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MEDICAL ROBOTS

Development of a magnetic microrobot for carrying
and delivering targeted cells

Junyang Li"?*, Xiaojian Li'*, Tao Luo’, Ran Wang’, Chichi Liu®, Shuxun Chen', Dongfang Li',
Jianbo Yue®, Shuk-han Cheng?, D. Sun™?'

The precise delivery of targeted cells through magnetic field-driven microrobots/carriers is a promising technique
for targeted therapy and tissue regeneration. This paper presents a microrobot designed with a burr-like porous
spherical structure for carrying and delivering targeted cells in vivo under a magnetic gradient field—driven mech-
anism. The robot was fabricated by using three-dimensional laser lithography and coated with Ni for magnetic
actuation and Ti for biocompatibility. Numerical and experimental studies demonstrated that the proposed micro-
robot design could enhance magnetic driving capability, promote cell-carrying capacity, and benefit cell viability.
Microrobots loaded with cells could be automatically controlled to reach a desired site by using a self-constructed
electromagnetic coil system, as verified by in vivo transport of cell-cultured microrobots in zebrafish embryos.
The carried cells could be spontaneously released from the microrobot to the surrounding tissues; in vitro exper-
iments showed that cells from the microrobot were directly released onto the desired site or were able to pass
through the blood vessel-like microchannel to arrive at the delivery area. Further in vivo cell-releasing tests were
performed on nude mice, followed by histological study. This research provides a microrobotic device platform for
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regenerative medicine and cell-based therapy.

INTRODUCTION

Regenerative medicine with cell-based therapy has obtained con-
siderable attention in recent years (1, 2). Stem cells, which are either
derived from an autologous biopsy of a patient or reprogrammed
from somatic cells, can differentiate into functional cells and be de-
livered to a damaged location for tissue function restoration (3-8). The
delivery of such cells in vivo requires a suitable three-dimensional
(3D) structure that creates an environment that supports cell adhe-
sion, proliferation, and differentiation while functioning as a carrier
(9, 10). Producing a 3D cell culture environment is important for in
vitro cell loading to allow in vivo-like behavior of resident cells in
terms of cell morphology and function. By contrast, cells cultured
in 2D substrates rapidly lose their function and morphology (11). For
in situ regeneration, a microcarrier with a porous 3D structure can be
used for cell adhesion and mechanical support for tissue and organ
regeneration (12). This microcarrier stimulates the cells of the body
to promote local tissue repair (13) and to produce sufficient nutrient
supply and uniform cell distribution (12). The size of these cell car-
riers can vary by orders of magnitude. Large-scale cell carriers that
are fabricated and implanted in tissue environment are invasive,
may cause postoperative pain, and may increase infection risk and
overall recovery time (14-18). Large-scale carriers can barely access
the complex and small regions of the human body, such as gastro-
intestinal organs, brain, and spinal cord (19). The development of
microrobots for minimally invasive medicine has considerably ad-
vanced (20, 21). However, actuators that can be used for in vivo
propelling of robots in microscale are still lacking (22). Currently,
a viable option for steering such a microrobot is through external
energy transfer.
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Magnetic fields have gained much interest because of their advan-
tages: insensitivity to biological substances, no direct contact, and
precise positioning ability (23-25). Magnetic fields that are generated
ex vivo for energy transfer and propulsion can provide a solution to the
in vivo actuation problem. Several magnetic microcarrier devices have
been developed and used for precise cell transport. Cell-encapsulating
hydrogel combined with magnetic particles through integration with
microfluidic chips (26) or ultraviolet photocrosslinking (27) can
control and transport cells. A microtransporter with syringe-like shape
has been developed to collect, transport, and release cell-loaded
microparticles inside microfluidic channels (28). A U-shaped fer-
romagnetic microrobot driven by an external magnetic field could auto-
matically manipulate cells and microbeads (29). Microrobots with
helical and tubular lipid structures are used as cell delivery platforms
with high propulsion efficiency (30, 31). An alga-templated bio-
degradable magnetic helical swimming microrobot using both flu-
orescence and magnetic resonance imaging for imaging-guided therapy
has been reported (32). Magnetic microrobots with 3D porous hexa-
hedral and cylindrical shapes were designed with increased bio-
compatibility for the transport of multiple cells and have been
demonstrated in vitro (12). Microrobots actuated by magnetic field may
present many advantages in the application of in vitro cell delivery
but may not reflect the complexity of in vivo situation inside multi-
cellular organisms. A specifically designed magnetic microrobot that
is based on actual needs in the body for carrying and delivering a
group of cells has not yet been demonstrated.

