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Immune Cell-Based Microrobots for Remote Magnetic
Actuation, Antitumor Activity, and Medical Imaging

Nihal Olcay Dogan, Eylül Suadiye, Paul Wrede, Jelena Lazovic, Cem Balda Dayan,
Ren Hao Soon, Amirreza Aghakhani, Gunther Richter, and Metin Sitti*

Translating medical microrobots into clinics requires tracking, localization,
and performing assigned medical tasks at target locations, which can only
happen when appropriate design, actuation mechanisms, and medical
imaging systems are integrated into a single microrobot. Despite this, these
parameters are not fully considered when designing macrophage-based
microrobots. This study presents living macrophage-based microrobots that
combine macrophages with magnetic Janus particles coated with FePt
nano“lm for magnetic steering and medical imaging and bacterial
lipopolysaccharides for stimulating macrophages in a tumor-killing state. The
macrophage-based microrobots combine wireless magnetic actuation,
tracking with medical imaging techniques, and antitumor abilities. These
microrobots are imaged under magnetic resonance imaging and optoacoustic
imaging in soft-tissue-mimicking phantoms and ex vivo conditions. Magnetic
actuation and real-time imaging of microrobots are demonstrated under static
and physiologically relevant ”ow conditions using optoacoustic imaging.
Further, macrophage-based microrobots are magnetically steered toward
urinary bladder tumor spheroids and imaged with a handheld optoacoustic
device, where the microrobots signi“cantly reduce the viability of tumor
spheroids. The proposed approach demonstrates the proof-of-concept
feasibility of integrating macrophage-based microrobots into clinic imaging
modalities for cancer targeting and intervention, and can also be implemented
for various other medical applications.
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�. Introduction

Wireless medical microrobots have sig-
ni“cant potential for minimally invasive
targeted therapeutic interventions within
the human body.[�…�] To date, various mo-
bile microrobotic platforms have been
proposed utilizing materials incompatible
with physiological environments. The
immune system, however, recognizes any
physiologically incompatible material en-
tering the body as a foreign invader and
attacks to eliminate it, thus preventing such
mobile microrobots from accomplishing
their intended tasks.[� ] This issue can be
resolved by implementing patient-derived
biomaterials, particularly immune system
components, into medical microrobots.[� ]

The construction of medical microrobots
with immune cells ensures their safety
upon infusion into the patient, allowing
them to remain in the body for an extended
period.[� ] More signi“cantly, immune cells
are living entities, acting like •living drugs.Ž
[� ] Hence, immune cell-based therapies con-
stantly produce treatment molecules and
elicit desired e�ects longer than natural
or synthetic drug molecules.[	…�
 ] These
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bene“ts enable immune cell therapies to treat diseases with en-
hanced performance.[�� ]

Macrophages, an immune system component, have es-
sential physiological features that can be helpful for med-
ical microrobots.[�,��…�	 ] Almost all body tissues contain
macrophages, and they are one of the “rst cells to reach
diseased sites.[��,�� ] Moreover, macrophages engulf and digest
invading materials (i.e., bacteria, viruses, damaged cells, and for-
eign particles) with an inherent •phagocytosisŽ process, making
them ideal carriers for therapeutics and imaging agents for cell
tracking.[�	,�� ] Due to their ability to detect and migrate to tu-
mors by penetrating biological barriers, macrophages have been
promising therapeutic prospects in cancer immunotherapy.[�
 ]

Inside the tumor microenvironment, macrophages either inhibit
(M� phenotype) or promote (M� phenotype) tumor growth based
on physiological factors.[�� ] M� phenotype macrophages can dis-
tinguish tumor cells from healthy ones and ultimately eliminate
tumor cells using various mechanisms. These mechanisms
include the secretion of harmful products, such as reactive
oxygen species (ROS) and nitric oxide (NO), recognition and
binding to antibody-coated cancer cells, and recruitment of other
host immune cells capable of destroying cancer cells.[��,�� ] There-
fore, macrophage-based therapies in cancer treatment focus on
maintaining M� phenotype macrophages with antitumorigenic
properties.[�� ] Mainly, exposure of macrophages to bacterial
cell wall lipopolysaccharides (LPS) initiates a signal cascade by
interacting with toll-like receptor � (TLR�) of the cells, resulting
in macrophage activation into M� phenotype and enhanced
production and release of tumor-“ghting molecules.[�� ]

