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Abstract
Single cell manipulation is important in biosensing, biorobotics, and quantitative cell analysis. Although
microbeads, droplets, and microrobots have been developed previously, it is still challenging to
simultaneously excise, capture, and manipulate single cells in a biocompatible manner. Here, we describe
untethered single cell grippers, that can be remotely guided and actuated on-demand to actively capture or
excise individual or few cells. We describe a novel molding method to micropattern a thermally responsive
wax layer for biocompatible motion actuation. The multi-fingered grippers derive their energy from the
triggered release of residual differential stress in bilayer hinges composed of silicon oxides. A magnetic
layer enables remote guidance through narrow conduits and fixed tissues sections ex vivo. Our results
provide an important advance in high-throughput single cell scale biopsy tools important to lab-on-a-chip

devices, microrobotics, and minimally invasive surgery.
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Untethered miniaturized devices that can manipulate single cells with high accuracy and
reproducibility, hold great promise in robotics, surgery and biomedical engineering.'* Conventional
surgical and biopsy devices rely on catheters and endoscopes to navigate through the gastrointestinal,
urological, and cardiovascular passageways. However, these processes limit accessibility and often require
entry point lesions, cause patient discomfort and collateral damage.* Many diseased tissues are highly
heterogeneous at the single cell level.> ¢ Untethered microrobotic devices that can operate at the single cell
can open up access to narrow conduits, minimize invasiveness, and enhance the accuracy and efficacy of
tissue sampling and surgical interventions.

In vitro biomedical applications such as microdissection, assisted reproductive technology, and
somatic cell nuclear transfer could benefit tremendously from single cell manipulators, where high
resolution controlled motion could improve efficiency and minimize manual variances.” ® Present-day
single cell analysis methods that utilize droplet microfluidics or microbeads to separate cells, are passive
and require preparatory procedures for tissue isolation and labeling.’ Laser-capture microdissection isolates
tissues of interest by laser cutting in a microscopic field, albeit with low throughput and relatively
compromised sample quality.” High-throughput active single cell devices could significantly enhance
parallel isolation and analysis of microscale tissues. Furthermore, single cell manipulation could maneuver
cells with 3D precision for building multicellular architectures. '’

Substantial progress has been made in developing single cell sized manipulators, enabled by
innovations in miniaturization and energy utilization. Untethered single cell devices provide advantages
over wired devices especially in applications which require parallel operation off-chip. However, due to
their untethered nature and small size, the energy required for actuation and motion needs to be delivered
wirelessly which presents a formidable challenge. Chemically powered microrobots have achieved
considerable success in vitro and in vivo, but they often require highly specialized environment, non-
biocompatible solvents and onboard chemical fuels.''""* Elsewhere, energy delivered through ultrasound'
or electromagnetic fields," '® has been used for cell locomotion, biosensing, tissue cutting, and

biomolecular delivery.® '**° However, their motions are largely limited to translation and rotation, such as



pulling or tumbling of isolated cells,'® or drilling and cleaving of ex vivo tissues.'>?° This constrained
motion limits their applicability to simple tasks and makes it challenging to realize dexterous motions in
complex environments such as in vivo conduits. Hence, there is a need to develop microrobots that can
provide multidimensional motion, movable subunits, swift navigation, and precisely controlled interaction
with cells, in a biocompatible environment. Significant technical challenges need to be overcome to create
untethered robots with biocompatible and potentially biodegradable materials, to provide energy and
guidance from afar, to trigger on-demand actuation, and to integrate these functions at single cell scale.
Here, we address some of these challenges by developing untethered thermo-responsive single cell

grippers that employ residual stress powered actuators®'>*

with the introduction of several important
advances. First, we integrate a biocompatible thermally responsive layer to enable controlled on-demand
actuation. After experimenting with a range of materials, we chose paraffin wax and developed a protocol
to micropattern this phase-changing material. As compared to the previously utilized triggers made of
photoresist,”* the bioinert paraffin wax can minimize cytotoxicity. We rationally optimize the design to
enable thermally triggered actuation at a cell-friendly biocompatible temperature. Second, we incorporate
an iron layer to enable magnetic manipulation from afar. Previous single cell grippers were operated in on-
chip arrays, where the gripping motion was controlled by tuning the dissolution rate of a sacrificial layer
for passive cell trapping.*’** Our newly incorporated functional layers allow the grippers to remain open
even upon release from the substrate, so they can be utilized for active on-demand cell capture off-chip.
Finally, we demonstrate navigation through complex narrow conduits, targeted capture of single live cells,
and biopsy at the micrometer (a few cells) scale. As compared to previously demonstrated grippers that
were used to biopsy hundreds of cells,?* the current gripper size has been scaled down significantly in all
dimensions, with a tip-to-tip size of 70 um when open and 15 pm after folding, and we have demonstrated
single (or a few) cell excision with significantly enhanced spatial resolution.

