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ABSTRACT We describe an approach to modulating the on-demand motion of
catalytic polymer-based microengines via near-infrared (NIR) laser irradiation. The
polymer multilayer motor was fabricated by the template-assisted layer-by-layer
assembly and subsequently deposition of platinum nanoparticles inside and a thin
gold shell outside. Then a mixed monolayer of a tumor-targeted peptide and an
antifouling poly(ethylene glycol) was functionalized on the gold shell. The microengines
remain motionless at the critical peroxide concentration (0.1%, v/v); however, NIR
illumination on the engines leads to a photothermal effect and thus rapidly triggers the

motion of the catalytic engines. Computational modeling explains the photothermal
effect and gives the temperature profile accordingly. Also, the photothermal effect can alone activate the motion of the engines in the absence of the
peroxide fuel, implying that it may eliminate the use of toxic fuel in the future. The targeted recognition ability and subsequently killing of cancer cells by

the photothermal effect under the higher power of a NIR laser were illustrated. Our results pave the way to apply self-propelled synthetic engines in

biomedical fields.
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ontrolled motion and transport of

small objects at the micro- and nano-

scale have displayed impressive po-
tential applications in diverse fields such
as drug delivery,'? detection and isolation
of biological targets > development of
lab-on-a-chip devices,®” and dynamic self-
assembly.®~'* In nature living organisms
leave or approach a targeted site through
biological behaviors such as chemotaxis,
phototaxis, and aerotaxis.”>~"” Inspired
by these biological behaviors of organisms,
diverse synthetic motors such as microjet
engines,'®'® bimetal nanorods,?® ?? helix
swimmers,>3>~2> Janus particles,?* % and
metal- or polymer-based microtubes®®—>"
have been developed in the past decade,
and more information on the synthesis
and mechanism can be found in recent
reports.>27*° Moreover, these pioneering
studies have demonstrated that the motion
of the synthetic motors can be controlled
by a magnetic field,*"*? light,**** heat,*>~*’
and even the concentration gradient of
fuel.*®* Concerning real biomedical and
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nanotechnological applications, however,
remote interventions such as an external
physical trigger are usually required to ef-
fectively control synthetic motors including
the states (launch and stop) and direction of
movement as well as the position and time
that the motors work. The use of a physical
input can be turned on or off on-demand,
and, hence, a higher control over object
motion can be achieved in a wide range of
environments.

Recently light has exhibited the outstand-
ing advantage of the control of motors since
it is one of the most powerful and versatile
physical triggers. For instance, the motion of
colloidal motors was switched “on/off” by
ultraviolet (UV) light via a self-diffusiophore-
tic mechanism,*® and visible light triggered
the launch of rolled-up catalytic micro-
tubes.>’ However, UV light is strongly inva-
sive to living organisms, while it is difficult
for visible light to penetrate tissues. In con-
trast, lightin the near-infrared (NIR) region is
of special interest in the context of biome-
dical applications because body tissue has
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Figure 1. (a) Scheme of the fabrication process of the PtNP-modified polyelectrolyte multilayer microengines coated with a
thin AuNS and a tumor-targeted peptide: (i) assembling gold nanoparticles on the outer surface of the tubes, (ii) growth of
gold nanoparticles, and (iii) immobilization of the mixed thiol-PEG and thiol-peptide monolayer. (b) TEM image of a T7 AuNS
(PAH/PSS),0 PtNP microengine. (c) Enlarged image of the indicated region with a red frame in (b).

the highest transmissivity in this region (the so-called
biological window). The plasmon resonance of gold
nanostructures such as gold nanoparticles (Au NPs),
gold nanorods, and gold nanoshells (AuNSs) can con-
veniently be tuned from the visible region into the NIR
by changing their size and shape. As a result, they can
convert the absorbed photons into thermal energy,
which makes them attractive as photothermal agents
for disease imaging and therapy.>? Also, gold pos-
sesses a well-established gold—thiol bond chemistry
that allows easy functionalization of the gold surface
with a wide variety of ligands and targeting moieties.

