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MEDICAL ROBOTS
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Magnetic microrobots were developed for three-dimensional culture and the precise delivery of stem cells in vitro,
ex vivo, and in vivo. Hippocampal neural stem cells attached to the microrobots proliferated and differentiated into
astrocytes, oligodendrocytes, and neurons. Moreover, microrobots were used to transport colorectal carcinoma
cancer cells to tumor microtissue in a body-on-a-chip, which comprised an in vitro liver-tumor microorgan network.
The microrobots were also controlled in a mouse brain slice and rat brain blood vessel. Last, microrobots carrying
mesenchymal stem cells derived from human nose were manipulated inside the intraperitoneal cavity of a nude
mouse. The results indicate the potential of microrobots for the culture and delivery of stem cells.

INTRODUCTION
Stem cell therapy has emerged as a promising method for restoring
damaged tissues or organs; for example, the use of neural stem cells
(NSC:s) or neural cells differentiated from stem cells has been considered
for the treatment of degenerative neural disorders, such as Alzheimer’s
disease (I, 2). Numerous types of stem cells, which can be embryonic,
adult, or induced pluripotent, are available from various sources (3, 4).
Extensive progress has recently been made in stem cell biology and re-
generative medicine, demonstrating the potential of stem cell technol-
ogy for treatment of a wide variety of diseases, ranging from
developmental and pediatric diseases to metabolic diseases, cancer,
and ischemia, as well as age-related degenerative diseases (5-7). Stem
cell therapy requires the precise delivery of cells to the target tissue.
Magnetically actuated microrobots facilitate stem cell transplantation
in fluidic environments and can be used for biomedical applications,
such as neural interfaces and cell/drug delivery (8-13). Because of their
small size and wireless control by, for example, magnetic fields (11-17),
microrobots have several advantages as medical treatments, such as re-
duced pain, risk of infection, and trauma. Microrobots with various
magnetic field control systems that enable the accurate and efficient lo-
comotion in physiological fluids have been developed (15, 18-36).
Cell delivery using different microrobots has been reported in in vivo
and in vitro environments (37-39). The microrobots were designed for
the target cells and controlled by external magnetic fields. Magnetic
actuation of microrobots is generally used for biomedical applications
because it is harmless and undergoes little distortion or attenuation in
the body. A capsule-type microrobot is capable of performing pick-up-
and-drop motions to deliver olfactory receptor neuron cells adherent to
the scaffold-type cap of the microrobot on a rat brain slice (37). Porous
cubical and burr-like spherical microrobots were manipulated using a
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magnetic field gradient of 20 T/m; the microrobots transported cells to a
targeted area within the transparent yolk of a zebrafish embryo and re-
leased the cells in vivo (38). A magnetically actuated microstructure was
used to deliver mesenchymal stem cells (MSCs) into a microfluidic
channel loaded with cells and a three-dimensional (3D) knee joint
phantom without cells. A magnetic field gradient of 1.8 T/m was used
for articular cartilage regeneration (39). In our previous study (15), we
cultured and delivered human embryonic kidney 293 cells using cylin-
drical and hexahedral scaffold microrobots controlled by a magnetic
field gradient. However, the manipulation of the cylindrical and hexa-
hedral scaffold microrobots by magnetic pulling using the gradient field
was not optimized. In addition, most previous studies have used 2D cell
culture and did not load a sufficient number of cells onto the microrobot
(24, 38); these issues may be overcome by 3D cell culture. In addition, a
rotating magnetic field may induce more efficient and controllable mo-
tion of microrobots in a confined in vivo fluidic environment.

Here, we show that microrobots facilitated the precise targeting of
transplanted stem cells. We developed biocompatible porous 3D micro-
robots and assessed their feasibility for 3D culture and delivery of stem
cells using magnetic locomotion. The spherical and helical microrobots,
which exhibited rolling and corkscrew motions upon application of a
rotating magnetic field, showed higher propulsion efficiencies than
those pulled by a magnetic field gradient. The attachment, proliferation,
and differentiation of hippocampal NSCs on the microrobots were
confirmed by immunofluorescence staining and scanning electron mi-
croscopy (SEM). The application of an external magnetic field enabled
the microrobots to be moved to a target location in a body-on-a chip
(BoC) microfluidic cell culture platform (in vitro liver-tumor microor-
gan network), in a ventricle of mouse brain slice (ex vivo), in a rat
brain blood vessel (ex vivo), and in a live nude mouse (in vivo). These
results demonstrate the feasibility of using microrobots for targeted
stem cell transportation and transplantation in various in vitro, ex vivo,
and in vivo physiological fluidic environments.

RESULTS

Fabrication and characterization of the microrobots

We designed and fabricated the microrobots using 3D microelectro-
mechanical systems (MEMS) technologies. Figure 1A shows an image
of a microrobot with attached cells and a magnetic manipulator. Mi-
crorobot fabrication is described in Fig. 1B (details are available in the
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The velocities of the microrobots in
deionized (DI) water were also evaluated
with various rotating frequencies (fig. S1).
A single rotation of the helical microrobot
will propel it one pitch (80 um) if there
is no slippage, with an ideal corkscrew
motion. The spherical microrobot will
be propelled 251.2 um (27 x radius =
251.2 um) under a single rotation if there
is no slippage. Therefore, the spherical
microrobot will move 3.14 times further
and faster than the helical microrobot in
the proposed design. The other different
aspect is that the helical microrobot is
propelled by a corkscrew motion, so it
can swim in a 3D fluidic environment,
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To demonstrate this, we manipulated the
helical and spherical microrobots to move
through vertical and horizontal micro-

