FULL PAPER
www.advhealthmat.de

Paper542

A Magnetically Guided Self-Rolled Microrobot for Targeted
Drug Delivery, Real-Time X-Ray Imaging, and Microrobot
Retrieval
Kim Tien Nguyen, Gwangjun Go, Zhen Jin, Bobby Aditya Darmawan, Ami Yoo,
Seokjae Kim, Minghui Nan, Sang Bong Lee, Byungjeon Kang, Chang-Sei Kim, Hao Li,*
Doyeon Bang,* Jong-Oh Park,* and Eunpyo Choi*

Targeted drug delivery using a microrobot is a promising technique capable of
overcoming the limitations of conventional chemotherapy that relies on body
circulation. However, most studies of microrobots used for drug delivery have
only demonstrated simple mobility rather than precise targeting methods and
prove the possibility of biodegradation of implanted microrobots after drug
delivery. In this study, magnetically guided self-rolled microrobot that enables
autonomous navigation-based targeted drug delivery, real-time X-ray imaging,
and microrobot retrieval is proposed. The microrobot, composed of a
self-rolled body that is printed using focused light and a surface with
magnetic nanoparticles attached, demonstrates the loading of doxorubicin
and an X-ray contrast agent for cancer therapy and X-ray imaging. The
microrobot is precisely mobilized to the lesion site through automated
targeting using magnetic ﬁeld control of an electromagnetic actuation system
under real-time X-ray imaging. The photothermal eﬀect using near-infrared
light reveals rapid drug release of the microrobot located at the lesion site.
After drug delivery, the microrobot is recovered without potential toxicity by
implantation or degradation using a magnetic-ﬁeld-switchable coiled catheter.
This microrobotic approach using automated control method of the
therapeutic agents-loaded microrobot has potential use in precise localized
drug delivery systems.
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1. Introduction
Over the past decades, a variety of targeted therapies have been developed for effective treatment of cancer.[1–3] Compared
with conventional chemotherapy, targeted
therapy can minimize side eﬀects by increasing local concentrations of therapeutic agents such as drugs, messenger RNA
(mRNA), genes, radioactive seeds, imaging contrast agents, and proteins at speciﬁc target sites in the body while maintaining a lower level of concentrations in
the rest of the body.[4] More recently, microrobots capable of carrying and delivering
therapeutic agents have attracted great interest in cancer treatment.[5,6] These microrobots can stably carry therapeutic agents
used for targeted therapy and release them
in precise and controlled amounts to speciﬁc target locations. Furthermore, magnetic ﬁelds, ultrasound, and light used as
actuation sources for microrobots enable
minimal and noninvasive surgery through
wireless locomotion of microrobots and can
be used as trigger devices that can selectively release drugs.[7–12] Therefore, compared to conventional targeted therapy,
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microrobots can eliminate the potential side eﬀects caused by circulation of therapeutic agents and selectively deliver more therapeutic agents.[13,14] In addition, microrobots can deliver a greater
amount of material to provide faster and better recovery. The current trend in microrobot research has focused on delivering therapeutic agents to lesion sites and microrobot degradation inside
the body. Therefore, most studies have evaluated the mobility of
microrobots and veriﬁed the biocompatibility, biodegradability,
and drug delivery of microrobots from the perspective of biological eﬀects.[15–21] However, current microrobots have limitations
in being applied to in vivo experiments that require thorough consideration of the procedure, including the conditions before and
after the injection and delivery of the microrobot.
In terms of biostability, a microrobot injected into the body
must not induce side eﬀects such as exothermic, inﬂammatory, and immune reactions; should not pose a hazard to cells;
and should be nontoxic and noncarcinogenic.[5,6] To ensure stability inside the body, microrobots composed of biocompatible
and biodegradable materials have been developed using various
micro- and nanofabrication methods such as 3D printing,[15–19]
emulsion layering,[20] and electrodeposition.[21] Although microrobots have demonstrated nontoxicity in speciﬁc cells and
biodegradability in speciﬁc environments, the potential eﬀects
of microrobots and their degraded products locally concentrated
on the target site have not been veriﬁed. In particular, magnetic nanoparticles (MNPs) carried on a microrobot body for its
magnetic actuation can cause signiﬁcant toxic eﬀects, such as
inﬂammation, the formation of apoptotic bodies, impaired mitochondrial function, membrane leakage of lactate dehydrogenase generation of reactive oxygen species, and chromosome
condensation.[22,23] In addition, unlike general nanoparticlebased drug delivery circulating in the body through intravenous
injection, MNPs released by microrobots concentrated in the lesion may cause more lethal toxicity to normal tissues around the
disease because of the high concentrations.[22] As an alternative
to leaving microrobots in the body, retrievable microrobots can
be introduced into drug delivery. The retrievable microrobot can
be removed from the body after completing the drug release task
to the target site. Therefore, the recoverable microrobot can minimize toxicity-related issues caused by the degradation of the microrobot.
For the targeted drug delivery (DD) task, the robot structure
is also considered as an important factor, in which the selfrolling/-folding microrobots are the preferable structures for DD
with capable of pick and place and carrying a larger amount of
drug/cell.[24–28] However, the challenge for applying these type
of robots to the in vivo experiment is remain opened since it
requires to change the environmental temperature to unfold
these type of structure and release the drug. On the other hand,
the unrolling/unfolding microrobots with the porous cylindrical/helical/spherical structure shows a higher possibility in a
practical viewpoint.[29–34] The drug/cell is strongly bonded in the
porous structures of the robot and gradually release after reaching the target site thanks to its biodegradability[29–32] or external
stimulus such as Near-infrared (NIR),[24] ultrasound,[33] or alternative magnetic ﬁeld (AMF).[34]
In addition to the biological structure of microrobots, magnetic targeting is an important aspect for drug delivery using
microrobots, making magnetic microrobots superior to for con-
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ventional cancer therapy techniques in terms of achieving a successful accessing rate, lowering the risk of infection, and reducing trauma.[35–38] Because of their minimal size, magnetic microrobots can reach closer to the target lesions than wire-type
surgical tools. There is a need to develop an autonomous microrobot system that can quickly and precisely deliver drugs to lesions based on pathway information, current position, and target
point as well as environmental conditions. For real-time imaging
techniques of the microrobot, the diﬃculty of tracking the microrobot through the living organisms remains one of the major
challenges in practical viewpoint where the developed 2D-/3Doptical microscope imaging techniques are no longer applicable
because of the low penetrating capacity of light through the biological tissue. The photoacoustic imaging technique provides
a possibility of in vivo tracking of microrobots since it shows
a deep penetration into living tissues (up to 2 cm[33,39] ). The
positron emission tomography incorporated with computed tomography (PET-CT) is another promising technique in vivo with
high resolution.[40] However, high initial cost and operating cost
are disadvantages from widely applicable in lab-scale research.
Recently, X-Ray irradiation is also used to track the metal-coated
microparticles/microrobots.[41] In addition, most proposed drug
delivery systems using magnetic microrobots just take into account how to approach the target areas and trigger the drug release; few of those eﬀorts address the issue of the microrobot
remaining inside the tissue or vessel after treatment.[42–44] Despite the fact that microrobots used for biomedical application
are made of biocompatible and biodegradable materials, they
can cause a potential life-threatening condition (e.g., vessel embolism) if they are left inside the human body.[45] To deal with post
complications of microrobot remaining inside the target site after
functioning, some eﬀorts demonstrated the microrobot retrieval
trials.[34,46] Unfortunately, the completed procedure for in vivo application remains opened in which only a simple in vitro retrieval
of microrobots under magnetic guidance is implemented.[34] A
remarkable idea of using a magnetic catheter includes 27 permanent magnets integrated with a 12Fr catheter to retrieve of nanoagents from the bloodstream.[46] This method can passively collect
the unused agents which are not accumulated into the tumor.
Until now, several studies have been about the drug-carrying micro/nanorobot system, but a microrobot system integrating the
fabrication, delivery, and collection functions of the drug-carrying
micro/nanorobot into one has not yet been reported.
Therefore, to resolve these issues, we have developed a
magnetically guided self-rolled microrobot for autonomousnavigation-based targeted drug delivery, real-time X-ray imaging, and microrobot retrieval, as shown in Figure 1. The microrobot consists of a ceramic-based self-rolled body and an MNPcoated surface layer. The ceramic-based composite material used
can withstand the ﬂuid environment and is robust during injection and retrieval. Here, E-dent 400 is a ceramic-based composite material, used to form a microrobot body, and is a biocompatible Class IIa and US Food and Drug Administration (FDA)approved solution for accurate 3D printing of crowns and bridges
in dental applications.[47] The microrobot body was prepared by
a single-layer-based self-rolling technique using focused Ultraviolet (UV) light polymerization. According to this technique, a
single-layered material is encoded with an anisotropic density
gradient along the longitudinal direction via focused light with a
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Figure 1. Schematic illustration of a magnetically guided self-rolled microrobot for targeted drug delivery, X-ray imaging, and microrobot retrieval. a)
Preparation of self-rolled microrobot containing drug and X-ray contrast agent. b) Automated microrobot targeting using magnetic ﬁeld control of the
EMA system and the electromagnetic microrobot injector under real-time X-ray imaging. c) Controlled drug release from the microrobot by NIR stimulus.
d) Automated microrobot retrieval using magnetic ﬁeld control of the EMA system and the electromagnetic microrobot injector under real-time X-ray
imaging.

