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Multifunctional microrobot with real-time visualization 
and magnetic resonance imaging for chemoembolization 
therapy of liver cancer
Gwangjun Go1,2,3, Ami Yoo2, Kim Tien Nguyen2, Minghui Nan2, Bobby Aditya Darmawan2,3, 
Shirong Zheng2,3, Byungjeon Kang2,4, Chang-Sei Kim2,3, Doyeon Bang2,4, Seonmin Lee5,  
Kyu-Pyo Kim5, Seong Soo Kang6, Kyung Mi Shim6, Se Eun Kim6, Seungmin Bang7,  
Deok-Ho Kim1,8*, Jong-Oh Park2*, Eunpyo Choi2,3*

Microrobots that can be precisely guided to target lesions have been studied for in vivo medical applications. 
However, existing microrobots have challenges in vivo such as biocompatibility, biodegradability, actuation 
module, and intra- and postoperative imaging. This study reports microrobots visualized with real-time x-ray and 
magnetic resonance imaging (MRI) that can be magnetically guided to tumor feeding vessels for transcatheter 
liver chemoembolization in vivo. The microrobots, composed of a hydrogel-enveloped porous structure and magnetic 
nanoparticles, enable targeted delivery of therapeutic and imaging agents via magnetic guidance from the actuation 
module under real-time x-ray imaging. In addition, the microrobots can be tracked using MRI as postoperative imaging 
and then slowly degrade over time. The in vivo validation of microrobot system–mediated chemoembolization was 
demonstrated in a rat liver with a tumor model. The proposed microrobot provides an advanced medical robotic 
platform that can overcome the limitations of existing microrobots and current liver chemoembolization.

INTRODUCTION
Microrobots have been developed for biomedical applications such as 
drug delivery, diagnostics, localized biopsy, and regenerative medi-
cine (1). They can move freely and be guided wirelessly to the target 
area using several external actuation sources (e.g., chemical, acoustic, 
light, magnetic, microorganism, and combinational) with precise 
control (2–5). High controllability of microrobots enables their loco-
motion along complex and narrow tubes in the body during non-
invasive surgery. Among microrobot applications, interventional 
procedures using microrobots are raising expectations as a next-
generation medical treatment method because microrobots can be 
guided to the lesion site to perform diagnosis or drug delivery and 
perform a given task quickly and accurately (6, 7). Although most 
studies are in vitro studies, research groups are trying to verify the 
targeting and therapeutic effects of microrobots in vivo (fig. S1) (8–19).

The medical microrobot system required in vivo can be divided 
into fabrication, actuation, and imaging. Considering the fabrication 
of microrobots for implantation in the body, studies have tested 
microrobots with biocompatible and biodegradable materials (fig. S1). 
However, the biocompatibility and biodegradation of most micro-
robots have been evaluated by coculturing cells and microrobots in vitro 
(8–15). Only a few in vivo studies on microrobots have demonstrated 

their nontoxicity and degradation over time in each organ through 
inflammation tests and histological analysis (16–19). Therefore, be-
fore clinical trials with microrobots can be conducted, experiments 
verifying the nontoxicity and biodegradability of microrobots in vitro 
as well as in vivo are required. Furthermore, in the case of micro
robot actuation, in vivo studies have reported that microrobots can 
move in organs such as the stomach (8), abdominal cavity (9), blood 
vessels (14, 15), brain (16), intestine (17, 19), and joint cavity (18) 
(fig. S1). However, most microrobot actuation modules have been 
designed without considering the surgical environment that includes 
patients, medical staff, and imaging equipment. Therefore, large-
scale modifications from design to fabrication of the microrobot 
actuation module for large-animal experiments and clinical trials are 
unavoidable. To address this issue, a microrobot actuation module 
should be designed and fabricated considering clinical trials, in-
cluding the microrobot operation environment and process from 
the preclinical test stage.

In terms of microrobot imaging, most studies have used post-
operative imaging methods such as magnetic resonance imaging 
(MRI), x-ray computed tomography (CT), photoacoustic CT, and 
fluorescence imaging to verify the movement of microrobots in vivo 
(20, 21). However, the observation of microrobots using postoperative 
imaging methods with long scanning times cannot guarantee pre-
cise targeting in complex and narrow systems in the body (fig. S1) 
(8–11, 14, 15). Moreover, immediate action cannot be taken in emer-
gencies such as microrobot targeting failure. Therefore, along with 
postoperative imaging, in vivo real-time imaging of microrobots is 
required for precise microrobot targeting and safety of interventional 
procedures. However, in vivo real-time imaging of microrobots re-
mains a challenge, except for some organs that can be accessed by 
endoscopes because of the small size of microrobots and low detec-
tion resolution of imaging devices (18, 19).

In the case of the vascular system, optical visualization–based 
imaging devices cannot be used for microrobot tracking because of 
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the complex structure of blood vessels and the inherent visible 
absorbance of blood. To overcome this limitation, several research 
groups have verified the movement of microrobots in blood vessels 
using imaging devices with high spatiotemporal resolution. For 
example, the real-time movements of nanorobots under magnetic 
guidance were observed ex vivo in a pig eyeball (22) and coronary 
artery (23) by ultrasound imaging. Moreover, the real-time move-
ments of three-dimensional (3D) printed microrobots were moni-
tored in vivo in a mouse portal vein (13) and ear vessel (12) by 
optical coherence tomography and photoacoustic imaging. Although 
optical coherent tomography and photoacoustic imaging have a high 
spatiotemporal resolution, they have a low penetration depth (max-
imum of 48 mm) (24), limiting real-time imaging of deep tissues in 
the body. For access to deeper vascular regions, a microrobot com-
posed of biodegradable polymer and magnetic nanoparticles (MNPs) 
was developed for transcatheter arterial embolization (15, 25, 26). 
The researchers evaluated microrobot targeting through MRI as 
postoperative imaging, which showed that they were able to precisely 
transport robots in the targeted site in liver blood vessels of phantom, 
rabbit, and pig by using strong magnetic fields generated by an MRI 
scanner and a gradient coil. Although the robotic system showed 
high targeting efficiency of microrobots via postoperative imaging 
of microrobots in the target region of the liver, there were limits to 
demonstrate real-time imaging of microrobots and their biological 
and therapeutic results such as biocompatibility, biodegradation, and 
cancer-killing effects. Hence, the tracking of microrobots in blood 
vessels with real-time imaging is mostly ex vivo and has not been 
validated in deep organs, such as the liver and heart, which are acces-
sible through blood vessels. Furthermore, because of these imaging 
limitations, no study has verified the targeting and therapeutic effects 
of microrobots injected into blood vessels in in vivo disease models.

Compared with particle-based anticancer drug delivery that cir-
culates in the body’s vasculature after intravenous administration, 
we focused on embolic beads being used in transcatheter arterial 
chemoembolization (TACE) for the treatment of liver cancer (27). 
In treating liver cancer, embolic beads carrying the anticancer drug 
are injected by a catheter guided around the tumor hepatic artery. 
The injected embolic beads occlude the tumor feeding vessel within 
a few seconds, and oxygen and nutrients delivered to the tumor are 
blocked. The injected drug not only stays around the tumor for a 
long time because of the blocked blood flow but also spreads less 
throughout the body compared to the drug administered intravenously. 
These vascular occlusion and drug release delay effects made embolic 
bead–based embolization a representative treatment method for liver 
cancer. Currently, during the TACE procedure, the catheter for em-
bolic bead injection is adjusted to be positioned as close to the liver 
tumor as possible. However, the catheter cannot access vessels less 
than twice the diameter of the catheter (27, 28); only a 1.4-Fr micro-
catheter (outer diameter: 0.57 mm) can access the six branches (vessel 
diameter: 1.3 mm) of the human hepatic artery (29). On the basis of 
the clinically limited access of the catheter, embolic beads with a 
size range of 100 to 1000 m are injected through the catheter and 
then pass through an additional two to four branches. However, a 
common TACE issue is that embolic beads may flow into nontarget 
blood vessels while passing through multiple branches (27, 30, 31). 
These nontargeted embolic beads cause embolism of untargeted sites 
within organs or other vital areas and consequently lead to un-
wanted damage to healthy tissues (27, 31). In terms of biodegrad-
ability of embolic agents including embolic beads, agents made from 

biocompatible and biodegradable polymeric materials only tempo-
rarily occlude tumor blood vessels (from hours up to weeks), and 
then blood flow resumes in the vessels. These biodegradable embolic 
agents are being actively studied and used clinically (27, 30, 31). 
Furthermore, although not yet clinically approved, several efforts 
are being actively conducted to enable both real-time and post-
operative imaging of biodegradable embolic agents. For example, 
several studies have shown that embolic agents loaded with radio-
opaque or magnetic-responsive materials are capable of real-time 
x-ray imaging, MRI, and CT imaging, as well as vessel embolization 
and biodegradation (32–35).

