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MEDICAL ROBOTS

Human adipose-derived mesenchymal stem cell-based
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Targeted cell delivery by a magnetically actuated microrobot with a porous structure is a promising technique
to enhance the low targeting efficiency of mesenchymal stem cell (MSC) in tissue regeneration. However, the
relevant research performed to date is only in its proof-of-concept stage. To use the microrobot in a clinical stage,
biocompatibility and biodegradation materials should be considered in the microrobot, and its efficacy needs
to be verified using an in vivo model. In this study, we propose a human adipose-derived MSC-based medical
microrobot system for knee cartilage regeneration and present an in vivo trial to verify the efficacy of the micro-
robot using the cartilage defect model. The microrobot system consists of a microrobot body capable of supporting
MSCs, an electromagnetic actuation system for three-dimensional targeting of the microrobot, and a magnet for
fixation of the microrobot to the damaged cartilage. Each component was designed and fabricated considering
the accessibility of the patient and medical staff, as well as clinical safety. The efficacy of the microrobot system
was then assessed in the cartilage defect model of rabbit knee with the aim to obtain clinical trial approval.

INTRODUCTION

In recent years, cell-based therapy for cartilage repair has made
technological advances to fabricate commercial products and become
a promising treatment with artificial joint transplant and marrow
stimulation technique (1-3). In particular, there is considerable in-
terest in the application of mesenchymal stem cells (MSCs) with
multilineage differentiation potential among cells used in cartilage
regeneration (4, 5). MSCs can induce peripheral tolerance and migrate
to injured tissues, preventing arthritis by relieving inflammation and
treating joint cartilage through chondrogenic differentiation to avoid
or delay joint replacement surgery (2). Knee cartilage regeneration
with MSCs is accomplished through intra-articular injection or scaffold
implantation into the defect (6-8). MSC-based medicine has already
demonstrated notable cartilage regeneration in many case studies
(8, 9). However, because of low targeting efficiency of MSCs, the
current MSC-based therapy requires a large amount of cells for
intra-articular injection or invasive surgery for scaffold implantation
above the millimeter size.

To improve the lack of targeting efficiency for the present MSC-
based therapy, some research groups suggested a magnetically actuated
microrobot for targeted MSC delivery (10-14). The microrobot not
only supports the MSC through a porous structure but also precisely
delivers MSCs to the defect site by untethered motion using an elec-
tromagnetic actuation (EMA) system consisting of multiple electro-
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magnetic coils. Furthermore, the small microrobot size helps avoid
invasive surgery through a needle-based injection (15). Although these
microrobots have demonstrated their biocompatibility, cell-carrying
capacity, and cell transport in vitro or in simple in vivo environments,
the following two crucial requirements should be further considered
to approach the clinical stage: (i) Clinically safe materials, such as U.S.
Food and Drug Administration (FDA)-approved biocompatible and
biodegradable materials, should be used. Current microrobots are
composed of nondegradable materials or materials whose clinical
safety has not been fully verified. If the microrobot is not released
ex vivo or metabolized by the body, such materials may accumulate
in the organ and cause chronic inflammatory responses (16). For
example, a magnetic microrobot, which consists of SU-8 micro-
structure using three-dimensional (3D) laser lithography, Ni for
magnetic actuation, and Ti for biocompatibility, was proposed for
MSC transport (10, 11). Although the microrobot serves magnetic
drive and biocompatibility, its materials are not biodegradable and
remain permanently in the body. (ii) The targeting and regeneration
effects of microrobots using the in vivo model of appropriated
disease should be fully verified considering the complete clinical
environment, such as medical staff, patients, and imaging devices.
Recent studies of the MSC-based therapy using the EMA system
demonstrated the feasibility of cartilage regeneration not only in vitro
but also in vivo as a proof of concept. However, the EMA systems
developed to date exist only as laboratory-scale experiments that do
not take into account access to the patients, medical staff, and imaging
devices. Moreover, the targeting test or therapeutic effect evaluation
of microrobots is now limited to the in vitro or ex vivo test using a
microscope or a camera because of the coil configuration and small
workspace of the EMA system, which does not consider the in vivo
environment. As a further issue, recent microrobot studies have fo-
cused on microrobot fabrication and magnetic targeting using the
EMA system. However, without magnetic fixation, these microrobots
can break off from the defect area because of the loose connection
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between MSCs on the microrobot and tissue of target lesion. Thus,
after targeting of the microrobots using the EMA system, they must
remain in the defect area for effective MSC delivery. Unfortunately,
because of large volume and high power consumption of the EMA
system, not only it is difficult to continuously generate magnetic
fields but also this limits the movement of the patient. Therefore, to
stably position microrobots in the defect area, a magnetic holding
device arranged according to the position of the target lesion is
needed. As a result, some drawbacks that do not account for such
in vivo procedures slow the entry of microrobot systems into in vivo
tests for cell-based therapies.

In our previous study, we demonstrated a proof of concept for a
magnetic microrobot with the capability of targeted MSC delivery
for articular cartilage regeneration (14). The microrobot, which was
composed of a poly(lactic-co-glycolic acid) (PLGA) microscaffold
containing polyethyleneimine (PEI)-coated magnetic nanoparticles
(MNPs), has been known to disappear within a few weeks through
hydrolysis of PLGA, but its degradation was not verified in the
previous work. Also, the PEI-coated MNPs are not biodegradable
and cause cell death and inhibition of cell (17). Although the bio-
compatibility of microrobot was verified, the PEI-coated MNPs
remaining after the degradation of PLGA can affect surrounding
cells and tissues. As a result, the PEI requires copolymerization with
other monomers to facilitate its degradation (17). Therefore, the use
of MNPs coated with noncytotoxic agents or verified in vivo is
needed to proceed to the clinical stage of the microrobot. Next, for
magnetic actuation of microrobot in 3D space, the EMA system,
which is composed of eight electromagnetic coils, was introduced.
The coil configuration of this EMA system has a radial structure
such that eight coils are encircled in all directions. Although the
motion of the microrobot can be observed in real time through a
camera or microscope coupled with the EMA system, the EMA
system was not compatible with the current medical imaging devices,
such as an x-ray imaging device and an arthroscope, because it was
not designed for in vivo applications. Therefore, the microrobot
targeting test was limited on the knee joint phantom with small scale.
In addition to the microrobot and the EMA system, conditions after
targeting of the microrobot—such as stable fixation of microrobot
in the target lesion, microrobot degradation, and cell survival—were
not included in design, fabrication, and verification of the microrobot
system. Thus, our previous study lacked understanding of cartilage
regeneration and experimental preparation to validate the in vivo
therapeutic effects of the microrobot system.

