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Microrobotics extends the reach of human-controlled machines to
submillimeter dimensions. We introduce a microrobot that relies
on optoelectronic tweezers (OET) that is straightforward to manu-
facture, can take nearly any desirable shape or form, and can be
programmed to carry out sophisticated, multiaxis operations. One
particularly useful program is a serial combination of “load,” “trans-
port,” and “deliver,” which can be applied to manipulate a wide
range of micrometer-dimension payloads. Importantly, microrobots
programmed in this manner are much gentler on fragile mammalian
cells than conventional OET techniques. The microrobotic system de-
scribed here was demonstrated to be useful for single-cell isolation,
clonal expansion, RNA sequencing, manipulation within enclosed
systems, controlling cell–cell interactions, and isolating precious
microtissues from heterogeneous mixtures. We propose that the
optoelectronic microrobotic system, which can be implemented us-
ing amicroscope and consumer-grade optical projector, will be useful
for a wide range of applications in the life sciences and beyond.

microrobotics | optoelectronic tweezers | dielectrophoresis | single-cell
manipulation | single-cell RNA sequencing

Robotics is commonly defined as the design, construction, and
use of machines that can substitute for humans and replicate

human actions. An important concept in robotics is multi-
functionality (1–3)––that is, many robots are able to carry out
complex, diverse tasks depending on the (potentially changing)
needs of the operator. “Microrobotics” extends the reach of
robotic operations to submillimeter (sub-mm) dimensions, and a
key goal in microrobotics is the capacity to control primary sub-
mm particles or “robots,” such that the robots can themselves
control the behavior of secondary sub-mm particles or “payloads.”
(2–6) Microscale (and nanoscale) robotic systems can be sub-
classified into at least 2 dimensions: force and operator-control/
autonomy. For the former, microrobots can be described in terms
of the forces that are used to manipulate them––for example,
photonic (4–6), magnetic (7–9), and acoustic (10–12) forces. For
the latter, microrobots can be described as “passive” or “active” in
terms of human control over their operations––for example, the
operator has limited control over the behavior of passive (or
“swimmer”-type) microrobots (3, 10) (but they are highly auton-
omous), while the operator has great control over active micro-
robots (2, 4–9, 11, 12) (but they have less autonomy). Each type of
microrobot has advantages and disadvantages that make it more
or less suitable for different applications. Here, we introduce an
active, photonically controlled microrobot.
Photonic microrobots have traditionally been controlled by

optical tweezers (OT) (13), and these systems have been used to
carry out complex procedures, including tissue growth (4), trans-
lation (5, 6), pumping (14, 15), and surface scanning (16, 17).
While these systems are impressive, there are some limitations. OT

is only capable of reliably actuating objects with sizes less than
30 μm (a result of the diminutive forces that can be exerted), which
sets firm limits on potential applications (particularly for those that
involve large objects or payloads). Second, microrobots that are
manipulated by OT typically must be fabricated using expensive,
time-consuming, and specialized fabrication tools (5, 6, 15–17).
Third, while it is possible to manipulate multiple microrobots in
parallel with OT (6, 13, 16, 17), this functionality requires spe-
cialized beam-shaping optics, expertise, and control software.
These challenges are substantial, and are at least part of the reason
that OT-controlled microrobots are currently relegated to niche
applications.
Here, we introduce a microrobot that is controlled by op-

toelectronic tweezers (OET) (18–20). Because OET relies on
light to control dielectrophoresis (DEP) rather than relying on
forces generated by direct photon momentum, OET systems
typically exert a stronger manipulation force for a given intensity
of light compared with OT (20, 21). In addition, the light pat-
terns used in OET can be generated with consumer-grade optical
projectors, making it widely accessible and well suited for par-
allel manipulation (18, 20, 22). OET has been used previously for
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a range of applications (18–27); here we describe its extension to
microrobotics, and propose that this combination may prove
useful for a variety of applications.