prescribed photon intensity gradient. The self-rolled microrobot
with a porous rod shape can support high loads of MNPs and
drugs because of its large surface area and also be ﬁlled with an
X-ray contrast agent. Next, the microrobot surface is covered with
MNPs. The MNPs provide magnetic targeting and drug-loading
capabilities to the microrobot. Moreover, they enable selective
drug release from the microrobot by external stimuli. In addition
to the fabrication of a self-rolled microrobot for carrying drugs
and X-ray contrast agents, autonomous navigation control of the
microrobot was introduced for precise delivery to the lesion site
and safe retrieval of the microrobot. This automated microrobot
delivery can overcome current microrobotic drug delivery limitations that rely on teleoperation beyond the existing drug delivery
using body circulation.

2. Results and Discussion
2.1. Fabrication of the Self-Rolled Microrobot for Loading of
Therapeutic Agents
The microrobot was fabricated through a single-layer-based selfrolling technique and MNP attachment (Figure 1a). First, a selfrolled microstructure for the microrobot body was obtained using focused UV light (𝜆 = 365 nm). The self-rolling of a single
material occurs as a product encoded with an anisotropic density gradient along the z-axis generated in the printing process
of a single material using focused light with a photon intensity
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gradient. The cross-linking gradient of the resin to the z-axis was
determined by the UV exposure time. This UV exposure time affects the polymerization of the resin. Based on the bottom of the
chamber, the resin gradually polymerizes along the z-axis, and is
divided into hard and soft layers. In this polymerized resin, the
hard layer becomes thicker than the soft layer as the UV exposure time increases. To prove this hypothesis, we observed the
self-rolling behavior of the polymerized structure by the crosslinking gradient according to the UV exposure time. As a result, we conﬁrmed that the curvature of the polymerized structure gradually increases with the increase of the UV exposure
time (Figure S1, Supporting Information). This result means
that the self-rolling behavior decreases as the hard layer becomes
thicker than the soft layer in the polymerized resin due to the
increase in UV exposure time. This self-rolling technique using
focused UV light enabled fabrication of a rod-shaped microrobot
for demonstrating in vitro autonomously navigated drug delivery (Figure 2a). Shape morphing in the material printed using
the focused UV light is isotropic because it originates from the
density diﬀerence between the top and bottom layers, and the
contraction of the top layer is isotropic (without structure; see
the upper row in Figure 2a). When a material is printed without a pattern, shape morphing is limited to formation of a bowl
shape, in which the center sinks while the edges rise, owing to
the existence of upward-facing isotropic torque (𝜏). Therefore, we
introduced an asymmetric pattern to enable shape-morphing to
the desired rod shape, which has low ﬂuid resistance as well as
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Figure 2. Fabrication and characterization of the self-rolled microstructure. a) Schematic illustration of the mechanism of asymmetric folding for the
fabrication of a rod-shaped microrobot (r = 250 µm). Shape morphing of the self-rolled single layer is isotropic because shape-morphing originates
from the density diﬀerence between the top and bottom layers (upper row; without structure). Therefore, the asymmetric pattern is introduced to enable
shape-morphing to the desired rod shape (lower row; with structure). When the length of one direction (x or y) is signiﬁcantly larger than the other
(e.g., lx > 5ly), the length contracted during shape-morphing along the longer direction (Δlx or Δly in the inset) is signiﬁcantly greater than that of
the counterpart. This results in an asymmetric shape-morphing along the longer direction because the torque (𝜏x or 𝜏y in the inset) is greater than
that of the other direction. b) Time-dependent optical microscope image of the printed material with an asymmetric pattern (scale bar: 500 µm). Upon
protic stimulation, shape-morphing occurs along the y direction over time because 𝜏y is greater than 𝜏x. It then transforms into a cylindrical asymmetric
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high drug-loading capacity (with structure; see the lower row of
Figure 2a). If the length in one direction (x or y) is signiﬁcantly
greater than that in the other (e.g., lx > 5ly ), the length contracted
during shape morphing, along the longer direction (Δlx or Δly
in the inset), is signiﬁcantly greater than that of the counterpart.
Therefore, asymmetric shape-morphing occurs along the longer
direction because the torque (𝜏 x or 𝜏 y in the inset) is higher than
that in the other direction. Therefore, the force distribution during shape-morphing can be simpliﬁed, with parts receiving only
x-axis torque (𝜏 x , red), parts receiving only y axis torque (𝜏 y , blue),
and parts that are isotropically folded (𝜏, white). As a result, if
the length in one direction (ly ; blue) is greater than that in the
other (lx ; red) (ly > lx ), asymmetric shape morphing along the
longer direction (y) occurs. Figure 2b shows a time-lapse optical
microscope image of the asymmetric folding of focused UV-lightprinted material (see also Movie S1, Supporting Information).
Initially, the printed material is in a mesh-shaped 2D form. As
protic stimuli are applied, shape morphing occurs along the y direction over time, owing to 𝜏 y . Subsequently, transformation into
a cylindrical asymmetric structure occurs. In the last image, the
tip is not entirely closed owing to the existence of 𝜏 x . Furthermore, repeatability for the formation of self-rolled microstructures was carried out in several microrobots. As a result, all single layers were transformed into rod shapes by the proposed focused UV light polymerization (see also Movie S1, Supporting
Information). Therefore, these results show that the proposed a
single-layer-based self-rolling technique can be performed stably
and repeatedly in the fabrication of microrobots. Figure 2c shows
a scanning electron microscope (SEM) image of the asymmetric structure with a radius of 250 µm after shape morphing. Figure 2d shows the shape-morphed asymmetric structure observed
from the top layer. The length of the top layer (lT ) is clearly less
than the length of the bottom layer (lB ) because it shrinks by forming a soft layer (IT /IB ≈40%). Moreover, the surface of the bottom
layer is smooth, whereas the surface of the top layer is rough and
has wrinkles owing to the shrinkage occurring exclusively in the
top layer (Figure S2, Supporting Information). Furthermore, the
existence of both hard and soft layers enabled reversible and repeatable shape morphing of the printed material under protic or
aprotic stimuli (see Figure 2e and Movie S2, Supporting Information). With protic stimuli, the surface energy of the printed
material is increased to fold printed material by condensation of
the soft layer, whereas in an aprotic solvent, the surface energy
of the printed material is decreased to unfold printed material.
The folding and unfolding are reversible and repeatable upon
the application of repeated protic (red) and aprotic (blue) stimuli (Figure 2f). In this demonstration, ethanol was used to apply protic stimuli, and dimethyl sulfoxide (DMSO) was used to
apply aprotic stimuli. Also, the shape-morphing property using
various protic solvents (ethanol and methanol; red) and aprotic
solvents (DMSO and ethyl acetate; blue) was also demonstrated
(Figure 2g).