In this study, we propose a human adipose-derived MSC
(hADMSC)-based medical microrobot system for knee cartilage
regeneration and an in vivo trial to verify the efficacy of the micro-
robot using the cartilage defect model with consideration of clinical
trial approval. This microrobot system can realize targeted MSC
delivery containing minimally invasive procedures by needle-based
injection, targeting, and fixation of the microrobot. As shown in
Fig. 1, the microrobot system consists of (i) a magnetic microrobot
for cell loading, (ii) an EMA system for targeted MSC transport of
the microrobot, and (iii) a magnet for fixation of the microrobot
according to clinical treatment procedures. The microrobot was
prepared by adsorbing a magnetic microcluster on the surface of the
PLGA microscaffold (step 1 in Fig. 1). A 3D porous microstructure
of the microrobot supports the hADMSC, and it is injected into
the joint cavity. Moreover, the magnetic microcluster, which was
formed by the ionic charge interaction on the surface of the micro-
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robot between ferumoxytol (Feraheme) and chitosan with negative
and positive ionic charges, respectively, provides the magnetic actu-
ation capability of the microrobot. Here, the ferumoxytol is a super-
paramagnetic iron oxide nanomedicine approved by the FDA as
polyglucose sorbitol carboxymethyether—coated MNPs (18, 19), and
chitosan as a natural multifunctional polysaccharide is a repre-
sentative cationic polymer that is biocompatible and degradable
(20, 21). The microrobot adsorbed by magnetic microclusters has
stronger magnetic properties than the one of a previous study (14),
and its degradation and viability, proliferation, and chondrogenic
differentiation of hADMSC are ensured. To target the hADMSC-
loaded microrobot (hADMSC-microrobot), an EMA system com-
prising six electromagnetic coils enables manipulation of the microrobot
in 3D space (step 2 in Fig. 1). Furthermore, the coil configuration of the
EMA system, which is designed for the minimum degrees of freedom
(DOF) of the microrobot in vivo, allows access to the patient’s knee,
operator, arthroscope, and microrobot injection tool during an in vivo
targeting procedure. In addition to targeting device of the microrobot,
a single magnet was introduced to immobilize hADMSC-microrobots
located at the defect after their targeting (step 3 in Fig. 1). The size
and position of the magnet were optimized according to the location
of the cartilage defect, and the magnetic field strength required micro-
robot delivery. Despite the externally applied force, secure fixation
of the microrobots can be achieved using a strong magnetic field
generated from the magnet. To verify the availability of the micro-
robot in an in vivo model, we prepared the microrobot-mediated
MSC delivery system for the knee cartilage of small mammals. Re-
sultantly, in vivo rabbit knee cartilage regeneration using this micro-
robot system could be demonstrated through the cell culture on the
microrobot, cell delivery using the targeting device, and secure im-
mobilization of cells using the fixation device. Synergistic effects
between the microrobot, targeting, and fixation devices enhance
the delivery of stem cell-based medicine and serve treatment capa-
bilities that respond to the high targeting efficiency of stem cells.

RESULTS

Fabrication and characterization of the microrobot

The microrobot was fabricated by sequential formation of the PLGA
microscaffold and the adsorption of a magnetic microcluster on its
surface (step 1 in Fig. 1; see sections S1 and S2). First, the PLGA
microscaffold was formed through a water-in-oil-in-water (w-o-w)
emulsion-based gelatin leaching (14). As described in our previous
study, the size and pore size of the PLGA microscaffold are deter-
mined by the injection rate of gelatin-in-PLGA (w-o) solution and
the volume of the gelatin solution. The PLGA microscaffold has
a spherical porous structure, which promotes cell penetration and
nutrient exchange (fig. S1).

Subsequently, ferumoxytol, verified as safe in clinical applications
by the FDA, was used in MNPs to provide magnetic actuation capa-
bility to the PLGA microscaffold. The small size (30 nm) (18, 19)
and high negative ionic charge of ferumoxytol provide high colloidal
stability and safety for large-body doses; however, the limited surface
area and strong negative ionic charge of the PLGA microscaffold
interfere with the adsorption of ferumoxytol on its surface. Thus,
biocompatible and biodegradable chitosan as a cationic polymer was
used for the formation of magnetic microclusters [step 1 (i) in Fig. 1]
to induce aggregation of MNPs for size increase and ionic charge
change. The scanning electron microscopy (SEM) image of the
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Fig. 1. Concept overview of knee cartilage regeneration procedures using magnetic microrobot-mediated MSC delivery system. The magnetic microrobot
containing MSCs was prepared through a sequential process by adsorption of magnetic microclusters on the PLGA microscaffold and MSCs loading (step 1). The prepared
MSC-loaded microrobots were delivered to cartilage defect using EMA system (step 2). After the targeted delivery procedure, the microrobots are immobilized to the

defect using a permanent magnet (step 3).

magnetic microcluster shows magnetic aggregates formed by the
ionic interaction between chitosan and ferumoxytol (Fig. 2A). The
magnetic microcluster has an average size of 1.48 pm (Fig. 2B)
and a weaker negative ionic charge (-13.17 mV) than ferumoxytol
(=37.27 mV) (Fig. 2C). These results imply that the structural and
surface properties of ferumoxytol were modified through the elec-
trostatic interaction with chitosan.

As a final step in the fabrication of the microrobot, the prepared
magnetic microcluster was adsorbed on the PLGA microscaffold
[step 1 (ii) in Fig. 1]. The adsorption between these two substances
is caused by the electrostatic interaction between the strong positive
ionic charge of the chitosan of the magnetic microcluster and the
negative ionic charge of the PLGA microscaffold (21). Moreover,
other molecular interactions—such as hydrogen bonds, hydrophobic
interactions, and van der Waals forces—aid the adsorption of mag-
netic microclusters on the PLGA microscaffold (16). In the SEM
images (Fig. 2D), the microrobot exhibits little changes in size
and pore compared with the PLGA microscaffold, regardless of the
magnetic microcluster attachment. Energy-dispersive x-ray (EDX)
spectrometry revealed the presence of the magnetic microcluster in
the microrobot as C, O, and Fe signals were detected (Fig. 2E). Also,
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the overall scaffold and pore sizes of the microrobot measured by
SEM images are 357.55 * 18.57 um and 43.85 + 13.39 um, respec-
tively (Fig. 2F). The structural property of the microrobot satisfies
the range of 100 to 500 um and a pore size above 20 um, which are
conditions of the microscaffold to function as a cell carrier (15).
The chemical composition of the microrobot was analyzed by
its infrared (IR) absorption band and thermal stability. Figure 2G
shows the Fourier transform IR (FTIR) spectra for the microrobot
and its constituent materials. The microrobot has major IR absorption
bands of the magnetic microcluster and the PLGA microscaffold.
Specifically, the CONH, absorption band near 1650 cm™" indicates
the presence of chitosan as a constituent of the magnetic microcluster
(22). C—O—C stretching at 1650 cm™'; C—O stretching between
1180 and 1085 cm™; and CH, CH,, and CH; stretching vibrations
between 2990 and 2850 cm ™' overlap with the chemical structure of
the PLGA microscaffold (23). Furthermore, the peak near 630 and
550 cm ™! of the microrobot indicates the presence of y-Fe;03 (24).
Similar peaks were also observed in ferumoxytol and the magnetic
microcluster, confirming that ferumoxytol was composed of an iron
oxide core of y-Fe,03. Next, the thermal stability of the microrobot
was investigated using thermogravimetric analysis (TGA) with the
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observed in phosphate-buffered saline
(PBS) containing lysozyme after 33 days
by observation through an optical micro-
scope and an SEM (Fig. 2, I and J). The
concentration of lysozyme was deter-
mined to be 120 ug ml™' based on the
synovial fluid at the knee joint with

PLGA microscaffold and magnetic microcluster (Fig. 2H). The weight
of the PLGA microscaffold and magnetic microcluster decreases
with increasing temperature, and this weight loss occurs rapidly at
250° to 400°C. At 600°C, the PLGA microscaffold is almost degraded,
whereas the magnetic microcluster remains at 69% due to the de-
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05 0 05 4 osteoarthritis (29). The shape of the micro-

Magnetic flux (T) robot was maintained on day 29 as com-

pared with day 1, but its diameter was

increased by about 5.84%. This phenom-

enon is caused by frequent PLGA swelling during degradation (30).