This paper reports the design of a magnetically driven microrobot
with a burr-like porous spherical structure that was fabricated using
3D laser lithography to achieve in vivo transport and delivery of
targeted cells. Herein, the magnetic gradient field—driven mechanism
was used so that the microrobot design was not constrained by the
robot shape, providing flexibility in considering different robot struc-
tures for carrying cells. The microrobot was coated with Ni to achieve
magnetic actuation and Ti to ensure biocompatibility. Both numerical
and experimental studies were performed to demonstrate that the
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proposed robot design could greatly enhance magnetic driving capa-
bility and benefit cell-carrying capacity. Viability tests performed on
MC3T3-El fibroblasts and mesenchymal stem cells (MSCs) also demon-
strated that the designed microrobot exhibited good cell loading
and cultivation capacity. A microrobot with cultured cells could be
automatically and precisely transported to a desired position, which was
verified using a self-constructed electromagnetic coil setup (33). The
in vivo transport of cell-cultured microrobots to a desired site in the
yolks of zebrafish embryos was successfully performed. Zebrafish has
been increasingly used as a vertebrate embryo model because of its genet-
ic similarity to humans and transparent and relatively large yolk for mi-
crorobot transportation (34, 35). In the current study, the cells carried
by the designed microrobot could be spontaneously released from
the microrobot to the desired site. This deduction was confirmed by
conducting in vitro experiments to release cells from the microrobots
to a glass substrate or to enable the cells to pass through a blood
vessel-like microchannel to arrive at the delivery area. Further in vivo
cell-releasing experiments from cell-cultured microrobots into nude
mice were performed, followed by histological study. Results showed
that the designed magnetic microrobots could successfully carry
and deliver the targeted cells to a desired site. This precise delivery of
targeted cells holds potential for numerous medical applications, such
as targeted therapy, tissue repair, and regeneration.

RESULTS

First, a spherical structure can enhance magnetic driving capability,
besides allowing easy fusion of the microrobot with host tissues and
facilitating cell transfer from the robot to tissues (36-38). When the
microrobot moves inside blood vessels, the magnetic field gradient
force, which is proportional to the coating thickness and the cross-
sectional area of the magnetically conductive materials that are
coated on the robot surface, must be large enough to overcome viscous
resistance. A numerical study using the finite element method was
conducted on a 3D cubic geometry (12) and the proposed spherical
structure, respectively, as illustrated in Fig. 2. In the simulations, 2D
spiral and flat geometries were neglected because they are normally
used for drug/gene loading by surface modification (39) or encap-
sulation inside of the geometry (40), which may not apply to a 3D
cell culture structure. The maximum cross-sectional areas of the
robots with the two different structures were the same for easy com-
parison. Under the same coating thickness, magnetic force increased as
surface area increased, and an increased ratio of surface area to viscous
resistance represented an enhanced magnetic driving capability.
Therefore, the surface area-to-resistance ratio can be used as a cri-
terion to judge magnetic driving capability. Similar to a previous study
(41), the current study used blood vessels of hepatic artery, portal vein,
and hepatic vein with 160-, 240-, and 320-um diameters, respectively.
The flow rate was uniformly set to 25 cm/s, which corresponds to

Microrobot design

The designed microrobot uses a burr-like
porous spherical structure to enhance
magnetic driving and cell-carrying ca-
pabilities. Figure 1A shows the structural
design of the microrobot before and after
cell seeding. The distance between two
burrs, which was denoted as the grid
length (l;), was determined on the basis
of the size of the carried cells. The length

of each burr, which was denoted as the
burr length (k,), was the same as the radius
of cell (r.). The diameter of the entire
structure (D), including burrs, was de-
termined according to I, I, 7., and the
radius of grid (rs), which ranged from
70 to 90 um for different cell types in the
current study. Figure 1B illustrates the
fabrication of the microrobot with steps
of writing, development, Ni/Ti deposi-
tion, and cell culture on the robot. Both
I and I, could be adjusted by using 3D
laser lithography to suit different cell
types. Scanning electron microscopy (SEM)
images of a microrobot (Fig. 1C) show
where MC3T3-E1 cells and MSCs were
successfully cultured onto the robot af-
ter 12 hours at a concentration of 1 x
10° cells/ml. The energy-dispersive spec-
trometry spectra of the Ni/Ti-coated sub-
strate (fig. S1) confirmed the successful
coating process. Justifications of this robot
design are specified as follows.