Herein, we demonstrate how the NIR-triggered “on/
off” motion of platinum nanoparticle (PtNP)-modified
polymer multilayer micromotors coated with a thin
AuNS and a tumor-targeted peptide can be achieved at
a critical concentration of a peroxide fuel (0.1%, v/v). In
previous studies, it has been found that at lower
peroxide concentrations the generation of microbub-
bles is significantly reduced, but can be enhanced with
the increase of the solution temperature.*® This implies
that the motility of the catalytic microengines can be
modulated by a small change in the localized tem-
perature. In this paper, upon NIR irradiation at the
plasmon resonance of a AuNS, electromagnetic energy
is absorbed and dissipated as heat into the surround-
ing media. The increase in temperature inside the
microengines thus results in the accelerated kinetics
of the catalytic chemical process, increased rates of
mass transport, and enhanced instability of oxygen
bubbles on the catalyst. Thus, the generated thermal
energy under NIR illumination can be used to rapidly
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trigger the motion of catalytic microengines. Also, we
will illustrate that the photothermal effect can alone
activate the on-demand motion of these microengines
in the absence of the peroxide fuel. Finally, we will
illustrate the ability of the microengines for targeted
recongnition and subsequently killing of cancer cells
by the photothermal effect under the higher power of
a NIR laser.

RESULTS AND DISCUSSION

The fabrication process of the multifunctionalized
microengines is schematically described in Figure 1a.
The frameworks of 20 bilayers of poly(allylamine
hyhrochloride) (PAH)/poly(styrenesulfonic acid) (PSS)
were first assembled through a nanoporous template-
assisted layer-by-layer (LbL) technique according to the
previously reported method.>*** Then, poly(diallyldi-
methylammonium chloride) (PDADMAC)-stabilized PtNPs
are assembled in the inner surface of the (PSS/PAH),
tubes as a catalyst layer. The PtNPs are able to catalytically
decompose hydrogen peroxide to release water and
oxygen. The oxygen bubbles could propel the move-
ment of the microengine or nanorockets in certain
conditions.>* Also, citrate-stabilized AuNPs with
negative charges were assembled on the outer surface
of the tubes through electrostatic attraction. Upon the
addition of NH,OH and HAuCl,;, AuNPs on the tubes
served as the seeds for the growth of AuNS by
the hydroxylamine seeding procedure.*® Finally, a
binary mixed monolayer of thiol-modified poly(ethylene
glycol) (HS-PEG2000) and thiol-modified peptide
(HS-CH,COO-(CH,CH,0),-HRPYIAH, T7) (1:9 molar ratio)
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Figure 2. NIR-triggered launch of the T7 AuNS (PAH/PSS),, PtNPs microengine. (a, b, and c¢) Time-lapse images of the motion,
which show the NIR-induced launch of a microengine in 0.1% (v/v) H,0, solution. Scale bar = 20 um. (d) Speed of the launched
T7 AuNS (PAH/PSS),, PtNP microengine in 0.1% (v/v) H,0, (black line) and in water (blue line) after the microengines were out
of the laser spots. The smooth red line is fitted with an exponential decay. The inset is the tracking line of the motor after the

irradiation of a NIR in 0.1% (v/v) H,0,.

was assembled onto the surface of the AuNS. Peptide
T7 containing the HAIYPRH sequence has been shown
to specifically bind to the human transferrin receptors
(HTfR) and be 100-fold overexpressed on some tumor
cells>®” The use of MeO-PEG2000-SH is helpful to
minimize the nonspecific binding of the engines on the
tumor cells.

The transmission electron microscopy (TEM) image
in Figure 1b shows the asymmetric conical structure of
an as-assembled T7 AuNS (PAH/PSS),, tube like in our
previous report. The length of the tube is approxi-
mately 10 um, and the diameters of the two openings
are approximately 5 and 7 um, respectively. Interest-
ingly, the enlarged image in Figure 1c reveals the
higher surface roughness of the tube, which will
possibly lead to a strong adsorption in the NIR region.
The scanning electron microscope (SEM) image and
the corresponding energy-dispersive X-ray (EDX) map-
ping in Sl Figure 1 further verify the presence of gold on
the microengines. The UV—vis spectrum in Sl Figure 2
confirms the maximum adsorption of as-prepared T7
AuUNS (PAH/PSS),, tubes at about 780 nm.