We needed to incorporate a stimuli-responsive trigger to enable on-demand activation of the

untethered grippers and chose paraffin wax as the functional material for a variety of reasons. First, wax is

chemically and biologically inert and biocompatible”® and widely used in food products (e.g. cheese) and



food processing (e.g. wax paper). Second, technical grade paraffin wax which is a mixture of alkanes with
chemical formula of CoHaniz (20<n<40) exhibits a range of phase-transition temperatures of relevance to
biology and the human body.?® Paraffin has been used previously in microfluidic pumps to provide large
thrust, due to its significant solid-to-liquid volume expansion. Previously reported paraffin microfabrication
involved the manual deposition of volumes of >1 mm® and were somewhat imprecise or complicated.”’
Elsewhere, paraffin micropatterning at lateral dimensions of 400-600 um was achieved, but the process
required several steps of microfabrication with customized specialized equipment.?®

Here, we developed a novel molding approach to pattern paraffin wax at the microscale, adapted
from prior and ongoing efforts in our laboratory.”” Our approach is straightforward, compatible with
conventional microfabrication process, and we can create paraffin micropatterns with lateral dimensions
ranging from 1 mm to 10 um (or potentially smaller depending on the mold size) and uniform thickness in
the range of micro- and sub-micrometers. The process flow is illustrated in Figure la. Briefly, we first
photopatterned and deposited a differentially stressed bilayer composed of silicon monoxide and silicon
dioxide. The triggered release of the stored differential stress provides the energy for the gripping motion.
Second, we photopatterned and deposited relatively thick segments of silicon dioxide to provide the
structural rigidity with a thin iron layer for magnetic response. Finally, for paraffin patterning, we fabricated
a mold of a negative photoresist pattern. We then melted the paraffin wax and spin coated it at 140°C while
it was a viscous liquid over the photoresist molded patterns. After the silicon wafer cooled down and the
wax solidified, we dissolved the photoresist mold by a gentle wash in acetone and isopropanol. The residual
solid paraftin wax took the shape of the negative mold patterns defined by the photoresist.

To visualize the paraffin wax layer which is transparent under visible light illumination, we imaged
the grippers by scanning electron microscopy (SEM). Figure 1b shows SEM image of a gripper with the
30 nm thin stress layer (zoom-in in Figure 1c) and rigid panels prior to wax patterning. We patterned the
wax layer, which appears dark in color in the SEM image in Figure 1d only on top of the grippers and it
completely covers the hinges with a thickness of about 1 pm (Figure le). The optical image in Figure 1f

shows an array of the grippers after fabrication. We observed that the hinges were transparent in optical



images due to the transparency of SiO, SiO,, and wax; while the rigid arms were opaque due to the iron
layer. We note that all steps of the fabrication process are compatible with conventional very large-scale
integration (VLSI) and scalable, as seen from the large array of uniformly patterned paraffin on top of the
grippers in Figure 1g. It is also noteworthy that our patterning method is versatile and could be applied to
other phase changing biocompatible trigger materials. For example, we also successfully patterned food

grade butter with a similar resolution (Figure S1).

a (i) Stress layer

=5

(ii) Magnetic layer

¢

(iii) Thermally
responsive layer
[ Si0/SiO, bilayer Paraffin wax
Si0, and iron M Photoresist

Figure 1. Fabrication of single cell grippers with magnetic response and a thermally responsive trigger.

(a) Schematics of the fabrication process for single cell grippers which include the following steps, (i)
photolithography and deposition of the silicon monoxide (SiO) and silicon dioxide (SiO») bilayer as the stress layer;
(i1) photolithography and deposition of silicon dioxide and iron as the rigid segments for magnetic response; (iii)
patterning of the paraffin layer by photoresist molding, paraffin spin coating and lift-off. (b-¢) SEM image of (b) a
gripper without the paraffin layer, and (c) a zoom-in view at the hinge. (d-e) SEM image of (d) a gripper with paraffin
layer, and (e) a zoom-in view at the hinge. (f) Optical image of an array of single cell grippers, with rigid iron segments
and transparent (SiO/Si0Oz) bilayer hinges; the transparent paraffin layer covers the entire gripper. (g) SEM image of
a large array of grippers with a patterned paraffin layer on top.