Despite their impressive therapeutic bene“ts, macrophages
are still constrained by certain limitations. An e�ective
macrophage therapy relies on the e
cient delivery and re-
tention of cells in target tissues.[�	 ] However, distinct challenges
remain in actuating and localizing a su
cient number of
macrophages to the desired site. The solution to this problem
relies on “nding the proper actuation mechanism and real-time
tracking signal through a suitable medical imaging system.[
�,
� ]

Among di�erent actuation methods, magnetic actuation can
enable the transportation of a swarm of macrophages remotely
and precisely in a noninvasive manner, thereby improving treat-
ment e
cacy. [�,
�…
� ] Meanwhile, many therapeutic cells (e.g.,
macrophages, neutrophils, stem cells, and T cells) are trans-
parent and must be labeled with contrast agents for long-term
cell tracking with medical imaging techniques.[
�,
� ] Since no
medical imaging method can fully track cell-sized microrobots
within the body at all angles with a reasonable spatiotemporal
resolution, using multimodal contrast agents detectable by sev-
eral medical imaging techniques becomes advantageous.[
�,
� ]

Therefore, labeling macrophages with multimodal contrast
agents could enable their detection under multiple imaging
modalities, providing more comprehensive diagnostic informa-
tion about macrophage fate and their therapeutic interventions
within the body.

Here, we report macrophage-based microrobots,
•immunobotsŽ,[� ] composed of living macrophages that internal-
ize magnetic Janus particles using their intrinsic phagocytosis
capability. The magnetic Janus particles are made from silica
particles half-coated with FePt magnetic nano“lm and half-
coated with bacterial LPS. Here, the FePt magnetic nano“lm

has two main functionalities on macrophage-based microrobots:
i) FePt is a biocompatible and strong magnetic material that
enables remote and precise magnetic actuation and steering of a
swarm of macrophage-based microrobots via external magnetic
“elds to a target location; ii) FePt has the potential to serve
as a multimodal contrast agent detectable under magnetic
resonance imaging (MRI) and optoacoustic (OA) imaging, also
termed as photoacoustic imaging or optoacoustic tomography.
Furthermore, bacterial LPS coating on magnetic Janus parti-
cles stimulates macrophages into an anticancer state (M�) to
make the engineered macrophage-based microrobots capable of
“ghting cancer.

Among di�erent imaging techniques, we focused on well-
established safe (nonradiation) medical imaging techniques:
MRI and OA imaging. Based on the multimodal contrast
e�ect of FePt, the developed macrophage-based microrobots
were detected using MRI and OA imaging in soft-tissue-
mimicking phantoms and ex vivo conditions. Moreover, we
tracked macrophage-based microrobots in real time using OA
imaging as they moved toward the target location in static
and physiologically relevant ”ow conditions. Furthermore, the
M� characterization of macrophage-based microrobots was per-
formed by measuring the secreted amounts of M� cytokines,
including interleukin-�� (IL-��), tumor necrosis factor-alpha
(TNF-� ), and interleukin-� (IL-�). The antitumor abilities of
macrophage-based microrobots were investigated through their
co-culture with monolayer bladder cancer cells and 
D tumor
spheroids. The macrophage-based microrobots were magneti-
cally guided toward urinary bladder 
D tumor spheroids while
imaging with the OA device, where the microrobots signi“cantly
decreased the viability of 
D tumor spheroids. Here, wireless
magnetic actuation, tracking with well-established medical imag-
ing techniques, and performing 
D tumor spheroid treatment
in vitro or ex vivo have been integrated into a single biohybrid
macrophage-based microrobot design. The macrophage-based
microrobots described in this paper, thus, have a strong clinical
potential for future cancer treatment applications while eliminat-
ing side e�ects and immune responses.