Next, to apply the asymmetric structure needed for a mobile microrobot to be moved by using an electromagnetic actuation (EMA) system, MNPs and the anticancer drug (doxorubicin,
DOX) were loaded onto the surface of the microrobot (Figure
3a). The surface of the microrobot was ﬁrst coated using polydopamine (PDA) to covalently link amine-functionalized MNPs
via Schiﬀ-base linkage, while DOX was noncovalently attached
via hydrogen bonding.[48] Upon thermal perturbation, using a
NIR laser, DOX is released, while MNP remains on the microrobot owing to the covalent bonding. The detailed procedure is
described in the Experimental Section. The energy dispersive
spectroscopy mapping image shown in Figure 3b shows the morphological structure of the microrobot, obtained using the secondary electron, and the distribution of two elements (O and Fe).
O and Fe uniformly coexist in the microrobot. This result indicates that the MNPs and DOX were uniformly loaded onto the
surface of the microrobot. The MNPs exhibited a suitable magnetization value (Msat ≈40 emu g−1 ) for operation using the EMA
system with superparamagnetic properties (Figure 3c). After assembly of MNPs on the asymmetric microrobot, the magnetization value of the asymmetric microrobot was about one-fourth
that of the bare MNPs, a result similar with that of our previous report.[49] DOX loading was also optically demonstrated as
its 𝜋 electron absorption peak (𝜆 ≈480 nm) was observed in the
DOX-loaded microrobot (number 2), but it was not observed in
the bare microrobot (number 1) (Figure 3d). Next, drug loading
on the magnetic microrobot was investigated according to the
DOX concentration. As a result, as the DOX concentration increased, the drug carried on the microrobot gradually increased
(Figure S3, Supporting Information). The continuous increase
in the amount of drug loading without saturation shows that the
magnetic microrobot has suﬃcient space to load the drug regardless of the attachment of MNPs.
For NIR-laser-triggered drug release application of asymmetric
microrobots, photothermal heating of the microrobot was evaluated (Figure 3e). Upon NIR laser irradiation (808 nm and 5
W cm−2 ), the temperature elevation (ΔT) in the vicinity of the
microrobot rose above 16 °C within 80 s. This value is enough
to release DOX from the microrobot’s surface.[50,51] It is notable
that, although MNPs do not exhibit strong light absorption in
the NIR region, previous studies have reported that clustered
MNPs exhibit fairly acceptable photothermal heat generation owing to the clustering eﬀect.[50,52,53] NIR-triggered DOX release
from the microrobot is demonstrated in Figure 3f,g. Because
the region around the tumor is acidic as the result of cancer
cell metabolism, the DOX release experiment was performed
at Phosphate-buﬀered saline (PBS) buﬀer with three diﬀerent
pH values (5.0: red, 6.0: green, and 7.4: blue).[50,54,55] First, timedependent autonomous DOX release from the microrobot was
measured to investigate the premature release of DOX before
NIR laser triggering (Figure 3f). The DOX molecules were spontaneously released without NIR laser irradiation, owing to the

structure. c) Perspective view (scale bar: 500 µm) and d) enlarged top view (scale bar: 100 µm) SEM image of the cylindrical asymmetric structure after
shape-morphing. The length of the top layer (lT) is obviously less than that of the bottom layer (lB) because the top layer shrinks by forming a soft
layer (IT/IB ≈40%). e) Schematic illustration of the folding and unfolding of the printed material upon aprotic (𝛿+) and protic (𝛿-) stimuli. f) Reversible
deformation and recovery of the printed material upon repeated protic (𝛿-; red) and aprotic (𝛿+; blue) stimuli. Ethanol is used to apply protic stimuli
and DMSO is used to apply aprotic stimuli. g) The curvature of the printed materials in various protic (ethanol and methanol; red) and aprotic (DMSO
and ethyl acetate; blue) solvents.
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Figure 3. Fabrication and characterization of the drug-loaded magnetic microrobot. a) Schematic illustration of MNP and anticancer drug-loading
procedure. b) Energy dispersive X-ray spectroscopy mapping image of the cylindrical asymmetric structure after MNP and DOX loading (scale bar:
500 µm). c) Magnetic hysteresis loop of the MNPs (number 1; blue) and asymmetric microrobots (number 2; green). The MNPs exhibit a suitable
magnetization value (Msat ≈40 emu g−1 ) for operation using the EMA system with a superparamagnetic property. d) Light absorption spectrum of the
bare microrobot (number 1; gray) and microrobot after MNP and DOX loading (number 2; red). The absorption peak of DOX (𝜆 ≈480 nm) is observed
in the DOX-loaded microrobot. e) Time-dependent photothermal heating proﬁle of the microrobot under NIR laser irradiation (808 nm and 5 W cm−2 ).
f) Time-dependent DOX release from the microrobot in the PBS buﬀer at various pH values (red = 5.0, green = 6.0, and blue = 7.4). g) NIR-triggered
DOX release from the microrobot under repeated periodic (on: red; oﬀ: white) NIR laser irradiation (808 nm and 5 W cm−2 ) in the PBS buﬀer at various
pH values (red = 5.0, green = 6.0, and blue = 7.4).