To realize a functional gripping action at such a small size scale, we needed to carefully optimize
the materials and design parameters. The magnitude of the change of Young’s moduli of paraffin at different
temperatures is critical for the thermal actuation of gripping motion. At low temperature, the rigid paraffin
prevents the bilayer hinge from folding. As the temperature increases, the total bending rigidity of the hinge
decreases due to the decreased Young’ modulus of paraffin. Once the residual stress outweighs the
decreasing bending rigidity, the gripper will close. We measured the stress-strain curve of paraffin at 26°C

and 37°C by Dynamic Mechanical Analysis (DMA). Figure 2a shows Young’s modulus decreased



significantly from 6.44 MPa at 26°C to 0.37 MPa at 37°C. These measured values are in qualitative
agreement with the range in the literature and the differences can be attributed to differences in the wax
composition at different temperatures.’* !

The bending curvature of the multilayered structures depends on the stress, thickness, and
mechanical properties of the materials in each layer.*? The thickness of each layer can be tuned during the
deposition steps to achieve the desired fold angles. To determine the optimal paraffin thickness, we adopted
an analytical model to predict the fold angle with respect to varying paraffin thicknesses at 26°C and 37°C,
using the measured wax modulus and the bilayer stress measured previously,?' as shown in Figure 2b. For
both temperatures, we observed that the fold angle decreases as the paraffin layer thickness increases, due
to the increased bending rigidity. At the same paraffin thickness, we observed that the difference between
the fold angles at the two temperatures was crucial to determine the working range of the gripper. We found
that a paraffin thickness range between 0.5-1 um was optimal as indicated by the shaded area, i.e. small
fold angle at low temperature, and large fold angle at high temperature. A gripper with a thinner paraffin
layer will close at the lower temperature, while a gripper with a thicker layer will not close at the higher
temperature. Finite element modelling (FEM) in Figure 2c shows folding states of the grippers with two
different paraffin thicknesses (0.6 um and 0.9 pm) and an optimal range of fold angles below (26°C) and

at the trigger (37°C) temperature. Based on the analysis, we chose this paraffin thickness range between

0.6 um and 0.9 pm in our subsequent experiments.
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Figure 2. Mechanical characteristics of the paraffin wax trigger and fold angle optimization of the single cell
grippers. (a) Stress/strain curve for paraffin wax at temperatures of 26°C and 37°C based on DMA measurement.
Inset shows the initial linear range. (b) Analytical study of the fold angle of single cell grippers as a function of paraffin
thickness at 26°C and 37°C, based on the analytical solution from reference.?? (¢) Finite element simulation snapshots
of single cell grippers with two different wax thicknesses at 26°C and 37°C. (d) Folding process of single cell grippers
before release, after release, and during the heating process from room temperature to 37°C. The gripper in the left
column did not have paraffin layer; the three grippers in the right column had paraffin layer on top as indicated by the
dark edge and coating all over the gripper in the first row.

We experimentally verified the self-folding process with and without the trigger. In Figure 2d,
initially all grippers stayed open on the substrate before release. Once, we dissolved the sacrificial layer, all
grippers got released from the substrate. Among them, the grippers without the paraffin layer closed
instantaneously, but those coated with the paraffin layer remained open. As the temperature increased from
26°C to 37°C, the grippers with the paraffin layer gradually started to close. This study shows that a trigger
layer is essential for on-demand thermally responsive actuation at a specific location and time. Moreover,
by engineering an actuation temperature of 37°C we ensure that the process is thermally biocompatible. In
screening materials for the trigger layer, we found that food-grade butter could also be patterned and used

as a trigger layer for thermo-responsive actuation at 37°C (Figure S1).



Scaled down from the previously developed gastrointestinal tract biopsy grippers of 0.25-1 mm

2433 our single cell grippers feature a tip-to-tip open size of 70 pm, comparable to the size of human

size,
arterioles (50-300 um).** To introduce the capability of remote controlled motion, we equipped the grippers
with an iron layer for locomotion using a magnetic field. We deposited 100 nm iron at the rigid segments
by e-beam evaporation, so the iron layer could provide sufficient magnetization without affecting folding
at the hinge. We note that it is a major challenge to move microscale objects at low Reynolds number, due
to significant amount of drag experienced by the object at these small scales. Based on the geometry,

33.35.36 e calculated that the minimal magnetic field

material properties and an estimated drag coefficient,
required to power the single cell gripper is on the order of milli T/m (see SI for more details), which is
much smaller than the typical gradient field 0.1 T/m used in clinical magnetic resonance imaging (MRI)
systems. This feature highlights the potential to use MR for in vivo locomotion of the single cell grippers
in clinical settings. For simplicity, we used a laboratory bar magnet in our study and demonstrated that we
could move the grippers with a velocity up to 100-150 um/s in PBS buffer in microfluidic channels.

