/Ni/PEDOT/Pt micromotors for environmental remediation. (A) A
Cyclopore polycarbonatemembrane is used as a template (a), PEDOT and Pt layers are electroplated into the template (b), Au
and Ni layers are sputtered by e-beam (c), and a superhydrophobic layer is formed on the microsubmarine surface by
incubation in a 0.5 mM n-dodecanethiol ethanolic solution (d). (B) SEM image of the resulting PEDOT/Pt microsubmarine
(a) with a zoom-in of the zone highlighted with a yellow arrow (b).

TABLE 1. Average Speed of the Microsubmarine upon

Each Step Involved in the Fabrication Process and Pick-

up of Oil Droplets

microsubmarine step speed, μm/s

PEDOT/Pt 420
Au/Ni/PEDOT/Pt 200
SAM/Au/Ni/PEDOT/Pt 105
SAM/Au/Ni/PEDOT/Pt/few (1�5) droplets 20�50
SAM/Au/Ni/PEDOT/Pt/numerous droplets 10�20

Figure 2. SAM-modified (A) and unmodified (B) microsub-
marines in the presence of a stained olive oil droplet
(attached to a glass slide). Images, taken from video 1, show
(in a single overlaid image) the following sequential steps:
approaching, contacting, and spinning around (A, a�c) the
droplet and approaching, contacting, and leaving (B, a�c)
the oil droplet, respectively. Fuel conditions (final
concentration): 0.4% NaCh and 10% H2O2. Arrows indicate
the microsubmarine trajectory.
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small “free-floating” oil droplets. Figure 3 and Support-
ing Video S2 illustrate the capture and transport of
multiple small olive oil droplets by the SAM-modified
microsubmarine. The longer the navigation time, the
more oil droplets are collected and confined onto the
surface of the self-propelledmicromotor. While around
5 droplets (1.7 ( 0.4 μm size) are captured and
transported in Figure 3A (and starting Supporting
Video S2) after a 12 s navigation, around 40 droplets
are attached to the motor surface following 80 s
(Figure 3A(d) and ending Supporting Video S2). These
observations demonstrate that these SAM-modified
microengines provide high towing force for transport-
ing efficiently approximately 10-fold their volume and
indicate considerable potential for oil removal applica-
tions. As expected from the increased drag force
(Stokes's law),30 the speed of the micromachine de-
creases upon increasing the cargo size (i.e., number of
captured droplets). This is illustrated in Figure 3B,
which displays the dependence of themicrosubmarine
speed on the number of transported oil droplets. The
speed rapidly decreases from 26 to 12 μm/s upon
increasing the number of droplets from 7 to 30 and
then more slowly to 11 μm/s for 43 droplets. As
common for nanomotor-based cargo pickup, the opti-
mal motor speed will provide a trade-off between
sufficient contact time and large contact rate.31,32

Particularly attractive is the ability to tailor the polarity
of the microsubmarine surface via a judicious choice of
the chain length of the n-alkanethiol coating and hence
their capture and transport properties. Chain length,
head groups, preparation time, and other conditions
(e.g., temperature) give rise to different SAM packing
densities, configurations, and polarity.33 The influence of
the alkanethiol chain length on the oil�nanomotor
interaction was thus examined by modifying the micro-
engine with SAMs of different alkanethiol lengths (C6,
C12, and C18). A considerable difference in the micro-
submarine�oil droplet interaction was observed using
C6 and C12 SAM-coated microsubmarines. Notice, for
example, the strong microsubmarine�oil interaction of
the C12-modified microengine spinning around a large
olive oil droplet (Figure 2B and Supporting Video S1A,
right part) compared to the weaker interaction experi-
enced by the C6-modified motor, where no spinning
around the droplet is observed (Supporting Figure 1A
and Supporting Video S3). Similarly, Supporting Informa-
tion Figure 2 and Video S4 illustrate the higher number
of captured oil droplets using the C12 SAMmodification
(C) compared to the lower number of droplets attached
to the C6-modified motor (B) and to the absence of
captured droplets using the unmodified microsubmar-
ine (A). These results are consistent with the different
surfacewettability properties observed in contact angle
studies of n-alkanethiols of different lengths.33,34

On the basis of the higher hydrophobic character of
long-chain thiols, C18 SAM-coated microsubmarines are

expected to offer higher oil-adsorption capabilities. How-
ever, such C18 SAM-modified microsubmarines hardly
move owing to greater blocking of the inner Pt cata-
lytic layer expected in the presence of longer
alkanethiols.29 Selective modification using alkane
isonitriles35 may be used to minimize the Pt blocking
by the alkanethiol SAM, thus retaining microengine
speed.

