
Published: August 17, 2011

r 2011 American Chemical Society 14860 dx.doi.org/10.1021/ja205012j | J. Am. Chem. Soc. 2011, 133, 14860–14863

COMMUNICATION

pubs.acs.org/JACS

Superfast Motion of Catalytic Microjet Engines at Physiological
Temperature
Samuel Sanchez,* Adithya N. Ananth, Vladimir M. Fomin, Marlitt Viehrig, and Oliver G. Schmidt

Institute for Integrative Nanosciences, IFW Dresden, Helmholtzstrasse 20, D-01069 Dresden, Germany

bS Supporting Information

ABSTRACT: There is a great interest in reducing the
toxicity of the fuel used to self-propel artificial nanoma-
chines. Therefore, a method to increase the efficiency of the
conversion of chemicals into mechanical energy is desired.
Here, we employed temperature control to increase the
efficiency of microjet engines while simultaneously reducing
the amount of peroxide fuel needed. At physiological tem-
peratures, i.e. 37 �C, only 0.25% H2O2 is needed to propel
the microjets at 140 μm s�1, which corresponds to three
body lengths per second. In addition, at 5% H2O2, the
microjets acquire superfast speeds, reaching 10mm s�1. The
dynamics of motion is altered when the speed is increased;
i.e., the motion deviates from linear to curvilinear trajec-
tories. The observations are modeled empirically.

The quest for powerful nano- and micromachines with
performance comparable to biological motors is a challenge

of increasing interest in multidisciplinary fields.1 In nature, most
flagellated bacteria move at relative speeds of about 25�100
body lengths per second, representing one of the fastest organ-
isms on Earth.2 Since the pioneering works on catalytic motors,3

considerable effort has been put toward the efficient conversion
of chemicals into mechanical energy, challenging artificial machines
to reach speeds comparable to those of the biological motors.

To approach that impressive speed, however, researchers used
toxic chemicals such as hydrazine4 and high concentrations of
hydrogen peroxide,5 which renders the implementation of the
artificial nanomotors in real biological samples practically im-
possible. Small, engineered, self-propelled catalytic motors are
based on the breakdown of H2O2 into O2 and H2O, as recently
reviewed by several groups.6 Tubular microjet engines based on
rolled-up nanotechnology7 present some advantages compared to
other man-made nanomotors: larger surface area, on-demand
tuning of materials and dimensions, mass production, and
reproducibility.6g,8 In addition, microtubular jet engines rely on
the bubble propulsionmechanism, which is not affected by the ionic
strength of the solution.9Microjets engines are capable of transport-
ing large microobjects10,11 and cells12,13 in different media. How-
ever, some challenges remain, such as reducing the high toxicity of
the fuel and finding the maximum speed the microjets can acquire.
Reducing the concentration of peroxide fuel would permit the
manipulation of living cells for long periods, whereas fastermicrojets
would imply higher propulsion power to carry heavy loads.

Here, we demonstrate and report for the first time that both
the dramatic acceleration of rolled-up microjet engines and the
reduction of peroxide toxicity can be achieved by heating the fuel
solution to physiological temperature (i.e., 37 �C).Moreover, the

speed of the microjet engines can be tuned by modulating the
temperature. We observe a change in the dynamics of tubular
microjets with the temperature, and the behavior is theoretically
modeled. We also present superfast catalytic self-propelled
microengine/motor (∼200 body lengths per second, bl s�1)
using only 5% H2O2 as fuel. In addition, we report on the lowest
concentration of peroxide used for powering any catalytic nano-
or micromotor (i.e., in 0.25% H2O2).

Microjets were fabricated by rolled-up nanotechnology on
polymers as reported elsewhere6g,8 in detail and in the Support-
ing Information. The rolled-up microtubes consist of Ti/Cr/Pt
nanomembranes (10:5:1 nm) deposited onto photoresist pat-
terns of 50 μm2. The temperature was controlled by two Peltier
elements set up in connection with a dc power supply (Hameg
Instruments) placed underneath the sample containing the micro-
jets suspension in H2O2. Cooling of the system was carried out
by applying a suitable current; reversing the bias resulted in
heating the Peltier element—every 0.1 A increment of applied
current resulted in a 5 �C change in the temperature of 1 mL of
solution. Peltier elements used in this work (15� 15� 4.9 mm,
l�w� h) can achieve amaximum power of 3.9W and current of
3 A, where the nominal voltage can be up to 1.9 V. The temperature
was monitored using a digital thermometer immersed into the
solution containing the microjets.