fluidic channels in a confined fluidic

Fig. 1. Fabrication and magnetic actuation of the microrobots. (A) Schematic of the microrobots. (B) Overall
fabrication process of the microrobots. (C) CAD layouts for cylindrical, hexahedral, helical, and spherical scaffold-type
microrobots. (D) SEM images of the fabricated cylindrical, hexahedral, helical, and spherical microrobots. Scale bars,
40 um. (E) The three propulsion mechanisms of the microrobots. (F) Cylindrical and hexahedral microrobots pulled
by a magnetic field gradient. Helical and spherical microrobots manipulated by a rotating magnetic field. Scale bars,
500 um. (G) Writing of BMR trajectories using helical and spherical microrobots. Scale bars, 1 mm.

environment (fig. S2 and movie S1).

Hippocampal NSC culture and
delivery in vitro
Figure 2 shows immunofluorescence

Supplementary Materials). The design parameters of the microrobots
are listed in table S1, and their layouts are shown in Fig. 1C. We pro-
posed the use of scaffold-type microrobots on which cells can be
cultured and differentiated in 3D and for which the porosity can be
customized depending on the size and characteristics of the target cell.
Four types of 3D scaffold microrobots were fabricated by 3D laser li-
thography using a photocurable polymer with a pore size of 15 um,
which was selected with consideration to the size of the stem cell (Fig.
1D). The microrobots were magnetized and made biocompatible by
deposition of nickel and titanium layers.

The magnetic manipulator generates magnetic fields in a 3D work-
space with a field intensity B and field gradient VB (see the Supple-
mentary Materials). The cylindrical and hexahedral microrobots were
manipulated using an external magnetic field gradient (Fig. 1, E and F)
(15). Application of a rotating magnetic field induced corkscrewing and
rolling motions of the helical and spherical microrobots, respectively
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and SEM images of hippocampal NSCs
after proliferation and differentiation on
2D plates and 3D microrobots. The NSCs on microrobots differentiated
into astrocytes, oligodendrocytes, and neurons after 72 hours. The SEM
images show that differentiated neurons became attached to, and were
entangled with, the microrobot scaffolds. NSC attachment to and dif-
ferentiation on helical and spherical microrobots was uniform (fig. S3
and movie S2; cell counts are shown in fig. S4). Movie S3 shows
magnetic manipulation of the helical and spherical microrobots with
attached hippocampal NSCs, demonstrating that the microrobots
enabled attachment, proliferation, and differentiation of hippocampal
NSCs for stem cell transplantation.

To demonstrate the feasibility of targeted cell delivery using the
microrobots in a BoC, we manipulated microrobots loaded with human
colorectal carcinoma (HCT116) cells in the BoC mimicking an organ
network, which is an in vivo-like in vitro physiological system (Fig. 3).
The liver-tumor microorgan network comprised four liver microtissues
(MTs) and one tumor MT fluidically interconnected by a microfluidic
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Fig. 2. Immunofluorescence and SEM images of hippocampal NSCs on microrobots. Inmunofluorescence images showing the hippocampal NSCs after 72 hours of
culture; differentiated astrocytes, oligodendrocytes, and neurons after 72 hours of differentiation; and the numbers of hippocampal NSCs after 24 and 72 hours of
culture and of differentiated astrocytes, oligodendrocytes, and neurons after 72 hours of differentiation. SEM images of differentiated neurons on a substrate and on a microrobot
with entangled neurites. Staining for markers of different cell types (nestin for NSCs, GFAP for astrocytes, GalC for oligodendrocytes, and Tubb3 for neurons); Hoechst 33342
counterstaining was performed to visualize the nuclei (two types of microrobots were used in each experiment, and each experiment was repeated two times).
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Targeted cell delivery using a microrobot in the in vitro liver-tumor network

dicates that the electromagnetically driven

Fig. 3. Targeted cell delivery using a microrobot in a BoC. Targeted HCT116 cell delivery using a microrobot in an in vitro
liver-tumor network by bright-field (BF) and Calcein AM-stained green fluorescence (GF) images. (A) Configuration of a cell-
loaded microrobot, liver, and tumor microorgans in the microfluidic BoC. (B) Microrobot with attached HCT116 cells placed
in a chamber (scale bars, 50 um). (C) Movement of a microrobot to the target tumor MT, passing four liver MTs (scale bar,
500 um). (D) Arrival of the microrobot at the target tumor MT (scale bars, 50 um). Liver and tumor MTs with a cell-loaded

microrobot before (E) and after (F) cultivation for 42 hours (scale bars, 200 um).

channel. A microrobot with attached HCT116 cells was introduced into
the BoC and reached the tumor MT after passing the liver MTs under
the control of a rotating magnetic field. HCT116 cells on the microrobot
adhered to and proliferated within the tumor MT for about 42 hours.
Fluorescence imaging of the cells attached on the microrobot was con-
ducted to visualize the live and dead cells with green and red fluores-
cence, respectively. We then compared the live/dead fluorescence of
the cells before and after electromagnetically driven actuation of the
cell-attached microrobots in the culturing medium to investigate
the viability of the cells after the magnetic manipulation. Because
the cells experience external forces such as hydrodynamic shear force
and magnetic fields during the locomotion of the microrobot, there may
be effects on cell viability. Whereas green fluorescence was observed
well, red fluorescence was hardly detected from the cells on the micro-
robot, either before or after magnetic manipulation [fig. S6A (i and ii)].
This indicates that no notable reduction in cell viability occurred during
the locomotion of the microrobots.