Results and Discussion
All OET work reported previously has relied on direct manip-
ulation of objects of interest (18–29). Here, we report the use of
OET to manipulate microrobots, which are in turn used to ma-
nipulate secondary objects in multiaxis, multistep operations.
Fig. 1A depicts a cross-sectional schematic of one of the micro-
robots; because arrays of microrobots can be generated in par-
allel, this procedure is extremely efficient, allowing for the
generation of tens of thousands of microrobots in about an hour
of work. This is inherently faster than the serial techniques that
are used to form the smaller microrobots that are actuated by
OT (5, 6, 15–17).
Microrobots with 3 different geometries were used in this

work. Fig. 1 B and C show representative scanning electron
microscope (SEM) images of “cogwheel”-shaped microrobots,
bearing a semienclosed central chamber with an opening on one
side. This motif has been used in the microfluidic community for
many years to trap single cells and particles (30–33); the critical
advance here is that the structure is movable (rather than sta-
tionary). Fig. 1 D–G shows representative SEM images of 2 other
microrobot geometries used here––a “box” design and a “space-
ship” design, also bearing semienclosed chambers. Note that each
of the microrobots is more than 200 μm across, much larger than
objects that that can be manipulated by OT-based techniques. The
3 designs were selected to serve as examples; the range of ge-
ometries is virtually unlimited.
After fabrication, the microrobots were transferred to a mi-

croscopy platform in which light patterns originating from a
consumer-grade projector are focused onto an OET device
bearing a photoconductor [in this case, a layer of hydrogenated

amorphous silicon, a-Si:H (28, 29)]. As shown in Fig. 1 H–J, the
light patterns were designed to form a negative relief of the
perimeter of each microrobot; for the parameters and materials
used here, this results in a “negative” DEP force that focuses the
microrobots into the “dark” centers of the projected patterns. As
illustrated in Movies S1 and S2, microrobots were made to move
across the device (at a given linear velocity in a horizontal axis)
by translating a device relative to a light pattern that was held
stationary, and/or to rotate (at a given angular velocity around a
central axis) by spinning the projected image relative to a device
that was held stationary. For either operation (translation or rota-
tion), the negative DEP forces were sufficient to cause the robots
to move at low velocities. As the velocities were increased, the
microrobots began to resist motion until they reached a “maximum”

velocity at which they escaped the trap [a phenomenon described
in detail in previous work (29)].
The maximum linear and angular velocities (as a function of

bias voltage) are shown in Fig. 1 K–M. For example, a maximum
linear velocity of 1.1 mm/s and a maximum angular velocity of 9.7
rad/s was observed for the cogwheel-shaped microrobot driven at
a bias of 25 Vp-p at 20 kHz (Fig. 1K). In general, all of the
microrobots were movable at low velocities, the cogwheel- and
box-shaped microrobots were movable at high linear velocities
(greater than 1 mm/s), and only the cogwheel-shaped microrobot
was movable at high angular velocities (greater than 9 rad/s).
Microrobot movement was also evaluated for microrobots with
different heights––those that are too short (e.g., 30 μm) or too
tall (e.g., 100 μm) are less stable than those with heights that are
between the 2 extremes (SI Appendix, Fig. S1 A–C). Finally, move-
ment was evaluated for microrobots formed from different materials
(e.g., silver nanoparticle-doped epoxy, SI Appendix, Fig. S1D).
Cogwheel-shaped robots formed from unmodified SU-8 (with 50-
μm height) were used for the remainder of the work, but the

Fig. 1. Optoelectronic microrobots. (A) Cross-sectional schematic of a cogwheel-shaped microrobot, formed from SU-8 on a sacrificial release layer. (B) SEM
image of a cogwheel-shaped microrobot. (C) SEM image of an array of cogwheel-shaped microrobots. (D–G) SEM images of box-shaped and spaceship-shaped
microrobots. Bright-field microscope images of (H) a cogwheel-shaped microrobot, (I) a box-shaped microrobot, and (J) a spaceship-shaped microrobot held in
place by OET light patterns. Illuminated and nonilluminated regions appear light and dark, respectively. Maximum linear (left axis, black) and angular (right
axis, red) velocities as a function of OET bias voltage for translating and rotating (K) cogwheel-shaped microrobots, (L) box-shaped microrobots, and (M)
spaceship-shaped microrobots (Movies S1 and S2). Error bars represent ±1 SD from 5 measurements for each condition. (N) Three-dimensional simulation of
an OET device in which a light pattern (purple) is projected onto an a-Si:H surface. XY plots at Z = 1.1 μm of simulated (O) electric potential distribution and (P)
electric field distribution for a device driven at 20 Vp-p (25 kHz), in which the simulated electric potential and field are indicated in heat maps (blue = low,
red = high). The axis dimensions in N-P are in micrometers.
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flexibility in shape, material, and height suggests tunability for a wide
range of applications in the future.
As a step toward understanding optoelectronic microrobot