Here, we present a multifunctional medical microrobot system 
capable of real-time and postoperative imaging for liver chemo-
embolization, including targeted vessel embolization and drug 
delivery, and an in vivo test to evaluate microrobot efficacy using a 
liver tumor model. Compared with medical microrobots developed 
to date, the proposed microrobot system enables real-time microrobot 
imaging in vivo and has an actuation module suitable for preclinical 
trials. Regarding liver tumor treatment, the microrobot system can 
provide additional functions to the clinically approved embolic 
microbeads used in TACE. The proposed microrobot system con-
sists of a microrobot for targeting, intra- and postoperative imaging, 
and drug delivery and a magnetic actuation module for targeted 
delivery of the microrobot to the tumor feeding vessel (Fig. 1). The 
microrobot comprises a microbead and MNPs attached to the 
surface of the microbead [(1) of Fig. 1A]. Specifically, the microbead 
is composed of poly(lactic-co-glycolic acid) (PLGA) microspheres 
with porous microstructure and gelatin beads. The porous micro-
structure of PLGA enhances the structural stability of the microbead, 
and gelatin beads help attach MNPs and load therapeutic and imaging 
agents. Here, PLGA and gelatin are representative synthetic and 
natural polymers with biocompatibility and biodegradability, re-
spectively. MNPs adsorbed on the microbead enable MRI postoper-
atively and microrobot locomotion by external magnetic fields. 
The MNPs are prepared by sequentially modifying polydopamine 
(PDA), polyethylene glycol (PEG), and folic acid (FA) on the sur-
face of Fe3O4 nanoparticles. The microrobot has sufficient magnetic 
properties for magnetic actuation and MRI, as well as biocompati-
bility and biodegradability. In addition to driving the microrobot, 
therapeutic and imaging agents are loaded into the microrobot to 
enable tumor treatment and real-time imaging [(2) of Fig. 1A]. In 
this study, doxorubicin (DOX) and fluorouracil (5-FU), which are 
representative anticancer drugs, were used as therapeutic agents to 
kill tumors. Microbubble and iodinated x-ray contrast agents were 
used as imaging agents for real-time observation of microrobots 
under ultrasound and x-ray imaging, respectively. The magnetic 
actuation module, composed of electromagnetic coils, was designed 
to control the strength and direction of the magnetic field and 
allowed free movement of the microrobot in the desired direc-
tion in the 3D space. The coils of this magnetic actuation module 
were arranged through optimal designing, considering the clinical 
operational environment that may include an in vivo model, 
medical staff, imaging device, and microrobot injection device. 
In terms of microrobot targeting, the magnetic actuation modules 
developed to date can move microrobots only in one direction 
within the workspace, whereas the proposed module can gener-
ate focused magnetic fields in two points that allow microrobot 
movement in two directions within the workspace. The microrobot 
can be steered to the target vessel through two branches extending 
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in different directions using focused magnetic fields at two points 
within a workspace.

Thus, with the use of multifunctional microrobots and a magnetic 
actuation module, we can describe the in vivo TACE procedure using 
the microrobot system. First, microrobots loaded with therapeutic 
and imaging agents are injected into a small tube of a balloon catheter 
that blocks blood flow along the liver vessels [(3) of Fig. 1A and (i) 
of Fig. 1B]. Thereafter, the microrobots are released from the cath-
eter and guided under real-time imaging to the liver tumor feeding 
vessel through various branches by magnetic fields generated from 
the magnetic actuation module [(ii) and (iii) of Fig. 1B]. The micro-
robots block the feeding vessel and cause embolization [(iv) of Fig. 1B]; 
the therapeutic agents released from the microrobot are delivered to 
the tumor without affecting blood circulation and stay for a long 
time to inhibit or kill the tumor [(v) of Fig. 1B]. After microrobot 
targeting, the microrobot and tumor are then monitored through 
MRI [(vi) of Fig. 1B]. The targeted microrobot naturally degrades 
and disappears over several weeks.

On the basis of this procedure, the in vivo therapeutic effect of 
the microrobot system was evaluated in an orthotopic liver tumor 
rat model. We propose that this multifunctional medical microrobot 
system can reach the clinical trial phase of medical microrobots and 

will make a technological leap forward to the existing embolic bead 
technology.

RESULTS
Fabrication and characterization of microrobots
The fabrication of the microrobot mainly consists of three steps: 
preparation of MNPs (Fig. 2A), formation of the microbead (Fig. 2E), 
and attachment of the MNPs on the surface of the microbead 
(Fig. 2G). MNPs were prepared by synthesizing Fe3O4 nanoparticles 
and sequential surface modification of PDA, PEG, and FA. The 
MNPs have the features of ease of drug loading (36), colloidal stability 
and stealth of the mononuclear phagocyte system (37), and folate 
receptor–mediated endocytosis (38), which are the advantages of 
PDA, PEG, and FA, respectively. The detailed process of MNP prepa-
ration is described in the Supplementary Materials (see section S2 of 
the Supplementary Materials). The transmission electron microscope 
(TEM) image of the prepared MNPs showed that the size of MNPs 
was approximately 12 nm (Fig. 2B), which can be easily removed by 
liver metabolism after microrobot biodegradation (39, 40). Energy-
dispersive x-ray spectrometry (EDX) revealed the presence of C, O, N, 
and Fe, the major constituents of MNPs. The hydrodynamic diameter 

Fig. 1. Schematic of targeted vessel embolization and drug delivery using the microrobot system in vivo. (A) Schematic illustration of fabrication and catheter 
delivery of microrobots containing therapeutic and imaging agents. (1) MNPs attached on the microbead. (2) Loading of therapeutic and imaging agents on microrobots. 
(3) Delivery of microrobots through catheter connected to the liver vessel around the tumor. (B) Schematic illustration of the in vivo tumor treatment procedure using the 
microrobot system.
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Fig. 2. Fabrication and characterization of microrobots. (A) Schematic illustration of the fabrication of MNPs. (B) TEM and EDX images of MNPs. Scale bars, 50 nm. 
(C) Size distribution of MNPs (n = 3; means ± SD). (D) Surface zeta potential of MNPs (n = 4; means ± SD). (E) Schematic illustration of the fabrication step of microbeads. 
(F) Microscopic images and graph of the microbead formation step via solvent evaporation and gelatin swelling (n > 20; means ± SD). The right graph shows the PLGA 
microstructure and microbead size before and after swelling. Scale bars, 200 m. (G) Schematic illustration of the fabrication step of microrobots. (H) Microscopic images 
of the microrobots. Scale bars, 200 m. (I) SEM and EDX images of the microrobot. Scale bars, 100 m. (J) Microscopic images of the microrobots with different sizes. Scale 
bars, 500 m. (K) Microrobot size at different microfluidic flow rates (n > 15; means ± SD). (L) Magnetic response of the microrobots using a magnet. Scale bar, 10 mm. 
(M) Magnetization curves of MNPs and microrobot. (N) Mass of MNPs in microrobots with different sizes (n = 4; means ± SD). (O) Compressive modulus of microbead and 
microrobot (n = 4; means ± SD). (P) Schematic illustration of microrobot delivery through a 1.7-Fr microcatheter with tortuosity loop. (Q) Time-lapse image sequence of 
microrobot delivery through a 1.7-Fr microcatheter. Scale bars, 5 mm. (R) Schematic illustration of the microrobot blocking the vessel. (S) Optical images before and after 
blocking the channel using the microrobots. Scale bars, 200 m. (T) Time-lapse image sequence of structural change of the microrobot according to the injection of PBS 
at 37°C. Scale bars, 500 m. The time is indicated on each image in the minutes:seconds format.
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and surface potential () of these MNPs were approximately 165 nm 
(Fig. 2C) and −7.77 ± 0.4 mV (Fig. 2D), respectively. Furthermore, the 
characterization of MNPs using various analysis methods revealed 
that PDA, PEG, and FA were formed on the surface of Fe3O4 
nanoparticles and that the magnetic-responsive properties of Fe3O4 
nanoparticles were preserved even after several surface modifica-
tions (fig. S2 and section S4 of the Supplementary Materials). We ex-
pect that the endogenous iron metabolic pathways will decompose 
these MNPs into iron without toxicity in the body, and the iron re-
leased from MNPs will be metabolized by the liver (39, 40).

The microbead—microrobot body for vessel embolization, drug 
loading, and real-time imaging—was composed of PLGA micro-
structure and gelatin beads and was fabricated in the desired size 
using water-in-oil-in-water (w-o-w) emulsion and microfluidic flow 
control. For vessel embolization and drug delivery, microbeads should 
have sufficient structural rigidity as embolic beads, and it should be 
easy to load and release drugs using them. Therefore, we optimized 
the concentration and ratio of PLGA and gelatin in w-o-w emulsion 
to stably form microbeads from gelatin beads and PLGA porous 
microstructure (figs. S3 to S6 and section S5 of the Supplementary 
Materials). Thus, for w-o-w emulsion bead formation by microfluidic 
flow, the optimized ratio of PLGA and gelatin was 5.5:4.5, and the 
concentrations of PLGA and gelatin were 75 mg/ml and 10%, re-
spectively. Thereafter, emulsion beads were converted into microbeads 
with the PLGA porous microstructure through solidification by 
PLGA solvent evaporation (Fig. 2F and see movie S1). After solidi-
fication, the gelatin beads of the microbeads were allowed to swell 
for 24 hours to maintain equilibrium with the immersed solution. 
The microbeads formed with a fluid flow of 3 ml/min had a diameter 
of approximately 435 m, which included a PLGA porous micro-
structure with a diameter of 260 m (graph of Fig. 2F). We con-
firmed that microbeads with diameters from 287 to 560 m can be 
obtained, including PLGA porous microstructures with diameters 
from 151 to 390 m, by controlling the microfluidic flow from 1 to 
6 ml/min (fig. S7, A, B, and D). Furthermore, we obtained small-sized 
microrobots (168 m) at a fluidic flow of 6 ml/min and a PLGA:gelatin 
ratio of 6:4 (fig. S7, E and F). Thus, on the basis of the location of the 
liver tumor, the size and shape of the feeding vessel can be deter-
mined, and microbeads of appropriate size can be selected from the 
wide range of sizes of microbeads, similar to commercial embolic 
beads of various sizes (100 to 1000 m) (27, 28, 41).