To highlight their small size and the ability to locomote in a complex conduit, we steered an
untethered gripper in an ex vivo fixed human fallopian tube tissue section (Figure 3a). We could move the
gripper to access different locations in the tissue section following a guided path. Figure 3b shows
temperature triggered folding at the bifurcation site of the conduits. Upon reaching the bifurcation site (i),
we increased the temperature to trigger the gradual close of the gripper (ii-iv). Afterwards, we steered the
gripper away along the conduit (Figure 3c). In addition to guidance in biological conduits, we were able to
move the grippers in complex microfluidic channels with widths <150 pum, including bifurcating, zigzag,
winding and twisted channels, and channels with multiple exits (Figure S2). The ability to navigate through

such complex channel geometries highlights accessibility in hard-to-reach spaces which is important for

lab-on-a-chip, robotic and in vivo applications.



Figure 3. Guided navigation of a single cell gripper through fixed human fallopian tube tissue.

(a) An open gripper moving in a slice of ex vivo human fallopian tube tissue, guided by a gradient magnetic field.
(b) (i-iv) Optical snapshots show the gripper actuation upon temperature increase at the bifurcation site within
the biological conduits. (¢) (i-iii) Optical snapshots show the closed gripper being navigated leaving the
biological conduit. The hematoxylin and eosin (H&E) stained tissue slice was dissembled from a commercially
available microscope slide.

We anticipate that these untethered, thermally responsive grippers can be used to manipulate
biological cargo such as single cells with high precision and biocompatibility. We performed capture of a
single MDA-MB-231 human breast cancer cell from a distance (Movie S1). We guided the gripper
magnetically and gradually approached the cell periphery (Figure 4a). Upon final position adjustment in
We were able to capture and transport the cell to any desired position (Figure 4c). Since we designed the
grippers so that we can actuate folding around 37°C, the cell capture process is biocompatible. We verified
viability using a live/dead assay which shows that the target cell was alive during the actuation process,
indicated by the green fluorescence from calcein AM staining (Figure 4d). More details are in the
supporting methods and Figure S4. Apart from cells, we verified that the grippers were strong enough to
capture and transport significantly stiffer cargo such as 15 um polystyrene beads (Figure S3), which could
be challenging for some soft microrobots. Since the grippers are fabricated using silicon oxides and paraffin,
they are chemically inert and can withstand many harsh chemicals and organic solvents. Hence, the grippers
are not only able to grip delicate biological cargo but can also be used with a range of alternate cargo in a

wide range of chemical environments.
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Figure 4. Approach and capture of a single cell using the thermo-responsive grippers. (a) (i-iv) Optical
images show a 70 pm tip-to-tip sized gripper being guided by magnetic field and approaching a targeted cell
from a distance. (b) (i-iv) On reaching the targeted cell, the gripper was actuated by increasing field temperature.
(¢) (i-iv) The gripper captured the single cell, and carried the cell away guided by magnetic field. (d) A Live/Dead
assay was performed on the cells (i) before and (ii) after the actuation of grippers. The green fluorescence
indicates that the cell was alive after capture. Green and red fluorescence resulted from staining by calcein AM
(live, green) and ethidium homodimer (dead, red). Suspended MDA-MB-231 cells were used in this experiment.

Of relevance to surgery, and in contrast to other passive manipulators such as beads and
microdroplets, our grippers have movable appendages which can be used to excise and grasp objects for
completing tasks such as biopsies or cell excision from tissue samples. We first applied the grippers for cell
excision from a cluster of fibroblasts resembling a laboratory tissue sample. As shown in Figure 5 and
Movie S2, we deployed the gripper from a distance (i), moved the gripper to approach the cell cluster (ii),
and positioned the gripper at the branch of the cluster (iii). At this point, we began to increase the field
temperature when the gripper was positioned properly. The gripper started to close, and successfully
captured a few cells at the side (iv). Next, we switched the magnetic field direction, to pull the captured
cells away from the cluster (v). We observed that the captured cells were primarily connected to the bulk

cluster by association with extracellular matrix. By steering the gripper with the captured cells in different

directions, we created a strong twisting motion to separate the cells from the cluster and transport them
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away (vi). This process highlights the dexterity of motion and the firm grasp of cells by the grippers, which
is essential for surgical operations with high precision at single cell length scales. Also, grippers permit
visualization of cellular components. Figure 5b shows fluorescence images of, (i) a single cell, and (ii) two
cells captured from a cell supension within the folded gripper arms. The suspended cells were previously
stained to resolve detailed cellular features including the nuclei (DAPI, blue) and cytoskeleton