Figure 3. Dodecanethiol (C12-SAM)-modified microsubmar-
ine carrying floating olive oil droplets. (A) Images a�d were
taken from video 2 after navigating in the water�oil (10%
fuel) solution for 5, 12, 66, and 80 s, respectively (conditions,
as in Figure 2). (B) Dependence of the microsubmarine speed
upon the number of cargos (olive oil droplets). Inset: Cartoon
of the dodecanethiol-modified microsubmarine.

Figure 4. C6-SAM-modified microsubmarines with different
head functional groups interacting with small olive oil droplets.
Hexanethiol-modified microsubmarines are able to confine a
payload of multiple oil droplets (A) (a, b, and c, time-lapse
images at different navigation times: 11, 50, and 73 s (for A) and
6.57, 6.66, and 6.71 s (for B)). The corresponding mercaptohex-
anol-modified counterparts (B) are not able to pick up such
droplets (a, b, and c images correspond to approaching, con-
tacting, and leaving the droplets). A(a) and B(a) insets: cartoons
of the respective SAM-modified microsubmarines. Arrows in-
dicate the direction of the microsubmarine movement.
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The influence of the SAM headgroup and hence
surface polarity on the microsubmarines�oil interaction
was examined by comparing the behavior of microen-
gines coatedwith C6 SAM containingmethyl and hydro-
xyl terminal groups using different time scales. Figure
4A(a�c) and Supporting Video S5 illustrate small drop-
lets attached to the hexanethiol-modified microsub-
marine upon navigating in the sample. In contrast, and
as expected from wettability measurements using hy-
droxyl-terminated SAM,27 the mercaptohexanol-modi-
fied microsubmarines do not interact with the large or
small olive oil droplets upon rapidly contacting them
(Supporting Figure 1B and Figure 4B, a�c). It is remark-
able that even prolonged navigation of the mercapto-
hexanol-modifiedmicrosubmarines does not lead to any
capture of theoil droplets. Clearly, and as expected,27 the
polarity of the head functional group strongly influences
the interaction between the modified microsubmarines
and the oil droplets and represents another key con-
sideration (besides the chain length) when modifying
the outer microengine surface.
Toward a practical utility of this new microsubmar-

ine approach, we examined the ability of the dodeca-
nethiol-modified microsubmarine to collect and
transport motor oil in an oil-contaminated water sam-
ple. Figure 5 and the corresponding Supporting Video
S6 clearly illustrate that the SAM-coated microsubmar-
ines display an “on the fly” capture upon contacting the
small droplets of motor oil that are floating in the
contaminated water sample. These results demon-
strate the potential of the superhydrophobic-modified
microsubmarines for facile, rapid, and highly efficient
collection of oils in oil-contaminated water samples.

CONCLUSIONS

We have presented the first example of using artifi-
cial nano/microscale machines for environmental re-
mediation applications and specifically the tailoring of
the surface of such self-propelled machines to interact

strongly with oily liquids. The new SAM-Au/Ni/PEDOT/Pt
micromotors thus offer a facile, rapid, and highly efficient
collection and transport of oil droplets in aqueous envir-
onments through the interaction with the hydrophobic
alkanethiol monolayer coating. Comparison of different
alkanethiol modifiers indicates that the dodecanethiol
(C12-SAM)-modified microsubmarines offer the most
favorable performance in terms of oil recovery and
propulsion. Such high oil-adsorption ability indicates
considerable promise for the cleanup of contaminated
water samples. The extent of the micromotor�oil inter-
action and the collection efficiency can be tuned by
controlling the surface hydrophobicity through the use
of different chain lengths andhead functional groups. The
newmicrosubmarine capability was demonstrated either
by a strong interaction between themodified nanomotor
and large oil droplets (attached to a glass slide) or by the
collection and transport of multiple free-floating small
olive oil andmotor oil droplets present in a contaminated
water sample. These micromotor�oil interactions can be
exploited in the suitable final disposition of oily wastes (or
other organic solvents) by collecting them in a controlled
fashion within a certain spatially separated zone. Simulta-
neous parallel movement of multiple SAM-modified mi-
crosubmarines holdspromise for improving the efficiency
of oil-removal processes. Practical large-scale oil cleaning
operations would require the use of motors propelled by
their own natural environment36,37 or driven by an ex-
ternal (magnetic or electrical) control.38,39 The new super-
hydrophobic microswimmers offer also considerable
promise for the isolation of hydrophobic molecules, e.g.,
drugs, or for transferring target analytes between liquid�
liquid immiscible interfaces, and hence great potential for
diverse analytical microsystems. Multifunctional coatings
of mixed (or multi) layers, coupling the preferential parti-
tion of hydrophobic compounds into the SAMs with
additional functions (e.g., biocatalysis), could lead to
additional advantages toward on-the-fly “capture and
destroy” operations.