The microrobot was fabricated by attaching MNPs to the surface 
of the microbead for magnetic actuation and MRI (Fig. 2G). Specif-
ically, MNPs were attached to the microbead because of the reaction 
between catechols of PDA on MNPs and amines of gelatin on the 
microbead (42). In addition, the electrostatic interaction between 
the surface electric charges of MNPs and gelatin is attributed to the 
attachment of MNPs on the microbead. An optical microscope im-
age showed that the diameter of the microrobot using microbeads 
formed at a fluid flow of 3 ml/min was approximately 420 m 
(Fig. 2H). The EDX analysis image showed that the microrobot con-
tained C and O, which are the main components of microbeads, as 
well as Fe, which is a major component of MNPs (Fig. 2I). In addi-
tion, we could fabricate microrobots with diameters ranging from 
300 to 570 m by attaching MNPs to microbeads obtained through 
microfluidic flow control (Fig. 2, J and K, and fig. S7, C and D). 
Thermal gravimetric analysis curve and Fourier transform infrared 
(FTIR) spectra of the microrobot and its major components showed 
weight loss curves and IR absorbance bands corresponding to MNPs, 

PLGA, and gelatin. These results indicate that both microbeads and 
MNPs, which are the components of microrobots, exist even after 
several fabrication processes (fig. S8, A and B, and section S6 of the 
Supplementary Materials). The magnetic-responsive properties of 
the microrobots were observed as strong attraction to the magnets to 
the dispersed microrobots when brought close to them (Fig. 2L). In 
addition, the magnetization curve of the microrobots and MNPs 
shows that the magnetization saturation of the microrobots (approxi-
mately 13 emu/g) was 3.8 times lower than that of MNPs (approxi-
mately 50 emu/g) (Fig. 2M), implying that the microbead occupies 
approximately 74% of the total mass of the microrobot. Furthermore, 
the mass of each MNP contained in microrobots of various sizes 
was calculated using inductively coupled plasma optical emission 
spectroscopy. When the measured concentration of Fe in MNPs was 
71% (fig. S8C), the masses of MNPs in one microrobot with diameters 
of 570, 420, and 330 m were 0.66, 0.41, and 0.22 g, respectively 
(Fig. 2N). These results indicate that the amount of MNPs attached 
to the microrobot depends on the size of the microrobot.

The mechanical properties of the embolic bead are essential for 
determining the embolization behavior. Among the mechanical 
properties of the embolic bead, elasticity should be measured because 
it indicates the ability to recover its original size after injection with 
a microcatheter. We performed the microrobot compression test 
(fig. S8D) and found that the microrobot’s compressive modulus 
(414.4 kPa) is higher than that of the microbead (135.8 kPa) (Fig. 2O). 
We hypothesize that the compressive modulus of the microrobot is 
influenced by a reaction between gelatin and MNPs on the surface 
of the microrobot. Furthermore, to confirm the compatibility of 
microrobots with commercial catheters, microrobot delivery was 
performed using catheters of various sizes (movie S2). All microrobots 
of different sizes could be delivered through catheters with diameters 
of 4.0 Fr (inner diameter: 33 mm) and 2.4 Fr (inner diameter: 
0.79 mm). In addition, microrobots could be delivered through a 
microcatheter with a small diameter (1.7 Fr; inner diameter: 0.43 mm) 
because of the high elasticity of microrobots. Moreover, we observed 
microrobot delivery in a microcatheter with a tortuosity loop to 
mimic a microcatheter connected along a complex blood vessel 
(Fig. 2P) (43). The results indicated that the compressed microrobot 
can recover its original shape after passing through and coming out 
of the narrow and twisted tube (Fig. 2Q).

Before the phantom and in vivo experiments, the occlusion of 
microrobots was tested in straight microfluidic channels of different 
widths (Fig. 2R). Microrobots of various sizes passed through chan-
nels with widths of 600 and 300 m, which were smaller than those 
of microrobots (movie S3). On the other hand, all microrobots were 
sequentially stacked in a channel with a width of 150 m and conse-
quently blocked the channel. Microparticles of 5 m did not pass 
through the channel completely blocked by the microrobot (Fig. 2S 
and movie S3). Considering that the size of red blood cells that trans-
port oxygen through hemoglobin is about 7 m (44), it suggests that 
microrobot vessel occlusion can not only block oxygen delivered to 
the tumor but also reduce nutrients due to decreased blood flow. Also, 
considering that the hepatic capillary and microcirculation sizes are 
5 and 100 m, respectively (45), the microrobot occludes the vessel 
before delivery to the hepatic microcirculation. In addition, the struc-
tural behavior of the microrobot according to temperature was observed 
in the fluidic channel occluded by the microrobot to examine the 
microrobot change after vessel embolization. The flow of phosphate-
buffered saline (PBS) above 37°C, which is the blood temperature, 
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in the fluidic channel occluded by the microrobot caused the release 
of gelatin and MNPs because of the low melting point of gelatin 
(Fig. 2T and movie S4). Thereafter, the PLGA microstructure, which 
is smaller than the microrobot, could pass through the channel. 
These experimental results are somewhat exaggerated but reveal that 
gelatin and MNPs can be released from the microrobot in the body, 
and the remaining PLGA microstructure can continue to function 
as an embolic bead.

In vitro biocompatibility, thrombogenicity, 
and biodegradability of microrobots
The in vitro biocompatibility and biodegradability of microrobots 
were investigated through cell viability and degradation tests. To 
confirm the biocompatibility of MNPs, the cell viability of human 
umbilical vein endothelial cells (HUVECs), human aortic endothelial 
cells (HAECs), and normal human liver epithelial cells or endothelial 
and epithelial (THLE-2) cells was tested at different concentrations 
of MNPs (Fig. 3A). The viability of HUVECs and HAECs decreased 
at an MNP concentration of ≥30 g/ml (Fig. 3, B and C), whereas 
that of THLE-2 cells was not significantly affected at an MNP con-
centration of ≥50 g/ml (Fig. 3D). Furthermore, the cell viability of 
HUVEC, HAEC, THLE-2, and human hepatoma cells (Hep3B) was 
tested using 100 microrobots (Fig. 3E). In addition, the cell viability 
of HUVECs, HAECs, THLE-2 cells, and Hep3B cells was evaluated 
using 100 microrobots (Fig. 3E). No significant difference in cell 
viability was found between the control group (cells incubated with-
out microrobots) and the test group (cells incubated with 100 micro-
robots for 48 hours) (Fig. 3F). Considering that 100 microrobots 
contained approximately 66 g of MNPs, we hypothesized that cell 
viability would be higher when MNPs were slowly released from 
microrobots than during treatment with MNPs alone. Furthermore, 
the hemocompatibility of MNPs and microrobots was investigated 
by analyzing hemolysis of red blood cells following treatment with 
MNPs and microrobots (46). The surfactant triton-induced hemo-
lysis of red blood cells produced hemoglobin, which was dark red in 
color, and absorption of the supernatant at 590 nm was high (Fig. 3G 
and fig. S9). On the other hand, despite the treatment with various 
concentrations of MNPs and microrobots, hemoglobin was hardly 
produced by hemolysis of red blood cells, as revealed by the trans-
parency of the supernatant and no change in absorption intensity 
(fig. S9). Hence, we confirmed that the microrobots had no toxic 
effect on red blood cells.

Thrombogenicity, which indicates the tendency of a substance 
to cause thrombosis or clotting when in direct contact with blood, is 
one of the important biological properties in the evaluation of em-
bolic agents. We evaluated the thrombogenicity of microrobots using 
sheep blood in 96-well plates (Fig. 3H) (34, 35). Coagulation of blood 
(control) started after 9 min, whereas coagulation occurred around 
the microrobots from 5 min after contact (Fig. 3I). In addition, we 
confirmed that the blood in contact with the microrobots produced 
more blood clots than the control at 13 min through the darker color. 
These results indicate that microrobots can promote blood coagula-
tion and thus function as an embolic agent.

To use the proposed microrobots for vessel embolization, their 
biodegradability should be ensured to avoid side effects caused by 
untargeted microrobots. PLGA and gelatin, the major components 
of the microrobot, are known to be degraded in vivo by hydrolysis 
and enzyme of matrix metalloproteinase–sensitive protein sequences, 
respectively (47, 48). In addition, gelatin has a melting point of 

approximately 35°C and is also removed by phagocytosis (49, 50). 
Hence, after targeted vessel embolization by the microrobot, gelatin 
beads of the microrobot induce thrombus formation and gradually 
degrade through a foreign body reaction at the blood temperature. 
The PLGA microstructure, which has a longer degradation period 
than gelatin, degrades slowly over several weeks even after the gelatin 
disappears. To verify this, we monitored the in vitro degradation of 
the microrobot using an optical camera and scanning electron 
microscope (SEM) during culturing in PBS for 49 days (Fig. 3J). 
On the first day, optical and SEM images showed that gelatin and 
MNPs were released from the microrobot, and the presence of C 
and O in EDX analysis revealed that only the PLGA microstructure 
with few MNPs remained (Fig. 3, K and L). After 21 days, the mor-
phology of the PLGA microstructure collapsed because of hydrolysis, 
and on the 49th day, the PLGA microstructure was degraded into 
several fragments (Fig. 3M).

Imaging agent–loaded microrobots enabled real-time 
and postoperative imaging
To track the targeting of microrobots in real time, we selected x-ray 
and ultrasound-based imaging methods, which are most commonly 
used for observing deep tissues such as vessels, the liver, and kid-
neys. Thus, for real-time imaging of microrobots using ultrasound 
and x-ray, the microrobots should be composed of a material that 
can be detected by ultrasound or x-ray or be loaded with contrast 
agents for that imaging. In this study, we loaded contrast agents into 
the microrobots to develop multifunctional microrobots, i.e., 
microrobots that enabled magnetic actuation, drug delivery, and 
real-time and postoperative imaging.

