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Bubble-Based Microrobots with Rapid Circular Motions for
Epithelial Pinning and Drug Delivery

Jin Gyun Lee, Ritu R. Raj, Cooper P. Thome, Nicole B. Day, Payton Martinez,
Nick Bottenus, Ankur Gupta, and C. Wyatt ShieldsIV*

Remotely powered microrobots are proposed as next-generation vehicles for
drug delivery. However, most microrobots swim with linear trajectories and lack
the capacity to robustly adhere to soft tissues. This limits their ability to navigate
complex biological environments and sustainably release drugs at target sites.
In this work, bubble-based microrobots with complex geometries are shown to
efficiently swim with non-linear trajectories in a mouse bladder, robustly pin to
the epithelium, and slowly release therapeutic drugs. The asymmetric fins on
the exterior bodies of the microrobots induce a rapid rotational component to
their swimming motions of up to =150 body lengths per second. Due to their
fast speeds and sharp fins, the microrobots can mechanically pin themselves to
the bladder epithelium and endure shear stresses commensurate with urina-
tion. Dexamethasone, a small molecule drug used for inflammatory diseases,

is encapsulated within the polymeric bodies of the microrobots. The sustained
release of the drug is shown to temper inflammation in a manner that sur-
passes the performance of free drug controls. This system provides a potential
strategy to use microrobots to efficiently navigate large volumes, pin at soft
tissue boundaries, and release drugs over several days for a range of diseases.

1. Introduction

Engineered nanoparticles are effectual drug carriers due to
their ability to protect drugs from degradation, durability within
the body, high surface area-to-volume ratios, and control over
drug release rates.'>) However, many nanoparticle systems
rely on circulation or diffusion as their primary mode of
transport, which limits their ability to reach specific tissues.[®®]
Previous reports show that nanoparticles administered in the
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body face both physical and biological
barriers that limit their accumulation in
diseased tissues.”) Moreover, the persis-
tence of nanoparticles at tissue bounda-
ries is often limited since the adsorption
of nanoparticles weakens upon decreasing
particle diameter."” Poor adhesion conse-
quently decreases the retention of nano-
particles and hinders sustained drug
release in vivo, limiting the usefulness of
many nanoparticle-based drug delivery
systems in clinical settings.!!!

In nature, biological swimmers, such
as microorganisms and sperm, often
traverse complex environments within non-
linear motions to enhance motility.12
Depending on the unique shape of the
cell or organism, they adopt swimming
behaviors along 3D trajectories in bio-
logical fluids, which promote navigation
and survival of the microorganism.!>1)
For example, Escherichia coli are known
to swim in circular motions by the action
of rotary motors embedded in the cell wall to enhance the prob-
ability of adhesion to the surface.'”) Inspired by the biological
swimmers in nature, self-propelling particles are synthetic
analogs that can mimic the motions of natural swimmers in
biological fluids. Recently, the self-propelling particles have
garnered considerable attention as medical microrobots in the
field of biomedical engineering due to their ability to swim to
hard-to-reach tissues and deliver drugs or genes at target sites.[-20]

In contrast to passive nanoparticles, microrobots can
efficiently traverse viscous fluids by breaking surface sym-
metry to locally dissipate energy!?'-?l Common sources of
energy to power microrobots include chemical reactions,!?6:?’]
magnetic fields, 832 electric fields,**-3% and acoustic fields.*’->"]
Among these, acoustic fields are particularly promising for in
vivo use due to the biocompatibility and clinical availability of
ultrasound.*%*l Recent studies report that acoustically powered
microrobots with an internal cavity can self-propel by the oscil-
lation of an entrapped air bubble at its resonant frequency.[3%4
Previously reported bubble-based microrobots have been
shown to travel through microchannels®] and transport cells
in vitro;® however, challenges remain to using bubble-based
microrobots for drug delivery. Principally, microrobots should:
1) propel with non-linear directionality to enhance navigation
through tortuous biological environments, 2) move with ample
thrust to penetrate dense or viscous biological barriers and
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mechanically pin themselves to tissue substrates, and 3) facili-
tate the slow release of drugs to sustain therapeutic benefits in
vivo,[#44]

We present a bubble-based, acoustically powered, polymeric
microrobot that can swim at high speeds (=150 body lengths per
second), rapidly navigate aqueous environments, securely pin
themselves at soft tissue boundaries, and sustainably release
small molecule drugs at tissue boundaries to promote sustained
therapeutic effects. We designed the microrobots with a cavity
in their central compartment to entrap an air bubble when
submerged in aqueous fluids. Under an acoustic traveling
wave at the frequency at the maximal acoustic response of the
bubble (320 kHz), the bubble oscillates by stable cavitation,
creating fluid flows away from the air/liquid interface, which
drives the self-propulsion of the microrobot. To reliably
generate non-linear directionality upon acoustic excitation, we
introduced both symmetric and asymmetric fins on the bodies
of the microrobots, which gave rise to rotational and orbital
motions, respectively. The incorporation of fins gives rise to
ultrafast motions (=150 body lengths or =2.8 mm per second),
which is notably faster than that of microrobots powered by
other means such as magnetic fields or catalytic reactions.
Further, we encapsulated the drug, dexamethasone (DEX),
into the polymeric matrix of the microrobots and showed
its sustained release over several days. To demonstrate the
usefulness of the microrobots with asymmetric fins, we showed
that they can self-propel within a mouse bladder ex vivo and
mechanically pin themselves along the bladder epithelium. We
show that DEX released from the microrobots can sustainably
polarize primary macrophages in vitro toward an anti-inflam-
matory (or M2-like) phenotype, which supports its potential to
be used as an immunotherapy for inflammatory diseases such
as interstitial cystitis.*! Our study highlights a new method
of active drug delivery that leverages the rapid and non-linear
directional propulsion of microrobots to efficiently travel
large distances within organs and sustainably release drugs to
diseased tissues.