Figure 2a illustrates that no microbubbles were
observed on T7 AuNS (PAH/PSS),, PtNP microengines,
and thus the microengines remained immobile in hydro-
gen peroxide (H,O,) at a concentration of 0.1% (v/v).
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It should be noted that the catalytic decomposition
rate of H,0, is too low to power self-propulsion of the
engines at this concentration level. In order to better
explore this, we employed a centimeter-sized glass
slide coated with (PAH/PSS),oPtNPs for the optical
investigation of the formation of oxygen bubbles at
0.1% (v/v) H,0,. SI Figure 3 shows that the oxygen
bubbles still slowly formed, but most of them did not
detach from the surface. As a result, the formation of
oxygen bubbles decreases the diffusion of the reactant
(H,0,) onto the catalyst (PtNPs) and further limits the
occurrence of a catalytic decomposition reaction. When
the solution temperature was increased to 70 °C,
however, the formed bubbles rapidly detached from
the surface and then more bubbles were continually
produced. Similarly, upon projecting a focused NIR
laser beam at 780 nm with a power of 3 mW/um?
(a size of about 50 um?) on the T7 AuNS

(PAH/PSS),o PtNP engine, a tail of microbubbles
could be immediately observed on the rear of the
engine and the engine began to move at the same
time. The time-lapse images in Figure 2, captured from
SIVideo 1, display the launch of a T7 AuNS (PAH/PSS) o
PtNP microengine under the irradiation of a focused
NIR laser in 0.1% (v/v) H,0,. As a comparison, other uni-
rradiated engines are used as the references, marked
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by the arrows. It can be seen that the NIR-activated
microengine accelerated within 0.6 s and then reached
a maximum speed of about 62 um/s compared to the
reference microengines. Then the speed of the micro-
engine gradually decreased from 62 um/s to 0 um/s in
20 s. According to the trajectory of the micromotor
after leaving the laser spot as shown in the inset image
of Figure 2d and Sl Video 1, one could also see that the
movement directions are not random, confirming that
the movement is not Brownian. The microengine
traveled a distance of more than 250 um during this
process. It is important to note that once a NIR-acti-
vated microengine starts to move, it will leave the
focused area of the NIR laser. Like the above-men-
tioned mechanism, the sharp increase in temperature
surrounding the microengines due to NIR irradiation
rapidly induces higher rates of catalytic decomposition
of H,0, and mass transport of H,0, and O, producing
more oxygen bubbles and stronger propulsion force
accordingly. Also, the higher temperature is favorable
to the rapid release of the generated bubbles. Conse-
quently, the higher frequency of bubble release leads
to a higher speed of motion. Therefore, it is clear that
exposure of a microengine to the focused NIR laser
could induce a fast thermally modulated motion with a
sharp increase in velocity. Furthermore, the residual
heat could still maintain a higher temperature so that
the catalytic decomposition of peroxide fuel continues
to occur even though the engine has left the laser spot.
This could be confirmed from the release of bubbles as
shown in S| Video 1. Similar phenomena were also
reported for large rolled-up microengines.**

The black line in Figure 2d shows the relationship of
the speed of the microengines with time after they
leave the focused region of the NIR laser. It can be seen
that the speed deceleration of the microengines fits
well with an exponential decay curve to some extent
(red line in Figure 2d), V= V, e, where Vis the speed,
Vy is the initial speed, b is the decay rate, and t is the
time. According to the heat transfer equation, the
temperature of micromotors after they leave the fo-
cused region of NIR laser also shows an exponential
decay (see the theoretical simulation in the Experi-
mental Section). Since temperature is the most influ-
ential factor for changing the propelling force on the
engine, the coincidence between the speed decelera-
tion and the temperature decay follows a deep physi-
cal principal. This also reflects the changes of kinetics of
the catalytic decomposition of peroxide fuel and the
rates of mass transport. In a control experiment, a
focused NIR laser with a power of 3 mW/um? was used
to illuminate a micromotor in pure water.