behavior, a 3D numerical simulation (28, 29) was developed (Fig.
1 N–P). As expected, the electric field gradient is very high at the
edges of the projected pattern. Because DEP force scales with
the square of the electric field gradient (21, 23–28), and because
trapped objects with longer perimeters are exposed to more of
these regions correlated with high DEP force, we hypothesize
that the cogwheel-shaped microrobot experiences greater rota-
tional torque because of its increased perimeter. More study is
needed given the nature of this complex mechanical–fluidic
system with many variables (including weight-related frictional
force and DEP force/viscous drag force for irregular mechanical
structures). Regardless, the operating principles are straightfor-
ward to use and apply, as described below.
Armed with an OET-driven microrobotic system, attention was

turned to developing a series of operations relying on combina-
tions of linear and rotational movements using light patterns that
fully or partially enclose the microrobots. A particularly useful
series of operations was found to be payload loading, trans-
portation, and delivery. This process is illustrated for a 15-μm-
diameter polystyrene bead (the payload) in Movie S3 and Fig. 2
A–F. In this process, a bead was selected and loaded into the
microrobot (Fig. 2 A–C), transported across the device (Fig. 2D),
and then delivered to its targeted location (Fig. 2 E and F), all in a
matter of seconds. Fig. 2G illustrates the spatial relationships in

this 6-step process; as indicated, the destination can be long dis-
tances from the point of origin.
Microrobots are not required for bead manipulation, as OET

can be used to manipulate a bead on its own or within a micro-
robot (Fig. 2 H and I, respectively). To compare these techniques,
identical light patterns were used to determine the maximum
velocities for 15-μm-diameter beads, which are plotted in Fig. 2J.
The manipulation force corresponding to each maximum ve-
locity was calculated using Stokes’ law (23–29), as described in SI
Appendix. As shown in Fig. 2J, beads manipulated by the
microrobot are able to withstand larger viscous forces than those
manipulated by OET alone. For example, for a 25 Vp-p bias,
beads can withstand ∼350 pN in the microrobot, but only 200 pN
before they escape from the OET trap. We believe this differ-
ence to be a function of the manipulation force, which for OET-
alone originates directly from DEP [determined by interactions
between the bead and the electric field (18, 21, 24, 28, 29)], while
for the microrobot, the manipulation force originates from the
interfacial pressure generated by the inner wall of the structure.
This suggests a “universal” force, as any payload, regardless of its
Clausius–Mossotti factor (21) (which determines the DEP force
experienced by a trapped object), should be manipulatable using
the microrobotic technique.
Finally, a key feature in microrobotics is parallel operation.

Movie S4 shows simultaneous movement of 4 microrobots on
paths toward different destinations, as well as simultaneous ro-
tation of 8 microrobots at different velocities and directions
(depicted in Fig. 2 K and L, respectively). Movie S5 shows similar
operations for box-shaped and spaceship-shaped microrobots.
As indicated above, the optical projector-based system used here
is more straightforward to use for parallel manipulation relative
to conventional OT, which typically requires a holographic sys-
tem with complex control software and optical assembly for
parallel operations (6, 16, 17).
After establishing basic optoelectronic microrobot capacity,