2. Results and Discussion

2.1. Fabrication and Characterization
of Drug-Loaded Microrobots

To assess their therapeutic potential, we designed microrobots
to treat interstitial cystitis. Interstitial cystitis is a chronic
disorder of the bladder that causes discomfort, pelvic pain,
frequent urination, and sometimes the appearance of blood in
the urine.”] Currently, the most common treatment for inter-
stitial cystitis is bladder instillation, whereby DEX dissolved
in a solution of dimethyl sulfoxide (DMSO) is administered to
the bladder and eventually drained using a catheter.*®l Patients
must hold the solution in their bladder for 15-20 min, which is
painful for patients and limits drug effectiveness due to the low
residence time of the drug.*®! Thus, we encapsulated DEX into
the polymeric bodies of the acoustically powered microrobots
such that they could propel within the bladder upon stimula-
tion by ultrasound, securely attach to the bladder epithelium,
and slowly release the drug for several days.
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DEX was encapsulated within the microrobots by dissolving
it directly into the photoresist prior to 3D-crosslinking by two-
photon lithography (Figure 1A-D and Movie S1, Supporting
Information). DEX is an appropriate model drug due to its
precedence in treating interstitial cystitis and other inflam-
matory diseases through its ability to heal damaged tissues
by polarizing macrophages toward anti-inflammatory pheno-
types.*] The hydrophobic nature of DEX allows it to readily
dissolve into the photoresist, such that it can be slowly released
into solution after microrobot fabrication and submersion in
solution.

The microrobot was designed as an elongated half sphere
with a diameter of 20 um and a spherical cavity in its center
(Figure 1E,F). The size of the microrobot and bubble was
selected to eliminate the effects of buoyancy when the micro-
robot is suspended in solution. We found that spherical cavities
larger than 11 pm for the given particle design resulted in
microrobots floating at the air/liquid interface, causing the
particles to assemble into clusters. Therefore, a cavity diameter
of 11 pm was selected. Furthermore, we designed three curved
fins on the bodies of the microrobots to generate torque at the
single-particle level (Figure 1G,H). Microrobots with three sym-
metric fins, that is, all fins had the same shape and were evenly
placed around the robot, rotated on the substrate upon appli-
cation of the acoustic field. When one of the fins was smaller
than the other two, the microrobots swam in an orbital motion
along a circular path while the microrobots without fins moved
randomly (Figure 1I). While our study focuses on the directed
transport of microrobots in the bladder, which is a simple
organ in terms of its geometry, designing microrobots to propel
with non-linear trajectories (i.e., superimposed locomotive
modes of transitional, rotational, and orbital motions) could
improve their navigation through more complex biological
environments. Moreover, the sharp fins on the microrobots
can enhance their mechanical pinning along tissue boundaries
in the body, thus enabling the controlled release of drugs for
enhanced therapeutic effects (Figure 1J).

2.2. Characterization of the Air Bubble Frequency at Maximal
Acoustic Response and Microrobot Trajectory

To characterize the frequency at the maximal acoustic response
of the air bubbles within the microrobots, we measured the
acoustic pressure by frequency sweep tests in a glass chamber
with a transducer (Figure S1, Supporting Information). Once
the chamber was filled with an aqueous solution of phosphate-
buffered saline (PBS), the air was immediately entrapped in the
mushroom-like cavities of the microrobots (Figure 2A inset)
to form air bubbles, and the air/liquid interface was stabilized
by surface tension. Upon generating the acoustic traveling
waves, the acoustic pressure at each frequency was recorded by
a transducer submerged in PBS. In Figure 2A, the harmonic
cavitation dose is shown as a function of applied frequency.
Here, the frequency at maximal acoustic response is expected
to depend on the diameter of the spherical cavity as well as the
diameter of the orifice at the air/liquid interface. Prior work
has shown that decreasing the size of the cavity results in an
increased resonance frequency.?33%4 Aside from resonance

© 2023 Wiley-VCH GmbH

ASUIIT suowwo)) aanear) ajqearjdde ayy £q pauraA0s aIe sa[onIe Y SN Jo SNI 10J AIRIQIT aUI[UQ A3[IAY UO (SUONIPUOD-PUER-SULIA) /W00 K3[1M " KIRIqI[aul[uo//:sdny) suonipuo) pue sula ], 3y 3S *[£202/90/10] uo Kreiqry autuQ L[ ‘Ais1oatun aenpein) Surp[ar £q 60F00ETOT TIWS/Z001 0 1/10p/wod Ka[im’ AreIqijaut[uoy/:sdiy woiy papeo[umo( ‘0 ‘6789€191



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

A Femtosecond
laser

3D printed
microrobot

Drug-dissolved
photoresist

substrate

Orbital

. motion
Random ( \

‘. 9_9

& / Field-on

Field-on / Asymmetric »

' fin

Acoustic
wave

www.small-journal.com

Asymﬁtric fin

/ Mouse |

y . [oeacer”