On day 33, the microrobot shape collapsed because of significant

degradation, and its residues were present in the lysozyme solution.

Hence, the diameter of the microrobot decreased by about 14.45%
during the incubation period.
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Before the active targeting and fixation experiments of the micro-
robot, its magnetic properties were investigated under an external
magnetic field through a magnetic actuation test and a magnetization
curve. Figure 21 shows the magnetic actuation of microrobots using
a permanent magnet. The microrobots located in the vial filled with
PBS in the initial (i) and physical shaking (ii) conditions were either
submerged on the floor or spread in the liquid. In contrast, when
the magnet approached the microrobots, the microrobots moved
quickly to the source of the external magnetic field (iii). Through
the magnetic response of the microrobot by the magnet, we were
able to predict the intensity and direction control of the magnetic
field for precise targeting and secure fixation of the microrobot.
Subsequently, the magnetic properties of the microrobot were quan-
titatively evaluated using a magnetization curve. As shown in Fig. 2],
the saturated magnetization of the magnetic microcluster decreased
compared with ferumoxytol because of the binding between chitosan
and ferumoxytol, in which the saturated magnetization of the micro-
robot is 16.01 electromagnetic unit (emu) gfl. On the basis of these
saturated magnetization values, the weight percentage of chitosan
and ferumoxytol in the magnetic microcluster could be estimated to
about 9.11 weight % (wt %) and 27.15 wt %, respectively. The satu-
rated magnetization of the proposed microrobot is two times higher
than the microrobot (8.09 emu gfl) in our previous study (14). This
difference in saturated magnetization means that the microsized
magnetic aggregates are more adsorbed on the PLGA microscaffold
than on the MNPs. Therefore, the driving force of the proposed micro-
robot under the same magnetic field strength is stronger than the one
in our previous study. Moreover, the microrobot with the higher
driving force can lead to the miniaturization of targeting and fixa-
tion devices.

hADMSC proliferation, adhesion, and differentiation

in the microrobot in vitro

To investigate the effect of chitosan used for binding of ferumoxytol,
which is one of the constituent materials of microrobots, we evaluated
cell viability for cytotoxicity according to the treatment of ferumoxytol
and the magnetic microcluster (ferumoxytol combined with chitosan).
Ferumoxytol was reduced to 91% of the concentration of the control
group at 32 to 64 ug ml™'; however, the microcluster did not exhibit
a significant decrease (Fig. 3A). The microrobot was fabricated using
a microcluster in a concentration range that does not exhibit cyto-
toxicity, and the viability of the prepared hADMSC-microrobot
[step 1 (iii) in Fig. 1] was evaluated. A cell spheroid was used as the
control for evaluation, and cell viability was analyzed. There was no
significant difference in cell viability between the PLGA microscaffold
and microrobot compared with the control group (Fig. 3B). To de-
termine the optimal loading condition of the microrobot according
to the change of hADMSC loading time, we measured the efficiency
of cell loading for 2 to 24 hours. As shown in Fig. 3C, the highest
cell-loading efficiency was observed at 24 hours; however, no differ-
ence was observed at 2, 4, 6, and 12 hours, meaning that the micro-
robot can be applied through short-term loading. To confirm whether
the microrobot was suitable for cell growth, we measured cell adhesion
and proliferation rates by fluorescence staining and proliferation assay
after cell loading on the microrobot, respectively. When the hAADMSCs
were incubated in the fabricated microrobot for 24 hours, it was con-
firmed that the loaded cells adhered harmoniously to the microrobot
(Fig. 3D) and proliferated continuously until 16 days (Fig. 3E). Fur-
thermore, there was no difference in cell proliferation between the
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two groups of the PLGA microscaffold and microrobot (Fig. 3E).
This indicates that the microrobot fabricated under the prescribed
conditions does not affect cytotoxicity and proliferation, and it is a
suitable environment for cell growth.

To confirm that microrobot is suitable for cartilage regeneration,
we cultured the hADMSC-microrobot for 21 days in chondrogenic
differentiation induction medium. Subsequently, Alcian blue staining
of the cartilage aggrecan (AGG) and expression of type II collagen
(COLII) were used to evaluate differentiation potency. Consequently,
it was confirmed that AGG and COLII were expressed on the micro-
robot exterior and interior (Fig. 3F and fig. S2). This implies that the
hADMSC-microrobot successfully differentiates into chondrocytes
and is suitable as a remedy for damaged cartilage regeneration.
In addition, hADMSCs (undifferentiated cells), hAADMSC spheroid,
hADMSC-loaded PLGA (hADMSC-PLGA) microscaffold, and
hADMSC-microrobot were evaluated for their ability to differentiate
through comparison with cartilage-specific gene expression after dif-
ferentiation into chondrocytes. The expression of cartilage-specific
genes such as Sry-box 9 (SOX9), COLII, and AGG continuously in-
creased with an induction period of cartilage differentiation for 7,
14, and 21 days. However, no significant difference in expres-
sion was observed between the three groups including hADMSC
spheroid, hADMSC-PLGA microscaffold, and hADMSC-microrobot
(Fig. 3G and fig. S3), indicating that the microrobot does not affect
MSC differentiation.

Design and performance of the EMA system for

microrobot targeting

A single electromagnetic coil or magnet can be applied to the micro-
robot targeting for knee cartilage repair. For example, defects located
on the patellar articular surface can easily deliver MSC-loaded
microrobots by placing a single magnetic source on the kneecap that
generates magnetic forces in a direction perpendicular to the patella.
However, the single magnetic source has difficulty delivering the
microrobot to the medial and lateral condyle of the knee cartilage,
an important defect site, because of limited accessibility of the device
to the patient’s knee. The limitation of microrobot targeting using
this single magnetic source has been verified in the phantom consider-
ing the defect model of the patella (31, 32) and medial condyle (33) of
the rabbit knee joint (figs. S4 and S5 and movie S1). In the phantom
mimicking the patella defect model, the magnet delivered the micro-
robot to the defect with a high targeting efficiency of 99.5 + 1.45%,
whereas the magnet showed a low microrobot targeting efficiency
0f60.71 + 18.39% in the medial condyle defect model. In particular,
in the medial condyle defect model, the magnet’s targeting efficiency
is lower than only microrobot injection without magnet (76.0 £ 10.2%),
and the microrobots in the defect are clustered in the direction of
the magnet. These results indicate that the targeting accuracy of the
microrobot is related to the direction of the magnetic field and the
magnetic force formed by the defect. Therefore, the single magnet
has alimitation in accurately delivering the microrobot in the defect
of the medial condyle except for the patella.