Writing

- Cells

Cell Culture

Li etal., Sci. Robot. 3, eaat8829 (2018) 27 June 2018

MC3T3-E1 cells

Development

I Sﬂputgering

Ni/Ti Deposition

Fig. 1. Design and fabrication of magnetic microrobots. (A) Images of the designed burr-like porous spherical
microrobot before and after cell seeding. (B) Fabrication procedures of the microrobots including writing, develop-
ing, Ni/Ti deposition, and cell culture process. (C) SEM images of a burr-like microrobot cultured with MC3T3-E1 cells
and MSCs for 12 hours. The laser power and scan speed of photoresist were set at 25 mW and 250 um/s, respectively.
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Fig. 2. Simulation results of magnetic driving ability in hepatic artery, portal vein, and hepatic vein. (A) Velocity fields of a cubic structure. (B) Velocity fields of a
burr-like spherical structure. (C) Surface area-to-viscous resistance ratios of the two microrobot structures.

the normal hepatic arterial and portal venous blood flow (42). Figure 2B
illustrates the simulation results of the velocity fields in the cross-
sectional areas of both cubic and spherical structures under different
environments. The surface area—to-resistance ratios of the two struc-
tures are shown in Fig. 2C. The ratio for the proposed robot struc-
ture was higher than that of the cubic structure, implying that the
designed robot with a spherical structure exhibited a stronger mag-
netic driving capability.

Li et al., Sci. Robot. 3, eaat8829 (2018) 27 June 2018

Second, a porous spherical structure can also improve cell-carrying
capacity. The porous scaffold structure mimics the extracellular ma-
trix, allowing the easy supply of nutrients for tissue vascularization
to yield functional tissues and organs (43, 44) and cell growth (45).
The scaffold structure of fullerene, which is characterized by combina-
tions of pentagons and hexagons in the grids, can benefit cellular
attachment compared with a structure of triangles and squares (46).
With such a porous scaffold, cell-loading capacity can be maximized
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when the grid length is similar to the radius of the carried cells. The
size of an entire microrobot is mainly determined by the follow-
ing two requirements in its application. The first requirement is
effective cell loading; that is, the microrobot must have sufficiently
large dimensions such that at least dozens of cells can be carried and
delivered by each robot. The second requirement is efficient access-
ing ability. The microrobot must not be so large such that the cell-
cultured robot cannot access various kinds of blood vessels; for
instance, the mean diameter of the finest hepatic artery is 160 pm
(41). To balance the above two requests, we selected the structure of a
buckyball (Ce) for the proposed microrobot design, which exhibited
an [;—to-structure diameter (D,) ratio of 1:4.8. The diameter of the
entire designed microrobot was then determined as D = D, + 2I, =
4.8(ly + 2rg) + 21y + 21,14 is a key parameter in determining cell-
carrying capacity when the cell radius r. is known. Figure 3A illustrates
the experimental results of loading and culturing MC3T3-E1 cells
(re=7.5 um) when l; = 0.8, r, 1.2r, 1.4r,, 1.61,, 1.8r, where I, = .
and the scaffold grid radius r; = 1 um. The microrobot exhibited the
best cell-carrying capacity when [; = 1.2r.. With these selected param-
eters, the diameter of the microrobot was about 70 um for carrying
MC3T3-EI cells. In a similar manner, the diameter of the microro-
bot was about 90 um for carrying MSCs (r. = 10 um).

Third, the addition of a burr-like structure to the porous spherical
microrobot can further enhance cell-carrying capacity. Spherical
porous microrobots with different burr sizes were compared on the
basis of the cell cultivation performance of microrobots that were
fabricated on the same glass substrate (within 200 pm) with each

microrobot carrying the same amount of cells for culture. Figure 3B
illustrates the results of experiments performed on the MC3T3-E1
cells at I, = 0, 0.5r, 1, 1.57, 21, 31, where [; = 1.2, which was based
on the previous selection. The microrobot exhibited the best cell-
loading capability when I, = ..