Since one of our goals is to study the self-propulsion of microjets
in fuels and environments that are more biocompatible than those
reported so far, we investigated the dependence of microjet speed
on the temperature at low concentration of H2O2, i.e., 1% (v/v)
with 0.5% surfactant to reduce the surface tension14 (Figure 1A).
Surfactant was purchased fromFit GmbH andwas composed of 5�
15%anionic tenside (5�15%), amphoteric tenside (<5%),Bronopol,
benzisothiazolinone, and methylisothiazolinone. The tempera-
ture was adjusted to 0, 5, 10, 15, 20, 27, and 37 �C. The respective
videos of the microjets, which are available in the Supporting
Information (SI), were recorded at 50 frames per second.The 50μm
long microtubular engines overcome Brownian motion at about
10 �C,where theymove at an average speed of 50μms�1 (1 bl s�1).
Between 5 and 20 �C, the speed increases in a quadratic way
(Figure 1A). In contrast, when the temperature is higher than 20 �C,
the temperature�speed dependence follows a linear trend, giving a
final sigmoidal trend. The viscosity of the fuel solution was also
measured for the studied range of temperatures (Figure 1A, blue
y-axis). The dynamic viscosity diminishes from 1.7 to 0.9 mPa 3 s
when the temperature is increased from 5 to 37 �C. Based on the
linear expression of Stokes’s law, this decrease in the viscosity of
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the solution should increase the velocity of the microengines in the
same manner, meaning that the speed should be nearly doubled.
However, that is not the case, since the observed speed follows
almost a sigmoidal behavior, which can be differentiated into two
regimes: a quadratic and a linear term dependent on the temperature.
Furthermore, it is well known that an increase of the temperature
of the solution promotes mass transport through convection,
accelerating the kinetics of the chemical reactions (here, hydrogen
peroxide oxidation to oxygen). Both effects might influence the
pronounced increase of speed at low temperatures. Nonetheless,
a change in the dynamics of the microjets is observed from linear
to circular trajectories with increasing temperature, as depicted in the
tracking trajectories in Figure 1B and corresponding videos in the SI.

This behavior can be explained within an empirical model of
the temperature-dependent dynamics of microjets based on the
equations of motion for the translational and rotational degrees
of freedom. In agreement with Purcell,15 the motion of the
microjet can be described by neglecting inertia at low Reynolds
numbers (here calculated to be from Re = 10�4 to 10�2). The
velocity v is then determined from the equilibrium between the
driving force and the damping force, which are assumed to act
respectively along and opposite to the velocity (see Figure 2),

Fjet ¼ FdampðvÞ ð1Þ

while the angular frequency ω = dj/dt is determined from the
equilibrium between the driving torque and the damping torque,

τjet ¼ τdampðωÞ ð2Þ
For the damping force, we assume a combination of the common
linear and quadratic terms,

FdampðvÞ ¼ cðTÞv þ bv2 ð3Þ
The coefficient in the linear Stokes-like damping force is c(T) =
6πη(T)l, where l is the effective microjet size. The viscosity η(T)
in the model is a decaying function of temperature, taken as a
linear extrapolation through the experimental data in Figure 1,
η(5 �C) = 1.70 mPa 3 s and η(40 �C) = 0.90 mPa 3 s. The driving
force Fjet, due to the jet effect, is supposed to be independent of
velocity: Fjet = c(5 �C)(30 μm 3 s

�1)[(1 + 3T/4)2/16].
A purely linear damping force (when b = 0 in eq 3) according

to eq 1 leads to the velocity v1= Fjet/c(T), which is a mono-
tonically rising function of temperature (Figure 2). This is in
contradiction to the experimental observation (Figure 1). Quad-
ratic drag forces are widely invoked for the interpretation of
dynamics of realistic systems at various scales, ranging from the
motion of marine vehicles16 through micro- and nanoelectro-
mechanical systems with symmetry breaking,17,18 to flapping flyers19

and microjets.20 In different systems, various physical mechanisms
underlie the occurrence of the quadratic drag forces, e.g., the
existence of a boundary layer in the fluid near the moving microjet.21-
The excitation of slow drift eddy currents (vortices) is shown to
produce important quadratic damping force for sway and yaw
motion of a moving object, while those eddy currents are
much less important for its surge motion22 (see eq 8 in ref 22).