(microtubules, antibody labeling, green). Figure S5 shows gripping of food-grade chicken liver tissue ex

Vivo.
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Figure 5. Few-cell biopsy from a cell cluster and visualization of cellular components of captured
suspended cells. (a) The process of a gripper capturing and excising cells from a cell cluster in the following
steps, (i) a gripper and a cell cluster at a distance; (ii) the gripper approached the cell cluster guided by magnetic
field; (iii) the gripper reached the desired location; (iv) upon temperature increase, the gripper grasped a few
cells; (v) the gripper was dragging the captured cells away from the cluster by changing directions of magnetic
field; (vi) the gripper successfully excised cells and moved them away. (b) Immunofluorescence images of
suspended fibroblast cells captured by the grippers: (i) side view of a captured single cell, (ii) two cells captured
inside a gripper. Cells were fixed and stained for nuclei (DAPI, blue), and B-tubulin (antibody labeling, green).
In summary, we have described a new class of untethered, thermal responsive grippers, that can
capture single live cells and perform excision of few cells from cell clumps. Our devices feature extremely
small size, controlled actuation and locomotion, dexterous motion, biocompatibility, and high throughput
fabrication, providing a new strategy of microscale robotic manipulation with enhanced sophistication.

The small single cell size, scalable fabrication process and possibility for further miniaturization®'

opens up new opportunities for in vivo access beyond the GI tract as demonstrated previously,” such as
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human arterioles (50-300 pm), ureters (3-4 mm) and mammary lactiferous ducts (1-2 mm). For in vivo
applications, grippers triggered at 37°C would close on thermal equilibration with body temperature. In
these cases, if needed, low-temperature storage and delivery could extend the time for autonomous thermal
triggering. Alternatively, for on-demand actuation, the grippers could be engineered with wax materials
that soften at a slightly higher temperature (e.g. 39-40°C). Since the grippers contain a layer of dense and
magnetic iron, they offer the possibility for remote coupling to electromagnetic and acoustic fields and
induction heating or high-intensity focused ultrasound could be exploited to remotely and specifically heat
heat the grippers and minimize collateral thermal damage.

Our fabrication process is highly reproducible, scalable and compatible with microchip industry
for cost-effective fabrication. We note that approximately 200,000 grippers fit on a 3-inch wafer with
feasible scale up to millions on larger wafers in semiconductor foundries. The wafer scale fabrication also

offers the possibility for future integration of optical or electronic modules,?* >

so that biosensing, decision
making, and surgical intervention can potentially be performed simultaneously in situ. It is also conceivable
that antibodies could be patterned to target specific cells for autonomous sampling. Furthermore, with
enhanced microfabrication resolution, additional hinges per finger could be incorporated for more complex
motions including opening up to release captured objects. Finally, the use of bioresorbable films such as

SiO, SiO, and Fe*’-** offer the possibility to create devices that could degrade within the human body which

is important from a safety perspective.
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Supplementary methods and models

1. Fabrication process of the single cell grippers

We fabricated the grippers based on previously reported methods,?!*? with the introduction of new

functional layers. Briefly, we first deposited a sacrificial layer of copper (Cu) on a bare silicon (Si) wafer;
the sacrificial layer facilitates the release of the grippers from the wafer after fabrication. Second, we
photopatterned and deposited a bilayer of silicon monoxide and silicon dioxide by e-beam evaporation. The
release of energy from this differentially stressed bilayer drives self-folding of the grippers. In this study,
we used a bilayer of 10 nm silicon monoxide (Kurt J Lesker, EVMSIO-1065B) and 20 nm silicon dioxide
(Kurt J Lesker, EVMSIO21-5D) to achieve the desired fold angle. Third, we photopatterned thicker rigid
segments composed of 100 nm silicon dioxide and 100 nm iron (Kurt J Lesker, EVMFE35QXQD) by e-
beam evaporation. Next, we patterned the paraffin (details in the following section). After fabrication, we
released the grippers from the substrate by dissolving the Cu sacrificial layer in a commercial Cu etchant
ammonium persulfate (APS-100, Transene). Prior to their release from the wafer, we rinsed the grippers
for three times with PBS to remove residual APS.