(77
’ Acoustic

’ * wave

Released drug

Drug-loaded
microrobots

Figure 1. Fabrication, propulsion, and pinning of the acoustically powered microrobots for sustained drug release. A) Schematic illustration for
the 3D-printing of drug-loaded microrobots with individual air bubbles using two-photon lithography. B-D) Images showing the 3D printing of a
single microrobot. Small molecule drugs are encapsulated within the polymer matrix of the microrobots during their cross-linking. E) Fluorescent
microscope and F) SEM images of a microrobot without fins. G) Fluorescent microscope and H) SEM images of a microrobot with asymmetric fins.
1) Schematic illustration describing the effect of asymmetric fins on propulsion trajectories. Upon applying ultrasound, microrobots flip on the substrate
due to microstreaming flows near the air/liquid interface of the bubbles. The microrobot with asymmetric fins propels in an orbital motion while the
microrobot without fins propels in a random motion. J) Illustration of drug-loaded microrobots tempering an inflammatory response in bladder tissue.
Upon excitation by ultrasound, the bubble-based microrobots travel through a mouse bladder until encountering the bladder wall. Fins on the micro-
robots improve their pinning against the wall, whereupon the drug is gradually released to sustainably treat immune cells. Scale bars in (E) and (G)

=100 um. Scale bars in (F) and (H) =10 um.

and buoyancy effects, the propulsive force generated by the
bubble oscillations also scales with the cavity size.[*?l To ensure
negative buoyancy and maximal propulsive force, we designed
microrobots with a spherical cavity diameter of 11 um and an
orifice diameter of 74 pm. For this design, we determined the
maximal acoustic response to be at 320 kHz, which yielded a
peak harmonic cavitation dose of 2.0 X 107 V2,

To stimulate the air bubble in microrobots with an acoustic
traveling wave, a silicone spacer was placed between the trans-
ducer and the sensor to form a fluidic chamber (Figure 2B).
PBS was used as the propulsion medium to simulate a
physiologically relevant environment; notably, using PBS
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also increased the stability of the air bubble due to increased
surface tension. To introduce the acoustic field, a sinusoidal
AC signal was applied to the piezoelectric transducer adjacent
to the silicone spacer. Upon application of the acoustic field,
the microrobots reorient such that the air/liquid interface of
the air bubble is parallel to the substrate. This reorientation
is attributed to secondary Bjerknes forces, which are attrac-
tive between the air bubble and the substrate.*>5%51 Microro-
bots with symmetric fins swim with a linear slipping motion
of transitional speed, v, driven by primary acoustic radiation
forces from the transducer.*”) While the microrobot slips along
the surface, we observed that its body rotates with an angular
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Figure 2. Characterization of air bubble frequency at the maximal acoustic response and microrobot trajectories. A) Dependence of the harmonic
cavitation dose on frequency. (Inset) Image showing the geometry of a microrobot with a cavity diameter of 11 um and an orifice diameter of 7.4 um.
The frequency at maximal acoustic response is found at 320 kHz. B) Schematic illustration showing an experimental setup for acoustic propulsion. A
transducer and a sensor are glued to a glass slide, and a silicone spacer is attached adjacent to the transducer. Microrobots in PBS are introduced into
the fluidic chamber. C) Superimposed optical microscope image of a microrobot with symmetric fins. The microrobot with symmetric fins swims in
a rotational motion with angular velocity (@) and translational velocity (v;). (Inset) SEM image showing the geometry of a microrobot with symmetric
fins. D) Displacement of the microrobot with symmetric fins as a function of time. E) Superimposed optical microscope image of a microrobot with
asymmetric fins. The microrobot with asymmetric fins swims in an orbital motion with @, tangential speed (v,), and v,. F) Displacement of the micro-
robot with asymmetric fins as a function of time.

velocity, @, counterclockwise (Figure 2C,D). When microrobots ~ with a tangential speed, v,, with the smaller fin facing toward
have one fin that is smaller than the other two, they experi- the center of the orbit (Figure 2E,F and Movie S2, Supporting
ence both rotational and orbital motions along a circular path  Information).
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2.3. Streaming Flows and Fluid Patterns Near the Microrobot

To understand the origins of the rotating and orbital motion of
the microrobots with asymmetric fins, we performed numerical
simulations and experiments with tracer particles. We pro-
pose two complementary explanations: 1) the streaming flows
generated by the oscillating bubble interact with the
asymmetric fins, leading to asymmetry in the flows and conse-
quently rotation; and 2) the fins themselves vibrate and cause
asymmetry in the streaming flows, as inspired by recent works
showing that the acoustic response of solid structures generates
steady streaming flows. >

From our experimental results, we observed that the trajectory
of microrobots is governed by their shape (Figure 3A). We
observed fluid being ejected from the bottom of the microrobots,
which causes a propulsive force in the positive z-direction. To
determine the interaction between the fin- and bubble-gener-
ated streaming flows, we conducted numerical simulations
of the flows generated by the oscillating air/liquid interface
(Figures S2 and S3, Supporting Information). For a side view
of the streaming flows, we sliced the yz-plane cross section at
the center of each microrobot (Figure 3B) to visualize the time-
averaged second-order velocity and pressure fields without the
inclusion of quiescent and first-order fields (Figure 3C-E).
The streaming flow of each microrobot from a top-down view
was visualized in a similar fashion by slicing a xy-plane cross-
section (Figure 3F). In our experiments, the presence of a sub-
strate causes an attractive force that balances the propulsive
force caused by fluid ejection, leading the microrobots to point
upward at the substrate.”® In Figure 3G, we show that the fluid
flows and pressure field are symmetric about the z-axis. This
agrees with our experimental results, as no rotational or orbital
motion is observed for microrobots without fins. Figure 3D,H
shows the same time-averaged flows and pressure field for a
microrobot with symmetric fins. In Figure 3D, we see that the
streamlines rotate about the microrobot. However, the flows are
still symmetric about the z-axis, which is in an agreement with
our experimental results, as a microrobot with symmetric fins
experiences rotation but no orbital motion. Figure 3E,I shows
the time-averaged flows and pressure field for microrobots with
asymmetric fins. We still observe a rotational component in the
flow; however, the flows are no longer symmetric about the z-
axis. The rotation and asymmetry in the streaming flows cor-
roborate our experimental observations that microrobots with
asymmetric fins swim in both rotational and orbital motions.