relatively weak bonding between DOX and the microrobot (0.06%
min−1 at pH = 5.0, 0.04% min−1 at pH = 6.0, and 0.03% min−1
at pH = 7.4). These amounts are not signiﬁcant at our time
scale. In contrast, under NIR laser irradiation (808 nm and
5 W cm−2 ), signiﬁcant amounts of DOX molecules were released
(1.5% min−1 at pH = 5.0, 1.0% min−1 at pH = 6.0, and 0.7%
min−1 at pH = 7.4), as shown in Figure 3g. Upon NIR laser irradiation, DOX was released owing to the local heating around
the microrobot by photon-to-phonon conversion.[56] It is notable
that the DOX release rate at lower pH is higher than that at higher
pH because of the protonation of the amino group in the DOX
molecule.[50,54] In vivo drug-loaded microrobot targeting situation, when the DOX-loaded microrobot is injected through the
catheter in the blood vessel, the released drug before microrobot
targeting induces side eﬀect due to diﬀusion of the drug from the
microrobot. Fortunately, because the DOX-loaded microrobot is
delivered to the target blood vessel within few seconds to minutes, the drug released from the microrobot is less than 1% of
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the total amount calculated by the drug release results. As a result, since the amount of drugs released during the delivery of
the microrobot is minimal, the microrobot can deliver most of
the loaded drug to the lesion without loss.

2.2. Targeted Delivery of the Microrobot Using Autonomous
Driving Control
Various microrobot-aided drug delivery systems have the advantage that the drug can be released near the tumor with a
higher concentration than that of a conventional drug delivery
system.[19,57] However, most microrobot systems use degradable
polymers, which allow the microrobot to dissolve over time, after
releasing the drug near the tumor. This approach has two critical
disadvantages. The ﬁrst is that the biodegradation of the microrobot takes a long time (≈1 week). This hinders the retreatment
of drugs because the used microrobot occupies the blood vessel
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adjacent to the tumor.[58] The second is that the degraded material aﬀects the surrounding environment, such as by raising
the pH or disrupting ionic balance. Therefore, to solve this problem, we have developed an automated microrobotic drug delivery system that integrates microrobot injection, navigation, drug
release, and retrieval (Figure 1). To demonstrate the proof of concept of autonomously navigated microrobot-based drug delivery,
we used a magnetic guidance system. The microrobot moves automatically along the generated trajectory, via an EMA system,
with respect to the recognized location of the microrobot, using a charge-coupled device (Figure 4a). The microrobot is autonomously driven from the starting location (denoted as S) to
the target location (denoted as T) using the EMA system (number 1). Thereafter, the drug is released upon irradiating the microrobot with the NIR laser (number 2) and the microrobot returns
to the starting location (number 3). Figure 4b depicts an EMA system for the autonomous driving and drug release. The ﬂowchart
of the autonomous navigation system is depicted in Figure 4c.
Highly accurate, stable positioning of the microrobot is achieved
by adopting feedback control using a computer vision tracker.
The position closed-loop control is handled by the proportionalintegral-derivative (PID) position controller, with a tracked position from the camera place on top of the workspace. After generation of the desired trajectory using a preoperative image, the
location of the microrobot is recognized by a vision tracker. Then,
after the current location is compared with the generated trajectory, the desired magnetic ﬁeld is calculated using the PID position controller. The microrobot autonomously moves according
to the magnetic ﬁeld, which is generated by the EMA system. The
current in each coil in the EMA system is determined according
to Equation (1).
†

⎡ B (C ) ⎤ [ ]
⎢MT 𝜕B (C)⎥ B
I=⎢ T x
M 𝜕B (C) ⎥ F
⎥
⎢ T y
⎣M 𝜕Bz (C)⎦

(1)