2. Paraffin patterning

The first two fabrication steps for the stress layer and the rigid segments establish the basic
components of the grippers. Next, we patterned paraffin wax as a thermally responsive layer to trigger the
folding of grippers on heating. First, we patterned a photoresist mold to define the shape and thickness of
the paraffin. We spin coated S1813 photoresist on the silicon wafer at 3000 rpm. After soft bake at 115°C
for 1 min, we aligned a photomask with the wafer using registry marks, so as to expose the resist only in
the regions of the grippers to UV light with an energy of 150 mJ/cm?. We then developed the exposed
photoresist in AZ 319 MIF developer to leave behind photoresist only in the regions without the grippers.

We first melted the paraffin wax (Sigma, 411663) at 120°C. We then placed the patterned wafer
on the chuck inside the spin coater, and held a heat gun at a distance and towards the wafer to heat it to
approximately 140°C. We quickly dispensed 1 mL of liquid wax onto the patterned wafer and started the
spin coating cycle while continuing to direct the heat source during spin coating. We spincoated the molten
wax at 5000 rpm for 1 min and then cooled the wafer in air overnight. After wax coating and cooling, we
washed the wafer in acetone, and then rinsed the wafer in isopropyl alcohol (IPA) and deionized water to
remove the underlying photoresist. After this process, the remaining paraffin wax covers only the region of
the grippers and the grippers are ready to be released and used. For butter triggered grippers, we patterned
food grade butter on the grippers using a similar method but at a lower temperature.

3. Microfluidic chamber fabrication, and gripper actuation

We fabricated microfluidic chambers to investigate guidance of single cell grippers through narrow,
bifurcated, and winding channels. We designed the channel patterns in AutoCAD and transferred them to
a photomask. Then, we pretreated a clean Si wafer with hexamethyldisilazane (HMDS) and spin coated
SU8 2050 at 1700 rpm to create a 100 um thick pattern. After soft baking at 65°C for 5 min and 95°C for
15 min, we exposed the wafer to 240 mJ/cm? UV light through the photomask to transfer the pattern from
the photomask to the SUS. We post exposure baked the wafer at 65°C for 5 min and 95°C for 10 min and
then developed the patterns in SU8 developer for another 10 min. We rinsed the wafer with IPA and DI
water, and then hard baked the SUS resist at 200°C for 30 min.

We thoroughly mixed PDMS elastomer and the curing agent (Dow Corning) at a ratio of 10:1 and
degassed the solution in a desiccator for at least 2 hours before pouring the mixture onto the pattern. We
cured the PDMS at 75°C overnight. After curing, we used a blade to cut and peel the PDMS patterns off.
We punched holes in the patterned PDMS using a 1.5 mm portable biopsy punch at designated positions
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and then treated the PDMS interface with an oxygen plasma. We then bonded a glass slide to the PDMS to
seal the channels. The microfluidic chamber was then ready to use.

To trigger gripper actuation, we applied heat by one of three methods; either by warming up the
solution on a hot plate during imaging with an upright microscope, or by directing heat with a heat gun
during imaging on an inverted microscope or using a temperature-controlled chamber in a confocal
microscope. When we used a hot plate, we added the cells and released grippers in PBS in a small dish, and
placed the dish on a hot plate. We inserted a digital probe into the dish to monitor the temperature change
during the gripper folding process. First, at room temperature, we steered the gripper towards the targeted
cells using a magnetic field. When the gripper reached the desired location, we turned on the hot plate to a
pre-calibrated setting to increase the temperature. For fast actuation and high-resolution imaging under
inverted microscope, we used a heat gun to apply heat remotely and used the digital temperature probe to
monitor the temperature. For live cell imaging in the single cell grippers we heated the solution using a
temperature-controlled chamber. In this study, we estimate the gripper trigger temperature to be 37+2°C
and attribute the standard deviation to variations in the paraffin wax thickness. For in vivo applications
which require remote heat delivery, we envision methods such as induction heating or high-intensity
focused ultrasound to selectively heat the iron-containing grippers to deliver the heat specifically and
minimize collateral damage.