We additionally measured adenosine triphosphate (ATP) content in
the cells for quantitative analysis of cell viability. No significant decrease
was observed from the cells on the microrobot after magnetic manip-
ulation compared with cells that were seeded with the same number of
cells and aggregated without the microrobot (fig. S6B). This also in-
dicates that the cells were not notably affected by their exposure to ex-
ternal forces during the locomotion of the microrobot. The HCT116
cells on the microrobot were observed by immunofluorescence stain-
ing and confocal laser microscopy. Alexa Fluor 488-conjugated phalloidin
was used to label the cytoskeletal area, and 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI) was used to counterstain the nuclei of the
HCT116 cells. As shown in fig. S6C, even after magnetic manipulation,
phalloidin and DAPI localized to the tumor cell periphery and nuclei
with no major changes in the tumor cell morphology. This finding in-

Jeon et al., Sci. Robot. 4, eaav4317 (2019) 29 May 2019

locomotion of the microrobot most likely
did not cause any cytotoxic effects. No
reductions in cell or MT viability were
detected during loading, transport, or
culture (see figs. S5 and S6 and movies S4
and S5 for details).

Ex vivo manipulation of

the microrobots

The ex vivo manipulation of the micro-
robots in a brain blood vessel is shown in
Fig. 4. Figure 4 (A and B, respectively)
shows a schematic and photograph of
the experimental setup for ex vivo micro-
robot manipulation in the blood vessel of
arat brain. The brain becomes transparent
when observed by the CLARITY techni-
que, so that the microrobots can be local-
ized and visualized during manipulation
(40). Using a Hamilton syringe (33-gauge
needle), the microrobots were injected
into the internal carotid artery (ICA),
which is located before the bifurcation
of the anterior cerebral artery (ACA) and
middle cerebral artery (MCA). Trans-
parent blood vessels were filled with DI
water, and the helical and spherical mi-
crorobots were controlled by a rotating magnetic field at 2 Hz with a
magnetic field intensity of 15 mT. The helical and spherical micro-
robots were propelled by corkscrew and rolling motions, respectively,
and controlled in the desired directions and positions (Fig. 4, C and
D and movie S6). The microrobots were moved from the ICA to the
ACA (left blood vessel) and MCA (right blood vessel). Next, to verify
their controllability ex vivo in a brain ventricle, we applied the micro-
robots to a slice of mouse brain in artificial cerebrospinal fluid (CSF).
The spherical and helical microrobots reached the ventricle and could
be manipulated (Fig. 4E and movie S7), confirming their ability to
deliver therapeutic agents to brain ventricles and blood vessels using
an appropriate imaging modality. Detailed information on organotypic
brain slice culture and transcardial perfusion fixation of the rat brain is
provided in the Supplementary Materials.

In vivo stem cell transportation using the microrobots

Human nasal inferior turbinate-derived MSCs (hTMSCs) were cul-
tured on the spherical microrobots (Fig. 5A). It is known that stem
cells are not immunogenic when used in allogeneic transplantation.
In the previous study in mouse, rat, and rabbit, no immune responses
were exhibited in the animal experiments using the same human
nasal stem cells without immunosuppressive medicine (41-43). The
proportion of viable cells on day 3 of culture was 92% (Fig. 5B),
as determined by the hanging drop cell culture method (fig. S7 and
movie S8). In this way, the hTMSCs were immobilized on the micro-
robots for transplantation in an athymic BALB/c nude mouse (6 to
8 weeks of age, male, 30 g). In this in vivo experiment, fluorescence
images and bright-field photographs were obtained using the In Vivo
Imaging System (IVIS) Spectrum instrument and were analyzed by
Living Image software ver. 4.5 (PerkinElmer, Boston, MA, USA).
Microrobots carrying hTMSCs (10° cells per 100 microrobots) were

4 of 11

9202 ‘9z Ae|N uo (noyzbuens)) ABojouyds | pue 8dUs1oS Jo AliseAIUN Buoy BuoH ay | e 610°3dusos Mammy/:sdny Wol) pepeo jumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

DISCUSSION

We developed magnetically actuated
scaffold-type microrobots as a platform
for precise stem cell delivery and trans-
plantation in vitro, ex vivo, and in vivo.
The microrobots were fabricated by
3D laser lithography and facilitated
the attachment, proliferation, and dif-
ferentiation of hippocampal NSCs,
HCT116 cells, and hTMSCs. Propul-
sion of the microrobots by rolling and
corkscrewing motions generated by
the rotating magnetic field was more ef-
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ficient than that generated by a pulling
motion and, as such, was more suitable
for use in biological fluids. The micro-
robots were developed and character-
ized for targeted delivery of stem cells
in low Reynolds (Re) number environ-
ments that mimicked slow biofluid flow
and diffusion-dominated low-viscosity
CSF (viscosity, 0.7 mPa-s) (44-48). Fur-
thermore, the microrobots were man-
ipulated in DI water and PBS (viscosity
of about 1 mPa/s). However, it is neces-
sary to study microrobot behavior in
various physiological environments.
Recently, the behaviors of fully iron
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Fig. 4. Magnetic actuation of the microrobots in the brain ex vivo. (A) Ex vivo model of a brain blood vessel and
the magnetic field control system. (B) Experimental setup for magnetic manipulation and a fixed rat brain with trans-
parent blood vessels. Scale bar, 2 mm. (C and D) Snapshots of helical and spherical microrobots in a transparent brain
blood vessel during magnetic manipulation (ICA, ACA, and MCA). Scale bars, 200 um. (E) Positional control of the
spherical and helical microrobots from the surface of a brain slice to a ventricle. Scale bars, 500 um.