To visualize the fluid flow around structures driven solely
by the oscillation of fins without any streaming flow from the
air bubble, microrobots with different fin designs—but lacking
a cavity—were printed on cylindrical posts (Figure 3],K). We
actuated the fins on the microrobots in a quiescent fluid envi-
ronment at a frequency of 320 kHz and visualized the induced
streaming flows using polystyrene (PS) tracer spheres (diam-
eter = 0.75 um) suspended in the fluid (Figure S4 and Movie S3,
Supporting Information). We observed tracer particle motion
without the presence of a bubble in the particle, indicating that
the fins are responding to the acoustic field and generating a
net streaming flow. As shown in Figure 3K, we recorded the
motion of the tracer particles around immobilized microrobots
while the field was applied. Then, to visualize the side-view
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fluid pattern, we superimposed each frame of the captured
videos to yield a single image showing the paths of tracer par-
ticles in the fluid. Similarly, Figure 3L,M shows superimposed
top-down views of tracer particle movement in response to
acoustic field application for microrobots with symmetric fins
and asymmetric fins, respectively. We observed that the tracer
particles moved around the microrobots and that microrobots
with asymmetric fins also showed asymmetry in the motion
of tracer particles in the imaging plane (Movie S4, Supporting
Information). Because we observed tracer particle motion
without the presence of an air bubble, we surmised that the
fins are also responding to the acoustic field by independently
generating net streaming flows. We believe that this observa-
tion is a result of the acoustic streaming generated by the vibra-
tion of thin structures.’#% By extension, the streaming flows
generated by the fins in response to the acoustic field could
also be responsible for the rotational and orbital motion of the
microrobots with bubbles. Thus, the streaming flows generated
by the: 1) acoustically actuated bubble interacting with the fins
and 2) vibration of the fins themselves provide explanations for
the rotation and circular trajectories we observe. That is, the
addition of external structures to influence the locomotion of
acoustically actuated particles may lead to effects that are not
solely due to interactions between bubble-generated flow and
the external structures but also include effects generated by
the acoustic vibration of the structures. We believe that the
interplay between these disparate effects can give rise to a rich
diversity of the motions of acoustically actuated microrobots,
especially when driven by different applied frequencies that
selectively excite the bubble or the external structures. To eluci-
date the relative contribution of the oscillating air bubble with
respect to the vibrating fins on the resultant motion of microro-
bots, additional studies are necessary.

2.4. Mechanical Pinning of Microrobots with Asymmetric Fins

In Figure 4A, we show that the speed (measured in body
lengths per second) of microrobots linearly increases with the
square of the applied voltage. Here, the body length of micro-
robots is equivalent to the major radius or the minor diameter
of the hemi-ellipsoidal shape of a microrobot, both of which
are 20 um (Figure S5, Supporting Information). We expect
the speed to continue increasing with applied voltage up to
an experimental limit, that is, from heating or amplification
considerations, or a physical limit, that is, a transition from
stable to inertial cavitation due to an increased applied pres-
sure amplitude.’® At the maximum applied voltage tested, we
observed that microrobots with asymmetric fins propelled at a
tangential speed of 2855 um s! (143 body lengths per second).
We note that this speed is significantly faster than the speed of
particles stimulated by other means, such as 1) Janus particles
in AC electric fieldsi®® or in catalytic solutions® (e.g., =5-10
body lengths per second) and 2) helical microrobots under mag-
netic fields (e.g., =35 body lengths per second).*® The ultrafast
speed of acoustic microrobots may be useful for penetrating
biological barriers or enhancing the delivery of drugs in vivo.
To facilitate sustained activation of immune cells, it is impor-
tant to maximize the retention of drug-loaded microrobots at
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Figure 3. Numerical simulations of streaming flows and empirically observed fluid patterns for the microrobots. A) Schematic illustration of microrobot
designs and corresponding motions under acoustic excitation. Microrobots without fins do not experience rotational or orbital motion. Microrobots
with symmetric fins only rotate. Microrobots with asymmetric fins experience both rotational and orbital motions. B—E) Schematic illustration of the
B) yz-plane sliced on simulation results for microrobots with C) no fins, D) symmetric fins, and E) asymmetric fins. F—I) Schematic illustration of the
F) xy-plane sliced on simulation results for microrobots with G) no fins, H) symmetric fins, and 1) asymmetric fins. Black lines and arrows in the
streaming patterns represent the simulated streamlines of the time-averaged second-order streaming flows around the microrobots, which ignore
quiescent and first-order pressure fields. The colors represent the corresponding time-averaged second-order pressure fields around the microrobots.
J) Model design of a 3D-printed microrobot with asymmetric fins and without a cavity immobilized on a post for visualizing the side view of the micro-
robots. K) Superimposed image of the experimental fluid patterns around the microrobots from the structure shown in (J) under an acoustic field of
320 kHz. Superimposed image of the experimental fluid patterns around microrobots without a cavity and with L) symmetric fins and M) asymmetric
fins from a top-down view under an acoustic field of 320 kHz. Scale bars = 20 um.