attention was turned to manipulation of mammalian cells. In
initial experiments, ARPE-19 human retinal pigment epithelial
cells were prelabeled red and MCF-7 breast cancer cells were
prelabeled green, and mixtures were loaded into OET devices.
As illustrated by Movie S6 and Fig. 3 A–F, it was found that any
desired combination of cells could be loaded, transported, and
delivered using the same methods applied to polystyrene beads,
described above. Of course, OET can be used to manipulate a
single cell on its own or within a microrobot (Fig. 3 G and H,
respectively). In fact, one of the most popular applications for
OET has been the direct manipulation of cells (18, 20, 26, 34, 35).
So, why would one want to use the optoelectronic microrobot?
We propose 2 key reasons for using the microrobot to ma-

nipulate cells instead of OET alone. The first is the capacity to
generate large, uniform forces. This is important, as in (typical)
OET conditions, DEP forces generated on cells from OET are
small and can vary by cell type. This was probed by determining
maximum velocities (and their corresponding forces), which are
plotted in Fig. 3I. For example, when driven at a 10-Vp-p bias,
cells manipulated by the microrobot can withstand ∼90 pN of
driving force before they escape, approximately 3 times greater
than cells manipulated by OET alone. Furthermore, microrobot
cell transport appears to be universal (i.e., independent of cell
type, as in the red and blue triangles in Fig. 3I), while transport
varies by cell type for OET alone (black squares and turquoise
circles in Fig. 3I). The second reason is the potential to reduce
cell damage caused by continuous exposure to bright illumina-
tion in OET. This effect has been described previously (28, 36–
38), and we devised a unique small-cell-number viability assay to
evaluate its potential effect here (SI Appendix, Fig. S2). As
shown in Fig. 3J, viability is nearly unchanged after manipulation
by microrobot, but it is reduced to 76% for ARPE-19 cells and
70% for MCF-7 cells when manipulated using OET alone. We

Fig. 2. Microrobot operations. Bright-field microscope images (from Movie
S3) of a cogwheel-shaped microrobot and a 15-μm-diameter polystyrene
bead, with (A) a fully enclosed microrobot being aligned with the bead, (B) a
partially enclosed microrobot in ‘load’ mode, (C) a partially enclosed
microrobot with bead immediately after loading, (D) a fully enclosed
microrobot and bead in “translate” mode, (E) a partially enclosed micro-
robot midway through the process of “delivery,” and (F) a partially enclosed
microrobot after bead delivery. (G) Schematic illustrating the spatial re-
lationship between A–C (load), D (transport), and E and F (delivery). Bright-
field microscope images depicting the manipulation of a 15-μm-diameter
polystyrene bead (H) by OET alone at 300 μm/s and (I) with the microrobot at
500 μm/s. (J) Maximum linear velocity (left axis) and corresponding DEP
manipulation force (right axis) as a function of bias voltage for a bead
translated alone (black) or inside a microrobot (red). Error bars represent ±1
SD from 5 measurements for each condition. Bright-field microscopy images
(from Movie S4) demonstrating (K) the translation of 4 microrobots bearing
payloads (one or two 15-μm-diameter polystyrene beads) in different di-
rections, and (L) the rotation of 8 microrobots with each robot rotating at a
different angular velocity. In images, open red arrows represent translation
and dashed red arrows represent rotation.
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attribute this effect to exposure to the large electric field at the
edge of the light pattern, as well as light-induced heating, which
can perforate the cell membrane (36–38). In fact, we find that
killing cells by OET is remarkably easy––for example, Movie S8
illustrates nearly instantaneous lysis of MCF-7 cells by OET
driven at 18-Vp-p bias voltage; the same movie shows that
microrobots driven by the same bias can be used to manipulate
cells without harm. The critical difference is positioning––that is,
as shown in the simulation in Fig. 1P, strong electric fields (up to
4 × 105 V/m) exist only at the edge of the light pattern––cells
carried by the microrobot (many micrometers away from the
light pattern) experience very low electric field.
After demonstrating optoelectronic microrobotic manipula-