dispersed in 5 ml of phosphate-buffered saline (PBS) and injected into
the intraperitoneal cavity of an anesthetized nude mouse (Fig. 5C); after
injection, no external force was applied to the microrobots. Attachment
of cells to the microrobots was confirmed by detection of a fluorescence
signal near the injection site. The microrobots were manipulated right-
ward by a 21 T/m external magnetic field gradient (VB) for 60 s at 2,
5, and 8 min. After three rightward pulls, the center of the fluorescence
signal had moved 1.9 mm in the direction of the applied magnetic field
gradient (Fig. 5C). The distance moved was 24-fold the microrobot
body length (80 pm) and 125-fold the cell diameter (15 pum). There-
fore, cell-loaded microrobots could be manipulated in vivo.

Jeon et al., Sci. Robot. 4, eaav4317 (2019) 29 May 2019

fluids. We will continue to study micro-
robot-based stem cell delivery under
various physiological fluidic conditions.

In general, 3D cell culture is con-
sidered superior to 2D cell culture in
terms of mimicking the structural and
functional complexity of tissue. In this study, after delivery by the mi-
crorobots, the cells proliferated and differentiated into astrocytes, oligo-
dendrocytes, and neurons. Because of its larger surface area, the helical
microrobot showed higher cell loading capacity than the spherical mi-
crorobot. The loading capacity and controllability of the microrobots
require improvement before their clinical application.

HCT116 cells were delivered to a target area using the microrobot in
a BoC microfluidic channel interconnecting the 3D cultured MTs,
which suggests the potential of the microrobots for in vitro cell delivery.
HCT116 cells were loaded on the microrobot and delivered from the
loading chamber to a target chamber containing a target MT, which
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Fig. 5. In vivo MSC transportation using magnetically actuated microrobots. (A) SEM images of hTMSCs
attached to a spherical microrobot. Scale bars, 10 um; insets, 100 um. (B) Viability of hTMSCs on a microrobot after
3 days (green, live cells; red, dead cells). Scale bars, 20 um. (C) In vivo transportation of microrobots carrying hTMSCs
using an external magnetic field: (a) and (b) after injection, (c) and (d) after magnetic actuation rightward (red arrow),
(e) and (f) merged images at 0 and 9 min. The distance moved was 1.9 mm, which is 24-fold the length of a micro-
robot and 120-fold the diameter of an hTMSC. Scale bars, 10 mm [(a), (c), and (e)] and 1 mm [(b), (d), and (f)].

(MRI) scanners typically feature a mag-
netic field of 1.5 to 3 T, and a 7-T system
has recently been approved by the U.S.
Food and Drug Administration (FDA)
for clinical use in the United States
(51, 52). Commercial MRI platforms
can generate magnetic field gradients
>24 T/m. Here, we used a magnetic field
gradient of 21 T/m and a constant
magnetic field of 92 mT for the in vivo
cell transportation experiment described
in fig. S8; these values are comparable to
those of previous studies on microrobot
manipulation in vivo and also to those of
clinical MRI scanners. It is true that 21 T/m
is somewhat high but may be acceptable
when seeking to establish proof of concept.
We will reduce the field gradient as we
improve the animal model and further
adapt the magnetic control technology.
To precisely control microrobots
in vivo, it is important to actually see
them as they move. Unfortunately, our
magnetic manipulator was not com-
patible with the IVIS. Thus, we used a
simple manipulation system; a permanent
magnet was used to pull hTMSC-loaded
microrobots into the intraperitoneal cavity
of a nude mouse located within the IVIS.
A rotating magnetic field was not available
inside the IVIS. Such simple manipulation
reduced the available degrees of freedom;
the microrobots could not be controlled in
a sophisticated manner within the IVIS.
This is the principal reason why the dis-
tance moved was small and why a high

suggests that this system can be used to study the interactions among
MTs (cellular communication) in a BoC for targeted therapeutics using
the microrobots. The maneuverability and controllability of the micro-
robots were demonstrated ex vivo; thus, the microrobots may be used in
brain blood vessels and ventricles if they can be localized by an imaging
modality (50). However, the development of this system is still in its
early stages with respect to use in actual in vivo applications, because
real-time visualization and localization are required for precise manip-
ulation of the microrobots in in vivo fluidic environments. Last, hTMSCs
were cultured on microrobots and manipulated in the intraperitoneal
cavity of a nude mouse. The nude mouse was used because it facilitates
localization of the microrobots by IVIS. This in vivo experiment showed
the feasibility of stem cell and cell cluster delivery using microrobots.
The stem cells carried by the microrobot were detected by in vivo near-
infrared fluorescence imaging. After being delivered to the target area,
hTMSCs could be differentiated into, for example, chondrocytes, osteo-
cytes, and neural cells for therapeutic purpose.