The blue line in Figure 2d shows that the micromotor
could also be launched and instantly accelerated to the
maximum speed of about 18 um/s, but it fully stopped
in 1.5 s (also see Sl Figure 4 and Sl Video 2). The change
of speed of the micromotors under NIR irradiation in
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pure water or 0.1% (v/v) H,O, has a similar tendency,
revealing that the motion of the micromotors is directly
related to the Soret effect or thermophoresis.** Such a
unidirectional motion should derive from a thermal
gradient due to the photothermal effect of the micro-
motors with an asymmetric shape. Comparing the
speed of the micromotors in 0.1% H,0, (black line)
(v/v) and pure water (red line) in Figure 2d, it can be
seen that the thermophoresis directly contributes a
small fraction to the sharp increase in speed of the
micromotor in 0.1% (v/v) H,0, at the current power of
the NIR laser.

We theoretically computed the photothermal effect
of the micromotor under NIR irradiation. Briefly, the NIR
laser strongly enhanced the motion of electrons in the
Au film under the plasmon resonance, and thus the Au
film heats up rapidly in a few picoseconds. The heat
diffusion equation has widely been used to study the
thermoplasmonics modeling of metallic particles.””
Figure 3 shows the temperature gradient profile
around the micromotors that is obtained by solving
the heat diffusion equation. The details of the mathe-
matical illustration can be found in the Experimental
Section. Since the engine is modeled as a Au film
covering an asymmetric cylinder, the temperature is
highly localized around the cylinder. The rapid decay of
temperature at the interface between the Au film and
water is due to the large difference in thermal con-
ductivity between the gold crystal and liquid water.
Figure 3b reveals that the temperature grows almost
linearly with laser power at a fixed position inside and
outside the engine. This linear behavior is actually in
good agreement with other thermoplasmonics mod-
eling of smaller particles.>®5°

The T7/PEG2000-functionalized T7 AuNS (PAH/PSS),o
PtNP micromotors can selectively bind to target cancer
cells but cannot attach to normal human cells. The
time-lapse images of Figure 4 along with the corre-
sponding S| Video 3 display that a self-propelled T7
AuNS (PAH/PSS),o PtNP micromotor approaches red
blood cells (RBCs) at a speed of 15 um/s, but was
unable to capture or pick up RBCs. It is noted that no
RBCs were observed to nonspecifically bind to the
micromotors during the experimental process. This is
because the increased hydrophilicity, high surface
mobility, and steric stabilization effect of the as-
sembled poly(ethylene glycol) chains can effectively
prevent the nonspecific recognition between the mi-
cromotors and cells. In contrast, the images in Figure
5a, b, and ¢, captured from Sl Video 4, demonstrate that
a motionless T7 AuNS (PAH/PSS),, PtNP micromotor
was launched by applying a focused NIR laser beam
with a power of 3 mW/um? and then moved to the
Hela cell sheets at an average speed of 42 um/s at
0.1% (v/v) H,0,. Once the engines bound to the target
HelLa cells, detachment was not recorded for over
1 h. The speed of the T7 AuNS (PAH/PSS),, PtNPs
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Figure 3. Theoretical simulation of the photothermal effect of a micromotor. (a) Elevated profile of temperature on the
vertical cross section of the engine irradiated with a laser power of 3 mW/um?. The color bar shows the increase in
temperature (°C). Scale bar = 5 um. (b) Dependence of the NIR-induced temperature increase on both the laser power at a
nearby position and the distance with respect to the center of T7 AuNS (PAH/PSS),, PtNP micromotors.