target sites. To investigate the role of fins on the attachment by counting the remaining particles after washing the chamber
of microrobots, we studied their pinning at the wall of a sili-  and dividing by the total number of particles injected. Upon
cone chamber as a surrogate bladder. We examined different  applying a 320 kHz acoustic wave, microrobots with air bubbles
designs of particles across a range of applied voltages. We  translocated to the wall of the silicone chamber due to primary
measured the fraction of particles pinned on the silicone wall  acoustic radiation forces, while the PS spheres without air
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Figure 4. Pinning of microrobots on the bladder wall. A) Tangential speed of microrobots as a function of applied voltage. B) Fraction of particles pinned
on the silicone wall with different particle designs. Inset: schematic representation showing the experimental setup with different types of particles. Par-
ticles remaining on the wall were counted after applying the acoustic field and washing the chamber. C) Schematic illustration of an ex vivo experiment
of microrobot propulsion in a mouse bladder. D-H) SEM images showing pinned microrobots on the mouse bladder wall. Due to the smaller contact
area between the sharp fins on the bodies of the microrobots and the wall, the larger pressures acting on the microrobots resulted in better pinning.

bubbles did not exhibit any motion as expected. To simulate the
shear stresses experienced by urination in the bladder (average
flow rate of urine from a mouse is =1 mL min™),"" the fluid
inside of the chamber was aspirated using a syringe, and fresh
PBS was introduced into the chamber and aspirated again at
a flow rate of 1.5 mL min™. After washing the chamber, we
observed that microrobots with asymmetric fins remained
pinned (Figure 4B). When not pinned, microrobots, as well as
PS spheres, were easily washed out from the chamber.

To investigate the pinning behavior of microrobots to a
bladder epithelium, we performed ex vivo experiments on
the bladders of C57BL/6] mice. Bladders were extracted from
euthanatized mice, and microrobots with asymmetric fins were
dispersed in PBS and infused into the bladders (Figure 4C).
After applying an acoustic field to the bladders, we observed the
pinning of microrobots at the bladder walls using fluorescent
microscopy and scanning electron microscope (SEM) (Figure
S6A-C, Supporting Information). In Figure 4D-H, the SEM
images show that the microrobots are pinned at the bladder
wall with the fins partially inserted in the epithelium. The
high fraction of microrobots with fins pinned at the wall may
be attributed to two reasons: 1) the speed of the bubble-based
microrobot is fast (in the range of mm per second), resulting
in increasing kinetic energy exerted during collision, and 2) the
large pressure acting on the wall due to the sharp edge of fins
(Movie S5, Supporting Information). Since the fin has a small
area of contact with the bladder, microrobots with fins can exert
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greater pressure on the wall compared to that of microrobots
without fins (Figure S6D, Supporting Information). To better
understand the mechanism of pinning, future studies exam-
ining the influence of fin edge thickness, particle speed, and
orientation upon pinning are necessary.

2.5. In Vitro Macrophage Polarization by
Drug Release from Microrobots

For improving the efficacy of delivered drugs using engineered
materials: 1) the materials used for drug delivery should have a
long retention time at the target sitel)l and 2) the drug should be
gradually released over time.*'%4 After demonstrating the former
by the non-linear directional propulsion of microrobots and their
subsequent pinning on epithelial tissues, we sought to confirm
that DEX-loaded microrobots can sustainably activate immune
cells by controlled drug release. To do so, we measured the cumu-
lative release of the drug from the microrobots and estimated the
drug-loading capacity of a single microrobot. Figure 5A shows
that the drug is gradually released from the polymer matrix over
6 days. To understand the kinetics of drug release, we fit the
experimental data to the Korsmeyer-Peppas model for drug
release

o )
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Figure 5. Macrophage phenotypic response to drug release from microrobots. A) Cumulative release of drug in 5 vol% DMSO solution at 37 °C over
6 days. The scatter points represent experimental data (N = 3), and the continuous line represents the best fit using a Korsmeyer—Peppas model.
(Inset) lllustration describing the diffusion of DEX molecules through the polymer matrix of the microrobots. B) Illustration of phenotypic responses
of macrophages. Macrophages can be polarized toward proinflammatory (M1) or anti-inflammatory (M2) phenotypes in response to signals from
their environment. C,D) Macrophage responses to no stimulation, 20 min incubation with free drug, and drug-loaded microrobots, as measured by
the change in the relative expression of M2 markers (CD206 and Arg-1) and an M1 marker (CD86) after C) 24 h and D) 48 h. The fold-change in the
expression of M2 markers for macrophages incubated with 20 min of free drug drops after 48 h, while macrophages with drug-loaded microrobots
maintained their increased expression. The statistical significance was determined using multiple unpaired, equal variance t-tests at the cutoff point
*p and #p < 0.05. E) Schematic illustration describing macrophage polarization by free drug and drug-loaded microrobots. Due to the short residence
time of the drug, macrophages incubated with free drug lost their M2 phenotypes after 48 h, while macrophages incubated with drug-loaded micro-
robots maintained their M2 phenotypes for at least 48 h.
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where “t is the fractional drug release at time ¢, k is the rate

Co
constant, and n is the release exponent.[>% The Korsmeyer—

Pepppas model is a power role model that was developed to
describe the release of small molecule drugs from a polymeric
matrix.%! For drug release from polymeric particles, the rate
of drug release is strongly governed by the crosslink density of
particles, as well as the size of the molecule.l””) In our study,
the relatively fast release of DEX molecules within 6 days
(90% release in 48 h) is attributed to the nature of DEX, a small
molecule drug, as well as the low crosslink density of acrylate
polymer, when printed using two-photon polymerization. We
expect that this rate can be tuned by controlling the crosslink
density of the polymer or the size of the encapsulated drug.