The unit-current matrices B(C), ∂Bx (C), ∂By (C), and ∂Bz (C) are
calculated from the simulation model. First, the proposed control scheme is used to autonomously control the microrobot in
an in vitro environment. A microﬂuidic channel mimicking a
human portal vein (HPV) was prepared to demonstrate in vitro
autonomous navigation from the starting position (S) to three
target positions (T1, T2, and T3). Autonomous navigation of the
microrobot using the EMA system is depicted in Figure 4d and
Movie S3, Supporting Information. First, two microrobot trajectories for navigating to target location T2 (P1, blue line) and returning to the initial location (P2, green) were generated with inputs from user selection. Thereafter, the computer vision tracker
recognized the location of the microrobot. Based on the PID controller’s calculation, a magnetic ﬁeld is generated to induce gradient pulling motion to navigate the microrobot to the desired
location. Figure 4e shows the tracked positions of the microrobot
along the given path (S→T2→S). The tracking results indicate
that the microrobot was well controlled, tracing the path with a
maximum root mean square error of 106.75 ± 105.46 µm with respect to the y-axis (as shown in Figure 4f). In addition, the tracking results of the microrobot moving to T1 and T3 can be found in
Figure S4, Supporting Information. In the gradient pulling mo-
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tion, the magnitude of the magnetic ﬁeld gradient induced the
magnetic force exerted on the microrobot to dominate its translational velocity. The movement of the microrobot using the EMA
system with respect to the various magnetic ﬁeld gradients (0.2–
1.2 T m−1 ) was investigated, and the results are shown in Figure 4g. The self-rolled microrobot (number 1; red) exhibited a
higher speed than the planar microrobot (number 2; gray). Moreover, the self-rolled microrobot had a suitable velocity for drug
delivery applications via the EMA system (v ≈5 mm s−1 ).
In this study, we showed that one microrobot could be loaded
with maximum of 15.8 µg of DOX, which showed a tumor-killing
eﬀect in an in vitro test. Considering animal experimental stage,
the general dose range is between 1–5 mg kg−1 .[59,60] Let us consider the mouse model, which weight about 30–70 g. Therefore,
the amount of 5–10 microrobots need to be injected into the body
to deliver a suﬃcient amount of drugs to tumors. As a feasibility
test for delivery of multiple microrobots, we performed swarm
motion of the 5–10 microrobots through the magnetic ﬁeld
control of the EMA system in a 5 mm-width 3D-printed channel
ﬁlled with PBS solution (as shown in Figure S5, Supporting
Information). Under applied magnetic ﬁeld, the microrobots
are aggregated into a random shape thanks to the dipole-dipole
interaction forces and swarm together to reach the target point.
It obvious that the swarm structures of 5 or 10 microrobots
can maintain their shape during the locomotion, which demonstrated that these magnetic interaction force between the microrobots are relatively higher than the drag force exerted on each
robot (see Movie S4, Supporting Information, for more details).
In order to investigate the eﬀect of the blood ﬂow on the microrobot performance for in vivo, the microrobot’s performance
inside a dynamic ﬂuidic channel will be recorded and analyzed
as shown in Figure 4h. A ﬂuidic channel, 5 mm × 20 mm, is
fabricated using the 3D printer, as shown in Figure 4h. The
ﬂow rate is controlled by the multichannel syringe pump (Fusion 4000, Chemyx, USA). To investigate the eﬀects of the ﬂow
to the locomotion of the microrobot, three diﬀerent motion conditions are considered with a variable ﬂow rate ranging from 1 to
4 mL min−1 , including the upstream motion, downstream motion without magnetic force, and downstream motion with applied magnetics force as shown in Figure 4h (see also Movie S5,
Supporting Information, for more details). The magnetic ﬁeld applied in these experiments is 40 mT, 1.3 T m−1 . Obviously, the
locomotion speed of the microrobot in downstream motion with
and without magnetic force (illustrate as a blue dashed line and
green solid line in right of Figure 4h) gradually increases with the
increase of the ﬂow rate. Interestingly, the increment of microrobot’s moving speed of these two motions has almost the same
rate. The gaps between these two lines in diﬀerent ﬂow rates are
varied from 5.2–6.3 mm s−1 , which are the contributions of the
magnetic force. Here, despite the moving velocity decrease with
the increment of ﬂow rate, the microrobot demonstrates its upstream motion capability. Consequently, this result illustrated the
possibility of microrobot retrieval proposed in this work.
Real-time imaging of microrobots using X-rays has been regarded as a challenging issue for microrobot systems for drug
delivery because of the low density of microrobots and high permeability of X-rays because of their small size. To solve this limitation, we loaded Lipiodol, known as a representative X-ray contrast medium, into the microrobot. In general, Lipiodol forms
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Figure 4. Autonomous navigation of the microrobot using an EMA system. a) Schematic illustration of an autonomously navigated microrobot-based
drug delivery system, which automatically moves the microrobot to the generated trajectory, using an EMA system, with respect to the recognized
location of the microrobot, using a charge-coupled device (CCD) sensor. The microrobot is ﬁrst released from the coiled catheter and autonomously
driven from the starting location (S) to the target location (T) using the EMA system (number 1). Thereafter, the drugs are released by irradiating the
microrobot with the NIR laser (number 2); it then returns to the starting location (number 3). Finally, the microrobot is retrieved using the coiled catheter.
b) Digital photograph of an integrated EMA system for autonomous driving and drug release. c) Flowchart of the software structure for the proposed
system that can operate in both autonomous navigation mode and manual mode. In the autonomous navigation mode, the location of the microrobot
is recognized by a vision tracker after generating the desired trajectory. Then, after comparing the current location with the generated trajectory, the
desired magnetic ﬁeld is calculated by the PID position controller. The microrobot is moved to the next diﬀerential position according to the magnetic
ﬁeld, which is generated by the EMA system. This feedback logic is repeated until the microrobot reaches the desired position. d) Sequential optical
microscopy image of a microrobot located in the in vitro ﬂuidic channel, demonstrating autonomous navigation using the EMA system (scale bar:
1 mm). After the trajectory generation, the computer vision tracker recognizes the location of the microrobot (red square box). Then, the microrobot is
autonomously navigated to the desired location by the magnetic ﬁeld, which is generated to induce translational as well as rotational motion. Release
and retrieval of the microrobot are accomplished by the self-build coiled catheter. e) Tracked position of the microrobot in the 2D vessel phantom. f) The
root-mean-square tracking errors are calculated in both the x and y axes with respect to the desired way points and tracked position of the microrobot.
g) Velocity distribution of the rod-shaped microrobot (number 1; red) and planar microrobot (number 2; gray) using the EMA system with respect to
various gradient magnetic ﬁeld intensities (0.2–1.2 T m−1 ). h) Eﬀects of ﬂow to the performance of microrobot locomotion in (the top ﬁgure on the left)
upstream direction, (middle ﬁgure on the left) downstream direction without magnetic force, and (bottom ﬁgure on the left) downstream direction with
magnetic force (40 mT, 1.3 T m−1 ). Figure on the right: Dependence of microrobot’s locomotion speed with various ﬂow rate (1, 2, 3, 4 mL min−1 ) in
three aforementioned conditions. The blue arrows are the ﬂow direction, and green arrows are the orientation of the applied magnetics force. The scale
bars are all 5 mm. i) Time-lapse X-ray image demonstrating the motion of the microrobot in the 2D vessel phantom (scale bar: 5 mm). The white contour
is the channel outline. j) Time-lapse X-ray image with a thick layer of pork meat on top of the channel demonstrating the motion of the microrobot in
the 2D vessel phantom (scale bar: 5 mm).
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an emulsion with a water-based solution as an oil-based X-ray
contrast and is injected into the blood vessel.[61,62] Using the
iodized oil property, the Lipiodol-loaded microrobot can be observed in real-time through X-ray imaging during targeting and
retrieval because of the unique hydrophobic properties of Lipiodol (Figure 4i). In order to verify the visibility of the microrobot
under real-time X-Ray for in vivo, a thick three-layer pork meat
was placed on top of the 3D printed channel. (See Figure S6a,b,
Supporting Information, for additional details of this experimental setup.) Figures 4i and 4j show the X-ray time-lapse images
of the microrobot motion-controlled along the aforementioned
(S→T2→S) path without and with a thick layer of meat on top of
the channel, respectively. Additional X-ray images of microrobot
motion along diﬀerent paths are detailed in Figure S6c–f and
Movies S6 and S7, Supporting Information. These experimental results illustrate that the proposed microrobot can be clearly
observed under X-ray imaging. Furthermore, X-ray imaging of
the microrobot with and without meat was evaluated through the
grayscale intensity of the image (Figure S6g, Supporting Information). From the X-ray image and the extracted intensity values,
the Lipiodol-loaded microrobot is clearly distinguished from the
PBS-ﬁlled channel in both conditions. In addition, there is little
diﬀerence in the grayscale intensity of the Lipiodol-loaded microrobot with and without meat. As a result, the microrobot can
stably perform targeted drug delivery and be retrieved under realtime X-ray imaging without loss of Lipiodol from the microrobot.
This visualization test demonstrates the possibility of the X-Ray
real-time imaging for in vivo in a future application.