Li et al. (38) previously evaluated microrobot performance both
in vitro and in vivo using magnetic field gradients of 4 to 9 and 20 T/m,
respectively. Go et al. (39) used a 1.8-T/m gradient to manipulate mi-
crorobots in the absence of cells. Clinical magnetic resonance imaging

Jeon et al., Sci. Robot. 4, eaav4317 (2019) 29 May 2019

magnetic field gradient was used. All pre-

vious studies faced the same issues, be-
cause they all used high magnetic field gradients for in vivo microrobot
control. This issue may be solved by incorporating a rotational magnetic
field into the IVIS or another real-time imaging system. We showed that
microrobots could be efficiently controlled in models of various physio-
logical environments by accurately controlling the rotating magnetic field
using a magnetic control system (Figs. 3 and 4). We are currently inte-
grating a 3D magnetic manipulator with a real-time imaging system to
improve microrobot control in vivo. This will allow us to manipulate mi-
crorobots over longer distances using a lower magnetic field.

In conclusion, targeted cell delivery using microrobots was success-
fully demonstrated in the in vitro microorgan network on the BoC plat-
form, which mimics the in vivo environment better than conventional
static 2D cell-based methods. The results provide a logical, rapid system
by which it is feasible to perform targeted cell delivery using microrobots
in a body.

MATERIALS AND METHODS
Design of the microrobots
The microrobots were designed using a computer-aided design (CAD)
tool (SolidWorks, Dassault Systémes, SolidWorks Corp. Inc., USA).
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The design parameters are shown in table S1. The line width, the pore
size, and the microrobot size were determined on the basis of stem cell
size and cell delivery quantity. Figure 1C shows the CAD designs for the
microrobots used in this study.

Fabrication of the microrobots

The glass substrate (2 cm?) was cleaned, and IP-Dip (a photoresist;
Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany) was applied
at the center of the substrate (Fig. 1B). The substrate was adhered to the
holder with glue and inserted into the 3D laser lithography system
(Photonic Professional GT; Nanoscribe GmbH). The CAD design for
each microrobot was loaded onto the machine for laser writing. The
writing code contained scanning speed, laser power, and slice distance
for each microrobot (15). These parameters were optimized for a desig-
nated structure by testing the writing. The 780-nm setting of a femto-
second laser was used, and the features were realized by the two-photon
absorption method. The laser power and scanning speed used for the
3D laser lithography were 1.8 mW/s and 60 pm/s, respectively. After
laser writing, the structures were polymerized and developed with an
SU-8 developer for 5 min at room temperature. After fabrication
of the structures, 170-nm nickel and 20-nm titanium layers were de-
posited with a sputtering system (SRN-110; Sorona Inc., Pyeongtaek,
South Korea) for magnetization and biocompatibility, respectively.
The spherical microrobot has shape magnetic anisotropy due to its
radially nonsymmetrical design and the nonuniform metal deposi-
tion of the sputtering system. Thus, it has a magnetic easy axis; the
magnetic orientation must be aligned with the external magnetic field to
generate torque to execute a rolling motion, although its shape appears
spherical.

Fabrication of the microfluidic channels

The microfluidic channels were fabricated using MEMS fabrication
technology. A 4-inch silicon wafer was used for SU-8 (Microchem
Corp., Newton, MA, USA) coating on the wafer with a spin coater at
3000 rpm for 30 s to achieve a thickness of 150 pm. The wafer was then
baked on a hotplate for 5 min at 65°C and 30 min at 95°C. Photo-
lithography was performed using an MA8 mask aligner (SUSS MicroTec
AG, Garching, Germany) with an I-line (365 nm) ultraviolet source
at 700 mJ/cm®. The wafer was then developed in an SU-8 developer for
20 min, and 150-pum-thick channel patterns were achieved for use as a
mold. Polydimethylsiloxane (PDMS) elastomer (Sylgard 184; Dow
Corning, Midland, MI, USA) was poured into the mold, bubbles in
the PDMS were removed using a vacuum chamber, and the mold
was cured in an oven for 3 hours at 70°C. The cured PDMS was released
from the mold and attached onto a glass slide after surface treatment
with plasma. The resulting microfluidic channel with a height of
150 um was used for microrobot manipulation.

Magnetic manipulation

The microrobots were manipulated using a magnetic manipulator
(MiniMag; Aeon Scientific AG, Schlieren, Switzerland) with eight
electromagnetic coils configured in a hemispherical shape. Figure 4B
shows the experimental setup used for magnetic manipulation. Mag-
netic fields (B) and field gradients (VB) were generated in a 3D working
space to control the microrobots. The microrobots were detached from
the substrate using a probe tip and placed in DI water. The cylindrical
and hexahedral microrobots were manipulated using a magnetic field
gradient (VB) that transposed them using magnetic pulling. Through
direct pulling with a field gradient, we conducted manual and automatic
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targeted controls. The spherical and helical microrobots were rotated
using a rotating magnetic field (B) that generated the propulsion force.
The manipulations of the helical and spherical microrobots are shown
in movie S1 and Fig. 1G for writing “BMR.” The size of each letter was
1.5 mm by 2.5 mm, and the microrobots were controlled manually.
Images were acquired from the top-side camera. The helical and spherical
microrobots were manipulated in horizontal and vertical microfluidic
channels, respectively. Each microrobot was loaded into the robot-
loading port of the microfluidic chip after the channel was filled with
DI water. The microfluidic channel was placed horizontally and vertically
on the workspace of the magnetic manipulator, and the top- and side-
view cameras were used to capture the videos (fig. S2 and movie S1).
The helical microrobot moved with a corkscrew motion and tracked
the channel. The spherical microrobot rolled along the slope to climb a
hilly channel. This experiment confirmed that it was possible to manip-
ulate microrobots in confined curvy environments, such as blood vessels.
Figure S2 (A and B) was acquired by the top-view camera of a helical
microrobot in the horizontal microfluidic channel and by the side-view
camera of a spherical microrobot in the vertical microfluidic channel,
respectively.