4. Cell culture and cell cluster preparation

We maintained WI-38 human fetal lung fibroblasts in Minimal Essential Medium (Corning Cellgro,
10-010-CV) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher, 16140071), 1% penicillin-
streptomycin (Thermo Fisher, 15140122), 1% sodium pyruvate (MilliporeSigma, S8636) and 1% non-
essential amino acids (MilliporeSigma, M7145). We maintained the breast cancer cell line MDA-MB-231
in DMEM with 10% FBS and 1% penicillin-streptomycin.

We cultured fibroblasts until a desired confluence was reached (80%). After removing the culture
media, we added 1mL trypsin to retrieve the adherent cells. We then centrifuged the cell suspension at 1000
rpm for 3 min. Instead of resuspending the cells, we extracted 10 uL of the mixture from the bottom of the
tube and used it as the cell cluster in our cell excision experiments.

5. Cell staining, fluorescence imaging and live/dead assay

We permeabilized the cells using 0.1% Triton-X in a 4% paraformaldehyde (PFA) solution for 2
min and fixed the cells using a 4% PFA solution for 20 min. We stained the cells for B-tubulin using
antibody (Abcam, ab6046, 1:100 dilution) and Alexa Fluor 488 (Jackson ImmunoResearch, 111-545-003,
1:100 dilution), and nuclei using 0.1% DAPI (Thermo Fisher, 62248).

For the live/dead assay during the gripper closing process, we first rinsed and trypsinized the
adherent cells, and collected and incubated them with PBS containing 1 pM calcein AM and 2 uM ethidium
homodimer-1 for 30 minutes. Next, we added about 200 uL cell solution to a small dish for imaging and a
droplet containing the released grippers in PBS to the solution. We placed the dish in a temperature-
controlled chamber for simultaneous confocal fluorescence microscopy and gripper actuation. We triggered
the gripper closing by increasing the temperature in the chamber from room temperature to 37°C using the
controlled heating blocks in the chamber. We monitored the fluorescence signals from the cells
continuously throughout and after the gripper closing process.

6. Ex-vivo tissue preparation

We purchased tissue microscope slides from Carolina Biological Supply Company (Item # 316102).
We disassembled the slides in order to remove the coverslip and to allow accessibility of the grippers to the
tissue. Once we removed the coverslip, we added a drop of gripper-containing solution onto the tissue.

7. Dynamic Mechanical Analysis (DMA)

S3



We molded and used ~1 ¢cm? paraffin cubes for DMA measurements. To obtain elastic moduli
values for the wax at different temperatures, we stabilized the chamber temperature for more than 30 min
to reach a steady temperature. We subjected the samples to an unconfined compression, controlled force
deformation test (Q800 DMA, TA instruments). We increased the applied force at a rate of 2 N/min until a
maximum static force of 2 N, after which we reduced the load at a rate of 4 N/min to 0 N.

8. Fold angle analysis by analytical solution and finite element analysis

We modeled the fold angle of the grippers using an analytical solution adopted from the literature,?
and finite element analysis. We considered the hinge to be composed of three layers: silicon monoxide,
silicon dioxide and paraffin. We estimated the differential strain in the bilayer to be 0.0043 based on a
previous study.?! The material properties used are listed below in the format as: material (Young’s modulus,
Poisson’s ratio, thickness). Silicon monoxide (77 GPa, 0.2, 10 nm), silicon dioxide (75 GPa, 0.17, 20 nm),
cold paraffin (6.44 MPa, 0.2, variable) and warm paraffin (0.37 MPa, 0.2, variable).

For finite element analysis (FEA), we used a shell model to construct the gripper, due to the large
ratio between the lateral dimensions and the thickness. We adopted the model from a prior publication.?!
We based the gripper dimensions on the AutoCAD design. We defined the thickness of the flexible hinge
as described in the previous paragraph. We used a static model and considered non-linear deformation to
capture the large deformation. We used a mesh size of 2 um and the element type of S4R in the model. We
performed a convergence study to verify that a further increase of mesh numbers did not change the results.
We set the boundary conditions as below. 1: We fixed the x-axis and y-axis at the center of the gripper to
be dx = dy = dz = 0; 2: We considered the x-axis and y-axis throughout the gripper to be y-symmetrical and
x-symmetrical. We assigned a thermal expansion coefficient to the silicon monoxide layer and applied a
temperature field only at the hinge, to simulate the differential stress between the bilayer. We used a strain
difference of 0.0043 based on the previous measurement.’!