Cell viability

The influence of the coating materials Ni and Ti on the cell culture was
investigated. Viability tests were performed on MC3TE-E1 cells and
MSCs, which were cultured on Ni- and Ti-coated flat square glasses.
Cells cultured on clean glasses without Ni and Ti coatings were used
as controls. Before cell seeding, the glass substrates were sterilized
with ultraviolet light. SEM images captured on days 1, 3, and 5 of the
MC3T3-E1 cells and MSCs cultured on the glass substrate are shown
in Fig. 4 (A and B). After coating the glass surface with Ti, the cells
exhibited good morphology and proliferated. The survival rates of
two types of cells on days 1, 3, and 5 are illustrated in Fig. 4C. The
negative and positive signs represent the propidium iodide (PI) region for
live and dead cells, respectively. A histogram of the average viability
of the two types of cells is presented in Fig. 4D. These data revealed
that the Ni and Ti materials coated on the surface of the microrobots
were not cytotoxic to MC3T3-E1 cells and MSCs, as evidenced by their
ready adherence onto the robot structure and subsequent proliferation.

Transportation of the cell-cultured microrobot
First, experiments were performed on the in vitro transport of MC3T3-E1
cell-cultured microrobots (D = 70 um) to reach a desired position,
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Fig. 3. Microrobots with different cell-carrying capacities under different grid lengths (/;) and burr lengths (). (A) SEM images and statistical results of cell-
cultured microrobots when Iy = 0.8, rc, 1.2r, 1.4r, 1.6r, 1.8rc, where r. is the mean radius of carried cells (n = 3). (B) SEM images and statistical results of cell-cultured

microrobots when I, =0, 0.5r, rc, 1.5r¢, 2r¢, 3rc (n = 3). Error bars indicate SD.
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Fig. 4. Cell viability tests. SEM images of (A) MC3T3-E1 cells and (B) MSCs on days 1, 3, and 5 of culture. (C) Survival rates of MC3T3-E1 cells and MSCs in culture at 1, 3,
and 5 days after Pl staining. (D) Histogram representing the average viability of cells cultured for 1, 3, and 5 days (n = 3). Error bars indicate SD.

controlled by a visual feedback transportation controller as detailed
in the Supplementary Materials. A self-constructed electromagnetic
coil system, as shown in fig. S2, was used to drive the cell-cultured
microrobot. A microrobot carrying cultured MC3T3-E1 cells moved
along a rectangular path toward the four desired positions—a, b, ¢,
and d—under a visual position feedback control (Fig. 5A). A phase-
contrast image of the microrobot carrying MC3T3-E1 cells is also
shown in Fig. 5A. Figure 5B shows that the translational velocity of the
microrobot increased as the applied magnetic field gradient increased
in a nearly linear relationship in three different fluid environments,
including phosphate-buffered saline (PBS), artificial cerebrospinal fluid
[140.0 mM NaCl/3.0 mM KCl/1.0 mM MgCl,/1.3 mM CaCl,/2.0 mM
Na,HPO,/2.0 mM NaH,P0,/10.0 mM glucose (pH = 7.4)], and mouse
blood serum (centrifuged for 3 min at 300g from 6-week-old Balb/C
nude mouse). Increase of volume magnetization leads to increase
of the moving velocity under the same magnetic gradient, which can be
achieved by increasing the thickness of the coating materials (Ni) (47).
The position errors of the cell-cultured microrobot converged to zero
as it moved along a desired rectangle (Fig. 5C). In this experiment,
the actual position of the robot was measured using an image process-
ing technique that includes the three basic steps of threshold segmen-

Li et al., Sci. Robot. 3, eaat8829 (2018) 27 June 2018

tation, connected region extraction, and positional correlation (48).
All data were obtained by repeating the experiment at least thrice,
and the Reynolds numbers and the related experimental parame-
ters are given in table S1. The above-mentioned results verified that
the designed microrobot with cultured cells could be automatically
and precisely transported to a desired position using an electromag-
netic coil setup.