Characterization of the magnetic manipulation

Figure 4B shows an image of the experimental setup for the electro-
magnetic manipulation system, top-view and side-view cameras for re-
cording, and the light source. The recorded videos were analyzed at
15 frames/s to determine the velocities of the microrobots. The normalized
input current values were calculated using Eq. 1 with an acquisition rate of
1000 Hz, where I; to I3 are the target currents for each coil:

Lom =V +L+..+1 (1)

Hippocampal NSC culture and differentiation

All procedures for the care and use of laboratory animals were approved
by the Institutional Animal Care and Use Committee (no. 0014) at the
Daegu Gyeongbuk Institute of Science & Technology (DGIST; Daegu,
South Korea). NSCs were isolated from the hippocampus of 7-week-old
female Sprague-Dawley rats and cultured in chemically defined serum-
free media containing Dulbecco’s modified Eagle’s medium (DMEM)/
Ham’s F12 (catalog no. 12400-024; Invitrogen, Carlsbad, CA, USA) with
basic fibroblast growth factor (bFGF; 20 ug/ml) (catalog no. 100-18B;
PeproTech, Rocky Hill, NJ, USA), sodium bicarbonate (1.27 g/liter)
(S6014; Sigma- Aldrich, St. Louis, MO, USA), 1% penicillin/streptomycin
(SV30010; HyClone Laboratories Inc., Logan, UT, USA), and N2 sup-
plements [insulin (5 mg/liter), putrescin (16 mg/liter), transferrin
(100 mg/liter), 30 nM sodium selenite, and 20 nM progesterone; all
from Sigma-Aldrich] (53, 54). Stock solutions of each component were
prepared separately and later mixed and added to the DMEM/F12
medium.

Hippocampal NSCs were grown on plates coated with poly-L-
ornithine (PLO; 10 pg/ml; 3655; Sigma-Aldrich) for 8 hours and then
with laminin (5 pg/ml) (354232; BD Biosciences, San Jose, CA, USA)
overnight. For differentiation, hippocampal NSCs were grown with mi-
crorobots on sterilized glass substrates coated with PLO and laminin at
a density of ~1 x 10” cells/ml. Hippocampal NSCs were incubated for
24 hours in the culture medium, which was then replaced with the
differentiation medium for each lineage. The culture medium was
supplemented with (i) 1 pM retinoic acid (RA; BML-GR100-5000;
Enzo Life Sciences Inc., Farmingdale, NY, USA) and 5 uM forskolin
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(BML-CN100-0100; Enzo) for neurons; (ii) 1 pM RA, bFGF (2 ng/ml),
and 1% fetal bovine serum (FBS; SH30071.03HI, HyClone Laboratories
Inc.) for oligodendrocytes; and (iii) 1 uM RA and 5% FBS for astro-
cytes (3). Every 2 days, half of the differentiation medium was replaced
with fresh differentiation medium. The hippocampal NSCs were very
pure before the onset of differentiation. Homogeneous expression of
nestin (an NSC marker) by such cells can be seen in Fig. 2. We
calculated the proportions of differentiated astrocytes, oligodendro-
cytes, and neurons obtained in five separate experiments (fig. S31I).
Differentiation into each neural lineage was induced separately on dif-
ferent microrobots. Thus, the levels of differentiation into neurons were
obtained in experiments that did not evaluate differentiation into astro-

cytes or oligodendrocytes.

Immunostaining to immunocytochemistry

For immunostaining, the cells on the substrates with microrobots were
fixed in 4% paraformaldehyde for 10 min, permeabilized with 0.1%
Trton X-100 in antibody dilution buffer (003218; Invitrogen) for 10 min,
and incubated overnight with primary antibodies diluted in buffer. The
following day, cells were washed twice with PBS (Welgene, Gyeongsan,
South Korea), incubated for 1 hour with secondary antibodies, and
stained with Hoechst 33342 (H1399; Invitrogen) for 8 min to counter-
stain the cell nuclei. After three washes with PBS, the substrates were
mounted on cover glasses in mounting solution (§3023; Dako, Santa
Clara, CA, USA). The primary antibodies targeted nestin (catalog no.
27952; Abcam, Cambridge, UK), tubulin B-IIT (Tubb3; catalog no.
MABI1637; Millipore, Darmstadt, Germany), galactocerebroside (GalC;
catalog no. AB142; Millipore), and glial fibrillary acidic protein (GFAP;
catalog no. RA22101; Neuromics Inc., Minneapolis, MN, USA). The
secondary antibodies were anti-mouse (A11001; Invitrogen) or anti-
rabbit (A11034; Invitrogen) conjugated with Alexa Fluor 488. The images
were taken with a confocal microscope (Zeiss LSM 780; Carl Zeiss,
Oberkochen, Germany) using a 63x/1.0 oil objective equipped with a
multi-argon laser [Alexa Fluor 488, excitation (Ex.) at 488 nm and emis-
sion (Em.) at 525 nm; and Hoechst 33342, Ex. 405 nm and Em. 458 nm)].
For SEM images, the substrates with microrobots were fixed in 4% para-
formaldehyde for 10 min at room temperature after washing with ster-
ilized DI water. The 3D distribution of the cells on the helical and
spherical microrobots is shown in fig. S3. The images were reconstructed
from fluorescence z-stack images. Three-dimensional graphics of the dif-
ferentiation process are shown in movie S2.