Ultrasound imaging of the microrobots was performed by loading 
them with SONAZOID (GE Healthcare, Waukesha, WI, USA), a 
microbubble contrast agent (Fig. 4A). SONAZOID, approved in 
many countries as an ultrasound imaging agent, is composed of lipid-
coated perfluorocarbon microbubbles measuring approximately 3 m 
and is mainly used for imaging liver and breast lesions (51). Micro-
bubbles disappear approximately 10 min after injection, and the gas 
is removed from the body by exhalation. The absorbance intensity 
of microbubbles at various concentrations in PBS was measured at 
660 nm (Fig. 4B). The mass of microbubbles loaded in the microrobots 
was measured using the intensities measured at each concentration. 
Each microrobot contained approximately 2.22 g of microbubbles 
(Fig. 4C). Thereafter, real-time imaging of the microbubble-loaded 
microrobots was performed in a tube. The microrobots were observed 
freely moving in a swarm motion in the tube under magnetic field 
influence by real-time ultrasound imaging (Fig. 4D).

An iodinated contrast agent is most frequently used clinically to 
visualize internal vessels; however, this agent can cause damage to 
blood vessels and kidneys if it remains in the body for a long period 
of time. We needed to use an iodinated contrast agent to enable 
real-time x-ray imaging of the microrobots (Fig. 4E) and conducted 
several experiments to observe the loading and release of the iodinated 
contrast agent from them. The change in the iodine content of micro-
robots with a diameter of 570 m was investigated through EDX 
(Fig. 4F). We found that their iodine content was 10.29% after load-
ing the agent and that it was only 1.32% after releasing in PBS for 
1 day. In microrobots with a diameter of 420 and 330 m, the iodine 
content after loading the agent was 6.67 and 4.16%, respectively, 
which corresponded to the smaller volume of these microrobots com-
pared with microrobots with a diameter of 570 m. After release, 
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the iodine content in these microrobots was 2.78 and 1.80%, respec-
tively. These results indicate that most of the iodinated contrast agent 
is rapidly released from the microrobots, and only a small amount 
remains in the body. Real-time monitoring of the iodinated con-
trast agent–loaded microrobot was performed under x-ray irradia-
tion. Microrobots immersed in PBS could be visualized in real time 
(Fig. 4G, fig. S10, and movie S5). Over time, the iodinated contrast 

agent was released, making the microrobot further blurry and even-
tually invisible on x-ray imaging. The real-time x-ray imaging dura-
tions for microrobots with diameters of 570, 420, and 330 m were 
65, 35, and 25 s, respectively (Fig. 4H and fig. S10). This trend was 
observed because of the difference in the amount of iodinated con-
trast agent loaded in the microrobot, which is associated with the 
microrobot size. Although real-time imaging of microrobots is possible 

Fig. 3. Microrobots do not have a cytotoxic effect and degrade gradually over time. (A) Schematic illustration of the biocompatibility of MNPs to cells. (B to D) Cyto-
toxicity of MNPs in (B) HUVECs, (C) HAECs, and (D) THLE-2 cells for 72 hours (n = 3; means ± SD, *P < 0.05 and **P < 0.01, Student’s t test). ns, not significant. (E) Schematic 
illustration of the biocompatibility of microrobots to cells. (F) Cytotoxicity of microrobots in HUVECs, HAECs, THLE-2 cells, and Hep3B cells for 48 hours (n = 3; means ± SD, 
Student’s t test). (G) Hemocompatibility of MNPs and microrobots. Absorption of supernatants of the red blood cell solution was measured at 590 nm. (H) Schematic illus-
tration of microrobot thrombogenicity. (I) Thrombogenicity assay showing the clotting time of the microrobot in contact with sheep blood. Blood alone was used as a 
negative control. Red arrows indicate the progression of thrombus formation. Scale bars, 3 mm. (J) Schematic illustration of microrobot degradation. (K) Optical images 
of microrobots immersed in PBS at initial state and day 1. Scale bars, 10 mm. (L) SEM and EDX images of microrobots immersed in PBS at day 1. (M) SEM images of micro-
robots after degradation in PBS at day 21 (left) and day 49 (right).
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Fig. 4. Microrobots containing imaging contrast agents enable real-time (ultrasound and x-ray) and postoperative MRI. (A) Schematic illustration of ultrasound 
imaging of ultrasound contrast agent (SONAZOID)–loaded microrobots. (B) Standard curve of the ultrasound contrast agent according to concentration (n = 3; means 
± SD). (C) Loading mass of SONAZOID in microrobots with a diameter of 570 m (n = 3; means ± SD). (D) Time-lapse image sequence of SONAZOID-loaded microrobot 
movement under ultrasound guidance. Scale bar, 4 mm. (E) Schematic illustration of x-ray imaging of iodinated contrast agent–loaded microrobots. (F) SEM and EDX 
images of microrobots with a diameter of 570 m before and after release of the iodinated contrast agent in PBS for 24 hours. Scale bars [on SEM (left) and SEM/EDX 
(right)], 100 and 25 m, respectively. (G) Time-lapse image sequence of the movement of iodinated contrast agent–loaded microrobots with a diameter of 570 m under 
x-ray guidance. Scale bar, 3 mm. (H) Change in grayscale values of iodinated contrast agent–loaded microrobots with a diameter of 570 m on x-ray imaging (n > 25; 
means ± SD). (I) Schematic illustration of MRI of microrobot. (J) T2-weighted MR image of MNPs in aqueous solutions of different Fe concentrations. (K) Relaxation rate r1 
(1/T1) of MNPs at different Fe concentrations (n = 3; means ± SD). (L) Relaxation rate r2 (1/T2) of MNPs at different Fe concentrations (n = 3; means ± SD). (M) Optical and 
MRI of microrobots of different sizes in the phantom. Scale bars, 5 mm. The time indicated on each image is in the minutes:seconds format.
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for only tens of seconds, the time for microrobot targeting is just a 
few seconds; thus, the real-time imaging duration of the proposed 
microrobots is sufficient for tracking them during and after targeting.

After microrobot delivery to the target tumor feeding vessel, 
their biodistribution and tumor treatment efficacy should be non-
invasively monitored through postoperative imaging. In this study, 
we selected MRI as the postoperative imaging method for observa-
tion of the targeted microrobots and tumor status (Fig. 4I). MNPs 
with an Fe3O4 core (loaded on the microrobots) are negative con-
trast agents for MRI, and their signal intensity can be changed by 
shortening the transverse relaxation time (T2) of water protons (52). 
Within the uniform magnetic field generated by the MRI scanner, 
the gradient magnetic field is close to zero, and as a result, the 
MNP-loaded microrobots delivered to the lesion site are not driven 
during MRI acquisition. Food and Drug Administration–approved 
MNPs are already being used as MRI contrast agents. They are 
administered orally or intravenously and circulate throughout the 
body. Hence, the MNPs loaded on microrobots improve the visibility 
of internal structures in the body in MR images without affecting 
microrobot magnetic actuation (53, 54). MRI revealed that the 
developed MNPs could generate negative contrast by changing the 
signal intensity with Fe concentration on MRI (Fig. 4J). Both the T1 
relaxation rate (1/T1) and T2 relaxation rate (1/T2) had a positive linear 
relationship with the Fe concentration. The r1 value (0.53 mM−1 s−1) 
for the Fe concentration in MNPs was lower than that for gadolinium-
based T1 contrast agents (4 to 5 mM−1 s−1) (Fig. 4K) (55), whereas 
the r2 value (174.13 mM−1 s−1) of the Fe concentration in MNPs was 
similar to that of commercial MNP–based T1 contrast agents (120 
to 186 mM−1 s−1) (Fig. 4L) (52). These results mean that fabricated 
MNPs can be used as a negative contrast agent for MRI. Further-
more, we observed MR images of microrobots containing MNPs in 
the prepared phantom (Fig. 4M). Optical and T2-weighted images 
showed that 100 microrobots with diameters of 570, 420, and 330 m 
in each phantom can be observed by MRI.

Tumor treatment effect of therapeutic agent–loaded 
microrobots in vitro
In this study, the drug was loaded onto gelatin beads and MNPs, 
which are the main components of the microrobot, and we designed 
the drug to be pH-sensitively released from the microrobot accord-
ing to the acidic environment around and inside the tumor. First, 
drug-loaded MNPs are released from the microrobot located in the 
blood vessels around the tumor as the microrobot degrades. Some 
of these MNPs have the potential for uptake into tumor cells by 
entering endosomes and lysosomes (56), which have an acidic envi-
ronment of about pH 5.0 (57). Next, the drug loaded on the gelatin 
beads is slowly released from the microrobot. Here, some micro-
robots located close to or inside the tumor tissue are exposed to the 
acidic microenvironment of the tumor at a pH of about 5.0 (58). To 
verify the pH-sensitive drug release and in vitro tumor treatment 
effects of drug-loaded microrobots, we performed drug loading and 
release tests and in vitro cancer cell viability tests.