On the other hand, the EMA system composed of multiple elec-
tromagnetic coils can generate a magnetic field in a desired direc-
tion of 3D space. Therefore, in this study, we introduced this EMA
system as a microrobot targeting device for knee cartilage regenera-
tion (step 2 in Fig. 1). The number and the arrangement of the elec-
tromagnetic coils of the EMA system were designed considering the
manipulation area of the microrobot, the DOF according to the shape
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Fig. 3. Microrobots do not affect differentiation potency and provide a suitable environment for cell growth. (A) Evaluation of cytotoxicity after ferumoxytol
(0to 64 ug mi™") and magnetic microcluster treatment for 24 hours (n = 3; *P < 0.05, Student’s t test). (B) Evaluation of cytotoxicity after cell culture in PLGA microscaffold
and microrobot for 24 hours (n = 4). (C) Number of cells attached to the microrobot according to the incubation time after seeding 5000 cells into each microrobot.
(D) Confocal images of hAADMSC-microrobot, in which MSCs were incubated in the microrobot for 24 hours. Red and blue represent cytoplasmic and nuclear staining,
respectively. (E) hADMSC proliferation in microrobot and PLGA-microscaffold for 1 to 22 days (n = 3). (F) Image of differentiated hADMSC-microrobot after culturing
for 21 days in chondrogenic differentiation medium. Red and blue depict the expression of COLII and the nuclei, respectively. (G) Expression of cartilage-specific

genes after 21 days (n = 3; *P < 0.05 and **P < 0.01, Student’s t test).

of the microrobot, and the in vivo situation including the approach
to the patient’s knee, medical staff, and imaging devices. On the
basis of the design parameters of the EMA system, the optimal coil
configuration was obtained from an optimization routine, which
forms all coil configurations and analyzes the workspace performance
of each coil configuration. The optimal coil placement for knee
cartilage regeneration is described in detail in the Supplementary
Materials. Using the chosen coil configuration, the EMA system,
which consists of six coils and a frame supporting them, was fab-
ricated as shown in Fig. 4A and fig. S6. Imaging devices such as a
camera, an optical microscope, and an arthroscope can be used with
the EMA system. Detailed parameters of the EMA system are pre-
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sented in tables S1 and S2. Before the magnetic manipulation test of
the microrobot, the EMA system was characterized and calibrated
through numerical simulation and measurement of the magnetic
fields generated from the EMA system and a propulsion angle accu-
racy test of the magnetic object (see sections S4 and S5). Resultantly,
the EMA system can simultaneously generate magnetic fields and
gradients up to 80 mT and 1.2 T m™ within 20 mm of the spherical
workspace.

The mobility of the microrobot was evaluated according to mag-
netic fields, viscosity of a fluid, and cell loading. Figure 4B shows
that the velocity of the microrobot in PBS increases proportionally
by changing magnetic fields (10 to 40 mT, in increments of 10 mT)
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and the gradient (0.15 to 0.60 T m~}, in increments of 0.15 T m™?),
where the PBS is filled by an arthroscope system before surgery to
ensure visualization and removal of debris. The mobility of the micro-
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robot is caused by the linear change of
its magnetization under the magnetic
field and the gradient range generated
from the EMA system. Although PBS
replaces the synovial fluid known to have
high viscosity through the arthroscopic
system, residual synovial fluid may af-
fect the movement of the microrobot.
Thus, we measured the velocity of the
microrobot in glycerol solutions [50, 60,
70, 75, and 80% (v/v)] with different
viscosity values (6.63, 12.97, 25.07, 38.83,
and 62.30 cP). The viscosity of these
glycerol solutions is similar to that of
inflamed synovial fluid with a viscosity
of 20 cP or higher (34, 35). As shown in
fig. S7, under a constant magnetic field
(30 mT) and gradient (0.60 T m™Y), the
velocity of the microrobot decreased with
increasing glycerol concentration. The
result indicates that the magnetic driving
of the microrobot is greatly affected by
the viscosity of the fluid. Furthermore,
the mobility change by hADMSC loading
on the microrobot was observed in PBS
under a constant magnetic field (30 mT)
and gradient (0.60 T m™) (Fig. 4C).
The average velocity of the hADMSC-
microrobot is 2.88 mm s, which is
slightly slower than before cell loading
(average, 3.01 mm s71). The difference of
velocity is less than ~4.4%, and it is caused
by cell weight and the release of the
magnetic microcluster loosely attached
to the microrobot during the cell culture.

On the basis of the magnetic driving
performance of the microrobot, the 3D
manipulation of the microrobots was
tested in a knee joint phantom with a
defect in the medial condyle (movie S2).
The swarm motion of the microrobots
showed fast and precise targeting. How-
ever, in the clinical test, it is not easy to
move hundreds to thousands of micro-
robots injected through a needle with
narrow diameter simultaneously to the
defect in a small joint space. Therefore,
for practical targeting of the microrobot
in the knee joint cavity, the needle is lo-
cated close to the defect, and the micro-
robots injected through this needle move
directly to the defect along the magnetic
field generated by the EMA system. To
verify the targeting technique, the 3D
targeting test of microrobots was con-
ducted in different phantoms with a hole

at five points (A, B, C, D, and E) (Fig. 4D and movie S3). One hun-
dred microrobots were injected near the defect through a 16-gauge
catheter needle and guided to each hole using the magnetic field
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control of the EMA system. In the case without magnetic targeting,
microrobots were positioned at holes A, B, and C by gravity, and
the average targeting efficiency at each hole was 76, 29, and 1.5%,
respectively (Fig. 4E). Despite the effect of gravity, the low targeting
effect is attributed by fluid vortex formation upon microrobot in-
jection. The fluid flow formed in the hole and surroundings of the
microrobot injection was confirmed by numerical simulation (fig.
S8). As a result, the fluid flow by microrobot injection hits the wall
of the hole and is directed out of the defect. These simulation results
explain the phenomenon of low targeting efficiency when micro-
robots are injected as defects without the aid of magnetic fields. It was
challenging to move the microrobot, which must overcome gravity,
to holes D and E; hence, the microrobots sank to the bottom simul-
taneously with the injection. In contrast, when magnetic targeting
using the EMA system was applied, at least 80% of the microrobots
were located at the defect (Fig. 4E). The targeting error is caused by
manual manipulation of the catheter needle position and the micro-
robot injection rate by the operator. Despite this target error, we
found that the magnetic guidance of the microrobot by the EMA
system showed a marked increase of targeting efficiency in comparison
with the microrobot injection by itself.

To confirm the feasibility of the EMA system in the in vivo
application, we performed an ex vivo targeting test using an arthro-
scope system on the porcine knee (movie S4). The medial condyle
and patella, which have a defect of 4 mm in diameter, were desig-
nated as the target site of the microrobot. First, in the medial
condyle, most of the 100 microrobots were placed at the defect
with the help of the magnetic field and gravity (Fig. 4F, left). Con-
versely, without the help of magnetic fields, the microrobots floated
in the joint space, and only a few reached the defect site (fig. S9,
left). This phenomenon is caused by the fluid flow generated as
the PBS injected with the microrobot strikes the defect surface.
Subsequently, in the patella, a large number of microrobots over-
came gravity and traveled to the defect along the magnetic fields
generated by the EMA system (Fig. 4F, right). After targeting,
when the magnetic field generation of the EMA system was shut
off, the microrobots fell away from the defect. This result indicates
the need for microrobot fixation after its targeting. In contrast, with
microrobot injection only, all microrobots were sprayed across
the joint cavity because of the gravity effect (fig. S9, right). As a
result, we confirmed that the ex vivo targeting test results are simi-
lar to those of the 3D targeting test of microrobots and that micro-
robot targeting using the EMA system can be used in knee cartilage
regeneration.