EXPERIMENTAL SECTION

Synthesis of Multilayer Microsubmarines. The multilayer micro-
tubes were prepared using a common template-directed

electrodeposition protocol.9,10 A cyclopore polycarbonate
membrane, containing 2 μm maximum diameter conical-
shapedmicropores (CatalogNo. 7060-2511;Whatman,Maidstone,
U.K.), was employed as the template. A 75 nm gold film was

Figure 5. SAM-modified microsubmarine carrying floating droplets of motor oil in a fuel-enhanced oil-contaminated water
sample. Images taken from video 6 after 78 s navigation in the fuel-enhanced solution (conditions, as in Figure 2). (A, B, C)
Time-lapse images showing the microsubmarine approaching, contacting, and carrying the droplets, respectively. Inset:
Cartoon of the dodecanethiol-modified microsubmarine. Arrows indicate the direction of the microsubmarine movement.
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first sputtered on one side of the porous membrane to serve
as working electrode using the Denton Discovery 18. The
sputter was performed at room temperature under vacuum of
5� 10�6 Torr, dc power of 200W, andAr flow of 3.1mT. Rotation
speed is 65 μm/s. Sputter time is 90 s. A Pt wire and an Ag/AgCl
with 3 M KCl were used as counter and reference electrodes,
respectively. The membrane was then assembled in a plating
cell with an aluminum foil serving as contact. Poly(3,4-
ethylenedioxythiophene) microtubes were prepared by modi-
fying the previously described method.10 Briefly, PEDOT micro-
tubes were electropolymerized up to 0.1 C at þ0.80 V from a
plating solution containing 15mMEDOTmonomer, 50mMSDS,
and 7.5 mM KNO3, all of them prepared from Sigma-Aldrich
reagents. The inner Pt tube was deposited galvanostatically at
�2 mA for 600 s from a commercial platinum plating solution
(Platinum RTP; Technic Inc., Anaheim, CA, USA). The sputtered
gold layer was completely removed bymechanical hand polish-
ing with 3�4 μm alumina slurry. Incomplete removal will result
in bubbles emerging from the smaller opening of the micro-
engine (yet without compromising its performance). Finally,
microengines were collected by centrifugation at 6000 rpm for
3 min and washed repeatedly with methylene chloride, fol-
lowed by ethanol and ultrapurewater (18.2MΩ cm), three times
of each, with a 3 min centrifugation following each wash. The
microtube suspension was evaporated onto glass slides before
the sequential deposition of 10 nm of Ti (adhesion layer), 15 nm
of Ni (magnetic layer), and 15 nm of Au (functionalization layer)
over the microtubes by using electron beam deposition. These
additional steps provide the necessary magnetic directional
control and the appropriate gold surface for the later modifica-
tion with self-assembled monolayers.

Microsubmarine Modification. The external gold surface of the
microsubmarines was modified by immersion in 0.5 mM dode-
canethiol in absolute ethanol (from Sigma-Aldrich), after which
the resulting monolayer-modified microsubmarines were
washed with Milli-Q water and isolated by centrifugation at
6000 rpm during 4 min. All experiments were carried out at
room temperature. Study of the chemical structure effect, e.g.,
length chain and terminal groups, on the speed was performed
with different thiols, including hexanethiol, mercaptohexanol,
dodecanethiol, and octadecanethiol, all received from Sigma-
Aldrich and dissolved in ethanol. Baremicrosubmarines without
the monolayer were also used as control experiments.

Equipment. Template electrochemical deposition of micro-
tubes was carried out with a CHI 661D potentiostat (CH Instru-
ments, Austin, TX, USA). An inverted optical microscope (Nikon
Eclipse Instrument Inc. Ti-S/L100), coupledwith a 40� objective,
using a Hamamatsu digital camera C11440 and NIS-Elements
AR 3.2. software, was used for capturing movies at a frame rate
of 20 frames per second. The speed of the microengines was
tracked using a NIS-Elments tracking module, and the results
were statistically analyzed using Origin software.

Experimental Procedure. In order to self-propel the catalytic
microsubmarines around different oil droplets or capture
such droplets, an emulsion containing Milli-Q water/oil sam-
ple/6% sodium cholate (NaCh) (2:2:1) was first prepared. A
known volume of this solution was spread on a glass slide,
and an equal volume of a solution containing themicrosubmar-
ines and the same volume of hydrogen peroxide was added to
get a final concentration of 0.4% NaCh and 10% H2O2. Micro-
submarines approach the oil droplets either to spin them
around for several minutes (up to 20) or to pick up and carry
them. Experiments were performed using olive and motor oils
dispersed in Milli-Q water. Initial experiments were carried out
with Nile-red-stained olive oil for improved visualization under
microscopy. However, the dyewas not used inmost subsequent
experiments, as the water�oil interface was sufficiently distin-
guishable without such staining.
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