We examined the drug loading capacity and cancer cell uptake 
of MNPs, a component of microrobots. DOX, a representative anti-
cancer drug, was loaded on MNPs. DOX was loaded on the PDA of 
MNPs by - stacking and hydrogen bonding interactions. The drug 
loading capacity of MNPs was up to 25%, depending on the ratio of 
MNPs to DOX (fig. S11A). The drug release behavior of DOX-loaded 
MNPs was observed at pH 5.0 and pH 7.4, where pH 5.0 and pH 7.4 

are similar to intracellular endosome and lysosome and physio-
logical environment, respectively (57). The amount of DOX re-
leased from the microrobot was 14.3 and 6.1% at pH 5.0 and pH 7.4 
for 24 hours, respectively. The amount of DOX released at pH 5.0 
was more than twice that at pH 7.4 (fig. S11B). The higher release of 
DOX at low pH may be because of the high positive charge result-
ing from the protonation of DOX molecules at low pH (59). FA-
induced folate receptor–mediated endocytosis of MNPs was observed 
in Hep3B and THLE-2 cells in various conditions using fluores-
cence imaging. In Hep3B cells, a human liver tumor cell, free DOX, 
is distributed throughout the cell, including the nucleus, by direct 
cell infiltration of DOX molecules with a diameter of approximately 
1.5 nm (56). On the other hand, DOX-loaded MNPs enter the 
endosome and lysosome in the cell through endocytosis (56). 
Thereafter, DOX is rapidly released from MNPs in the acidic envi-
ronment of the endosome and lysosome. The fluorescence image of 
the DOX-loaded MNP group showed that DOX released from the 
endosome and lysosome was trapped inside the cell in the perinu-
clear cytoplasm (fig. S11C, left). The blocking of folate receptors of 
cells by FA treatment resulted in relatively low DOX fluorescence, 
which indicated that endocytosis of MNPs into cells was reduced 
because of folate receptor blocking. Furthermore, in THLE-2 cells, 
MNP uptake was found to be low, regardless of FA treatment, as 
revealed by low DOX fluorescence intensity (fig. S11C, right). This 
phenomenon proves that the folate receptor is overexpressed in 
cancer cells compared with normal cells. Hence, MNPs released af-
ter the degradation of microrobots have the potential to be used as 
secondary drug carriers for effective drug delivery through uptake 
into tumors.

The drug was loaded into the microrobots through absorption of 
DOX and 5-FU aqueous solution, which are frequently used as 
chemotherapeutic agents in tumor treatment, into the gelatin beads 
of the microrobot (Fig. 5A). Optical and fluorescence images showed 
that DOX can be loaded into microrobots of various sizes (Fig. 5B). 
The amounts of DOX and 5-FU loaded into the microrobot were 
determined according to the size of the microrobot (Fig. 5C). Micro-
robots with a diameter of 570, 420, and 330 m contained 0.95, 0.32, 
and 0.16 g of DOX, respectively. Furthermore, each microrobot 
with a diameter of 570, 420, and 330 m contained 0.23, 0.11, and 
0.09 g of 5-FU. In the drug loading process, the concentration of 
the aqueous solution of DOX (50 mg/ml) was higher than that of 
5-FU (16 mg/ml); hence, more DOX was loaded into the gelatin 
beads of the microrobots. In addition, DOX can react with the PDA 
of MNPs, which is a component of the microrobots, and therefore, 
additional drugs can be loaded into the microrobots. Furthermore, 
drug release from the microrobots was observed in PBS at pH 5.0 
and 7.4, which corresponded to the acidic microenvironment of the 
tumor and physiological environment, respectively (Fig. 5D) (58). 
The amounts of DOX and 5-FU released from the microrobots at 
pH 7.4 were 53.9 and 69.2% and those released at pH 5.0 were 93.1 
and 92.2%, respectively, within 24 hours (Fig. 5, E and F). We 
hypothesized that protonation of drugs at low pH may have facilitated 
drug release from microrobots (59, 60). The validation of tumor 
treatment with drug-loaded microrobots was performed in vitro 
using Hep3B cells, a liver cancer cell (Fig. 5G). Compared with the 
high viability in control (only cells) and 100 microrobots without 
drug, 100 microrobots loaded with DOX and 5-FU could kill cancer 
cells with low viability (DOX- and 5-FU–loaded microrobots: 28.5 and 
42.3%, respectively) (Fig. 5, H and I). In addition, the cancer cell 
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viability of cells treated with free DOX and 5-FU was lower (DOX 
and 5-FU: 10.7 and 32.9%, respectively) than that of cells treated 
with drug-loaded microrobots. This difference is because of the drug 
delivery method of microrobots. Free DOX and 5-FU immediately 
diffuse into the culture media as an aqueous solution and penetrate 
the cell directly, but drugs loaded in the microrobot are slowly re-
leased and diffused into the cell. Furthermore, considering the in vitro 
and in vivo environment with respect to drug delivery, the in vitro 
environment is an isolated system in which drug concentration is 
maintained, unlike the in vivo environment. In the in vivo environ-
ment, the drug spreads throughout the body because of blood circu-
lation and kills tumor and normal tissues. On the other hand, the 
microrobot targeted to the tumor feeding vessel blocks the blood 
flow, gradually releases the drug, and stays around the tumor for a 
long time, thereby enhancing the tumor treatment effect.

We investigated the near-IR–triggered heat generation ability of 
microrobots, which is an additional function of the proposed micro-
robot. The response of microrobots to NIR can be induced by PDA, 
a component of MNPs. PDA has the property of NIR absorption 
(808 nm) (fig. S2C) and is known to induce a photothermal effect 
through high photothermal conversion efficiency (61). NIR irradiation 

(2 W/cm2, 1 min) increased the temperature of PBS even in the 
presence of only one microrobot (fig. S12, A and B). An increase in 
the number of microrobots increased the temperature remarkably. 
In addition, the increase in the temperature of the microrobots due 
to NIR irradiation caused the release of MNPs and gelatin from the 
microrobots (fig. S12C). Hence, we anticipate that NIR-triggered 
heat generation will enable controlled drug release and promote the 
release of gelatin and MNPs from microrobots.

Validation of targeting, real-time x-ray imaging, and 
embolization of microrobots using a magnetic actuation 
module in the vessel phantom model
To deliver microrobots to the target tumor feeding vessel, we used a 
magnetic actuation module consisting of multiple electromagnetic 
coils. The configuration of electromagnetic coils in the magnetic 
actuation module was designed considering targeting with an in vivo 
microrobot injection and real-time imaging; thus, the magnetic 
actuation module provided access to animals, respiratory anesthesia 
equipment, microrobot injection device, x-ray imaging device, and 
operator (fig. S13 and see section S8). In addition, for targeting 
of microrobots in complex narrow blood vessels in the body, the 

Fig. 5. Loading and release of therapeutic agents (DOX and 5-FU) from microrobots for the treatment of cancer cells. (A) Schematic illustration of the drug-loaded 
microrobot. (B) Optical and fluorescence images of DOX-loaded microrobots of different sizes. Scale bars, 200 m. (C) Mass of DOX and 5-FU loaded in one microrobot 
with different sizes. (D) Schematic illustration of drug release from the microrobot. (E) DOX and (F) 5-FU release from a microrobot with a diameter of 570 m in buffer at 
pH 5.0 and 7.4 (n = 3; means ± SD). (G) Schematic illustration of drug delivery to cells using microrobots. (H and I) Viability of Hep3B cells after treatment with microrobots, 
drug-loaded microrobots, and drug at 24 hours. Cell viability after treatment with free and microrobot-bound (H) DOX and (I) 5-FU (n = 3; means ± SD, ****P < 0.0001, 
Student’s t test).
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magnetic actuation module was designed to implement five (two rota-
tional and three translational) degree-of-freedom motions. The fab-
ricated magnetic actuation module comprised nine electromagnetic 
coils that were placed in the upper and lower regions. Detailed con-
figuration and specifications of the magnetic actuation module are 
described in fig. S14 and tables S1 and S2. The configuration of these 
coils enabled targeted vessel delivery of microrobots under x-ray 
guidance without interference of animals, respiratory anesthesia 
equipment, microrobot injection devices, and x-ray imaging devices. 
The fabricated magnetic actuation module can simultaneously gener-
ate a magnetic field of 70 mT and a gradient magnetic field of 1.7 T/m.

Before targeted vessel delivery using microrobots in the vessel 
phantom, the mobility of the microrobot under the magnetic field 
in PBS and blood was evaluated through numerical simulation and 
measurement (see section S9). First, we set up a model based on 
the finite element method for numerical simulation of the moving 
speed of the microrobot (Fig. 6A). Considering that the microrobot 
moves at a constant velocity when the sum of the magnetic force 
and drag force becomes 0, the numerical analysis of the microrobot 
speed was performed, and the microrobot speed was calculated 
until the drag force acting on the microrobots became ≥95% of the 
magnetic force (Fig. 6B). Simulation results revealed that in a mag-
netic field of 40 mT and a gradient magnetic field of 1 T/m, the 
maximum speeds of the microrobots in PBS and blood were 1.53 and 
0.32 mm/s, respectively, and the minimum speeds of the microrobots 
in PBS and blood were 0.84 and 0.2 mm/s, respectively; minimum 
and maximum speeds of the microrobots varied with the microrobot 
size (Fig. 6C). In the speed value in blood, the Reynolds number of 
the microrobots was <0.05, corresponding to the Stokes flow (Fig. 
6D and fig. S15A). In addition, in a magnetic field of 40 mT and 
a gradient magnetic field of 0.5 T/m, the speed of the microrobots 
was reduced by half of 1 T/m because the magnetic force was pro-
portional to the gradient magnetic field (fig. S15B). Furthermore, the 
microrobot speed was measured in PBS and 10% fetal bovine serum 
(4.2 centipoise), with a viscosity similar to blood (Fig. 6C). We found 
that the simulated and measured speeds of microrobots were simi-
lar, as revealed by the simulated and measured values.