�. Results and Discussions

�.�. Concept of Macrophage-Based Microrobots

We developed macrophage-based microrobots from living
macrophages that internalized magnetic Janus particles using
their inherent phagocytosis capability (Figure � A). First, mag-
netic Janus particles were prepared from ��� nm diameter sil-
ica beads, half-coated with FePt magnetic nano“lm and half-
coated with bacterial LPS. Here, we selected FePt because of its
biocompatibility,[� ] strong magnetic properties,[
� ] and ability to
be used as a contrast agent for cell labeling and detection un-
der di�erent imaging techniques,[
	,�� ] all of which are essential
features for medical microrobots. The FePt coating (�� nm thick-
ness) on silica particles was con“rmed through scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM) (FigureS� , Supporting Information). In addition, we in-
vestigated the magnetic properties of FePt-coated silica particles
using a vibrating sample magnetometer (VSM), where the results
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Figure �. Medical imaging-guided magnetic actuation of macrophage-based microrobots for targeted cancer treatment. A) Macrophage-based micro-
robots were developed from living macrophages that internalized magnetic Janus particles, consisting of ��� nm diameter silica particles half-coated
with FePt magnetic nano“lm and half-coated with bacterial LPS. B) Confocal images of macrophage-based microrobots indicating accumulation of mag-
netic Janus particles at the inner border of macrophages. C) A conceptual schematic depicts a swarm of macrophage-based microrobots that can be
magnetically actuated and accumulated at a target tumor location by receiving feedback from medical imaging systems, resulting in enhanced anticancer
abilities with minimal toxicity to the body.
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indicated a coercivity of ��� mT (Figure S� , Supporting Informa-
tion).

After con“rming the FePt coating, our next step was to con-
jugate bacterial LPS to the uncoated side of the silica parti-
cles. The bacterial LPS enabled us to control the activation
states of macrophages toward the anticancer (M�) state.[� ] Sev-
eral chemical reactions were performed to conjugate the bac-
terial LPS to FePt-coated silica particles, including biotin and
streptavidin interaction, which has a high a
nity and strong
binding properties (Figure S
A , Supporting Information). We
con“rmed the conjugation of ”uorescein isothiocyanate (FITC)-
tagged streptavidin onto biotinylated ends of FePt-coated silica
particles with ”uorescence microscopy (FigureS
B, Support-
ing Information). The streptavidin-conjugated particles were fur-
ther modi“ed with biotinylated bacterial LPS, where the biotiny-
lated end of the bacterial LPS exhibited a very high a
nity for
streptavidin.[�� ] The resultant silica beads modi“ed with FePt
magnetic nano“lm and bacterial LPS were called magnetic Janus
particles.

As a next step, living macrophages were incubated with mag-
netic Janus particles overnight to prepare macrophage-based
microrobots. Magnetic Janus particles were phagocytosed by
macrophages, resulting in the development of magnetically
controllable, antitumorigenic (M� phenotype) macrophage-
based microrobots (Figure�A ). To verify that macrophages
fully internalized the magnetic Janus particles, we ”uores-
cently stained the nuclei and actin “lament compartments of
cells. The confocal images con“rmed that ”uorescently labeled
magnetic Janus particles accumulated at the inner borders of
macrophages after overnight incubation (Figure�B ). Due to the
advantages of the FePt magnetic nano“lm layer of magnetic
Janus particles, the macrophage-based microrobots developed
here could be magnetically controlled, imaged under di�erent
medical imaging techniques, and due to the bacterial LPS,
the macrophage-based microrobots were capable of “ghting
cancer as a result of their antitumorigenic (M�) activation states
(Figure �C ). All the characterizations of macrophage-based
microrobots (e.g., encapsulation e
ciency of cells, biocompat-
ibility assessment, magnetic properties of bare macrophages
and macrophage-based microrobots, magnetic actuation and
steering, and preparation of microrobots from primarily isolated
cells) are shown in FiguresS�…S�� (Supporting Information).