To confirm that the controlled release of DEX from the
microrobots can treat immune cells better than the addition
of free DEX acting as a bolus, we studied the extent to which
the inflammatory phenotypes of primary murine macrophages
were attenuated. Macrophages are specialized innate immune
cells that help maintain tissue homeostasis and resist pathogen
invasion in the body. The phenotype of macrophages changes
depending on their microenvironment and can be ostensibly
classified as proinflammatory (M1-like or “M1” for convenience)
or anti-inflammatory (M2-like or “M2” for convenience).l%!
For example, lipopolysaccharide (LPS), interferon (IFN)-y and
tumor necrosis factor (INF)-or polarize macrophages toward
M1 phenotypes. Conversely, interleukin (IL)-4, IL-13, and
glucocorticoids polarize macrophages toward M2 pheno-
types.®! Inflammatory diseases, such as interstitial cystitis,
are triggered by the perturbation of tissue homeostasis, and
monocytes that circulate in the bloodstream accumulate in the
inflammation site and differentiate into macrophages.’® These
and other tissue-resident macrophages are polarized toward an
M1 phenotype. An imbalance of M1 and M2 macrophages may
result in pathological consequences and cause inflammatory
diseases.’l Therefore, anti-inflammatory treatments that
promote the switching of M1 macrophage phenotypes toward
M2 phenotypes can abate inflammation and repair damaged
tissues (Figure 5B).

To temper macrophage inflammation, we first polarized
macrophages toward an M1 state using 100 nm of LPS in
Dulbecco’s modified Eagle’s medium (DMEM) (Figure 5B)./>74
We then examined the degree to which macrophages shifted
toward M2 phenotypes after incubation with free DEX in a
solution of DMSO administered for 20 min, according to
clinical methods, or incubation with DEX-loaded microrobots.
The total concentration of drug released from the microrobots
over the incubation period was estimated to be equivalent to the
total drug concentration administered for 20 min. Figure 5C,D
shows the change in the expression of phenotypic markers
relative to that of macrophages incubated with empty micro-
robots, to account for any potential effects from the material of
the microrobots. The markers examined in this study include
CD206 and arginase (Arg)-1 (known M2 markers) and inducible
nitric oxide synthase (iNOS), CD86, and major histocompat-
ibility complex (MHC) II (known M1 markers).””]

We found that macrophages incubated with free DEX for
20 min, as well as drug-loaded microrobots, showed an increase
in expression of CD206 after 24 h, while no M1 markers showed

65,66
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significant changes in expression (Figure S7, Supporting Infor-
mation). After 48 h, macrophages that received 20 min of incu-
bation with the free drug showed a reduced fold-change in
the expression of CD206 from 1.3 to 1.1. On the other hand,
the fold-change in the expression of CD206 on macrophages
incubated with drug-loaded microrobots for 48 h increased
to nearly 1.6. Thus, macrophages incubated with drug-loaded
microrobots experienced a larger and more durable phenotypic
shift compared to controls, which is attributed to the gradual
release of DEX from the polymer matrix, whereas macrophages
exposed to 20 min of free drug mostly lost their M2 phenotype
by 48 h (Figure SE).

3. Conclusion

We present an acoustically powered microrobot with asym-
metric fins and describe their motion in 2D. When the micro-
robots are energized by an acoustic field at the frequency of
the maximal acoustic response of the entrapped air bubble, the
anisotropic fins cause the microrobots to rotate and experience
orbital motion along circular trajectories. The combination
of the high speed of microrobots and the sharp edges of the
fins enables their robust pinning at soft boundaries, which we
demonstrated in vitro and ex vivo in a mouse bladder, enhancing
their residence time. Due to the strong forces exerted by the
microrobots on soft epithelial tissues during pinning, further
studies are needed to evaluate tissue responses using cell
viability and gene expression assays in in vivo experiments.
Additionally, we encapsulated the drug into the polymeric
matrix of the microrobots by dissolving it into the photoresist
for sustained release. Using DEX as a model immunomodu-
latory drug, we showed that >90% of DEX in the microrobots
can be released by diffusion within 2 days. This gradual release
of DEX polarizes macrophages better than free drug, resulting
in a sustained M2 phenotype over 48 h, while macrophages
exposed to 20 min of free DEX lost their phenotype after 48 h.
The microrobots shown herein have the potential for treating
interstitial cystitis and a range of other diseases that require the
efficient transport of drugs across large, viscous, or tortuous
biological areas for controlled release.

4. Experimental Section

Fabrication of Drug-Loaded Microrobots with Air Bubbles: Microrobots
were 3D-printed on a fused silica substrate via two-photon polymerization
(Photonic Professional GT2, Nanoscribe GmbH) using a 63x objective
lens and IP-Dip photoresist, which is known to be non-toxic and
bioinert.”®’’] The 3D microprinting was performed with a laser power
of 40 mW and a galvanometric mirror with an x- and y-scanning speed
of 20 mm s7. DEX (MedChemExpress) was encapsulated by dissolving
1 mg DEX powder into 1 g photoresist. Above this concentration of DEX
in the photoresist, 3D printing could not be initiated due to undissolved
DEX hindering the detection of the substrate-photoresist interface.
Drug-loaded microrobots were then developed in SU-8 developer
(MicroChem Corp.) for 30 min to remove uncrosslinked photoresist and
washed in isopropyl alcohol for 5 min. The removal of the photoresist
and the existence of air bubbles in the microrobots were confirmed by
the propulsion experiments, as well as frequency sweep tests (Figure 2).