tion of cells, attention was turned to an important application in
life-science research––single-cell isolation for clonal expansion.
Techniques that are commonly used for this procedure [including
serial dilution (39, 40) and flow cytometry/sorting (41)] are ardu-
ous and time-consuming, and suffer from inherently low success
rates (42). A device bearing semienclosed (and permanent)
microwells (35) (Fig. 4A and SI Appendix, Fig. S3) was used to test
this application. Mixtures of B-16 murine tumor cells (red) and U-
87 human glioblastoma cells (green) were loaded into the device
(Fig. 4B), a cell was selected and loaded into a microrobot (Fig.
4C), and the robot and payload were transported to a designated
microwell (Fig. 4D), where the cell was delivered; each such iso-
lation required ∼1 min. Isolated cells were then cultured for
several days, and as shown in Fig. 4 E and F, the cells were ob-
served to begin the process of clonal expansion.
The optoelectronic microrobot was also explored for com-

patibility with RNA sequencing (RNA-seq). Specifically, micro-
robots were used to select, transport, and deliver 1 or a few cells
from the mixture described above to microwells (SI Appendix,

Fig. S4A), followed by cell lysis, mRNA capture, cDNA synthe-
sis, whole genome amplification, and RNA-seq (SI Appendix).
For global analysis, t-distributed stochastic neighbor embedding
(TSNE) (Fig. 4G) and other forms of dimensionality reduction
(SI Appendix, Fig. S4B) demonstrated strong overlap between
samples by cell type (as opposed to cell number). These differ-
ences are reflected in the distributions of genes identified per
sample (SI Appendix, Fig. S4C) and read-counts per sample (Fig.
4H). A subset of the single gene-expression analysis of the 4
samples is summarized in Fig. 4I; the corresponding dataset is
included in SI Appendix, Table S1.
The tasks described above (cell sorting, clonal expansion, and

RNA-seq) can be implemented using cutting-edge laser-dissection
tools (43) or imaging-based fluidic sorting (44). In its current form,
the optoelectronic microrobot cannot compete with these tech-
niques in terms of throughput; on the other hand, these techniques
(43, 44) are dedicated tools that can be used only to perform the
given operation, while the system described here was designed to
fulfill a key goal of robotics, multifunctionality (1–3). This capacity
was explored in two additional applications. First, cell-fusion pro-
tocols [important in antibody production (45) and cell programming
(46)] were developed, using a microfluidic system (SI Appendix, Fig.
S5). Fig. 5A shows the results of 3 cell–cell fusion experiments––1
example each of 2-cell homotypic fusion, 3-cell homotypic fusion,
and 2-cell heterotypic fusion, respectively. As shown, in these ex-
periments, the microrobot serves not only as a vehicle for payload
selection and transport, but also as the chamber in which the cell
fusion is realized. Second, the capacity to select and isolate precious
payloads from heterogeneous mixtures (3) was evaluated. As illus-
trated in Movie S9 (and depicted in Fig. 5 B and C), the opto-
electronic microrobot was found to be a nimble instrument for
navigating a maze of debris (i.e., dead cells, aggregates, and cell

Fig. 3. Microrobot manipulation of mammalian cells. (A–F) Bright-field (Top) and fluorescent (Bottom) microscope images (from Movie S6) of different
combinations of ARPE-19 cells (prelabeled with red fluorescent dye) and MCF-7 cells (prelabeled with green fluorescent dye) after loading into microrobots.
Bright-field microscope images (from Movie S7) depicting the manipulation of a single ARPE-19 cell with (G) OET alone at 50 μm/s and (H) a microrobot at
150 μm/s. Open red arrows represent translation. (I) Maximum linear velocity (left axis) and corresponding DEP manipulation force (right axis) as a function of bias
voltage for individual ARPE-19 cells or MCF-7 cells translated by OET alone (turquoise circles or black squares, respectively) or by microrobot (red triangles or
blue triangles, respectively). Error bars represent ±1 SD from 5 measurements. (J) Cell viability before (gray hatch: ARPE-19; turquoise hatch: MCF-7) and after
cells were continuously manipulated at 15 μm/s for 100 s by OET alone (blue hatch: ARPE-19, n = 38/50; yellow hatch: MCF-7, n = 35/50) or a microrobot (red
hatch: ARPE-19, n = 28/29; violet hatch: MCF-7, n = 30/32) at an applied bias of 7 Vp-p at 20 kHz. Numbers of cells evaluated in each condition (n) are pooled
from 10 replicates of 5 cells each (for OET alone) and 10 replicates of 2 to 5 cells each (for the microrobot).
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fragments) to collect neurospheres (47) (∼100-μm-diameter free-
floating multicell colonies comprising neural stem cells and their
progeny) from primary mouse brain dissections. These applications
demonstrate proof of concept; we propose that the optoelectronic
microrobot might be used in the future for a diverse set of appli-
cations requiring precise, controlled micromanipulation.
Finally, note that in all of the proof-of-concept methods de-