Macrophages have recently become promising candidates
in treating solid tumors since these cells can in“ltrate tu-
mors, unlike lymphocytes.[�,�� ] It has been demonstrated that
macrophages can kill tumor cells by exerting phagocytic and
cytotoxic functions, secreting proin”ammatory M� cytokines,
presenting tumor-speci“c antigens for adaptive antitumor im-
munity induction, and facilitating innate immune cells re-
cruitment into tumor microenvironments.[�
…�� ] Local or sys-
temic injections of M�-polarized macrophages have also been
shown to have in vivo antitumor e�ects on several murine
tumor models, such as ovarian, breast, and lung.[��,�
 ] Our
macrophage-based biohybrid microrobots have considerable po-
tential to improve the tumor-targeting and antitumor capabilities
of M� macrophages by actuating and accumulating a swarm of
macrophages at target locations upon magnetic control, resulting
in enhanced anticancer e
cacy with minimized toxicity to the
body.

�.�. Medical Imaging of Macrophage-Based Microrobots

Macrophage-based microrobots can only successfully perform
their assigned tasks once they reach the target area, which is
only possible by getting continuous feedback from medical imag-
ing modalities.[�� ] Thus far, several imaging modalities have
been proposed.[
� ] We used MRI and OA imaging from di�erent
techniques for real-time imaging of macrophage-based micro-
robots, as these modalities are safe, noninvasive medical imaging
techniques.[
�,��…�� ] MRI is the most common imaging modal-
ity routinely used in clinical diagnostics, with excellent soft tis-
sue contrast and high-resolution capabilities. Even though MRI
is considered a low signal-to-noise imaging modality, using var-
ious contrast agents can aid in signal-to-noise and contrast-to-
noise enhancements.[��,�� ] In this work, FePt particles act asT�

* -
contrast agents, causing local signal loss due to their magnetic
“eld. For T�

* -contrast agents, it is typical that the region of signal
loss can be� ��� times larger than the particles themselves, there-
fore greatly helping the visualization of microrobots.[
�,�� ] An al-
ternative imaging method is OA imaging, where a tissue absorbs
light pulses, expands, and releases ultrasonic waves detected by
an acoustic detector.[�� ] OA is a fast imaging technique enabling
real-time 
D monitoring of dynamic biological processes.[��,�
 ]

Furthermore, it provides micrometer-scale high-resolution and
molecular imaging capabilities; however, it has lower resolution
and sensitivity than MRI.[��,�� ] Both imaging techniques have
their advantages and disadvantages in this respect.

Macrophages are transparent and must be labeled with con-
trast agents to be detectable in medical imaging tools.[�� ] Con-
trast agents produce su
cient positive or negative signals to
distinguish therapeutic cells from their surrounding tissue and
make them noticeable under imaging systems.[
�,��,�� ] Thus,
macrophages labeled with contrast agents can be traceable inside
the body with medical imaging techniques. Here, as FePt mag-
netic nano“lm on Janus particles is a multimodal contrast agent,
we were capable of tracking macrophages that engulfed magnetic
Janus particles using di�erent imaging techniques, MRI and OA
imaging. The FePt labeling approach used in this paper can pro-
vide long-term macrophage tagging without compromising their
function and eliminate the requirement to inject harmful radio-
labeled contrast agents or genetic modi“cations into the cells.

We performed the medical imaging of macrophage-based
microrobots inside soft-tissue-mimicking phantoms, as the
human body primarily comprises soft tissues (Figure � A).[�	 ]

We used agar as a soft-tissue-mimicking phantom since it is
widely used in medical imaging due to its ability to mimic the
mechanical properties of soft living tissues.[��…�� ] We embedded
macrophage-based microrobots and macrophages in their bare
forms in soft-tissue-mimicking phantoms at di�erent concen-
trations (��� ���, ��� ���, ��� ���, �� ���, �� ���, and ����
cells in a ��� µL volume), as at least one million engineered cells
are typically injected into mice in vivo in the literature.[��,��,�
 ]

In MRI scans, macrophage-based microrobots gave a negative
contrast (signal loss) in theT�

* -weighted image due to the high
saturation magnetization of FePt. The increased concentration
of macrophage-based microrobots showed more signal loss and
darker areas on MRI scans, while bare macrophages displayed
no contrast. Due to the high magnetization of magnetic Janus
particles, we could visualize as little as ���� macrophage-based
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Figure �. MRI and OA medical imaging results of macrophage-based microrobots in soft-tissue-mimicking phantoms. A) A conceptual schematic depicts
macrophage-based microrobots embedded in soft-tissue-mimicking phantoms. B) Macrophage-based microrobots and bare macrophages immersed in
soft-tissue-mimicking phantoms at various concentrations (��� ���, ��� ���, ��� ���, �� ���, �� ���, and ���� cells in a ��� µL volume) were analyzed
using MRI. C) Macrophage-based microrobots and bare macrophages immersed in soft-tissue-mimicking phantoms at various concentrations (��� ���,
��� ���, and ��� ��� cells in a ��� µL volume) were analyzed using OA imaging.

microrobots in soft-tissue-mimicking phantoms (Figure �B ;
Figure S�
 , Supporting Information). In OA imaging,
macrophage-based microrobots showed strong absorbances
at ��� nm; therefore, all the images for both groups (i.e.,
bare macrophages and macrophage-based microrobots) were
captured at that wavelength. The increasing concentrations
of macrophage-based microrobots gave an increased signal
through OA imaging. We could detect ��� ��� macrophage-
based microrobots in a soft-tissue-mimicking phantom with OA
imaging (Figure �C ).

Our next step was to examine the imaging potential of
macrophage-based microrobots within biological tissues by
performing ex vivo experiments using fresh dead mice. For

these experiments, we injected macrophage-based microrobots
and bare macrophages into the right and left back muscles of
the dead mouse and visualized them in MRI and OA imag-
ing (Figure � A). We injected macrophage-based microrobots
and bare macrophages at di�erent concentrations (��� ���,
��� ���, and ���� cells in a �� µL injection volume) into
the dead mouse for MRI. The whole-body MRI scans of the
dead animals were performed before and after the injections.
T�

* -weighted MRI analysis revealed that macrophage-based
microrobots showed a local negative contrast at the injection
site, whereas bare macrophages showed no contrast (Figure
B ).
In MRI scans, � ���� macrophage-based microrobots were
visible inside the animal tissue. In addition, macrophage-based

Adv. Healthcare Mater.���� , �� , �	����� ������� (� of ��) © ���	 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure �. Ex vivo MRI and OA medical imaging results of macrophage-based microrobots. A) A schematic depicts bare macrophages and macrophage-
based microrobots injected into a dead mouse for medical imaging. B) Ex vivo MRI of bare macrophages and macrophage-based microrobots at various
concentrations (��� ���, ��� ���, and ���� cells in a �� µL injection volume) before and after the injection. C) Needle-guided ex vivo OA imaging of
macrophage-based microrobots (���� ��� macrophage-based microrobots in a �� µL injection volume).

microrobots were examined inside the porcine brain using MRI.
The frontal porcine brain was injected with di�erent concentra-
tions of macrophage-based microrobots: ���� cells µLŠ� (�� ���
macrophage-based microrobots in a ��µL injection volume) and
���� cells µLŠ� (�� ��� macrophage-based microrobots in a �� µL
injection volume). T�

* -weighted MRI analysis has shown that
macrophage-based microrobots were easily distinguished from
the brain vasculature and caused a local negative contrast around
the injection site (FiguresS�� andS�� , Supporting Information).
Next, we analyzed ex vivo OA imaging of macrophage-based
microrobots through a needle-guided injection with ���� ���
cells in a �� µL injection volume into the dead animal (Figure
C ;
Video S� , Supporting Information). Currently, medical imaging
has some challenges due to imperfections in the body, signi“cant
di�erences in pathology, and high background noise levels.[�� ]

Thus, medical image interpretation has recently bene“ted from
advanced computer-aided analysis techniques based on back-
ground subtraction to interpret medical images better.[�� ] In this
context, advanced image analysis with background subtraction
technique can be applied to macrophage-based microrobots to
improve OA imaging quality in future work.

To summarize, ex vivo imaging results of macrophage-based
microrobots were similar to the soft-tissue-mimicking phan-
toms. The results indicated that due to the high saturation mag-

netization of magnetic Janus particles, the sensitivity of MRI to
detect the low number of macrophage-based microrobots in both
soft-tissue-mimicking phantoms and ex vivo was much better
than OA imaging. Even though we obtained better sensitivity and
higher-resolution images with MRI, it is unsuitable for real-time
medical imaging due to longer scan duration. Conversely, OA
imaging is less sensitive than MRI, where the contrast-to-noise
ratio of OA imaging can be further improved by integrating ad-
ditional contrast agents. More importantly, OA is a high-speed
imaging technique that allows real-time image-guided naviga-
tion.