In particular, for the case of microjet engines, at low speeds
(v<200μms�1) there is a negligible contribution of the eddy flows.
Consequently, the trajectory remains straight, and the experi-
enced force is linear. However, at high speeds (v > 200 μm s�1)
the motion deviates from the linear trajectory, thus promoting
the excitationof eddyflows. Because of that, the drag force acquires a
certain quadratic contribution. Additional support for our assump-
tion is provided by the clear correlation between the speed of a

Figure 1. (A) Speed of catalytic microjet engines (left, black y-axis) and
viscosity of the fuel (right, blue y-axis) versus temperature. (B) Tracking
trajectories of microjet engines at temperatures from 5 to 37 �C during
1 s. Fuel solution, 1% H2O2 containing 0.5% surfactant. (C) Accelera-
tion of a microengine which was previously stopped by cooling the fuel
solution to 5 �C. Insets depict the tracking of the microjet at 5 and 10 �C
during 1 s. (See corresponding videos in the SI for all tracking motions.)

Figure 2. Calculated speed of catalytic microjet engines for linear (red),
quadratic (blue), and combined superlinear (green) drag models. The
scheme represents the driving (jet) and damping forces with assumed
denotations. The velocity is assumed along the main axis of a cylindrical
microjet. Insets depict the trajectories of the microjet at selected
temperatures during 1 s (the same colors as in Figure 1B).
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microjet engine due to the quadratic drag force (Figure 2) and the
development of the curvilinear trajectories of the microjet engine
(insets to Figure 2). Therefore, we imply in eq 3 a quadratic
damping force acting on the catalytic microjet engine. In a model
with a purely quadratic damping force (c(T) = 0), the velocity,
found according to eq 1, is v2 = (Fjet/b)

1/2. For the purpose of the
calculation, the coefficient b = Fjet/(800 μm s�1)2 is selected,
providing the velocity v2 independent of temperature (Figure 2).

The microjet velocity,

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv22=2v1Þ2 þ v22

q
� v22=2v1 ð4Þ

resulting from eq 1with a full damping force (eq 3) is represented
in Figure 2 as a function of temperature. The behavior of v reveals
a transition from a superlinear increase at low temperatures near
5 �C through an almost linear regime at ∼20 �C to a sublinear
increase at higher temperatures, in excellent agreement with the
experimental data shown in Figure 1. With temperatures higher
than 40 �C, the microjet velocity tends to saturate at the value of
v2. The transition at T ∼20 �C can thus be attributed to the
change of the damping force regime from predominantly linear at
lower temperatures to superlinear at higher temperatures. The
transition is smooth: in the region T ∼20 �C the quadratic
component in the damping force constitutes about one-third of
the linear component, while at T ∼30 �C the quadratic compo-
nent becomes larger than the linear one.

The observed trajectories are linear at lower temperatures and
curvilinear at higher temperatures. This fact suggests assigning to the
torque, which drives the rotation of a microjet around its axis
perpendicular to the main axis, nonzero values at elevated tempera-
tures larger than 18 �C. It emerges presumably by virtue of the jet
effect from the bubbles, which leave the microjet at a certain angle
with respect to its main axis. We select the values τjet independent of
angular frequency to fit the shape of the observed microjet tracks
(Figure 1). The damping torque is taken to be linear with respect to
the angular frequency,

τdampðωÞ ¼ γω ð5Þ
where the drag coefficientγ=kVη is determined by volumeV of the
microjet, the viscosityη, and amicrojet shape factork.23 The angular
frequency is then ω = τjet/γ. Finally, microjet trajectories, which
result from integrating the obtained velocities with the components,

vxðtÞ ¼ v cos ωt, vyðtÞ ¼ v sin ωt ð6Þ
(insets in Figure 2), compare well with experiment (Figure 1B).

The ability to tune the power of self-propelled microjets has
recently raised increasing interest.4�6 By cooling the fuel solution
(see corresponding videos in the SI), the microjets can be
completely brought to a halt at temperatures of about 2 �C.
Figure 1C depicts the positions and swimming distances of a
microjet engine which starts to self-propel upon increasing the
temperature from 5 to 17 �C. Each point in the plot represents
the position of the microjet every second, and the insets show the
tracking motion of a microjet at 5 and 10 �C (Figure 1A,B)
during a period of 1 s. It is clear that the distance between two
consecutive points becomes larger with increasing temperature,
indicating a continuous acceleration of the jets.

The enhancement of the catalytic turnover rate by heating the
solution allows us to use very low concentrations of peroxide fuel,
hence reducing its toxicity. Figure 3 shows optical images and the
tracking trajectories of microjets in 0.25, 0.5, 1, and 2% H2O2,

swimming along 140, 235, 700, and 2000 μm, respectively,
during 1 s at 37 �C. Previously, we reported the extraordinary
decrease of toxicity by modifying the inside of the microtubes
with catalase enzyme, propelling at 10 bl s�1 (250 μm s�1) in
1.5% H2O2.