scribed here, the position of the microrobot was managed via
real-time user input to the software controlling the motorized
microscope stage and the projector. In ongoing work, we are
developing greater levels of automation relying on image rec-
ognition algorithms to identify desirable targets for analysis or

extraction coupled to preprogrammed operations such as load,
transport, and deliver. In the future, the microrobot might be
customized to minimize the operator’s input [e.g., to enable high-
throughput cell selection and analysis (43, 44)]; in other appli-
cations, the high level of operator control described here might
be preserved for use as a multifunctional toolbox.

Conclusion
We introduce an optoelectronic microrobot for the manipulation
of cells and other particles. The system is extremely precise,
allowing complex multiaxis operations including load, translate,
and delivery of a payload across large distances. Parallel and
independent manipulation of multiple microrobots is possible,
suggesting the capacity for high-throughput manipulation. The
technique was demonstrated to be useful for selection and iso-
lation of single cells for clonal expansion and RNA-seq, selection
and targeting of cell–cell fusion partners, and collection of pre-
cious microtissue specimens from complex samples. We propose
that the unique properties of the optoelectronic microrobot,
which can be implemented using a simple microscope and
consumer-grade optical projector, will be useful for a wide range
of applications in the life sciences and beyond.

Materials and Methods
OET System. Detailed descriptions of the OET instrumentation (a Leica DM
2000 microscope interfaced to a Dell 1650 projector) and devices used here
(each featuring a 20 μL enclosed fluidic chamber sandwiched between 2

Fig. 4. Microrobots for cell selection, isolation, expansion, and RNA-seq
analysis. (A) Schematic of device featuring semienclosed microwells (blue).
(B) Fluorescent (Top) and bright-field (Bottom) microscope images of a
mixture of B-16 cells (red/tdTomato expressing) and U-87 cells (green/eGFP
expressing) after loading into the device. (C) Bright-field microscope image
of a B-16 cell in a microrobot. (D) Bright-field microscope image of a
microrobot in a microwell. Representative time-dependent bright-field (Top)
and fluorescent (Bottom) microscope images showing (E) a B-16 cell and (F) a
U-87 cell attaching, growing, and dividing after being isolated in a microwell
for clonal expansion. (G) TSNE dimensionality reduction of the transcriptome
for 1 (light-red) or 3 (dark-red) B-16 cells and 3 (light green) or 5 (dark green)
U-87 cells, respectively. (H) Plots of read density as a function of gene-
expression count for the 4 samples. (I) Heat map of gene expression (blue:
low, yellow: high) for the subset of variable genes with SEM > 30 for the 4
samples (full dataset in SI Appendix, Table S1).

Fig. 5. Microrobots applied to electrofusion and selection from complex
samples. (A) Left of arrow: bright-field (Top Left) and fluorescence (Bottom
Left) microscopy images, and fluorescence intensity profiles (collected across
the white dashed lines in the fluorescence images) (Right) of cells collected
and isolated in a microrobot. Right of arrow: comparable images/profiles of
the same cells after electrofusion. Top, Middle, and Bottom rows feature 3
U87 cells undergoing homotypic fusion, 2 B16 cells undergoing homotypic
fusion, and 1 B16/1 U87 cell undergoing heterotypic fusion, respectively. (B)
Schematic illustration of using a microrobot to navigate a complex envi-
ronment to collect a targeted neurosphere (left: blue dashed box) to bring it
to the destination (right: blue dashed box) for collection. (C) Bright-field
microscope image (from Movie S9) showing the use of a microrobot to
transport a neurosphere.
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electrode-bearing plates, with the “bottom” electrode/plate coated with
hydrogenated amorphous silicon, a-Si:H) can be found in previous reports
(28, 29). In some experiments, the devices were interfaced with a Peltier
heater (Mouser Electronic, CP50441) operated at 37 °C during use.