To show the targeted vessel embolization using microrobots, the 
phantom was designed to have two branches. The diameter of the 
two branches was set on the basis of the branches that are maximally 
accessible to the 1.4-Fr microcatheter (fig. S16) (27). Figure 6E shows 
the experimental setup for targeted vessel embolization using micro-
robots. Before microrobot targeting in the vessel phantom, we in-
vestigated whether the magnetic actuation module could generate a 
magnetic force to target each vessel of the phantom through numer-
ical simulation. In the set-up stage of the numerical simulation of 
the magnetic actuation module (fig. S17), the strength and direction 
of the magnetic force were set differently for the current applied to 
each electromagnetic coil according to the target vessel. The simu-
lation results revealed that a strong magnetic field can be formed at 
two points, and the microrobot can be magnetically guided to the 
target vessel through the two branches (Fig. 6, F to I). In addition, 
both the strength and direction of the generated magnetic force 
were directed to each target vessel of the phantom. These results 
suggest that microrobots can be directed to the target vessel under 
magnetic guidance using the magnetic actuation module.

On the basis of the simulation results, we performed targeted 
vessel embolization using microrobots in the phantom under ob-
servation of optical and x-ray imaging. The microrobots were 

magnetically steered to the targeted area using a magnetic field of 
40 mT and a gradient magnetic field of 1 T/m. Optical and x-ray 
images revealed that iodinated x-ray contrast agent–loaded micro-
robots in the phantom can be monitored with real-time x-ray imaging 
(Fig. 6, J to N, fig. S18, and movie S6). Most of the microrobots were 
delivered to each of the four target vessels under magnetic guidance 
compared with no magnetic guidance. Quantitatively, in the absence 
of magnetic guidance, almost the same number of microrobots 
(approximately 50%) were stacked in the left and right vessels of 
the first branch (Fig. 6O). On the other hand, with the use of mag-
netic guidance, at least 92% (average of targeting efficiency in 
Fig. 6, P to S) of microrobots were delivered to the target vessel of 
the first branch, and at least 63% (average of targeting efficiency in 
Fig. 6, P to S) were delivered to the target vessel of the second branch 
(Fig. 6, P to S). We hypothesized that the lowered targeting efficiency 
in the second branch was caused by the error in the strength and 
direction of the magnetic field generated by the magnetic actuation 
module. In addition, we determined the fluid flow after channel 
blockage by microrobots. The microrobot speed was reduced to 
2.26, 1.68, and 0.79 mm/s as the right and left vessels of the second 
branch were sequentially blocked by microrobots (Fig. 6T and 
movie S7). Furthermore, target vessel embolization was analyzed by 
using change in the x-ray contrast at one point of each vessel of the 
second branch according to the injection of iodinated x-ray contrast 
agent (Fig. 6, K to N, dotted circles in x-ray images). On the basis of 
the grayscale values of PBS (>215.8) and x-ray contrast agent (>193.8) 
on the x-ray image (fig. S19), all grayscale values were higher in the 
vessel to which microrobots were delivered (Fig. 6, U to X). These 
results indicate that the microrobot can be delivered to the target 
vessel under magnetic guidance and can block the fluid flow through 
vessel embolization.

In vivo validation of targeted vessel embolization 
and degradation of microrobots
In vivo targeted vessel embolization was performed in the rat liver 
using the microrobot system. Microrobots loaded with x-ray con-
trast agent were injected through a catheter connected to the rat liver 
portal vein and steered to the target region under magnetic guidance 
using a magnetic actuation module (Fig. 7A). For real-time imaging 
of microrobot in vivo tests, we selected x-ray imaging, which is 
frequently used for blood vessel visualization in liver embolization. 
Microrobots were magnetically guided to the targeted vessel using a 
magnetic field of 40 mT and a gradient magnetic field of 1 T/m. The 
target region was set to the right median lobe (RML) of the rat liver 
as the right targeting region and the left median lobe (LML) and left 
lobe (LL) as the left targeting region. X-ray angiography images be-
fore microrobot injection showed blood vessels in the LL, RML, and 
LML of rat liver (Fig. 7, B to D, fig. S20, and movie S7). After the 
injection of x-ray contrast agent–loaded microrobots, they were 
delivered to each targeted vessel within seconds under magnetic 
guidance using the magnetic actuation module. The delivery of micro-
robots to each target vessel was confirmed with real-time x-ray 
imaging. X-ray angiography showed that microrobots blocked all 
vessels without magnetic guidance (Fig. 7B, fig. S20A, and movie S7), 
whereas microrobots selectively occluded target blood vessels under 
magnetic guidance (Fig. 7, C and D; fig. S20, B and C; and movie S7). 
These results imply that vessel embolization by microrobot can 
block blood flow, further suggesting that it can reduce the supply of 
oxygen and nutrients to the tumor. Furthermore, angiography was 
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performed after recovering RML-embolized rats for 2 weeks (Fig. 7E 
and movie S7). X-ray angiography indicated that a part of the vessel 
was opened by microrobot degradation.

We performed MRI of the rat liver as postimaging to verify micro-
robot targeting. Similar to the results of x-ray imaging, MRI revealed 

that microrobots were spread in the entire liver when magnetic 
guidance was not used, whereas microrobots were mostly located in the 
target lobe of the liver when magnetic guidance was used (Fig. 7F). 
We analyzed the microrobot targeting efficiency using MRI (Fig. 7G). 
The targeting efficiency without magnetic guidance was 43%, with 

Fig. 6. Evaluation of targeting and real-time x-ray imaging of microrobots and embolization by microrobots using the magnetic actuation module in the vessel 
phantom. (A) Numerical simulation setup for microrobot speed simulation. (B) Ratio of drag force and magnetic force acting on the microrobot as a function of time. 
(C) Numerical simulation and measurement of the speed of microrobots of different sizes in different fluids at 40 mT magnetic field and 1 T/m gradient magnetic field 
(n = 5; means ± SD). (D) Numerical simulation of fluid behavior around microrobot moving in different fluids. (E) Experimental setup for targeting and real-time x-ray imaging 
of microrobots and embolization using microrobots in the vessel phantom. (F to I) Numerical simulation of magnetic force map generated using the magnetic actuation 
module according to target vessel. White dotted arrow line indicates the path of microrobot targeting. (J to N) Optical and x-ray images after microrobot delivery to target 
vessel. Green arrow indicates flow direction. Areas near the arrows on x-ray images are presented in the insets. Dotted circles indicate four outlets of the phantom. Scale 
bars, 5 mm. (O to S) Microrobot targeting efficiency to target vessel (n = 5; means ± SD, ***P < 0.001 and ****P < 0.0001, Student’s t test). (T) Microrobot speed according 
to vessel blocking of phantom (n = 5; means ± SD). (U to X) Grayscale values at four outlets after microrobot targeting followed by injection of iodinated contrast agent. 
(K to N) The four outlets are indicated by dotted circles on x-ray images (n = 5; means ± SD).
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almost the same number of microrobots in both the lobes. On the 
other hand, targeting efficiency to the left and right lobes with mag-
netic guidance was 81.6 and 67.3%, respectively. The difference in 
the targeting efficiency of microrobots to the left and right lobes was 
caused by the magnetic field generation error of the magnetic actu-
ation module and the difference in blood flow velocity to the middle 
and left lobe branches of the rat portal vein. The left targeting region, 

LML and LL, occupies half of the rat liver and requires more blood 
flow than the right targeting region, RML, which occupies 25% of 
the rat liver. However, despite the harsh environment, microrobots 
could overcome blood flow to the LML and LL and be delivered into 
the RML under magnetic guidance.

To verify the suitability of the microrobot for temporary insertion 
into the body, microrobot degradation was observed for 2 weeks 

Fig. 7. Evaluation of targeted vessel embolization and degradation of microrobots in vivo. (A) Experimental setup and schematic illustration of targeting and 
real-time x-ray imaging of microrobots and embolization using microrobots in vivo. (B to D) X-ray angiography images of the portal vein in RML, LL, and LML of the rat 
liver before and after microrobot delivery. (B) w/o targeting means microrobot delivery without magnetic targeting. The target regions of microrobots are (C) LL and LML, 
referred to as left targeting, and (D) RML, referred to as right targeting. Red boxes on the left of x-ray images are areas near the arrows that are presented in four insets. 
Scale bars, 10 mm. (E) X-ray angiography images of the portal vein after 2 weeks of right targeting of microrobots. Scale bars, 10 mm. (F) MRI of rat livers after PBS injection, 
w/o targeting, left targeting, and right targeting. Red arrows indicate microrobots delivered to the rat liver. (G) Targeting efficiency of microrobots to target vessel (n = 4; 
means ± SD, ***P < 0.001, Student’s t test). (H) Microscopic images of Prussian blue staining at the first week and 2 weeks after microrobot delivery. Scale bars, 500 m.
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after targeting. The shape change and degradation of the microrobot 
were analyzed by hematoxylin and eosin and Prussian blue iron 
staining, which revealed the tissue structure and presence of MNPs, 
respectively (Fig. 7H and fig. S21). The staining image in the first 
week showed that the microrobots are stacked on a blood vessel and 
are deformed according to the size and shape of the vessel. The 
gelatin beads of the microrobot were stably maintained, and MNPs 
were present on the surface of the microrobot. These results indi-
cate that the gelatin beads were delivered to the target vessel without 
loss from the microrobot. At week 2, the presence of the micro-
robot’s gelatin beads was not optically confirmed, and MNPs were 
released from the microrobot and spread in the tissue. The degrada-
tion of gelatin in these microrobots is similar to that of commercialized 
gelatin-based embolic beads (2 to 6 weeks) (50). As a result, the 
microrobot not only can occlude blood vessels according to the size 
and shape of the blood vessels using a deformable shape but also can 
be slowly degraded in vivo.