Figure 4. Time-lapse images of motion of a T7 AuNS-(PAH/
PSS),0 PtNP micromotor toward red blood cells in a 0.5%
H,0, solution. Scale bar = 20 um.

micromotor is affected in a cell incubation environ-
ment containing 0.1% (v/v) H,0, (e.g., decreasing from
63 um/s to 42 um/s), but still preserves its high transport
ability. Basically, these images and videos indicate that
the as-assembled micromotors are capable of selec-
tively binding to Hela cancer cells though the T7
peptide modification and almost eliminate the non-
specific recognition of RBCs.

According to our simulation (Figure 3b), the increase
in temperature caused by the photothermal effect of
the Au NS is largely dependent on the output power of
the used NIR laser. After the engine bound to the Hela
cell, the beam of the NIR laser was realigned to focus on
the engine, and spontaneously the output power was
improved at the power of 13 mW/um? for 5 s. At that
moment, the maximum temperature of the micromotor
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Figure 5. Targeted photothermal therapy of the T7 AuNS
(PAH/PSS),o PtNP micromotor on the model Hela cells. (a, b,
and c) Time-lapse images of the NIR-triggered motion of the
T7 AuNS (PAH/PSS),o PtNP micromotor toward Hela cells in
0.1% (v/v) H,0,. (d) Corresponding fluorescence image of
the engine radiated by the NIR laser with the power of
13 mW/um? for 5 s. Scale bar = 20 um.

can reach approximately 59 °C, and the elevated
temperature in a 70 um radius around the engine is
more than 10 °C (Figure 3b). This change in tempera-
ture is enough to induce the apoptosis of HelLa cells in
this region. The fluorescence microscopy image in
Figure 5d displays the red fluorescence of the nuclei of
Hela cells in roughly a 60 um radius around the engine.
The red fluorescence came from the preadded fluores-
cent dye, propidium iodide (PI). Pl can penetrate into
the nuclei after the breakage of cell membranes and
has thus been widely employed to test cell apoptosis.
As a result, the red fluorescence from the cell nuclei
around the micromotor represents the distinct apoptotic
feature of Hela cells, indicating that as-assembled
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T7 AuNS (PAH/PSS),o PtNP micromotors can also be
used as a photothermal agent for a minimally invasive,
selective treatment of cancer. Also, the radius of the
apoptotic cell sheet around the NIR-irradiated micro-
motor roughly corresponds to our simulated range.
Moreover, it is important to note that there is no red
fluorescence in other areas, suggesting that 0.1% (v/v)
H,0, did not induce the apoptosis of cancer cells in
our case.

CONCLUSION

We have demonstrated a new strategy for photo-
thermally triggering the “on-demand” launch of gold
shell-functionalized polymer multilayer micromotors
using a NIR laser at the critical concentration of per-
oxide fuel. This process is based on the fact that NIR
illumination of the micromotors causes a spontaneous
photothermal effect and thus a locally sharp increase

EXPERIMENTAL SECTION

Fabrication of AuNS (PAH/PSS),, PtNP Micromotors. The AuNS
(PAH/PSS),0 PtNP micromotors were fabricated through a modi-
fied template-assisted layer-by-layer assembly.>® The citrate-
stabilized gold nanoparticles and PDADMAC-stabilized Pt nano-
particles were prepared according to the previous methods.®"%2
Polycarbonate membranes with a pore diameter of 5 um
(catalog no. 7060-2513, Whatman, U.K) were used as the
templates. Briefly, the template was alternatively immersed into
PAH (1 mg/mL in 0.5 M NaCl) and PSS (1 mg/mL in 0.5 M NaCl)
solutions for 30 min to form one (PAH/PSS) bilayer. After
20 bilayers of PAH/PSS were deposited into the template, the
PtNPs were assembled into the template as the innermost layer.
The materials adsorbed on the top and bottom surfaces of the
template were removed by polishing and wiping the surfaces of
the template with wet cotton swabs. The (PAH/PSS),o PtNP
micromotors can be obtained by dissolving the templates in
CH,Cl,.