Microrobot  Imaging and Tracking: To characterize microrobot
geometry and printing resolution, particles on a silica substrate were
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sputter-coated with platinum (thickness = 20 nm) and imaged with an
SEM in a secondary electron imaging modality at an accelerating voltage
of 10 kV (Hitachi SU3500). The rapid dynamics of the microrobots
under an acoustic field were recorded by a Nikon Widefield microscope
equipped with a Hamamatsu ORCA-FLASH4.0 V3 digital CMOS camera
with a frame rate of 200 frames s™'. The coordinates of the swimming
microrobots were extracted using Image) software.’®’’l Each frame of
the video was converted to a binary image, and the position of each
microrobot was tracked using the “Centroid” function in “Analyzer
Particles.” The tangential speed of microrobots was determined with
asymmetric fins by calculating the average distance and time required
for the microrobots to complete one revolution. The fluid patterns near
the microrobots were recorded by a Zeiss AxioVert A1 TL/RL inverted
microscope equipped with a Zeiss Axiocam 305 mono camera.

Drug Release from Microrobots: Drug release studies from the
microrobots were performed in a 5 vol% DMSO solution in 1x PBS.
First, 20000 drug-loaded microrobots per replicate were printed on a
substrate and collected with 10 pL of the 5 vol% DMSO solution; the
printed area was gently swiped with a pipette tip to release the particles
from the substrate. The particle suspension was then aspirated and
redispersed in 100 uL of the 5 vol% DMSO solution in a microcentrifuge
tube. The particle suspension was gently agitated in a rotator at 37 °C.
At each time point, the suspensions were centrifuged at 5000 x g, and
supernatants were collected for measurement by a UV—vis spectrometer
(Nanodrop 2000). The released drug was calculated by a calibration
curve using the UV-vis absorbance values at 242 nm (Figure S8,
Supporting Information). The particles were again redispersed in fresh
100 uL DMSO solution. This process was repeated until the cumulative
drug release curve showed a plateau.

Acoustic Propulsion In Vitro: A silicone spacer (thickness = 0.5 mm,
inner diameter = 10 mm) adhered to a glass slide was used as the fluidic
chamber. To introduce an acoustic traveling wave to the chamber, a
custom ceramic piezoelectric transducer and sensor (American Piezo),
both with a resonant frequency of 1.3 MHz, were glued to the glass slide
using a cyanoacrylate adhesive. Leads were soldered to the transducers
and a sinusoidal AC signal was applied to the transducer by means
of a function generator (33210A, Agilent) and amplifier (75A250AM2,
Amplifier Research). The applied signal was monitored by an
oscilloscope (DSOX1102G, Keysight). To investigate particle propulsion,
the chamber was placed on a microscope stage (Nikon). A solution of
microrobots in 1x PBS was gently pipetted into the fluidic chamber, and
the transducer was stimulated using the conditions described in the
Results section.

Isolation of Mouse Bladders and Acoustic Propulsion Ex Vivo: To
investigate the propulsion and pinning of microrobots ex vivo, murine
bladders were isolated from euthanized C57BL/6) mice, as previously
described.B% Microrobots dispersed in 1x PBS were directly injected into
the bladder immediately after isolation. The bladder was subsequently
placed in the fluidic chamber and submerged in PBS before the
application of the acoustic field. After applying the acoustic field for
5 min, the bladder was cut and transferred to a Petri dish filled with
PBS. This timescale was chosen to give microrobots sufficient time
to find the bladder wall. Due to the fast speed of the microrobots and
their robust pinning, the long-term stability of the air bubble was not
critical to maintain pinning. The cut bladder was washed by agitation in
PBS with tweezers to simulate physiological shear stresses on epithelial
cells in the bladder. Using scaling arguments, it was estimated that the
shear stress (7) experienced during washing was 7 = /.t%; ~7 dyncm?,
assuming i) that the viscosity (1) of PBS was 8.9 x 107 Pa s, ii) the
velocity scale (Av) was =8 cm s~ based on the washing procedure, and
i) the characteristic length (Ay) was 0.1 mm, which was =1/10th of the
width of the bladder section. This was comparable to the =5 dyn cm~
shear stress typically experienced in the bladder during urination.l
This procedure was performed three times on each bladder. Then, the
dried bladder was sputter-coated with platinum (thickness = 20 nm)
to observe the location and orientation of pinned microrobots at the
bladder wall using an SEM.
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Characterization of the Frequency at Maximal Acoustic Response of the
Air Bubble: To create a large chamber for characterizing the frequency at
the maximal acoustic response of the air bubbles, 2000 particles were
printed on a 2.5 cm x 2.5 cm glass substrate. A watertight chamber
was assembled by affixing 2.5 cm x 2.5 cm glass walls around each
side of the substrate with epoxy. A piezoelectric transducer was then
affixed to the bottom of the substrate, adjacent to the printed particles
(Figure S1, Supporting Information). To analyze the acoustic cavitation
of the microrobots, returning pressure was converted into voltage via
a 1 MHz unfocused piston (Olympus). The resulting voltage signals
were collected over time using an InfiniiVision Oscilloscope (Agilent
Technologies) at a 10 MHz sampling frequency with measurements
starting immediately prior to initial sonication. Acoustic responses were
collected for 11 frequencies (250-390 kHz). To determine the frequency
at the maximal acoustic response of the air bubbles, data were analyzed
using MATLAB (MathWorks). Voltage data was first cropped to remove
any signal prior to the first expected return signal (round-trip travel time
to the substrate). Tukey windowing was applied to the cropped signal to
prevent spectral leakage on the fast Fourier transform (FFT). The FFT
was then taken for every pulse, and the FFT magnitudes were averaged
together within each frequency. Details on the computing harmonic
cavitation dose are provided in the Supporting Information.