In vivo tumor treatment using the microrobot system
To verify the in vivo tumor treatment of the developed microrobot 
system, targeted vessel embolization and drug delivery were per-
formed in rats with the orthotopic tumor in LL using the microrobot 
(Fig. 8A). DOX and iodinated contrast agent were loaded onto 200 
microrobots, and an intravascular catheter (20 gauge) was inserted 
into the portal vein of a rat. A total of 200 DOX-loaded microrobots 
were injected in bulk at one time through a tube using a syringe pump. 
After their injection, the microrobots were simultaneously guided 
to the target region using the magnetic actuation module. Microrobot 
injection and targeting were completed within tens of seconds 
(Fig. 8, B and C, and movie S8). The targeted microrobots blocked 
the target vessel, and DOX released from microrobots was delivered 
to the tumor.

To determine the tumor treatment efficacy of the microrobot 
system, rats with orthotopic tumors were assigned to five groups 
(three rats per group): (i) control (PBS injection), (ii) without microrobot 

Fig. 8. Evaluation of in vivo tumor treatment using microrobot system. (A) Schematic illustration of in vivo tumor treatment using the microrobot system. (B and 
C) X-ray angiography images of the portal vein in the RML, LL, and LML of rat liver before and after microrobot delivery. (B) w/o targeting means microrobot delivery 
without magnetic targeting. The target regions of microrobots are (C) LL and LML, referred to as left targeting. Red boxes on the left of x-ray images are areas near the 
arrows that are presented in four insets. Scale bars, 10 mm. (D) MR and optical images of livers of rats in all five groups. The five groups are the control, without microrobot 
targeting (w/o MT), without DOX-loaded microrobot targeting (w/o D-MT), with microrobot targeting (w/ MT), and with DOX-loaded microrobot targeting (w/ D-MT) 
groups. Red arrows on MR images indicate microrobots delivered to the rat liver. Yellow circles indicate liver tumors in rats. Scale bars, 5 mm. (E) The size of liver tumors 
in rats of all five groups (n = 3; means ± SD, *P < 0.05, Student’s t test). (F) Blood chemistry results (ALT, AST, CK, and BUN) of all five groups (n = 3; means ± SD). (G) TUNEL, 
phospho-H2AX, and CD31 staining images of rats with liver tumor in all five groups. Scale bars, 2 mm. The areas near the arrows are presented in the insets. Scale bars 
(insets), 1 mm. (H) Relative TUNEL-, phospho-H2AX–, and CD31-positive areas in tumor sections of the rat liver for all five groups (n = 3; means ± SD, *P < 0.05 and 
**P < 0.01, Student’s t test).
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targeting (w/o MT), (iii) without DOX-loaded microrobot targeting 
(w/o D-MT), (iv) with microrobot targeting (w/ MT), and (v) with 
DOX-loaded microrobot targeting (w/ D-MT). The right and left 
target vessels of rats in the microrobot-injected groups were visual-
ized before microrobot injection on x-ray angiography using the 
x-ray contrast agent (Fig. 8, B and C, before, and movie S8). All vessels 
appeared blocked on x-ray angiography after microrobot injection 
in the group without targeting (Fig. 8B, after, and movie S8). On the 
other hand, in the group with targeting using the magnetic actua-
tion module, most of the microrobots were delivered to the left vessel 
where the orthotopic tumor was located, and the x-ray contrast 
agent could not pass through this vessel because of the embolic 
effect of the microrobots (Fig. 8C, after, and movie S8). In all groups, 
the rats survived the injection of N1S1 cells and the surgery procedure. 
In particular, rats in the w/ D-MT group survived the injection of 
x-ray contrast agents and the injection and targeting of drug-loaded 
microrobots.

After 10 days of the microrobot treatment, we euthanized the 
rats of all five groups and investigated the microrobot position and 
liver tumor size by MRI and visual observation (Fig. 8, D and E). 
MRI of the w/o MT and w/o D-MT groups showed that microrobots 
were present in the entire liver. On the other hand, MRI of the 
w/ MT and w/ D-MT groups revealed that most microrobots were 
located in LL with tumor. The MRI and gross observation revealed 
that the tumor size tended to decrease on average in the microrobot-
injected groups without DOX compared with the control group 
(w/o MT and w/ MT), but without significant difference. On the 
other hand, the tumor size was substantially reduced on average in 
the groups injected with DOX-loaded microrobots (w/o D-MT and 
w/ D-MT) compared with the control group. In particular, signifi-
cant tumor size reduction was observed in the microrobot targeting 
group (w/ D-MT). Hence, we believe that targeted vessel emboliza-
tion and drug delivery using the microrobot system may have a syn-
ergistic effect that provides a long-lasting drug effect with a decrease 
in blood flow.

To confirm the microrobot biocompatibility in vivo, blood chemi-
cal analysis was performed using markers related to liver, heart, and 
kidney damage (Fig. 8F). We measured alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) for hepatic function, 
creatine kinase (CK) for cardiac function, and blood urea nitrogen 
(BUN) for kidney function on day 10 after treatment (62). The micro-
robot treatment did not increase the mean values of all the four 
parameters—namely, ALT, AST, CK, and BUN—in all experimental 
animals. The mean values of ALT, AST, CK, and BUN in all exper-
imental groups were 60.06 ± 11.03 U/liter, 177.66 ± 30.44 U/liter, 
1028.6 ± 243.28, and 32.62 ± 2.63 mg/dl, respectively. According to 
the Lab Anim Res (63), the mean ALT values in 13-week-old male and 
female Sprague-Dawley rats were 31.2 ± 5.8 and 29.9 ± 10.3 U/liter 
(range: 18 to 45 U/liter), respectively, and the mean AST values in 
13-week-old male and female Sprague-Dawley rats were 85.8 ± 18.5 
and 82.8 ± 23.2 U/liter (range: 74 to 143 U/liter), respectively. In 
addition, the CK and BUN values in the animals exposed to the micro-
robot treatment were in the normal range, indicating biosafety. Fur-
thermore, the weights of the liver, spleen, and kidney were measured 
to investigate organ damage (fig. S22). The average liver weight was 
low in the DOX-loaded microrobot without targeting group, but 
without significance, because DOX had spread throughout the liver. 
The weight of organs between the remaining groups showed no sig-
nificance. Hence, we confirmed the in vivo biocompatibility of the 

proposed microrobot system and that the toxicity caused by intra-
vascular administration of the drug can be improved by delivering 
the drug locally.

To investigate the tumor treatment effect of the microrobot system, 
we performed histological analysis of tumor-bearing liver tissue, ter-
minal deoxynucleotidyl transferase–mediated deoxyuridine triphos-
phate nick end labeling (TUNEL) assay, and immunohistochemical 
staining for phosphorylated histone H2AX (phospho-H2AX) and 
CD31 (Fig. 8, G and H, and fig. S23). TUNEL, phospho-H2AX, 
and CD31 staining assays were performed to evaluate tumor apop-
tosis, DNA damage caused by DOX, and angiogenesis around the 
tumor, respectively. The results revealed higher tumor cell apopto-
sis and DNA damage and lower peritumoral angiogenesis in groups 
treated with drug-loaded microrobots (w/ D-MT and w/o D-MT) 
than in the control and microrobot without drug loading (w/o MT 
and w/ MT) groups. In addition, we obtained the relative positive 
areas of TUNEL, phospho-H2AX, and CD31 compared to the 
tumor area by postprocessing the staining images (fig. S24). Except 
for phospho-H2AX staining, drug-loaded microrobot using mag-
netic targeting in TUNEL and CD31 staining exhibited significance 
compared to the control (Fig. 8H). Although we did not see the tumor 
treatment effect of microrobot target vessel embolization alone 
without drug, targeting of drug-loaded microrobot revealed a positive 
effect on tumor treatment in terms of tumor size and histological 
analysis results.

DISCUSSION
We developed a real-time MRI-guided microrobot system for liver 
chemoembolization. First, we developed microrobots of several sizes 
(300 to 600 m) for use in blood vessels of different morphologies, 
similar to clinically approved embolic beads. MNPs on the microrobot 
surface enabled magnetic actuation and observation on MRI. In 
addition, the elastic properties of microrobots provided high adapt-
ability to be injected through the microcatheter and help to occlude 
the vessel effectively. Furthermore, imaging and therapeutic agents 
could be loaded into microrobots, enabling real-time imaging (ultra-
sound and x-ray) and treatment of tumors through drug (DOX and 
5-FU) delivery. Furthermore, a magnetic actuation module was 
introduced to deliver the microrobot to the target vessel. The mag-
netic actuation module, composed of nine electromagnetic coils, 
was fabricated by optimizing the coil placement considering the 
animal, x-ray imaging device, microrobot injection device, and micro-
robot locomotion in 3D space. The developed magnetic actuation 
module could deliver microrobots to the target vessel through two 
branches in the phantom by generating a high-intensity magnetic 
field at two points in the workspace. As a practical biomedical appli-
cation, in vivo validation of the microrobot system was performed 
through targeted vessel embolization and drug delivery in a rat 
model of orthotopic liver tumor. Microrobots injected into the portal 
vein under magnetic guidance using x-ray imaging occluded the 
target vessel and treated the tumor by releasing the drug. Although 
the developed microrobot system has targeting and drug delivery 
properties in vivo, several major challenges should be addressed be-
fore clinical trials can be conducted.