The (PAH/PSS),o PtNP micromotors were incubated in a
solution of citrate-stabilized AuNPs for 30 min. The method of
hydroxylamine seeding was used to form the gold nanoshell on the
outer surface of the AUNP (PAH/PSS)»o PINP micromotors.>® The
AuNP (PAH/PSS),0 PtNP engines were released in a 1.5 mL aqueous
solution including 50 uL of NH,OH and 0.1% (w/v) HAuCl,, and the
mixture was stirred slightly for about 10 min to allowed the
reduction of HAuCl, to grow shells on the outer surface of the micro-
motors. The AuNS (PAH/PSS),, PtNP micromotors were collected by
applying centrifugation at 4000g for 3 min and stored at 4 °C.

Target T7 Peptide Modification of AuNS (PAH/PSS),, PtNP Micromotors.
The outer surface of Au nanoshells of the micromotors was
modified by the target T7 peptide to get the T7AuNS (PAH/
PSS),0 PtNP micromotors. The AuNS (PAH/PSS),o PtNP micro-
motors were incubated with a binary mixture of 2 mM MeO-
PEG2000-SH and 0.2 mM T7 peptide (molar ratio, 1:9) in 80% (v/v)
ethanol overnight. After washing with ultrapure water, the ob-
tained T7 AuNS (PAH/PSS),, PtNP micromotors were stored at 4 °C.

Cell Experiment. Healthy red blood cells were obtained from
the hospital of the Harbin Institute of Technology and added
with ethylenediamine tetraacetate (EDTA) to prevent coagula-
tion. The apoptosis of the Hela cells induced by T7 AuNS (PAH/
PSS),o PtNP micromotors under the treatment of a NIR laser was
determined by the modified Pl staining method.>® A 5 ul
amount of Pl was added to 20 mL of the cell culture prior to
the NIR treatment, and the apoptosis of the Hela cells was
confirmed by fluorescent imaging.

Characterization. Transmission electron microscopy analysis
was performed on a Tecnai G2 F30 microscope operated at
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in temperature around the micromotors. Accordingly,
the increase in temperature induces the accelerated
kinetics of the catalytic decomposition, the increased
rates of mass transport, and the enhanced release
frequency of oxygen bubbles. These micromotors
can be readily functionalized with targeting ligands
for highly specific cancer recognition and subsequent
photothermal cancer therapy. Therefore, our micro-
motors have integrated the features of a controllable
launch promoted by a NIR laser, self-propulsion, dynamic
target recognition of cancer cells, and photothermal
therapy ability. Such multifunctionalized micromotors
hold great promise for diverse future applications of
synthetic nanomotors. More interestingly, we found that
the photothermal effect can be used alone to activate the
motion of micromotors in the absence of peroxide fuel,
and more in-depth studies and theoretical simulations
are ongoing in our laboratory.

120 kV. The samples were prepared on a carbon-coated copper
grid. An Olympus BX53F optical microscope, coupled with a
20x objective and relative software, was used to capture videos.

Theoretical Modeling. Barrat et al. recently simulated the
photothermal effect of gold nanoparticles with diameters of
500 nm based on the arranged 494 gold atoms on a face of the
nanoparticles.>® Their result shows that the elevated tempera-
ture should be highly localized around the nanoparticles. The
temperature profile of an illuminated engine should be quite similar
to that of a spherical particle. Both the width and length of our
engines are larger than the wavelength of the used laser, and the
electromagnetic wave is oscillating as a standing wave along the
tubular Au film. The film thickness is much smaller than both the
length and width of the micromotors, and we can take it as a two-
dimensional surface to mathematically model the temperature.

Since the thermal conductivity of gold (318 W/mK) is much
higher than that of water (0.6 W/mK) and air (0.025 W/mK), there
is a sudden temperature drop at the interface between the
engines and water. The temperature at the interface can be
estimated by the following equation.®®

T(I’) _ Ttube \/pAuCAukAu + Tw \/chwkw (])
\/pAu Caukau + \/chwkw

where C is the specific heat, k is thermal conductivity, and p is
mass density.