Experiments on the in vivo transport of the MSC-cultured micro-
robot (D = 90 um) were then performed in the yolks of 30-hour post-
fertilization zebrafish embryos. Zebrafish has been widely used as an
animal model because of its high genetic similarity to humans. The
yolk of zebrafish is transparent for easy monitoring and sufficiently
large for microrobot movement. The MSC-cultured microrobot was
sucked by air pressure at the tip of a needle and injected into the
yolk of an anesthetized zebrafish embryo (fig. S3). The MSC-cultured
microrobot moved from a to b and then from b to c in the yolk of a
zebrafish embryo at different time points (Fig. 5D). The heartbeat of
the zebrafish could be observed during the experiment, indicating
that the zebrafish was alive. The microrobot could not move until
the magnetic field gradient was sufficiently large to overcome a
threshold (Fig. 5E). Figure 5F illustrates the position error of the
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Fig. 5. Control of a cell-cultured microrobot in vitro and in vivo. (A) Movement of a microrobot cultured with MC3T3-E1 cells along a desired rectangular path in
clockwise direction in PBS. (B) Velocity of MC3T3-E1 cell-cultured microrobot against the magnetic field gradient in different fluid environments (n = 4). (C) Position errors
of the MC3T3-E1 cell-cultured microrobot in different fluid environments (with a magnetic field gradient of 4 to 9 T/m). (D) Time-lapsed images of the MSC-cultured micro-
robot moving in the yolk of a zebrafish embryo. (E) Velocity of MSC-cultured microrobot against the magnetic field gradient in vivo (n = 4). (F) Positional errors of the
MSC-cultured microrobot in vivo (with a magnetic field gradient of 20 T/m). Error bars indicate SD.

robot. The velocity during interval a to b was lower than that during
interval b to ¢ because of different viscosities due to the presence of
proteins, nucleic acids, and other bio-macromolecules in the yolk of
zebrafish embryo. A dynamic analysis of a magnetic microrobot in-
side a zebrafish, as detailed in the Supplementary Materials, indicated
that the velocity was about proportional to the magnetic field gradient,
and the dynamic viscosity varied from 0.1219 to 0.3734 Pa-s in the
yolk of zebrafish embryo. Compared with other living environments,
such as PBS, artificial cerebrospinal fluid, or mouse blood serum,
the yolk of zebrafish embryo exhibits higher viscosity, greater viscous
resistance, and uneven material distribution. Consequently, the
navigation speed of the microrobot was much slower in the zebrafish
embryo than in the other media (Fig. 5B and fig. S4) under the same
gradient force.

Delivery of cells from the microrobot to the site

After the microrobot with carried cells arrives at the desired site, the
transfer of cells from the microrobot onto the site defines the suc-
cessful cell delivery of the designed microrobot. We hypothesized
that the cells can be spontaneously released from the microrobot
onto the surrounding tissues, thereby leveraging the proposed micro-
robot structural design. To verify this idea, we first performed in vitro
experiments on releasing cells from the microrobot onto a glass sub-
strate. Figure 6A shows the phase-contrast images of the MC3T3-E1
cells that were carried by the microrobot, which was in contact with
a pure glass substrate. After 1 day of cell culture, six 3T3 cells were

Li et al., Sci. Robot. 3, eaat8829 (2018) 27 June 2018

released from the microrobot and firmly attached to the glass sub-
strate. After 2 days of cell culture, the released 3T3 cells differentiated,
11 of which were found on the glass substrate. After 3 days of cell
culture, 25 3T3 cells proliferated onto the substrate. These results
confirmed the successful cell delivery from the microrobot and cell
growth on the substrate in vitro. The microrobot carrying cultured
MSCs was then placed onto a glass substrate with precultured C2C12
cells to simulate a microtissue environment (Fig. 6B). The MSCs
carried by the microrobot were labeled with the fluorescent reagent
carboxyfluorescein diacetate succinimidyl ester (CFDA SE) before
they were released onto the substrate. After 7 days of cultivation, the
labeled MSCs proliferated onto the substrate (Fig. 6B). These results
again verified that the cells carried by the developed microrobot
could be successfully transferred onto a desired site in vitro.

We secondly performed in vitro experiments involving the re-
lease of MC3T3-E1 cells from the microrobot in a microfluidic chip
to mimic the transendothelial migration of the released cells. The chip
consisted of blood vessel-like microchannels to mimic the vascular
network, an array of cell migration channels to mimic the endothelial
layer, and tissue chambers where the cells were delivered. Figure 7A
illustrates a schematic of the experiment, where the cell-cultured
microrobot was transferred along the microchannel to the docking
area for releasing cells, and the released cells moved through migra-
tion channels and arrived in the tissue chambers. Figure 7B il-
lustrates the experimental results of the transendothelial migration
of MC3T3-El1 cells in 3 days. Some released cells were found in the
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MC3T3-E1 cells loaded

Bright FiId Fluorescence

%BY 0N Microrpbot with MSCs

Fig. 6. In vitro cell-release experiments on a glass substrate. (A) MC3T3-E1 cells were released from the microrobot
onto a pure glass substrate and proliferated at 3 days of cultivation. (B) MSCs transferred from the microrobot onto

the glass substrate with precultured C2C12 cells at 7 days of cultivation.