2.3. In Vitro Cellular Drug Delivery Using the Magnetically
Guided Microrobot
We demonstrated in vitro cellular drug delivery using the magnetically guided microrobot (Figure 5a). The therapeutic eﬃcacy
of microrobots was evaluated by using Hep3B cells containing
the HPV-mimicking channel. A microrobot was autonomously
navigated to the target location, where a Hep3B-cell-containing
membrane was located. Subsequently, the region was irradiated
for 10 min with an NIR laser to induce apoptosis of Hep3B cells
(Figure 5b). The NIR irradiation increased the temperature of the
microrobot, and the DOX molecules were released after breaking of weak hydrogen bonding by thermal perturbation. Thereafter, the DOX molecules were internalized in cancer cells by diffusion. Finally, DOX molecules were internalized in the cell nuclei, where they induce apoptosis. The internalization of the DOX
molecules into a cell nucleus is visualized using ﬂuorescent microscopy (Figure 5c). Neither a chamber without a microrobot nor
one targeted with a microrobot without DOX molecules exhibit
the characteristic red ﬂuorescence originating from the DOX
molecule. A chamber targeted with a DOX-loaded microrobot
(CDOX : 3.3 µg per one microrobot) exhibited ambiguous red ﬂuorescence from the auto release of the DOX molecule. However,
after NIR laser irradiation (808 nm and 5 W cm−2 ) for 10 min, the
red ﬂuorescence was distinctively enhanced in the cell nucleus.
This result supports the conclusion that the NIR laser irradiation is eﬀectively triggering the release of DOX molecules. It is
notable that, under NIR laser irradiation, the release rate of DOX
molecules at pH = 7.4 is 0.7% per min. Therefore, 0.7 µg of DOX
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molecules (21% of the initial amount of DOX) is arithmetically
expected to be released.
Finally, the in vitro therapeutic eﬀect of our targeted drug
delivery using an asymmetric microrobot with respect to drug
concentration (CDox ; Figure 5d) and various numbers of microrobots (NR ; Figure 5e) was demonstrated by using a 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Comparison of the cellular viability of cells without (gray
bars) and with (green bars) the bare asymmetric microrobot reveals no signiﬁcant diﬀerence in cytotoxicity, indicating good biocompatibilities of the asymmetric microrobot. However, after targeting of the DOX-loaded microrobot (blue bars), cellular viability monotonically decreased as CDox or NR was increased as a result of the autorelease of loaded DOX. Moreover, after NIR laser
triggering to the DOX-loaded microrobot (red bars), further distinguishably reduced cellular viability was demonstrated. Combined with the coiled catheter, which is capable of releasing and
trapping the microrobot using an electromagnetic ﬁeld, our EMA
system enables autonomously navigated microrobot-based drug
delivery. The entire process, which includes microrobot release,
autonomous navigation, and microrobot retrieval using the EMA
system, is detailed in Movie S3, Supporting Information. Our results indicate that the proposed magnetically guided self-rolled
microrobot has the capability to overcome the current primary
issue, that is, retreatment using the microrobotic drug delivery
system.

3. Discussion
In this study, we performed targeted drug delivery using a magnetically guided self-rolled microrobot. The proposed microrobot
was designed and fabricated by considering targeted drug delivery under X-ray imaging and retrieval of a microrobot after its
delivery. First, the microrobot consisting of a single-layer-based
self-rolled body and an MNP-attached surface was loaded with
both the drug and an X-ray contrast agent for cancer treatment
and real-time X-ray imaging, respectively. Next, magnetic targeting of the prepared microrobot was performed by autonomous
driving through magnetic ﬁeld control of the EMA system. Here,
injection and retrieval of the microrobot were conducted using
a coiled catheter. After magnetic targeting of the microrobot was
performed, controlled drug release from the microrobot was conﬁrmed through NIR triggering, and the therapeutic eﬀect of the
released drug was veriﬁed through an in vitro test. Although the
proposed microrobot has been veriﬁed through several experiments encompassing microrobot autonomous targeting control,
controlled drug delivery, and safe retrieval, there are some issues
that need to be explored further before clinical trials can be conducted.
Most studies of microrobots for drug delivery have focused on
the delivery, implantation, and degradation of the microrobots
to target sites. Currently, several studies have demonstrated that
targeted drug delivery using magnetic driving and biodegradation of microrobots are possible through in vitro and in vivo
experiments.[15–21,63] However, because the microrobots are in direct contact with tissue, local toxicity can be induced.[15,22] In addition, the degraded products of the microrobot can cause an
inﬂammatory reaction through a pH change in the body. However, because the proposed microrobot can be recovered after
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Figure 5. In vitro cellular drug delivery using a magnetically guided self-rolled microrobot. a) Schematic illustration of targeted drug delivery of the
microrobot, which performs autonomous navigation using the EMA system and light-triggered drug release using an NIR laser. The microrobot is
autonomously driven from the starting location to the target location (T) using the EMA system (number 1) and the drugs are released by irradiating
the microrobot with the NIR laser (number 2). b) Schematic illustration of the cellular apoptosis induced by light-triggered drug release. Upon NIR
irradiation, the temperature of the microrobot is increased, and the DOX is released after breaking the weak hydrogen bonding by thermal perturbation
(number 1). Thereafter, the DOX is internalized in cancer cells by diﬀusion (number 2). Finally, the DOX is internalized in the cell nucleus, where it
induces apoptosis (number 3). c) Visualization of in vitro cellular drug delivery using an integrated drug delivery system. The asymmetric microrobot is
navigated to the target chamber (denoted as T), where the Hep3B cells are located. Each DOX-loaded microrobot is loaded with 10 µg of DOX molecules.
After NIR laser (808 nm and 5 W cm−2 ) irradiation for 10 min, the Hep3B-cell-containing membrane is imaged using ﬂuorescence microscopy (scale
bar: 100 µm). A strong red ﬂuorescence originated by the DOX molecule is observed in the nucleus. d) CDox -dependent in vitro cellular viability test
of Hep3B cells located in the target chamber (denoted as T) after the autonomous navigation of an asymmetric microrobot without (green bar) and
with (blue bar) DOX. Thereafter, the area is irradiated with an NIR laser (808 nm and 5 W cm−2 ) for 10 min (red bar) (*P < 0.05, Student’s t test; n =
3). e) NR -dependent in vitro cellular viability test of Hep3B cells located in the target chamber (denoted as T) after the autonomous navigation of an
asymmetric microrobot without (green bar) and with (blue bar) DOX. Thereafter, the area is irradiated with an NIR laser (808 nm and 5 W cm−2 ) for
10 min (red bar) (**P < 0.01 and *P < 0.05, Student’s t test; n = 3).