The melting point of crystalline Au is 1064.18 °C. If the
temperature of the micromotor is higher than the melting point,
the gold film will melt into a liquid. If the particle has a
temperature of 1000 °C in the Au film, the temperature of the
water should thus be about 600 °C at the interface, and then it
decays following T(r) = A + B/r® The quantitative profile of
temperature of an optically stimulated micromotor obeys the
usual heat transfer equation:*®

plr) c(r) ? = Vk(r) VT(r) +Q(r, 1) v

where T{(r, t) is temperature as a function of coordinate and
time, p(r) is the mass density, c(r) is the specific heat, k(r) is
thermal conductivity, and Q(r, t) is the energy source stimu-
lated by the laser; Q(r,t) = (j(r,t) E(r,t)). The heat generation from
a tubular particle is slightly different from that of a spherical
particle,

2
w 2¢o
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The power density absorbed by a material is P = we|E|%. The
temperature reaches a stable distribution in a few micro-
seconds. For a steady distribution of temperature in an infinitely
large tank, the heat transfer equation obeys aT(r, t)/0T = O.
The heat transfer equation reduced to a Poisson equation,
Vk(r) VT(r) = Q(r, t) = g50(r — r). According to Green function
theory, Vk(r) VT(r) = Q(r, t) = g5,0(r — r}), a typical solution has the
following distribution:

AT = — /@

" 4ak(r — ro) @

This solution fulfills the Green function equation, AT(r) = V,,,QGr;;
here G(r) = 1/[4nk(r — r)] is called the Green function. The
maximal temperature increase is proportional to the light

intensity:

280

2
lo /K 5
&+ enp o/ko ®

ATmax = Vrube

The temperature profile AT(r) is the contribution of only one
particle. For an ensemble of many particles distributed on a
complex geometry, the final temperature profile is given by T =
¥,G(r;)Q;. Note that the engine in our experiment is an asymmetric
cylinder, as shown in Figure 1b. We take a pyramid cylinder as an
approximation of the engine. The thick Au film is roughly thought
of as a continuous film due to its high density of gold particles.
The sum of all Green functions is the integral of the asymmetric
cylinder surface:

1

Glr, 2) = / 7 dg / do
Jo JOo

where tan[A] = h/(a — b); tan[c] = h — b. The pyramid cylinder
becomes a standard cylinder when a = b. Then the green
function above has a simpler formulation:

1
47tk \/1? + 12 — 2ror cosl@l + (zo+2)?

in[A
47k, | r? (1 +4 asiniAl

G(r,z, ¢) =

The temperature profile has rotational symmetry around
the central axis of the cylinder (x = 0; y = 0; 2). We check the
temperature profile only on the cross section that cuts the cylinder
into two semispherical cylinders (Figure 3a). The continuous
temperature profile on this cross section around the micromotor
is given by T(n) = [dz [d¢ G(Q. First we integrate the angle ¢,

G(r,z) = /d¢ G(r,z, ¢)

2 1
[fe _®
o Amk \/ r2 +ry2 — 2ror cos[g] + (zo+2)
Its output is an elliptic function over distance,
4ror

K —
{ (r — ro)® + 22 + 227y + 2>
VI = 1ol + 22 + 222 + 2,2

Glr,z) = 9

here Kix] represents elliptic K[x], the complete elliptic integral of
the first kind. Integrating the Green function over the length
direction leads to the equation of the temperature profile on the
cross section,

4ror
[ (r — ro)? + 22 4 222y + 292
VI = 10)* + 22 + 2220 + 202
(10)

The above solution is for a standard cylinder. For a pyramidal
cylinder of Au film, we cut the pyramidal cylinder into many
layers of short elementary cylinders and performed integra-
tion over the height to solve the heat transfer equation in
MatLab. The maximal temperature is around the center of the
narrow top, and the temperature of the wide base is lower
than the top. The profile of the temperature becomes sym-
metric 8 um away from the center axis of the micromotor. In
the vicinity of the micromotor, the temperature profile is
highly asymmetric. The highly localized temperature is con-
sistent with other theoretical works.>” ~6°

h n K
T(r) = O/ dz G(r,z) = Q/ dz
JOo JO
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