A Cell-cultured microrobot

Fig. 7. In vitro cell-release experiments in a microfluidic chip. (A) Schematic of the cell-releasing process. (B) Results
of the transendothelial migration of cells.

tissue area, indicating that the released cells could

the endothelial layer of blood vessel to reach the target area.
We lastly performed in vivo experiments on spontaneously
releasing the cells from the microrobots to the site on nude mice.
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Because tumorigenic and tumor cells can
be easily detected in weeks, we selected
HeLa cells as sample cells to illustrate the
in vivo releasing capacity of the micro-
robots. A swarm of microrobots carrying
HeLa green fluorescent protein—positive
(GFP") cells that were dispersed in 100 pl
of PBS and 100 pl of Matrigel (1000 micro-
robots in 200 ul) was injected subcuta-
neously into the left dorsum of a nude
mouse. The same amount of microrobots
without HeLa cells was also injected into
the right dorsum of the same mouse as
a control. After 4 weeks of cultivation,
an area with increased fluorescence in-
tensity was observed at the left dorsum
of the mouse (Fig. 8A), indicating that
the tumor was due to the injected HeLa
cells. No tumor was found at the right
dorsum of the mouse after injection with
microrobots without HeLa cells. To verify
that the tumor was caused by the HeLa
cells that were released from the micro-
robots to the surrounding tissues and not
by the cells that stayed on the microrobots,
we sacrificed the mouse after 4 weeks of
injection to obtain the in vivo histological
results (Fig. 8B). The microrobots, as in-
dicated by the light micrographs in these
sections, were all located at the edge of
the tumor tissue, suggesting that the
tumor was developed by the HeLa cells
that were released from the injected micro-
robots onto the tissues.

DISCUSSIONS

This paper reports the design of a mag-
netic burr-like spherical porous micro-
robot for carrying and delivering targeted
cells to a desired site in vivo under a
magnetic gradient field-driven mecha-
nism. The 3D laser lithography that was
used to fabricate the microrobots provided
sufficient flexibility to optimize the robot
structure. Different cell types, including
MC3T3-EL1 cells and MSCs, were selected
for the test. MC3T3-E1 cells can poten-
tially differentiate into osteocytes. MSCs
can potentially differentiate into various
cell types of the host tissues, such as ad-
ipocytes, chondrocytes, and myocytes.
Release of cells from the designed micro-
robots has been demonstrated through
transferring cells onto glass substrates,

successfully pass  mimicking the transendothelial migration of the released cells, and

in vivo release of cells on nude mice. HeLa cells were used for the
in vivo cell-release experiments because tumorigenic cells can gen-
erate tumor in weeks. The HeLa cells provided evidence that the cells
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Fig. 8. In vivo cell-release experiments on nude mice. (A) In vivo fluorescence imaging of a swarm of microrobots. The microrobots with HeLa GFP* cells were injected
into the left dorsum of the nude mice. The microrobots not carrying any cells were injected into the right dorsum of the nude mice. White arrows represent the position
of the injection. (B) Two different hematoxylin-eosin-stained sections of HeLa tumor with the injected microrobots. The positions of the microrobots are marked by the

red dashed lines.

were released from the microrobots in vivo. Automatic navigation
of the cell-cultured microrobots was also demonstrated in zebrafish
embryos. The above results support the feasibility of using magnetic-
driven microrobots for the precise delivery of targeted cells in vivo.

In the current study, transparent zebrafish was used as the animal
model so that the microrobot could be directly observed under an
ordinary optical microscope. For in vivo research involving other
animal models, an effective in vivo imaging technology that is ap-
plied to deep tissues would be required to enable online implementa-
tion of automated real-time tracking control of the microrobots.
Another unaddressed issue is developing a 3D biodegradable structure
with high mechanical strength. In the current study, the 3D magnetic
robot was biocompatible but not biodegradable. Hydrogel is de-
gradable but lacks mechanical strength. A magnetic microrobot re-
quires a 3D structure with high mechanical strength to overcome
the cell tensile force.