Microrobot Fabrication. Microrobots were fabricated at the University of
Toronto Center for Microfluidic Systems cleanroom facility [using methods
similar to those described previously (48) for other applications] to generate 3D,
releasable microstructures. Briefly, 2 mL OmniCoat (MicroChem) was spin-
coated on 4-inch-diameter silicon wafers at 2,500 rpm for 30 s, followed by a
soft bake at 200 °C on a hot plate for 1 min. Next, 5 mL SU-8–2050 (MicroChem)
was spin-coated (at 1,500, 2,500, or 5,500 rpm to form 100-, 50-, or 30-μm-thick
layers, respectively) for 30 s, followed by a soft bake on a hotplate at 65 °C for
3 min and 95 °C for 8 min. The substrates were then exposed to UV radiation
(11 mJ/cm2 for 15 s) through a photomask and then postbaked at 65 °C for 2
min and 95 °C on a hot plate for 7 min, and finally immersed in SU8 developer
for 7 min (MicroChem) to form an array of rigidly tethered microrobot struc-
tures. The substrates were then hard baked at 200 °C on a hot plate for 5 min
and then immersed in Remover PG (MicroChem) for 2 min to dissolve the
release layer. After gentle rinsing, the substrate bearing a loosely tethered
array of microrobots was ready for use. In each experiment, 20 μL of liquid
medium (see below) was pipetted onto a substrate and then gently aspirated
back and forth to generate a suspension of microrobots. An aliquot (10 μL) of
this microrobot suspension was loaded into the chamber of an OET device,
followed by loading a second aliquot (10 μL) of bead or cell suspension. The
medium used to generate suspensions of microrobots and polystyrene beads
(15-μm-diameter, Polysciences) was deionized (DI) water containing 0.05%
(vol/vol) Tween 20 (P9416 Sigma-Aldrich) (conductivity: 5.0 mS/m). The medium
used to generate suspensions of cells was an aqueous sucrose buffer (DI
water, 9 wt % sucrose, 0.3 wt % D-Glucose, 1.25% vol/vol PBS) (conductivity:
22.1 mS/m).

Cell Culture, Staining, and Loading into OET Devices. Base media were DMEM/
F12 media (Life Technologies) (ARPE-19 cells) or DMEM media (Life Tech-
nologies) (MCF-7, B-16, and U-87 cells). Completedmedia were supplemented
with 10% (vol/vol) FBS (FBS, Gibco) and 1% (vol/vol) penicillin and strepto-
mycin (Invitrogen). Cells were grown in a humidified incubator filled with 5%
(vol/vol) CO2/air at 37 °C. Before use, ARPE-19 and MCF-7 cells were stained
by adding 10 μM of CellTracker red CMFDA or CellTracker green CMPTZ
(ThermoFisher Scientific) solution, respectively (diluted in the appropriate
base media), and incubated for 30 min at 37 °C. B-16 and U-87 cells lines
express the fluorescent proteins tdTomato (red) and eGFP (green), re-
spectively (and thus were not stained). Before experiments, cells were
washed twice in PBS (Life Technologies), passaged in 0.25% Trypsin-EDTA
(Life Technologies), and finally centrifuged and resuspended in a sucrose
buffer media at 0.1–1 × 106 cells per milliliter. Each suspension was filtered
with a 40-μm cell strainer (Falcon), and different combinations of cells were
mixed before loading into OET devices for experiments. Cells derived from
mouse brain dissections were prepared and used as described in SI Appendix,
in accordance with the Guide to the Care and Use of Experimental Animals
(49) and approval of the Animal Care Committee at the University of
Toronto (AUP 20011556).
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