NIR-triggered drug release, concerns about the toxicity of
biodegradable materials can be resolved. Despite the advantages
of these recoverable microrobots, microrobots have the potential
to induce reactions with the immune system upon injection into
the body. In addition, depending on the environment and ﬂow
rate of the bioﬂuid and external stimulus for controlled drug release, loosely attached MNPs or parts of the microstructure may
be separated. These separated substances may cause potential
toxicity. Therefore, the overall safety of microrobots should be
veriﬁed through hemocompatibility and platelet and leukocyte
activation mechanisms. Furthermore, the biocompatibility of microrobot components needs to be conﬁrmed in the long term
through in vivo validation
In terms of driving the microrobot, we have shown that the
proposed microrobot can be delivered to the blood vessels around
the tumor through the magnetic ﬁeld control of the EMA system.
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However, since the locomotion of the microrobot is performed
in a 2D blood vessel phantom, the mobility of the microrobot
cannot be guaranteed in a blood vessel having a complex 3D
shape. Furthermore, in terms of drug delivery of microrobots,
microrobots located in target blood vessels are triggered by external stimuli, boosting the spread of drugs, and helping cancer
treatment. However, compared to in vitro tests performed on cell
culture plates with an isolated environment, in vivo therapy potentially causes loss of drugs due to surrounding complex environments such as blood ﬂow and vascular morphology. In this
study, we showed that one drug-loaded microrobot (max. 15.8 µg
of DOX) in an in vitro test showed a tumor-killing eﬀect, but
there is a limit to conﬁrming the same tumor-killing eﬀect in
vivo. Therefore, many microrobots need to be injected into the
body to deliver a large amount of drugs to tumors. In our study,
the delivery of many of these microrobots has been veriﬁed in
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3D-printed channels via swarm motion, but the limited 2D locomotion of microrobots requires further veriﬁcation and improvement to be applied to in vivo and clinical tests. To overcome this
issue of locomotion of the microrobots, in a future study, we will
perform locomotion of microrobots in 3D vessel phantom and
in vivo model. In addition, the in vivo therapeutic eﬀect of microrobot drug delivery will be performed through an in vivo model
with an orthotopic model.
Blood ﬂow may strongly aﬀect the performance of the autonomous control system. In the targeting procedure, the driving
force may not a major problem even with strong surface friction,
because the ﬂow in the intra-arterial network is strong enough
to act as the main power to propel the microrobot. The magnetic
force only needs to steer the robot to the target position. In contrast, when the microrobot returns to the injection point in the
retrieval process, a strong driven force is required because the
microrobot has to move against the blood ﬂow, which may pose
a critical challenge from a clinical viewpoint. A detailed study of
robot locomotion against the ﬂow at speciﬁc target vessels needs
to be investigated. In addition, a swarm control strategy is necessary in cases in which multiple microrobots are needed to carry
a certain amount of drug to the target lesion.

4. Conclusion
We developed a magnetically guided self-folded microrobot for
autonomous-navigation-based targeted drug delivery, real-time
X-ray imaging, and microrobot retrieval. A rod-shaped microrobot printed using a self-rolling technique was able to stably
load the drug and the X-ray contrast agent. Precise targeting of
the therapeutic-agent-loaded microrobot could be performed using autonomous driving control under real-time X-ray imaging.
In addition, the microrobot located at the target site was able to
rapidly release the drug through NIR triggering, and the released
drug was eﬀective in treating cancer cells. After drug release, the
microrobot could be safely recovered through an electromagnetic
microrobot injector without risk of loss. As a result, we expect
that such a magnetically guided self-rolled microrobot could be a
candidate to resolve the current primary issue facing microrobotbased drug delivery systems.

terned using a photomask and visualizing the optical system (Figures S7a
and S8, Supporting Information). The chamber was placed into the sample holder and polymerized using a UV LED (𝜆 = 365 nm) with ﬁxed power
(12 µW) through a 10× objective lens (NA: 0.30) for 3.2 s. The chamber
was then immersed in isopropyl alcohol, and the nonpolymerized resin
was removed (Figure S7c, Supporting Information). After a few minutes,
the polymerized single layer naturally separated from the cover glass and
was self-rolled into the rod type (Figure S7d, Supporting Information).
To apply the asymmetric structure as a mobile microrobot using an
EMA system, MNPs and DOX were loaded onto the surface of the selfrolled microstructure. The surface of the microstructure was ﬁrst coated
by using PDA to covalently link amine-functionalized MNPs via Schiﬀ-base
linkage, whereas DOX was noncovalently attached via formation of hydrogen bonding. In detail, the microstructure was incubated in a 2 mg mL−1
PDA solution in Tris buﬀer (10 mm at a pH of 8.5) for 1 h and washed twice
using deionized water.[64] The PDA-coated microstructure was then incubated in a 25 mg mL−1 MNP solution in Tris buﬀer for 2 h. After washing
using deionized water, the magnetic microrobot was incubated in various
concentrations (5, 10, 15, 20, 30, 40, and 50 mg mL−1 ) of DOX solution
in a 1× PBS buﬀer for 24 h. Thereafter, the DOX-loaded microrobot was
separated from the free DOX solution by centrifugation (at 12 000 rpm
for 3 min). For real-time X-ray imaging of the microrobot, Lipiodol was
loaded into the dried microrobot as an oil-based X-ray contrast agent. After a few minutes, the Lipiodol-loaded microrobot was carefully washed
using deionized water to remove the non-loaded Lipiodol.
Morphologies of the microrobot were observed using a SEM (SU8010,
Hitachi, Japan). Element signals of the microrobot were detected using
energy-dispersive X-ray spectrometry. A vibrating sample magnetometer
(Model 7404, Lake Shore Cryotronics) was used for the evaluation of the
magnetic property of the microrobot and MNPs. UV–vis spectroscopy was
performed using a Lambda 25 UV–vis spectrophotometer (PerkinElmer,
Boston, MA).
Control Principle and Experimental Setup of EMA System: For manipulation of the microrobots in the region of interest (ROI), an EMA system
was utilized. Details of the construction of the EMA system can be found
on our previous reports.[20,50,57] In this work, the gradient pulling motion
was chosen for controlling the rod-shaped microrobot. Because it has a
large aspect ratio (i.e., the ratio of its longer side to its shorter side is 5:2),
the gradient pulling motion (instead of rolling and tumbling motions) is
the best means to move this rod-shaped microrobot through small-size
vessels.[65]
When the microrobot is manipulated with a gradient pulling motion,
the translational motion will be the viral contribution to the translational
velocity. Therefore, the drag force, Fd , will dominate the motion of the microrobot when it is translating near a surface. If one assumes that the
microrobot is a hollow cylinder moving in a low-Reynolds-number ﬂuid
along its long axis, the analytical model of the drag force acting on the
microrobot can be found in related refs. [66,67] as follows:

5. Experimental Section

Fd = 0.5𝜌𝜈 2 Cd A

Materials and Reagents: All chemical reagents were used without further puriﬁcation. All solutions were prepared using deionized water with
a resistivity of ≥18.2 MΩ cm at 25 °C. E-Dent 400 solution was purchased
from E-vision Tec, Inc. DOX was supplied by Jinhe Bio-Technology (China).
FluidMAG-amine nanoparticles (50 nm) were purchased from Chemicell
GmbH (Germany). Dopamine hydrochloride was purchased from SigmaAldrich (USA). All other chemicals and organic solvents used were of
reagent grade or better.
Fabrication and Characterization of Microrobot: To prepare the glass
chamber, two pieces of strip-shaped double-sided tape (Nitto, Japan) were
taped onto a glass slide to build the parallel walls. Here, the thickness
(100 µm) of the double-sided tape determined the height of the channel.
Then, a cover glass (22 × 22 × 0.1 mm) was attached on the double-sided
tape to form a chamber with a height of 100 µm. Thereafter, the chamber
was ﬁlled with resin (E-Dent 400, Envisiontec, Germany) by the capillary
force, and both ends of the channel were sealed with paraﬃn wax (Figure S7a, Supporting Information). The resin inside the chamber was pat-

where 𝜌 is the density of the ﬂuid, 𝜈 is the translational speed of the microrobot, and A is the cross-sectional area of the robot. The drag coeﬃcient
of the microrobot is a function of Reynolds number, Re, and the sphericity,
𝜓, as follows:
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(2)

log Cd (Re, 𝜓) = log Cd (Re, 1) + P (Re, 𝜓)