MATERIALS AND METHODS

Microrobot fabrication

The microrobots were fabricated using a negative photoresist SU-8 50
(MicroChem, USA). First, a 100-um-thick SU-8 layer was spin-coated
onto a cleaned glass wafer under a suitable spin speed. Second, the
substrate was prebaked at 65°C for 10 min and then at 95°C for

Li et al., Sci. Robot. 3, eaat8829 (2018) 27 June 2018

30 min. The substrate was subsequently cooled down to room tem-
perature. Third, the designed microrobot was written into the SU-8
photoresist by using a commercial two-photon direct writing system
(Nanoscribe GmbH, Germany) with a 100x oil immersion objec-
tive (numerical aperture = 1.4 from Zeiss). For SU-8 photoresists,
postbaking was conducted at 65°C for 1 min and at 95°C for 10 min.
Propylene glycol methyl ether acetate (Sigma Chemical Company,
USA) was used to develop the written structures and remove unpoly-
merized SU-8 for 20 min. Last, the robot samples were coated with
Ni (100 nm) for magnetic actuation and Ti (20 nm) for biocompat-
ibility using a Quorum Q150TS Dual Target Sputtering System
(Quorum Technologies Inc., Canada). The Ni and Ti materials were
99.99% pure.

Apparatus

The morphology of the fabricated microrobots was observed under
SEM (FE-SEM; FEI, Nova 450). The atom composition of the micro-
robot was characterized using an energy-dispersive spectrometer
(Oxford Instruments, INCA) to determine the success of the coating
process. Cell viability tests were conducted by using a flow cytometer
(BD Biosciences, San Jose, CA) to confirm that both coating materials
(Ni and Ti) were not cytotoxic to cells. Magnetic control experiments
were performed by using a self-constructed magnetic coil system.
The in vivo fluorescence images of nude mice were obtained by a
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Bruker 3D In Vivo Xtreme X-ray Imaging System. Tissue sections
for the histological study of nude mice were cut using a CryoStar
NX70 (Thermo Fisher Scientific, Waltham, MA, USA).

Cell culture on microrobot

The fibroblast MC3T3-E1 cells and MSCs were maintained separately
in Dulbecco’s minimum essential medium (DMEM) (Gibco, catalog
no. 11965-092) supplemented with 10% fetal bovine serum (FBS;
Gibco, catalog no. 10270-106), penicillin (100 U/ml), and streptomycin
(100 U/ml; Invitrogen, catalog no. 15240-062) at 37°C in a humidified
atmosphere of 5% CO,. The two cell types were subsequently trypsinized
and resuspended at a concentration of 1 x 10° cells/ml for cell seeding.
The microrobots were coated with poly-L-lysine (10 pug/ml; PLL)
(Sigma Chemical Company, catalog no. P-7890) and then sterilized
via ultraviolet irradiation for 30 min. PLL is a positively charged
synthetic amino acid chain that has been widely used as a coating
material to enhance cell attachment because cell surfaces are always
negatively charged (49). Subsequently, MC3T3 cells and MSCs were
seeded into two culture dishes containing the fabricated microrobots.
Each dish with cells and microrobots was stored in an incubator at
37°C under a humidified atmosphere of 5% CO; for 12 hours. Last,
the cell-cultured microrobot was detached by a home-designed micro-
manipulator (fig. S5) (50, 51).

Cell viability tests

MC3T3-E1 cells and MSCs were seeded onto the substrate samples
and incubated for 1, 3, or 5 days. Cells were harvested and adjusted
to a density of 1 x 10° cells/100 ul into 1.5-ml tubes. After washing
twice with 1 ml of PBS, the cells were resuspended in 1 ml of abso-
lute ethanol at —20°C for 10 min and then washed again with 1 ml
of PBS. Last, 1 ml of diluted PI (Thermo Fisher Scientific, catalog
no. P1304MP) was added to the staining buffer (500 pg/ml), and
then the cells were incubated for 15 min at room temperature for
flow cytometric analysis.