Placement and performance of a magnet for fixation

of microrobot

After magnetic targeting of the microrobot using the EMA system,
a single magnet was used as a fixation tool to wear on the rabbit
knee (step 3 in Fig. 1). Although a microrobot fixation device con-
sisting of a single permanent magnet is not suitable for use during
the microrobot targeting process, it can serve to fix the microrobot
to cartilage defects after its targeting. More specifically, unlike micro-
robot targeting, which requires precise magnetic field direction
control, microrobot fixation located in a defect does not require as
much magnetic field orientation precision as the targeting. There-
fore, to stably fix the microrobot located in the defect, the magnetic
field from the magnetic fixation device needs to be generated inside
the defect, but some magnetic field error is allowed.
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In this work, we chose the medial condyle as a lesion for stably
fixing the microrobot from the patellar articular surface, and the
medial condyle is where cartilage defects frequently occur. Briefly,
defects located on the patellar articular surface can easily fix the
microrobot by placing a magnet on the kneecap that generates mag-
netic forces in a direction perpendicular to the patella (fig. S10A).
To verify the fixation of the microrobot with the magnet in the
patella defects, we performed numerical simulations, where the
magnet position and defect region were determined by referring
to the thickness and the width of the rabbit patella, respectively
(31, 32). As a result, the magnetic fields and force maps showed that
both the magnetic field and the magnetic force generated from the
magnet are directed into the defect (fig. S10B), which means that
the microrobot can be fixed in the defect. Furthermore, we performed
a microrobot targeting test in phantoms that mimic the patella defect
model (figs. S4 and S5 and movie S1). The targeting test, not a fixation
test, showed that the magnet in patella defects not only has a high
targeting efficiency of 99.5 + 1.45% but also overcomes the fluid vortex
formed by microrobot injection.

Unlike the patella defects, the defects in the medial condyle are
located perpendicular to the femur. To fix microrobots targeted to
the defect in the medial condyle, a magnetic force orthogonal to the
femur needs to be formed to face the defect. Recently, several research
groups introduced magnet implantation into the subchondral bone
of the medial condyle, and as a result, the MNP-loaded stem cell or
stem cell-loaded magnetic scaffold was stably fixed inside the defect
(36, 37). However, during implantation of the magnetic source, the
surface coating of the implant is able to be peeled off and may cause
toxicity due to the corrosion of the implant. Also, because the magnet
implantation requires invasive surgery of drilling and wide incision
to the subchondral bone, this method leads to a longer patient re-
covery period. To fix the microrobot in the defects of the medial
condyle while avoiding the implantation of these magnetic sources,
the magnet can be attached to the skin of the knee joint in the tibia
(fig. S11) and distal femur (Fig. 5A). When the magnet was placed
in the tibia, we confirmed by numerical simulation that the direction
of the magnetic force caused by the magnet occurred outside the
defects of the medial condyle (fig. S11). In addition, because the medial
condyle defects are located in the distal femur, bending of the knee
joint causes a change in the position of the magnet and the direction
of the magnetic fields. Thus, the microrobots delivered by the EMA
system can easily escape from the defect. On the other hand, because
the magnet located in the distal femur is located in the same bone as
the medial condyle defect, the magnet position change due to the
motion of the knee joint can be minimized (Fig. 5A). Moreover, the
magnetic field and magnetic force maps through numerical simula-
tions show that the direction of the magnetic force from the magnet
occurs inside the defect of the medial condyle.

To apply the single magnet to a defect model of the rabbit knee
joint, we determined the placement of the magnet to be attached to
the distal femur outside the leg, considering the defect position in
the medial condyle of the rabbit and the posture of a usual sitting
rabbit (33). Moreover, because of the skin and muscle motions as
well as magnet attachment errors, we set up the region where the
defect can be located by the attachment of the magnet (Fig. 5A). The
desired region of the defect had the dimensions of width by length
by height of 5 mm by 20 mm by 10 mm, respectively, and the center
of the region was 17.5 mm and 5 mm away from the center of
the magnet surface in the x- and z-axis directions, respectively.
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Fig. 5. Magnet enhancing MSC transport to cartilage defect
through magnetic fixation of microrobots. (A) Schematic illus-
tration of magnet placement on rabbit knee joint. Magnetic fields
and gradient maps inside black dashed-line box indicate numerical
simulation results of cartilage defect. The graph inside blue dashed-
line box shows optimization of magnet size. (B) Numerical simulation
results of magnetic fields generated from a magnet within defect
region. In each magnetic field map, three red points on dotted lines
(A, B, and C) were used for comparison of measured and simulated
magnetic fields. (C) Simulated (A-s, B-s, and C-s) and measured (A-m,
B-m, and C-m) magnetic fields at 45 positions within the defect region.
(D) Time-lapse images of microrobot fixation test performed without
and with the magnet. Areas near the numbered arrows are enlarged
in the insets. Scale bars, 3 mm. Time is indicated on each image in
the minutes:seconds format. (E) Fixation rates of microrobots with-
out (-) and with (+) the magnet (n = 3; ***P < 0.001, Student’s t test).
(F) Adhesion rates of microrobots according to cell loading, use of
magnet, and cell culture day (n = 3; *P < 0.05, Student's t test). MR,
microrobot; hMR, hRADMSC-microrobot; ns, not significant.

Furthermore, the magnet size (21 mm by 21 mm by
10 mm for width by length by thickness, respectively)
was determined by considering the size of the rabbit
medial condyle and the intensity of the gradient and
magnetic fields. In more detail, the width of the mag-
net was chosen through the medial anteroposterior
diameter of the rabbit (about 20 mm) (33). The height
and thickness of the magnet were selected on the basis
of the intensity of the gradient and magnetic fields
(35mT and 0.6 T m™", respectively) of the EMA system
used for in vivo targeting of the microrobot (a graph
inside blue dashed-line box in Fig. 5A).

We analyzed the magnetic field and gradient gen-
erated from the magnet within the defect region by
numerical simulation. As shown in Fig. 5B and fig. S12,
the magnetic field and gradient were stronger toward the
center of the magnet and had the maximum intensity
0f49.82 mT and 5.65 T m ™" and a minimum of 15.89 mT
and 1.42 T m ™", respectively. Because the magnetic field
gradient acting on the z axis (maximum and minimum
angles of —68.30° and —20.67° from the xy plane) is
directed into the defect, microrobots located at the de-
fect could be stably fixed. Furthermore, we measured
the magnetic field generated from the magnet at 45
positions and compared it with the simulation results
(Fig. 5C). The magnetic fields measured at all positions
were not significantly different from the simulation re-
sult, and a discrepancy of 1.92% occurred between the
two results. The error was caused by the misalignment
of the magnet and the residual magnetism of the class
of neodymium magnet.