(3)

with
Cd (Re, 1) =

)
24 (
0.413
1 + 0.172Re0.657 +
Re
1 + 16300Re−1.09

(4)

P (Re, 𝜓) = −0.03874 (1 − 𝜓) log Re + 0.09238 (1 − 𝜓) (log Re)2
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+ 0.06003 (1 − 𝜓) (log Re)3 + 0.01005 (1 − 𝜓) (log Re)4
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where the sphericity of the hollow cylinder applied in this microrobot,
which is the ratio between a spherical surface and the hollow cylinder surface with similar volume, is 𝜓 = 0.39.
As the microrobot contacts the surface, the surface friction force Ff =
𝜇 f (P – Fb ), where 𝜇 f is the friction coeﬃcient, P is the gravitational force,
and Fb is the buoyancy force, will completely dominate the drag force and
resist the motion of the microrobot. To reduce the eﬀect of the friction
force and eﬀectively control the microrobot along a desired direction (⃗n),
the magnetic force needs to be applied in both n⃗ and ⃗z directions (i.e., the
gravitational direction and the direction perpendicular to n⃗ ). The magnetic
force acting on the microrobot is deﬁned as:
Fm = (m ⋅ ∇)B

(6)

where m is the magnetic moment of the microrobot. The magnetic force
can be divided into two terms that satisfy the following conditions to manipulate the robot (see Figure S9, Supporting Information, for additional
details):
{

Fm,⃗n ≥ Fd
Fm,⃗z ≥ P − Fb

)
(7)

The translational motion dynamics of the microrobot can be modeled
as
Fm + Fd + P + Fb = m

dv
dt

(8)

Herein, the magnitude of the magnetic force is directly related to the
translational velocity. By changing the magnetic ﬁeld gradient, the moving velocity of the microrobot can be controlled. From Equation (6), the
translational velocity of the microrobot in an equivalent condition (∑F =
0) can be described as:
√
𝜈=

2(m ⋅ ∇B) cos 𝜃
𝜌Cd A

(9)

where 𝜃 is the angle between the magnetic resultant force and the magnetic force in the n⃗ direction:
⎞
⎛
Fm,⃗z
⎟
⎜
𝜃 = a tan ⎜ √
⎟
⎜ Fm2 + F 2 ⎟
m,⃗z ⎠
⎝

(10)

Through the control of the magnetic ﬁelds generated by the eight coils,
the microrobot can be stably manipulated. Through the generated magnetic ﬁeld of the EMA system, the microrobot could be moved in the desired direction and positioned in the working chamber. In brief, the microrobot is controlled with a closed-loop control scheme according to the
intensity and direction of the magnetic ﬁeld gradient as calculated by the
PID controller. A microscope (f170, Carl Zeiss) was integrated with the
EMA system to observe and record microrobot locomotion. A light source
was also placed beside the EMA system to enhance the images of the microrobot locomotion. For the (closed-loop) autonomous control, LifeCam
Studio (Microsoft) as a computer vision tracker was used to control the
position of the microrobot. The locomotion trajectory was determined by
specifying the position (green and blue lines in Figure 4e), and then the position closed-loop control was handled by the PID controller with a tracked
position from the camera placed on top of the workspace.
The external uniform magnetic ﬁeld had an intensity of 40 mT, and the
gradient ﬁeld ranged from 0 to 1.2 T m-1 . These were applied to move
the microrobots along the designed trajectory. The HPV-mimicked ﬂuidic
channel was prepared by using a 3D printer (Objet 30 Pro, Staratsys) and
coated with 0.5 wt% gelatin for cell culturing and attached to a glass slide
using O2 plasma.
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NIR Triggered Drug Release Test: For NIR laser irradiation, a
continuous-wave ﬁber-coupled diode laser (with a center wavelength of
808 nm) with external adjustable power (CNI, New Industries Optoelectronics Tech) was used. The power and intensity of the NIR laser were
measured by an optical power meter (PM200, Thorlabs). A microrobot
was placed in cuvette tubes and the NIR laser irradiated the sample. The
distance between the sample and NIR laser was set to 5 cm and the light
power was adjusted to 5 W cm−2 . The time-dependent temperature proﬁle during NIR laser irradiation was obtained using a thermal camera (E60,
FLIR), which has a thermal sensitivity of 0.05 °C.
To evaluate the drug-loading properties, the concentration of the remaining DOX solution was measured by a ﬂuorescence spectrophotometer (RF-5301PC, Shimadzu) with excitation at 480 nm. The drug-loading
eﬃciency was calculated as follows: (ﬂuorescence intensity of the feed
DOX − ﬂuorescence intensity of DOX in solution)/(ﬂuorescence intensity
of feed DOX) × 100%. The drug-releasing test was performed using the microrobot in 1.0 mL of buﬀer solution (pH = 5.0, 6.0, and 7.4) at 37 °C. The
drug concentration in the withdrawn solution was analyzed by measuring
the ﬂuorescence intensity. These drug release proﬁles were evaluated at
least three times and cumulative drug release percentages as a function
of time were recorded.
In Vitro Drug Release and Cytotoxicity Test: Human liver cells (Hep3B)
were adopted to verify the proliferation and viability of Hep3B cultured
with microrobots. The cells were cultured in a 12-well plate with 2.5 × 105
viable cells per well in Dulbecco’s Modiﬁed Eagle Medium with 10% fetal
bovine serum and 1% antibiotic. The cells were cultured for 24 h at 37 °C in
a 5% CO2 constant-temperature, humidiﬁed incubator. In the meantime,
the microrobots were immersed in 70% alcohol for 10 min to remove the
unpolymerized solution while achieving an enhancement in sterilization
and washing performance. Afterward, the microrobots were washed with
PBS twice to remove the residual alcohol, then autonomously navigated
to the target chamber (denoted as T in Figure 5a). For the DOX-loaded
microrobot, 10 µg of DOX molecules was loaded into each microrobot.
Quantiﬁcation of loaded DOX molecules was optically measured (CDOX =
(IBefore − IAfter )/NRobot ). After NIR laser (808 nm and 5 W cm−2 ) irradiation
for 10 min, the Hep3B-cell-containing membrane was incubated for 2 h,
and then a ﬂuorescence microscopy measurement was performed.
For cellular viability measurement, the NIR-laser-irradiated chamber
was further incubated for 24 h after removal of the asymmetric microrobot.
Thereafter, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay was utilized to evaluate cellular viability. The assay results were
recorded at 570 nm using a Bio-Rad 680 microplate reader.
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 signiﬁcant, and **P < 0.01 and ***P < 0.001 were considered
as highly signiﬁcant.
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