Microfluidic chip fabrication

The microfluidic chip was fabricated using soft-lithography tech-
nology. A 4-inch-diameter silicon wafer was used as the substrate and
spin-coated with a 5-um-thick layer of negative photoresist SU-8
2007 (Microchem Corp.). After prebaking, exposure, postbaking, and
development, an SU-8 mold for the cell migration microchannel
was obtained. A 100-um-thick layer of negative photoresist SU-8
2050 (Microchem Corp.) was spin-coated onto the same wafer, and
the pattern for molding the blood vessel-like microchannels and
tissue chambers was defined by the same process. Appropriate
amounts of polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning)
and curing agent were mixed at a ratio of 10:1 by weight and poured
onto the two-layer SU-8 mold. Further, the mold with PDMS mixture
was placed in a vacuum oven and baked at 70°C for 2 hours to re-
move air bubbles and cure the PDMS. Last, the cured PDMS micro-
channel was peeled off from the mold, punched at the inlet and outlets,
and bonded with a clean glass substrate to form the chip.

Cell-releasing experiments from microrobots

Experiments involving the release of MC3T3-E1 cells from the micro-
robots onto a pure glass substrate were first performed. MC3T3-E1
cells were maintained in DMEM at 37°C in a humidified atmosphere
with 5% CO, and trypsinized and resuspended at a concentration of
1 x 10° cells/ml. The cells (1 x 10° cells/ml) were then seeded onto
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the microrobot and maintained in DMEM for 12 hours. Thereafter,
the microrobot was detached from the glass and moved into a pure
glass substrate for 3 days of cultivation.

Second, MSCs were released from the microrobots onto a cell-
cultured substrate. C2C12 mouse myoblasts obtained from American
Type Culture Collection (ATCC; Manassas, VA) were precultured
on the glass substrate (5 x 10°/cm?) for 12 hours. MSCs were main-
tained in a-MEM (Gibco, catalog no. 11900-073) supplemented with
10% FBS, penicillin (100 U/ml), and streptomycin (100 U/ml) at
37°C in a humidified atmosphere with 5% CO,. The cells were tryp-
sinized and resuspended at a concentration of 1 x 10° cells/ml. After
seeding on the microrobot, the cells were stained with CFDA SE
(Cell Proliferation Assay and Tracking Kit; Beyotime, Shanghai,
China) to observe whether the cells transferred onto the substrate and
subsequently differentiated. Last, the stained microrobot was moved
to contact the glass substrate that was precultured with C2C12 cells
for 7 days.

We then performed in vitro experiments involving the release of
MC3T3-E1 cells from the microrobot in a microfluidic chip. MC3T3-E1
cells were maintained in DMEM at 37°C in a humidified atmosphere
with 5% COs,. The cells were trypsinized, resuspended at a concen-
tration of 1 x 10° cells/ml, and seeded on the microrobot. Thereafter,
the cell-cultured microrobot was injected into the inlet of the micro-
fluidic chip. After the microrobots carrying cultured cells arrived in
the docking area, the cells were released from the microrobots and
passed through the mimicked endothelial layer.

To release the cells from the microrobots onto the nude mice
in vivo, we maintained HeLa GFP" cells (ATCC, Manassas, VA) in
DMEM at 37°C in a humidified atmosphere with 5% CO,, and the cells
were trypsinized and resuspended at a concentration of 1 x 10° cells/ml.
A swarm of microrobots containing HeLa GFP" cells (1 x 10° cells/ml)
was maintained in DMEM for 12 hours, detached from the glass,
dispersed in 100 pl of PBS and 100 ul of Matrigel (BD Biosciences),
and injected into the dorsum of a 6-week-old Balb/C nude mouse.
After 4 weeks, the mouse was euthanized, and the tumor was imme-
diately removed and sliced into 80-um-thick tissue sections after
cryothermal treatment. Hematoxylin-eosin staining was performed
following the instructions of the manufacturer (Beyotime, Shanghai,
China).

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/3/19/eaat8829/DC1

Text

Fig. S1. Energy-dispersive spectrometry spectra.

Fig. S2. Prototype of the magnetically actuated micromanipulation system consists of fixed
DT4E-core identical electromagnetic coils.

Fig. S3. Insertion of the cell-cultured microrobot into the zebrafish embryo for in vivo
transportation experiments.

Fig. S4. Velocities of the cell-cultured microrobot in different medium under different
magnetic field gradients.

Fig. S5. A self-constructed microprobe platform for microoperation.

Table S1. The Reynolds numbers and related environmental parameters.

Movie S1. Design and fabrication of cell-cultured microrobot.

Movie S2. Transportation of cell-cultured microrobot in vitro and in the yolk of zebrafish
embryo.

Movie S3. Cells releasing experiments in vitro and in nude mice.
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