The feasibility of microrobot fixation was verified
by phantom experiments using an ex vivo porcine
cartilage sample with a defect of 2 mm diameter and
2 mm depth. As an external force to confirm micro-
robot fixation, physical shaking was applied to 100 micro-
robots located inside the defect for 2 min at 50 rpm. As
shown in Fig. 5D and movie S5, a large number of
microrobots exited the defect area because of external
shaking (Fig. 5D, left), whereas magnetic fixation with
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the magnet kept almost microrobots inside the defect (Fig. 5D, right).
The fixation rate of the microrobot without and with the magnet
was 68 and 97%, respectively (Fig. 5E). More than half of the micro-
robots were located inside the defect, even though magnetic fixation
using the magnet was not applied. As a component of the magnetic
microcluster on the surface of the microrobot, chitosan has a unique
tissue adhesion property because of its polycation properties (38).
Hence, it is hypothesized that this phenomenon is caused by adhesion
between the microrobot and cartilage tissue of the ex vivo sample.
In addition, the patient’s weight-bearing activity is limited after the
cell-based therapy (39), and the flow of about 4 ml of the synovial
fluid with a replacement cycle per day is very slow (40, 41). There-
fore, the demonstration of the stable fixation of the microrobot at
physical shaking of 50 rpm, faster than the human walking stroke
frequency (30 rpm) (42), indicates that the proposed magnet place-
ment and performance could be applied in an in vivo defect model.

To determine the wearing period of the magnet after targeting of
the microrobot, we performed an adhesion test of the microrobot
on cartilage tissue. One hundred hADMSC-microrobots were located
in the defect of the ex vivo porcine cartilage sample, and adhesion of
the microrobots was observed at days 0, 1, 2, and 3, depending on
the presence or absence of the magnet. As shown in Fig. 5F and
movie S6, at day 0, the adhesion of hADMSC-microrobot is about
18.5% higher than using microrobot alone. The high adhesion effect
of the hADMSC-microrobot is a result of helping cells interact with
the tissue of the ex vivo sample (43, 44). Since day 1, most hADMSC-
microrobots, regardless of the magnetic fixation, did not fall out of
the defect. These results imply that the hADMSCs on the microrobot
are sufficiently connected to the tissues around the defect. Thus, in
our in vivo test, the magnet was worn for 1 day after targeting of the
hADMSC-microrobot.

In vivo validation of cartilage regeneration using
amicrorobot system

In vivo cartilage regeneration was performed in a rabbit knee using
the proposed microrobot system, followed by incubation of hADMSCs
on the microrobot and targeting and fixation of the hADMSC-
microrobot. In the targeting step of the hADMSC-microrobot
(Fig. 6A, top), the rabbit knee joint, which has a defect in the medial
condyle, was positioned in the workspace of the EMA system, and
the hADMSC-microrobot was delivered through open surgery due
to the narrow joint space. Before the in vivo cartilage regeneration
test, targeting of the hADMSC-microrobot in open surgery was ob-
served in the ex vivo rabbit knee (movie S7). The only hADMSC-
microrobot injection, despite the help of gravity, had a low targeting
efficiency because of the flow of PBS injected with hADMSC-
microrobots. In contrast, magnetic targeting using the EMA system
allowed most hADMSC-microrobots to move to the defect. This
result shows that magnetic targeting using the EMA system could be
applied not only in the fluid but also in the air-filled environment in
the joint space. Subsequently, in the fixation step of the hADMSC-
microrobot (Fig. 6A, bottom), one magnet was attached to the outer
femur of the rabbit knee using a double-sided tape based on the
defect region, and the self-adherent wrap was surrounded by the legs
and waist of the rabbit to prevent the magnet from escaping.

After these steps, targeting and fixation effects of hADMSC-
microrobots in rabbit knee cartilage were investigated through gross
observation of the knee cartilage with the defect after targeting and
1 week later. As shown in Fig. 6B, most of the hADMSC-microrobots
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were located in the defects in the case of targeting using the EMA
system and fixation using the magnet. However, in the absence of
targeting and fixation, a few of hADMSC-microrobots were present
in the defect, and the rest were found in the synovium membrane
and other tissues (see arrows and enlarged images in Fig. 6B).

To verify the suitability of the hADMSC-microrobot as a thera-
peutic agent for cartilage regeneration, first, we measured the period
of biodegradation of hADMSC-microrobot transferred to the lesion
site in vivo using the EMA system. The hADMSC-microrobot in-
jected into the lesion was observed at 1 to 3 weeks, and the degradation
of microrobot was observed by gross observation and Prussian blue
iron staining. When the results of each period were compared, it was
observed that the hADMSC-microrobot engrafted in the lesion site
degraded over time (Fig. 6C). Moreover, the magnetic microcluster,
one of the components of the microrobot, was not separated from
the microrobot at the first week; however, after 2 to 3 weeks, it was
observed to be separated from the microrobot and distributed to the
articular cartilage of the femoral condyle, along with a gradual
decrease (Fig. 6C). Compared with the in vitro decomposition of
microrobots, rapid degradation of microrobots in an in vivo envi-
ronment is expected to occur with periodic replacement of body
fluids. Because the hADMSC-microrobot was degraded in the car-
tilage, the biodistribution of cells was confirmed by CellTrace and
4’,6-diamidino-2-phenylindole (DAPI) staining to confirm the en-
graftment of hADMSC injected into the lesion in cartilage of the
femoral condyle. When the cartilage distribution of cells injected at
the first week and 3 weeks after injection was confirmed, it was
observed that the injected cells gradually increased for 3 weeks in
the articular cartilage of femoral condyle (Fig. 6D and fig. S13). This
indicates that the hADMSC-microrobot located in the lesion was
degraded in 3 weeks and that the hADMSC:s carried on the micro-
robot did not disappear with the degradation of microrobot but were
implanted on the cartilage lesion site. Hence, to confirm the inflam-
matory response due to degradation of the microrobot, we confirmed
expression of acute inflammatory-related genes such as ILIp, IL-6,
TNF-a, and IL-8 in the rabbit synovium, synovial fluid, lymph node,
and spleen at 3 weeks after injection of the microrobot. The expression
of IL1B, IL-6, TNF-0, and IL-8 in all isolated tissues was not signifi-
cantly different between the hADMSC-PLGA microscaffold and the
hADMSC-microrobot when compared with the control group (Fig. 6E),
meaning that the microrobot does not stimulate the expression of
proinflammatory genes that cause inflammation.

Cartilage regeneration in the noninjected group (defect) and the
hADMSC-microrobot-injected group [with microrobot system (WMS)
and without microrobot system (woMS)] was analyzed through
hematoxylin and eosin (H&E) and COLII staining to confirm the
effect of cartilage regeneration by the microrobot system. The ex-
pression of COLII significantly increased in the hADMSC-microrobot-
injected group compared with the noninjected group at 2 and 3 weeks
after injection, and we observed a significant increase in the COLII
expression in the wMS group compared with the woMS group (Fig. 6,
F and G, and fig. S14). This means that the microrobot system
improved the cartilage regeneration effect by enhancing the delivery
of the hADMSC-microrobot.