Biocompatibility and biodegradability of microrobots are essential 
to prevent the potential toxicity of microrobot components and 
adverse effects caused by untargeted microrobots. In this study, 
we investigated the in vivo biocompatibility and biodegradation of 
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microrobots for 2 weeks. The results revealed that microrobots did 
not cause damage to organs and that MNPs spread into the liver 
tissue as the microrobots slowly degraded. However, in vivo mid- and 
long-term implantation of microrobots is required to determine the 
actual rate of degradation and local toxic effects of all degradable 
substances (64, 65). Therefore, we will analyze the period required for 
complete degradation of microrobots in vivo and the long-term effects 
on the organs and blood. The x-ray imaging agent (OMNIPAQUE 300) 
loaded on the microrobot has been clinically approved, is rapidly 
released from the microrobot, and can be quickly removed by the 
kidneys. In the in vivo experiment, we confirmed that there was no 
difference in BUN for kidney function (Fig. 8F) and kidney weight 
(fig. S22C) between the control and microrobot injection groups. 
However, when large amounts of microrobots are injected into the 
body, renal damage may occur due to the hyperosmolality induced 
by the high viscosity and high iodine concentrations (66). Therefore, 
to overcome the shortcoming, we will test biocompatibility and 
real-time imaging duration by experimenting with several imaging 
agent candidates, including gold nanoparticles in microrobots.

Although we confirmed that the gelatin beads of the microrobot 
are delivered to the target vessel without loss and are slowly degraded, 
the nontargeted microrobot or gelatin released from the micro-
robot may cause vessel embolization to other organs or the formation 
of blood clots. We will continue to conduct animal experiments to 
confirm the induction of these side effects. To avoid these side ef-
fects, we plan to study methods to recover nontargeted microrobots 
and materials or selectively remove them by applying external stimuli. 
In addition, instead of gelatin, which promotes thrombus formation, 
we will design and fabricate microrobots made of natural or syn-
thetic polymers with biocompatibility and biodegradability.

The magnetic actuation module was optimally designed to deliver 
the microrobots to the tumor feeding vessel and avoid interference 
with animals (i.e., the patient), x-ray imaging, and microrobot 
injection devices. The magnetic actuation module can generate a 
maximum magnetic field of 70 mT and a maximum gradient mag-
netic field of 1.7 T/m. Also, the focused magnetic fields formed at 
two points could magnetically guide the microrobots to the target 
vessel through the two branches successively without additional 
control during microrobot targeting. However, for clinical applica-
tion, the magnetic actuation module should be developed to fit the 
target organ in humans by increasing the scale. In particular, the 
magnetic field intensity generated from the coil rapidly decreases 
with distance. Therefore, in the scale-up stage, the magnetic actua-
tion module needs to generate sufficient magnetic field intensity to 
magnetize the microrobot. In addition, compared with the proposed 
magnetic actuation module for rats, the large-sized module for 
humans may cause lag time according to the direction change of 
the magnetic field during the microrobot targeting. To solve these 
problems, we will develop a magnetic actuation module that generates 
strong magnetic field intensities and, at the same time, is compatible 
with humans, x-ray imaging, and microrobot injection devices. 
Furthermore, using the visualized blood vessel obtained through 
x-ray imaging, we will form the focused magnetic fields to guide the 
microrobot to the targeted region at once without changing the 
direction of the magnetic fields. In addition, because the liver blood 
arteries in humans have more branches (29), the magnetic actuation 
module necessitates microrobot targeting of more than three branches 
along with microcatheter superselection. Therefore, we will develop 
a magnetic actuation module capable of microrobot superselection 

for multiple branches. Next, although the balloon catheter occludes 
the blood vessel, weak blood flow is still present. In addition, the 
rapid blood flow into the narrow gap between the catheter and the 
blood vessel may make it more difficult to steer the microrobots in 
the closer bifurcations. We will design the magnetic actuation module 
for humans to generate stronger magnetic fields than those devel-
oped now so that microrobots can be guided to the targeted vessel 
even at high blood flow.

In terms of microrobot powering mechanism, since microrobot 
actuation using gradient magnetic fields requires high magnetic field 
strength, it needs high power and a large volume of magnetic actua-
tion module compared to other actuation methods such as light, 
ultrasound, and chemical reaction. To overcome these limitations, 
we are developing a next-generation magnetic actuation module 
that can increase the driving performance of microrobots and have 
low power consumption and a small volume. Along with magnetic 
field–based microrobot manipulation, we are studying an ultrasonic 
actuation module capable of 3D locomotion of microrobots in deep 
tissue (67). As a prototype type of ultrasonic actuation module, we 
have confirmed that the microrobot can move in three dimensions 
within a phantom, including porcine tissue. In future work, we will 
develop magnetic and ultrasonic-based microrobot actuation modules 
that can accommodate the human body.

In the in vivo validation of tumor treatment using the microrobot 
system, we did not find any significant therapeutic effect by vessel 
embolization when microrobots were targeted without drugs, de-
spite target vessel embolization using microrobots. There are two 
reasons for this result. First, vessel embolization using embolic 
beads is performed clinically in the hepatic artery, which is the main 
nutrient supplier for tumors. However, in this study, we could not 
use microrobots with a diameter used in clinical tests (300 to 600 m) 
in a small-sized hepatic artery of the rat liver (approximately 250 m) 
(68). Therefore, the in vivo experiment using the microrobot system 
was performed by injecting microrobots into a relatively large portal 
vein (approximately 2 mm) (68). Next, vascular occlusion by em-
bolic beads can cause ischemic tumor necrosis by blocking the supply 
of nutrients to the tumor feeding vessel. However, vessel emboliza-
tion using only microrobot without drugs cannot effectively treat 
the tumor. Therefore, in most clinical cases, embolic beads and 
drugs are administered simultaneously (27, 41). This chemoembo-
lization reduces the blood flow in the tumor tissue, and the injected 
drugs stay in the tumor tissue at a high concentration for a long 
time. Because of ischemia, the pump function of the tumor cell 
membrane is lowered, and many drugs enter tumor cells, thereby 
exhibiting a higher anticancer effect. Although we did not observe 
any antitumor effect of targeted vessel embolization using microro-
bots, a significant reduction in the tumor was observed after DOX 
release from the microrobot in the target vessel. These results reveal 
that we expect blood flow to decrease with blood vessel occlusion by 
the microrobot and that DOX will be present longer in liver tissues 
and enhance the anticancer effect. Moreover, the N1S1 cell–based 
rat liver tumor model used in this study allowed a complex catheter 
insertion technique that is used clinically in interventional radiology 
and has the advantage of imaging by conventional radiological 
methods (69). However, in the liver tumor rat model, self-regression 
of the tumor is known to occur after 2 weeks (69). Therefore, another 
limitation of our study is that validation of in vivo tumor treatment 
with the microrobot system was limited to 10 days. In the future, 
we intend to compensate for the drawbacks by performing mid- to 
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long-term in vivo validation tests of the microrobot system in a me-
dium-sized animal model of the tumor in which microrobots can be 
injected into the hepatic artery.

MATERIALS AND METHODS
Detailed fabrication and characterization of the microrobot are ex-
plained in sections S1 to S4 of the Supplementary Materials. In addi-
tion, detailed protocols of in vitro, phantom, and in vivo tests are 
presented in sections S10 to S16 of the Supplementary Materials.

Experimental setup for microrobot targeting using 
the magnetic actuation module
Nine electromagnetic coils and pure iron cores of the electro-
magnetic actuation (EMA) system were obtained from JL Magnet 
(South Korea). An optical microscope (F170, Carl Zeiss, Germany), 
digital single-lens reflex camera (DSLR) camera (EOS 600D, CANON, 
Japan), and x-ray imaging device were easily accessible in the work-
space without interference of the EMA system and useful for observing 
the movement of microrobots. The EMA system was controlled using 
the LabVIEW software (National Instruments, Austin, Texas, USA), 
and nine power supplies (each set of MX 15 and 3001 ix, AMETEK, 
USA) were used to apply current in nine coils.

To test targeting, real-time x-ray imaging, and embolization using 
microrobots in the vessel phantom, the phantom was designed con-
sidering the smallest branch of the human hepatic artery accessible 
to the microcatheter. In detail, considering that the catheter cannot 
access vessels less than twice the diameter of a catheter (27), only a 
1.4-Fr microcatheter (outer diameter: 0.57 mm) can access the 
six branches (diameter: about 1.3 mm) of the human hepatic artery 
(29). On the basis of the clinically limited access of the catheter, 
two branches of the phantom corresponding to the seven (diameter: 
about 0.7 mm) and eight branches (diameter: about 0.96 mm) of 
the human hepatic artery were designed and fabricated using a 3D 
printer (Objet30 Pro, Stratasys, USA) (fig. S16). Microrobots with 
iodinated contrast agent were guided magnetically using a magnetic 
actuation module in real time with x-ray irradiation (100 kV, 100 A) 
in the vessel phantom. During targeting, microrobots were flowed 
at a rate of 2 ml/min (= fluid injection speed of ~2.5 cm/s). Here, the 
flow rate was determined by considering the diameter (~1.3 mm) of 
the six branches (29) and the number of blood vessels (~166) (29) 
based on the diameter (~4.1 mm) (70) and blood velocity (~45 cm/s) 
(70) of the main vessel of the human hepatic artery. After microrobot 
targeting, an iodinated contrast agent was injected into the phantom 
to confirm flow block by target vessel embolization. The flow block 
of the channel in the phantom was confirmed on the basis of the 
change in x-ray contrast agent observed in the four outlets on the 
recorded image. To confirm this quantitatively, the grayscale values 
of four outlets in each frame of the video were measured using 
ImageJ software (National Institutes of Health, USA). The flow block-
ing of the channel in the phantom was observed on the recorded 
image as the change in the amount of x-ray contrast agent in the 
four outlets. To confirm this quantitatively, the grayscale values of 
four outlets in each frame of the video were measured using ImageJ 
software (National Institutes of Health, USA).

Statistics and data analysis
All experimental data were compared using Student’s t test. All data 
are presented as means ± SD. The differences between groups were 

considered statistically significant at *P < 0.05 and highly significant 
at **P < 0.01, ***P < 0.001, and ****P < 0.0001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq8545
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