24 As a comparison, the microjets move at speeds
similar to those of the catalase-based hybrid microjets by using 3
times lower concentration of peroxide fuel when the temperature
is set to 37 �C. These results are promising for the development
of man-made machines which self-propel in environments of
reduced toxicity and at temperatures where cells grow.

To test the toxicity of the fuel, we performed MTT ((3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) viability
assay (Sigma, Germany) for fibroblast NIH-3T3 cell lines. The
NIH-3T3 fibroblasts were grown in Dulbecco’s Modified Eagle
Medium, 10% fetal calf serum, and 1% penicillin/streptomycin
antibiotics. The cells were incubated during 24 h in a humidified
atmosphere in 5% CO2 at 37 �C until they had grown to ∼3 �
105 cells/mL. The cell culture was then treated with different
concentrations of H2O2, 0, 0.1, 0.25, 0.5, 1, and 2% (v/v), for
30 and 60 min. After the appropriate treatment time, the culture
medium containing H2O2 was discarded, and the cells were
rinsed with 1� phosphate-buffered saline three times to wash
away H2O2 residues. Afterward, fresh culture medium and
MTT (10:1) solution (5 mg/mL MTT in RPMI-1640 without
phenol red) were added to the cell culture and incubated for
4 h at 37 �C and 5% CO2. The medium was discarded and the
same volume of MTT solvent (0.1 N HCl in anhydrous
isopropanol) added to dissolve formazan created by the MTT.
The absorbance was measured spectrophotometrically within 1 h
after the addition of the MTT solvent at 570 nm and with
reference wavelength at 690 nm. Each experiment was carried out
in triplicate.

The results show that after 1 h of treatment with 0.25% H2O2,
about 40% of the cells are viable, whereas at 1 and 2% H2O2 only
20 and 15% of the cells are viable, respectively. If the cells are
treated for 30 min with 1% H2O2, the viability is 3 times higher,
reaching 60%. Nonetheless, our results foresee the necessity of
reducing the amount of peroxide in the fuel solution (lower than
1% H2O2) to extend the time the microjets could interact with
viable cells. Thus, by controlling the temperature of the solution,
we also can keep more cell-friendly environments (less toxic and
physiological temperature) than those previously reported where
self-propelled microjets move at considerably high speeds.

Figure 3. Optical images including tracking trajectories of catalytic
microjet engines at different hydrogen peroxide concentrations: (A)
0.25, (B) 0.5, (C) 1, and (D) 2%H2O2. Temperature of the solution was
kept constant at 37 �C. (See corresponding videos in the SI.)
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Can the catalytic microjets compete with the speed of
biomotors? Figure 4 shows the absolute and relative speeds of
the microjets at 37 �C with different concentrations of H2O2

from 0.25 to 5% (v/v). Under these conditions, the microjets can
reach absolute speeds of about 10 mm s�1, corresponding to a
relative speed of 200 bl s�1. Thus, we are reporting superfast
catalytic self-propelled engines, with speed comparable to that of
some bacteria (50�150 bl s�1). The inset in Figure 4 depicts an
optical sequence of the fastest microjet with a time lapse of 80ms,
recorded by a high-speed camera. The blue arrow points at the
microjet position, and the red line tracks the trajectory during
that time. The curvilinear motion at very high speeds is in con-
cordance with the previous obserations at fast speeds (Figure 1)
and the empirical model described in this work (Figure 2).

In conclusion, we have demonstrated the ability of microjet
engines to propel at very low concentrations of peroxide fuel by
heating the solution to physiological temperature. Such conditions
should allow for future investigations combining catalytic microjets
with living cells over long periods for different applications. The
ultrafast speed achieved by the microjets is of importance for the
design of highly powered micro- and nanomachines, thus enabling
transport of heavy loads or swimming over long distances. The
dynamics of the catalytic microjets have been theoretically modeled
and fit well with the experimental observations. This theoretical
work can pave the way to future physical investigations of the single
and collective motion of self-propelled micromachines.
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’NOTE ADDED AFTER ASAP PUBLICATION

This article was published ASAP on August 23, 2011. Re-
ference 1a was incorrectly listed. The corrected version was
posted on August 31, 2011.

Figure 4. Absolute (left y-axis) and relative (right y-axis) speeds of catalytic
microjet engines at 37 �C with increasing concentrations of hydrogen
peroxide. Inset figure tracks (red line) the trajectory of an ultrafast microjet
at 5% H2O2 at 37 �C. The blue arrow points at the front edge of the
microtube. (Two videos of the superfast motion are available in the SI.)