9. Estimation of the magnetic field gradient to move the single cell grippers

We used an analytical model to estimate the magnetic field gradient that is needed to move the
single cell grippers in a fluid environment. We based the analysis on a model from a previous study.*

If we assume that the micro-object is suspended in liquid without friction with solid surface, we
can write the translational equations of motion in the planar workspace as:

Fm+ Fg+ F;,=0 @)

where F,,, is the electromagnetic force, F,; is the drag force, and F; is the inertial force. In the case of single
cell grippers, where speed v = 100 um/s, feature length L = 70 um, water density p = 1 X 103 kg/m3,
and water viscosity 4 = 8.90 X 10™* Pa - s at 25°C, the Reynolds number,

Lv
Re = p7 = 7.86 x1073 <0.01

When the Reynolds number Re < 0.01, we can neglect the inertial force relative to the other forces. With
this assumption that F; is negligible, equation (1) becomes,
Fom+ F3=0 2)
Since the grippers move at sub-centimeter speeds in a flow-less environment, we can write an
equation for Fj as,

1
Fg = 5pCpAv? =2x 1075 N

where the fluid density p = 1 x 103 kg/m3, cross sectional area normal to the direction of motion A =
82 wm? and the speed of the gripper v = 100 um/s. We can estimate the drag coefficient Cp, to be Cp =
500 based on prior studies of the drag coefficient of a plate in a parallel flow at Re = 0.01.%
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Considering the unidirectional motion of gripper, we can write an equation for the electromagnetic
force in the one-dimensional magnetic gradient field as,

Fop =V (m-B) =m-VB
We can also estimate the magnetic dipole moment m as,
m=M;-V =12x10"194 - m?

where the iron material volume V = 7 X 10~17 m3, saturation magnetization M for the approximately 100
nm thick iron thin film is My = 1.7 x 10% A/m .

Hence, we can estimate the required magnetic field gradient VB to move the single cell gripper to
be,

Fq _
VB=——=-16%x10"3T/m
m
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Supplementary figures
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Figure S1. Butter as the trigger layer for thermal actuation of single cell grippers. (a) Optical image
of a control sample containing an array of grippers with square arms fabricated without a butter coating.
The arms contain 100 nm of silicon dioxide and 100 nm of iron. (b) Optical image of an array of grippers
coated with a thin layer of butter on top of the grippers. (¢) Optical images showing the folding process of
grippers without butter (left), and with butter (right). After release, grippers without the trigger layer closed
immediately, while grippers with trigger layer stayed open. As the temperature was increased from room
temperature to 37°C, the grippers with the butter trigger layer started to close, when the butter softened.
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Figure S2. Grippers moving in narrow, bifurcated, and winding microfluidic channels guided by a
magnetic field. (a) Optical images of a gripper navigated through a microfluidic channel with bifurcations.
An overview of the microfluidic channel followed by details of the gripper: (i) leaving the initial chamber,
(i1) moving through the channel, (iii) reaching the mixing chamber, (iv) exiting the mixing chamber. (b)
Optical images of grippers being navigated through microfluidic channels of different configurations. The
images show the motion path of a gripper at multiple time points, in, (i) a zig-zag channel, (ii) a twisted
channel, and (iii) a star-shaped channel with many exits.
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Figure S3. Grippers capturing microbeads by magnetic guidance and thermal actuation. (a) (i-iii)
Optical image sequence showing a gripper approaching a polystyrene microbead (15 pm diameter) from a
distance guided by the magnetic field; (iv-vi) The gripper started closing and captured the bead upon
temperature increase. (b) Optical image sequence showing a gripper carrying the microbead guided by the
magnetic field and navigating through an arbitrary trace.
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Figure S4. Biocompatibility of the self-folding process. (a) Optical fluorescence microscopy images
showing grippers and cells that were stained by calcein AM and ethidium homodimer for a live/dead assay.
The green fluorescence indicates live cells and red color indicates dead cells. (b) Optical fluorescence
microscopy images showing that a majority of cells remained alive after temperature increase from room
temperature to 37°C. A few cells with red fluorescence were from the sediment of suspended dead cells.
The right zoom-in images show a gripper capturing a single cell. The time interval between the acquisition
of the two images was approximately 30 minutes, with calcein AM and ethidium homodimer present in the
solution throughout the process.
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Figure S5. Grippers pulling liver tissue by magnetic locomotion and thermal actuation. (a) Optical
image of a gripper approaching a piece of chicken liver tissue from a remote distance and reaching its
periphery, guided by a magnetic field. (b) Optical image sequence showing the gripper folding and holding
onto a piece of tissue upon temperature increase. (¢) Optical image sequence showing that the gripper firmly
grasped the tissue and generated large dislocation with strong dragging and twisting motion, steered by the
magnetic field.
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