DISCUSSION
We proposed a magnetic microrobot-mediated MSC delivery sys-
tem to improve the absence of active targeting of cells in the knee
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Fig. 6. In vivo cartilage regeneration
using magnetic microrobot-mediated
MSC delivery system. (A) Images of EMA
system and magnet applied to rabbit
knee in targeting (top) and fixation (bot-
tom) steps. (B) Macroscopic appearances
of microrobots after magnetic targeting
(top) and 1 week after magnetic fixation
(bottom). Areas near the numbered ar-
rows are displayed in the insets. Scale
bars, 2 mm. (C) Image of gross (top) and
Prussian blue staining (bottom) at the
first week and 3 weeks after hAADMSC-
microrobot injection. The green (left) and
yellow (right) dotted squares represent
the Prussian blue iron staining area at
the first week and 3 weeks, respectively.
(D) Fluorescence image of engrafted cells
present in cartilage using CellTrace (red)
3 weeks after hAADMSC-microrobot in-
jection. DAPI (blue) was used for coun-
terstaining of CellTrace. (E) Expression
of inflammatory genes IL1B, IL-6, TNF-o,
and IL-8 in tissue isolated from inflam-
matory response and regulatory organs
after microrobot injection (n = 4). (F) H&E
and COLII staining of the cartilage tissue
in defect group (top) and microrobot
system group (w/o, middle; w/, bottom)
at 3 weeks. (G) COLII expression quanti-
fied by ImageJ software (n =3;**P < 0.01,
Student’s t test).

cartilage regeneration. The micro-
robot system consists of a mag-
netic microrobot body capable
of supporting MSCs, an EMA
system for 3D microrobot tar-
geting to the damaged cartilage,
and a magnet for fixation of the
microrobot. Each component was
verified by in vitro and ex vivo
tests, and subsequently, the in vivo
cartilage regeneration was per-
formed using the proposed mi-
crorobot system in the defect
model of the rabbit knee cartilage.
Hence, the hADMSC-microrobots
were targeted and fixed to the
defect using the EMA system and
magnet, and no inflammation
reaction was found at this time.
The microrobot located in the
defect was slowly degraded, and
the MSC:s persisted without apop-
tosis. The hADMSC-microrobot
using the EMA system and the
magnet showed a cartilage re-
generation effect compared with
other experimental groups.
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The microrobot was fabricated as a combination of the PLGA
microscaffold and magnetic microcluster (ferumoxytol combined
with chitosan). The degradation of the PLGA microscaffold into
lactic and glycolic acid was reported, and the pH change was con-
trolled according to their composition ratio (27). The microrobot
was degraded in vitro and in vivo for about 3 weeks. The acidic
properties of PLGA degradation can cause damage to the cartilage
tissue (45); however, the microrobot did not cause any inflam-
mation or damage to cartilage tissue and organ. This indicates that the
microrobot is a suitable material for stem cell delivery for cartilage
regeneration.

Ferumoxytol, which is one of the components of the microrobot
used in this study, has been used as a therapeutic agent for contrast
media and iron deficiency treatment (18, 19). Ferumoxytol is used
at a dose of 510 mg when used as a treatment for iron deficiency,
and it is used in a concentration range of 1 to 6 mg kg ™' when used
as a contrast media. In this study, the concentration of ferumoxytol
used in the microrobot for cartilage regeneration is in the range
of micrograms. In addition, ferumoxytol is mainly distributed in
the mononuclear phagocyte system organs, such as the liver and
spleen, and has a relatively low distribution in the lung, heart, and
kidney (46). The ferumoxytol binds to hemoglobin via plasma
transferrin, is distributed in Kupffer cells in the liver, and is removed
through phagocytosis of the macrophage in the reticuloendothelial
system (47). In this study, ferumoxytol used in the microrobot did not
exhibit cytotoxicity, proliferation, differentiation, and inflammatory
response when applied at the microgram concentration, and it is
hence a polymer suitable for the microrobot stem cell delivery for
cartilage regeneration.

In clinical trials, stem cells were transplanted at 1 x 10° to 2.5 x
10° cells cm™? in the lesion site, and in preclinical studies for clinical
entry, 8 x 10° to 1 x 107 cells cm ™ were used for cartilage regeneration
(1). The microrobot presented in this study is a system for delivering
the hADMSC-microrobot to a lesion site through a noninvasive
method using the EMA system. For this reason, the loading effi-
ciency of hADMSC on the microrobot and cell proliferation are
important factors. As shown in Fig. 3C, when the loading efficiency
was observed from 2 to 24 hours, the cell-loading efficiency up to
12 hours did not show a significant difference, meaning that a suf-
ficient number of cells for clinical application can be loaded on a
microrobot in a short time. Moreover, the hADMSCs were observed
to proliferate continuously in the microrobot, and the proliferation
was observed to decrease with the degradation of the microrobot
(Fig. 3E). During the degradation of the microrobot, the loaded
hADMSCs migrated to the cartilage lesion site and were observed to
engraft in the tissue (Fig. 6D). In the current study, 100 microrobots
injected into the rabbit knee joint cartilage were capable of delivering
about 8 x 10 cells in a short time (4 hours). The number of cells is
significantly lower when compared with previous preclinical studies;
however, most cells are lost without reaching the lesion site in a
typical cell injection method (1). Moreover, only a few stem cells
among the transplanted cells are differentiated into chondrocytes.
This indicates that it is very important to improve the efficiency of
delivery of the cells to the lesion site to improve their therapeutic
utility. In the present study, the cells were efficiently delivered to the
lesion site using the microrobot system (Fig. 6B), and the delivered
stem cells efficiently regenerated the cartilage (Fig. 6, F and G). Fur-
thermore, the microrobot system enables minimally invasive cartilage
regeneration, which allows for rapid recovery of the patient and a
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favorable prognosis, unlike the conventional invasive cartilage
regeneration technique. Thus, the use of the microrobot system indi-
cates that a lower number of stem cells harvested through the short-
term culture can be efficiently applied in clinical trials for cartilage
regeneration.

Although the proposed stem cell-mediated microrobot system
has been shown to be applicable to in vivo cartilage regeneration,
some technical issues need to be improved or developed to be
applied to future clinical tests. First, a microrobot injection device
needs to be developed to stably inject a cell-loaded microrobot. In
this study, microrobots were manually injected through a 16-gauge
needle, resulting in microrobot targeting errors due to irregular in-
jection rates. Therefore, we expect that the use of microrobot injec-
tion device will improve the targeting effect of microrobot. Next, in
this study, without a complex structure, one magnet was used for
microrobot fixation due to the small size of the rabbit joint. Unlike
rabbits, where the magnet is located outside the femur due to con-
tinuous joint motion and posture, human joint motion can be min-
imized under the medical staff’s control. Therefore, the area where
the magnet can be attached to the human knee joint is wider than
that in a rabbit. In addition, we expect to be able to hold the micro-
robot to various defects of the knee joint by applying a magnet array
that can generate a magnetic field in the desired intensity and direc-
tion at various positions of the knee joint. Last, the safety of the
proposed cell-loaded microrobot needs to be evaluated for a long
time through the in vivo test, and in addition, knee cartilage regen-
eration using the microrobot system should be performed in large
animals with similar knee joints to the human. We are planning an
in vivo test for long-term evaluation of cartilage regeneration using
the microrobot system. Also, we will build a microrobot system for
human knee cartilage regeneration, where targeting and fixation
devices will be made to keep their size small while maintaining their
current functionality.

MATERIALS AND METHODS
Detailed fabrication of the microrobot is presented in sections S1 and
S2. In addition, detailed in vitro, ex vivo, and in vivo tests are ex-
plained in sections S8 to S14.