Cell counting

The number of cells on each microrobot was counted using Image]
software (fig. $4, A to D). NSCs grown on helical and spherical micro-
robots were counted after 24 and 72 hours of culture (fig. S4A) and
again after differentiation (fig. $4, B to D). We normalized the number
of cells on microrobots by dividing the cell number by the microrobot
surface area (Fig. 2). We used both helical and spherical microrobots for
cell culture; two independent differentiation experiments were per-
formed, each of which featured one helical and one spherical micro-
robot. Variabilities between the numbers of cells present within the
same surface area were recorded. After proliferation for 24 hours,
twice as many cells were present on the helical microrobots com-
pared with the number of cells on the spherical microrobots. These
data suggest that more cells attached to the helical microrobot than
to the spherical type due to the larger surface area. However, each
microrobot had different characteristics that may have uses for dif-
ferent applications.
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Magnetic manipulation of the microrobots with
hippocampal NSCs

The helical and spherical microrobots were manipulated using the
magnetic manipulator after culturing with cells. The hippocampal NSCs
were cultured on the surface of the microrobots following the same
protocol as on a cell culture plate. Movie S3 shows the manipulation
results for cell-cultured microrobots in the PBS solution. The movement
of the helical microrobots changed from a corkscrew motion without cells
to a tumbling motion with a decreased velocity with cells. The movement
of the spherical microrobots was almost the same after cell culture as it
was before cell culture.

Targeted HCT116 cell delivery using a microrobot in a BoC
First, the BoC microfluidic platform was fabricated using a conventional
soft lithography process. An SU-8 master mold was made on a 6-inch
silicon wafer using standard photolithography techniques. The master
mold contained relief patterns for microfluidic channels for media per-
fusion and chambers for MT culturing. Then, PDMS was prepared by
mixing the base with its curing agent (10:1). The mixture was poured on
the SU-8 master mold, cured at 65°C for 4 hours, and peeled from the
master mold. The PDMS channels were bonded with 1-mm-thick
PDMS substrate to form enclosed microfluidic channels.

Second, liver MT and tumor MT were prepared using human hep-
atoma (HepG2) and HCT116 cells, respectively. Cultures of both cells
were purchased from the Korean Cell Line Bank in South Korea. For
both HepG2 and HCT116, 300 cells were seeded with 100 ul of media in
a U-bottom 96-well plate (Thermo Fisher Scientific, Waltham, MA,
USA). The cell culture medium, RPMI 1640 (Thermo Fisher Scientific),
was mixed with 10% FBS, penicillin (100 g/ml), and streptomycin
(10 g/ml). After incubation for 4 days at 37°C, 5% CO,, and >80%
humidity, the cells aggregated by themselves in the wells, forming
spherical MTs of HepG2 and HCT116 cells with diameters of about
200 and 250 pum, respectively. Four HepG2 MTs and one HCT116 MT
were placed into the BoC platform as representative liver and tumor
microorgan models, respectively. They were physically separated by
microchambers, but fluidically interconnected via a microfluidic
channel, creating the in vitro liver-tumor network.

Third, an HCT116 cell suspension was prepared with a concentra-
tion of 50 cells/ml, and 200 pl of the suspension (containing about
10 cells) was added with a single microrobot to each well of a U-bottom
micro 96-well plate. All of the cells gathered in the center of the
U-bottom and then attached to the microrobot owing to gravity and
the antiadhesion coating on the surface of the U-bottom substrate.
After culturing in a cell culture incubator for 3 days, HCT116 cells
successfully adhered onto the microrobot, as shown in fig. S5A. Cell
viability was assessed by green fluorescent imaging induced by Calcein
AM fluorescent dye. Live cell staining was observed, which indicated
that the cells were viable even after being loaded onto the microrobot.
The cells were stained with the LIVE/DEAD Cell Imaging Kit (product
no. R37601, Thermo Fisher Scientific, USA), which distinguishes
live cells according to the presence of ubiquitous intracellular esterase
activity, as determined by the enzymatic conversion of the nearly non-
fluorescent cell-permeant Calcein AM to the intensely fluorescent
calcein, which is well retained within live cells. The red dye only enters
cells with damaged membranes and then fluoresces brightly on binding
to DNA. Green fluorescence was measured using Ex./Em. 488-nm/515-nm
filters, and red fluorescence was measured with Ex./Em. 570-nm/
602-nm filters. One milliliter of the kit solution (a mixture of the
green and red fluorescent dyes) was added with an equal volume of
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cell culture medium into wells containing the HCT116 cells loaded
on the microrobot, and then the cultures were incubated for 15 min
at room temperature. The stained HCT116 cells were imaged using an
inverted microscope (Observer Z1; Carl Zeiss, Oberkochen, Germany)
with a 40x objective lens with bright-field, green fluorescence, and red
fluorescence filters.

Fourth, the HCT116 cell-loaded microrobot was manipulated
using an external rotating magnetic field generated from the magnetic
manipulator. The microrobot swam with a corkscrew motion in the
microfluidic channel, passing by nontargeted microorgans (liver MTs),
and successfully reached the targeted tumor MT (see fig. S5B and movie
$4). Upon reaching the tumor MT, the HCT116 cells were still firmly
adhered onto the microrobot and exhibited green fluorescence, indicat-
ing that no notable reduction in cell viability occurred during the trans-
portation of the cells to the targeted tumor MT.