Numerical Simulations: COMSOL Multiphysics 6.0 was used to
resolve the streaming flows around the microrobots upon excitation
by ultrasound. A perturbation was applied in pressure and velocity
to the Navier-Stokes equations. The zeroth order components were
identified as quiescent fields, allowing to assume 0 as a value.’*82 The
first-order components were identified as the oscillatory flows, and the
time average of the second-order components was identified as the
streaming flows. The acoustic actuation of the bubble was modeled with
a sinusoidal Dirichlet boundary condition at the air/liquid interface.[*?
The first-order and second-order equations were simulated sequentially.
The shape of the microrobot was placed in a cubic box with 100 um edge
lengths. Open boundaries were prescribed on the surfaces of the box.
The first-order fields were solved over one period of oscillation using
the time-dependent Stokes solver. The time-averaged second-order
equations were solved using a steady Stokes solver. The non-linear term
was calculated by time-averaging the first-order fields and was included
as a body force in the time-averaged second-order equations. A detailed
description of the design of the numerical simulations is provided in the
Supporting Information. Simulated time-averaged second-order velocity
streamlines and pressure fields are reported in Figure 3 without the
inclusion of quiescent or first-order pressure fields.

Murine Bone Marrow Isolation: Macrophages were isolated from
murine bone marrow using methods described previously.®3 Briefly,
8- to 10-week-old male C57BL/6] mice (Jackson Laboratory) were
euthanized by CO, inhalation followed by cervical dislocation. Tibias
and femurs were isolated using a sterile scalpel and scissors. After
removing the muscles and tendons, the bones were rinsed with 70%
ethanol, rinsed again with Dulbecco’s phosphate-buffered saline (DPBS,
Cytiva), and stored in DPBS at 4 °C until use. In sterile conditions, the
epiphysis of femurs and tibias were removed by cutting, and the bone
marrow was flushed out with DPBS at 4 °C using a 30-gauge needle. The
isolated bone marrow cells were filtered through a 40-um cell strainer
to remove large aggregates. Cells were resuspended in a Bambanker
freezing medium (GC Lymphotech Inc.) and stored in liquid nitrogen
until further use. All centrifugations associated with cells in this study
were performed at 350 x g for 5 min at 4 °C.

Culture of Primary Macrophages from Murine Bone Marrow: Bone
marrow-derived macrophages (BMDMs) were differentiated from
murine bone marrow progenitor cells using previously described
methods.®%] Briefly, 8 million bone marrow cells were thawed and mixed
with bone marrow media (BMM-—; i.e., 50 mL of fetal bovine serum [FBS]
(Thermo Fisher Scientific), 5 mL of Pen Strep solution (Cytiva), and
25 mL of GlutaMAX Supplement (Thermo Fisher Scientific) in 500 mL
of DMEM/F-12 (Thermo Fisher Scientific) at a volume ratio of 1:5). Cells
were centrifuged and aspirated, resuspended in BMM+ (i.e., 20 ng of
recombinant murine macrophage-colony stimulating factor (M-CSF,
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PeproTech) per mL of BMM-), and added to a non-treated T175 flask
(Corning) filled to a final volume of 25 mL BMM+. After incubating the
cells for 3 days, an additional 25 mL of BMM+ was added. Once the
cells reached 70% confluency (typically after 10 total days of incubation),
the media was aspirated, adherent cells were washed with DPBS, and
15 mL of 4 °C Accumax (Innovative Cell Technologies Inc.) was added
to the flask. Cells were incubated for 10 min, vigorously agitated by
thumping, and an additional 10 mL of Accumax was added. After an
additional 10 min of incubation, the flask was thumped again to dislodge
the remaining cells, and the suspension of BMDMs was transferred to a
50 mL conical tube. An equal volume of BMM— was added into the tube
to deactivate the Accumax, and the BMDM suspension was centrifuged.
Cells were resuspended in BMM+ for further use. All cell incubations
performed in this study were at 37 °C and 5% CO,.

In Vitro BMDM Inflammatory Response and Cellular Phenotyping:
To measure the response of BMDMs to drugs released from the
microrobots, cells were seeded in a 96-well plate at 10000 cells per well
in 100 puL of DMEM (Cytiva) and incubated for 24 h. Wells were washed
with DPBS and 200 pL of DMEM containing 20 ng of LPS was added
to each well to initiate an inflammatory response. After 24 h, each well
was washed with DPBS, and 200 pL of DMEM containing =4000 DEX-
encapsulating microrobots or pure DMEM was added to each well.
The number of added microrobots was determined by calculating the
drug loading capacity of each microrobot (=5 x 1072 g of DEX) from
the drug release profile. To reach 100 nm of DEX concentration in 48 h
to polarize M1-like macrophages toward M2 phenotypes, microrobots
needed to release at least =1.6 x 107® g of DEX. After 24 or 48 h of
incubation, BMDMs were collected from each well using Accumax.
After collection, BMDMs were stained with anti-CD86, anti-MHC I,
anti-iNOS, anti-CD206, and anti-Argl antibodies for inspection by flow
cytometry. The complete protocol for cellular phenotyping is provided in
the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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