Characterization of the magnetic microcluster

and the microrobot

Ionic surface charge and size distribution of the magnetic micro-
cluster were measured by the surface zeta potential and the particle
size analyzer (ELS-8000, Otsuka, Japan). Morphologies of the mag-
netic microcluster and the microrobot were observed using a SEM
(SU8010, Hitachi, Japan). C, O, and Fe signals of the microrobot
were detected using EDX. The diameter of the microrobot and their
pore sizes were measured using Image] software (National Institutes
of Health, USA). TGA for three samples (magnetic microcluster,
PLGA microscaffold, and microrobot) was carried out using a TG
209 F1 (NETZSCH Instruments Co. Ltd., Germany) thermal gravi-
metric analyzer at a heating rate of 20°C min~" under N atmosphere.
FTIR spectra of five samples (chitosan, ferumoxytol, magnetic micro-
cluster, PLGA microscaffold, and microrobot) were recorded on
a Nicolet Nexus 670 FTIR spectrophotometer (Thermo Nicolet
Corporation, USA) with 16 scans per sample ranging from 400 to
4000 cm™ and a resolution of 4 cm™’. The magnetic hysteresis
curve of three samples (ferumoxytol, magnetic microcluster, and
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microrobot) was obtained using a vibrating sample magnetometer
(VSM; Lake Shore Cryotronics 7404, USA).

Degradation of the microrobot

Microrobots were incubated in PBS with lysozyme (120 ug ml™") at
37°C under agitation (60 rpm). Degradation of the microrobot was
monitored for 33 days, with daily replacement of the lysozyme solu-
tion. The morphology of the microrobots was observed using a
Nikon Eclipse Ti-E inverted microscope and a SEM. The diameter
of the microrobots was measured from the microscopy image using
Image] software.

Characteristics of primary hADMSCs and cell culture
hADMSCs were purchased from ScienCell Research Laboratories Inc.
(USA). The cells were tested for viral infection and mycoplasma
contamination and presented all negative results. Cell phenotypes
analyzed by flow cytometry showed CD73", CD105", and CD31".
The hADMSCs were cultured in T175 flasks (Corning, USA) ac-
cording to the manufacturer’s recommendations. Cells were cultivated
in Dulbecco’s modified Eagle’s medium (Gibco, USA) containing the
cell growth supplements L-glutamine, amphotericin B, penicillin,
streptomycin, and fetal bovine serum, without stimulatory supple-
ments or vitamins. Cells were cultured in a humidified incubator
at 37°C with 5% CO,. hADMSCs passaged three times were used in
all experiments.

For hADMSC spheroid formation, when hADMSCs reached
80% confluence at passage 2, the monolayer cells were enzymatically
dissociated with 0.25% trypsin and EDTA. The cell suspension was
counted using a LUNA-II (Logos Biosystems, Republic of Korea)
cell counter and diluted to 1.2 x 10° cells ml™". Subsequently, cells
were transferred to StemFIT 3D plate (MiocroFIT, Republic of
Korea) and incubated for 2 days at 37°C with 5% CO,.

To cultivate the hADMSCs in the PLGA microscaffold and micro-
robot, we sterilized the PLGA microscaffolds and microrobots with
70% ethanol for 30 min and washed them twice with PBS. The 10
PLGA microscaffolds and microrobots were then transferred to wells
of an ultralow attachment round-bottom 96-well plate (Corning,
USA), and hADMSCs were seeded onto them. The hAADMSC-PLGA
microscaffold and hADMSC-microrobot were cultured in a humid-
ified incubator at 37°C with 5% CO,, and the complete medium was
replaced every 3 days.

Statistics and data analysis

Comparisons of all experimental data were analyzed using Student’s
t test. All data were presented as the mean + SD. The differences
between groups of *P < 0.05 were considered as statistically signif-
icant, and **P < 0.01 and ***P < 0.001 were considered as highly
significant.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/5/38/eaay6626/DC1

Materials and Methods

Section S1. Materials of the microrobot

Section S2. Fabrication of the microrobot

Section S3. Actuation principles of the microrobot

Section S4. Control principle and optimal coil placement of the EMA system

Section S5. Characterization and calibration of the EMA system

Section S6. Experimental setup for microrobot targeting tests using the EMA system
Section S7. Experimental setup for fixation and adhesion tests of the microrobot
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Section S8. Cell viability assay

Section S9. Evaluation of cell proliferation and loading of the microrobot

Section $10. Chondrogenic differentiation

Section S11. Reverse transcription polymerase chain reaction and real-time polymerase
chain reaction

Section S12. Animals

Section S13. Evaluation of inflammatory responses to PLGA microscaffold and microrobot
Section S14. Histological and immunohistochemical analysis

Fig. S1. SEM images of PLGA microscaffolds after w-o-w emulsion-based gelatin leaching.
Fig. S2. PLGA microscaffold does not affect chondrogenic differentiation.

Fig. S3. Cartilage-specific gene expression gradually increases with the period of chondrogenic
differentiation.

Fig. S4. Phantom with patella and medial condyle defect models for microrobot targeting test
using a single magnet.

Fig. S5. Microrobot targeting with and without magnet at patella and medial condyle
defect models.

Fig. S6. Experimental setup of EMA system and arthroscope for ex vivo targeting test on the
porcine knee joint.

Fig. S7. Microrobot mobility in aqueous solution with different viscosity.

Fig. S8. Numerical simulation result of fluid flow by different directions of microrobot
injection.

Fig. S9. Time-lapse image sequence of microrobots without magnetic targeting at the defect
of medial condyle (left) and patella (right) in ex vivo porcine knee.

Fig. S10. A single magnet helps magnetic fixation of microrobot located at patella

cartilage defects.

Fig. S11. lllustration and numerical simulation of microrobot fixation for medial condyle
defects using the magnet placed on tibia.

Fig. S12. Numerical simulation results of magnetic field gradient generated from a magnet in
defect region.

Fig. S13. Fluorescence image of engrafted hADMSC in cartilage tissue.

Fig. S14. Histological analysis of cartilage regeneration by microrobot system.

Fig. S15. Upper and lower regions of coil placement.

Fig. S16. First and last coil configurations among coil configuration candidates obtained
through the optimization routine.

Fig. S17. Characterization and calibration of EMA system.

Fig. S18. Experimental setup for magnetic fixation of microrobot.

Table S1. Design parameters of the EMA system.

Table S2. Specifications of the EMA system with optimal coil configuration.

Table S3. Angle range of coils within the region of coil placement (fig. $15).

Table S4. Comparison between first and last coil configurations (fig. S16) for the coil
configuration candidate obtained through the optimization routine.

Movie S1. Microrobot targeting with and without magnet at patella and medial condyle
defect models.

Movie S2. Manipulation of microrobots in a knee joint phantom.

Movie S3. 3D magnetic targeting of microrobots in five phantoms with a hole.

Movie S4. Magnetic targeting of microrobots in ex vivo porcine knee cartilage at medial
condyle and patella defects.

Movie S5. Magnetic fixation of microrobots in ex vivo porcine knee cartilage.

Movie S6. Adhesion of hADMSC-microrobots in ex vivo porcine knee cartilage.

Movie S7. Magnetic targeting of hADMSC-microrobots in rabbit knee cartilage with a medial
condyle defect.
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