Next, the microrobot and MTs were cultured in the BoC under
media perfusion (1 pl/min) for about 42 hours. As depicted in movie S5,
the HCT116 cells on the microrobot aggregated onto the targeted tumor
MT and grew without a notable decrease in viability. The liver M Ts also
appeared to maintain viability. The MTs and microrobot were
monitored using time-lapse imaging with 15-min intervals using the
same inverted microscope in bright-field mode (movie S5).

In fig. S6A, the cell viability assay was carried out to show how the
cells attached to the microrobot were affected during manipulation and
delivery. We seeded the cells (10 cells/200 pl) with the microrobot onto
the U-bottom microwell, cultured the HCT116 cells to attach onto the
microrobot for 3 days, and then stained the cells with the LIVE/DEAD
Cell Imaging Kit (product no. R37601, Thermo Fisher Scientific, USA).
The live/dead cell viability assay was conducted according to the
manufacturer’s instructions. Green fluorescence was measured with
Ex./Em. 488-nm/515-nm filters, and red fluorescence was measured
with Ex./Em. 570-nm/602-nm filters. The microrobots with attached
cells were driven by a rotating magnetic field at 10 mT and 10 Hz for
5 min. Red autofluorescence was observed, caused by nonspecific
staining of the red fluorescent dye on the exposed microrobot polymer
that was not successfully covered by the outermost Ti layer, as depicted
in fig. S6A (iii). Because the sputtered Ni and Ti thin film were deposited
in 2D, normally from the metal source on the top onto the sample, the
entire surface of the 3D microrobot structures could not be perfectly
coated, resulting in a few uncovered regions, such as the contact area
between the 3D microrobots and the substrate. Therefore, the red flu-
orescence in the live/dead assay is not fluorescence emitted from dead
cells, but the autofluorescence of the microrobot.

The ATP assay was performed to confirm more clearly whether
the manipulation of the microrobot affects the attached cells on the
microrobot, as shown in fig. S6B. The assay was performed using
the CellTiter-Glo 3D kit (Promega, Madison, WI, USA) according to
the manufacturer’s protocol. The method of coculturing the microrobot
and the cells was the same as described above, and only cells (without a
microrobot) were seeded on the U-bottom micro 96-well plate in the
control group. After incubating for 3 days to allow for cell aggregation
on the microrobot, the microrobot was manipulated by a rotating
magnetic field at 10 mT and 10 Hz for 5 min, and then the ATP assay
was conducted.

Cells were fixed with 4% paraformaldehyde for 30 min at room tem-
perature and then washed twice with PBS. Permeabilization was done
for 30 min with 1% Triton X-100 in PBS. Blocking of the antibodies’
nonspecific binding was done by incubating the cells for 30 min at room
temperature in 3% bovine serum albumin (BSA; Sigma-Aldrich,
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St. Louis, MO, USA) in PBS. After 1 hour incubation with Alexa
Fluor 488 phalloidin (Molecular Probes/Invitrogen) at a 1:40 dilution in
1% BSA in PBS (25 ul/ml), the wells were washed three times using PBS.
Then, cells were incubated for 5 min in DAPI (1 pg/ml) in PBS for
nuclei counterstaining and washed three times using PBS.

All statistical analysis was conducted by GraphPad Prism computer
software (GraphPad Software Inc., San Diego, CA, USA). Two-tailed
unpaired f test was used to determine statistical significance. P values
higher than 0.05 were considered as not statistically significant. In this
experiment result, the P value was 0.7910. Error bars in fig. S6B indicate
standard deviation from five samples.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/4/30/eaav4317/DC1

Fig. S1. The velocities of microrobots under external magnetic fields with various rotating
frequencies.

Fig. S2. Manipulation of the helical microrobot in a horizontal microfluidic channel and the
spherical microrobot in a vertical microfluidic channel.

Fig. S3. Three-dimensional images of hippocampal NSCs distributed on helical and spherical
microrobots.

Fig. S4. The number of proliferated stem cells on the microrobots and the numbers of cells on
the microrobots after differentiation into astrocytes, oligodendrocytes, and neurons.

Fig. S5. Targeted HCT116 cell delivery and transplantation using a microrobot in BoC.

Fig. S6. Fluorescence imaging of the cells attached to the microrobot, ATP content in the cells
for quantitative analysis of the cell viability of the treatment group, and reconstructed
confocal image of the immunofluorescence staining of the HCT116 cells attached to the
helical microrobot.

Fig. S7. The process of hanging drop cell culture with a spherical microrobot.

Fig. S8. Measured magnetic field intensity and gradient used for the in vivo experiment.
Table S1. Design parameters for each microrobot.

Movie S1. Magnetic manipulation of the helical and spherical microrobots using a rotating
magnetic field.

Movie S2. Three-dimensional animation of the confocal microscopic images of the
differentiation of astrocytes, oligodendrocytes, and neurons on the helical and spherical
microrobots.

Movie S3. Magnetic manipulation of the helical and spherical microrobots after hippocampal
NSC attachment.

Movie S4. Targeted cell delivery in in vitro microorgan network using a magnetically actuated
microrobot.

Movie S5. Microtissue cultivation after targeted cell delivery using a microrobot in the BoC.
Movie S6. Manipulation of the helical and spherical microrobots in a rat brain blood vessel for
an ex vivo test.

Movie S7. Manipulation of the helical and spherical microrobots in a ventricle of a sagittal
brain slice to mimic an in vivo environment.

Movie S8. Magnetic manipulation of the spherical microrobot with attached hTMSCs.
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