�.�. Optoacoustic Imaging-Guided Magnetic Actuation of
Macrophage-Based Microrobots

From many di�erent actuation mechanisms, magnetic manip-
ulation can enable the remote and precise control of a sin-
gle or swarm of magnetized objects in a noninvasive manner,
which could result in increased e�ect, duration, and e
cacy of
macrophage-based therapies.[�	 ] Therefore, we applied a mag-
netic particle labeling strategy to the macrophages, allowing us to
remotely control a swarm of macrophages to a targeted location
using external magnetic “elds. Due to the long MRI scan time,
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Figure �. Real-time medical imaging and magnetic actuation of macrophage-based microrobots in static and ”ow conditions. A) The macrophage-based
microrobots were magnetically steered at static conditions and imaged with OA imaging in real time. B) A schematic shows the targeted localization of
macrophage-based microrobots by receiving feedback from the medical imaging system under ”ow conditions. C) The macrophage-based microrobots
were localized in a target site using OA imaging under physiologically relevant ”ow conditions. D) FEM simulations analyze the ”ow through the tubing
using an average ”ow velocity of �.� mm sŠ� and a tubing size of �.�� mm. E) The relation between the velocity magnitude and distance from the tubing
wall.

navigation, real-time imaging, and tracking are di
cult for dy-
namic biological organisms compared to OA imaging. Our group
has also demonstrated the current upper limit of particle size for
e�ective actuation to be around ��� µm for MRI. [�� ] Below this
size, the magnetization of the particles is not su
cient for ef-
fective actuation using magnetic “eld gradients (as strong as �
T mŠ� ). Therefore, actuation experiments of macrophage-based
microrobots were conducted using OA imaging.

We investigated the active targeting of macrophage-based
microrobots in static and ”ow conditions. First, the macrophage-
based microrobots were injected into the tubing, and their
position was controlled using an external magnetic “eld with

gradient pulling in static conditions. By getting help from the
fast imaging property of OA imaging, we visualized the posi-
tion of macrophage-based microrobots in real time, with an
average velocity of � mm sŠ� (Figure � A; Video S� , Supporting
Information). We further investigated the active targeting of
macrophage-based microrobots under physiologically relevant
”ow conditions (Figure �B ). We indicated OA-imaging-guided
targeted localization of macrophage-based microrobots under
an average ”ow rate of �.
 mm sŠ� , mimicking the ”ow rates
of venules and capillaries (Figure�C ; Video S
 , Supporting
Information). [� ] The macrophage-based microrobots were gath-
ered in the target area using external magnetic “elds and imaged
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simultaneously using OA imaging. A magnetic “eld applied to a
target location caused macrophage-based microrobots to cluster
around that location, allowing for easy detection and visualiza-
tion of macrophage-based microrobots over time. As a result of
this experiment, macrophage-based microrobots can be actively
controlled in physiologically relevant ”ow conditions to target
tumor areas with a high degree of visualization and detection. In
addition, we used “nite element method (FEM) simulations by
using the tubing dimensions and average ”ow velocity used in
the experiments. The simulation results indicated the parabolic
”ow pro“le for the circular cross-sectional tubing, where the
velocity magnitude increased as the distance from the tubing
wall increased (Figure�D,E ). Combining magnetic control and
targeted localization with real-time imaging in physiological ”ow
conditions, we demonstrated the potential of macrophage-based
microrobots for future in vivo applications.

�.�. Antitumor Activities of Macrophage-Based Microrobots

Bacterial LPS activates macrophages by interacting with TLR�
receptors of cells and altering their phenotypes into the antitu-
morigenic (M�) state.[�� ] A bacterial LPS coating on magnetic
Janus particles thus enabled us to regulate macrophage activa-
tion into the M� state. We characterized the activation states
of macrophage-based microrobots by measuring the secreted
amounts of IL-��, TNF- � , and IL-� as M� cytokines and IL-��
as M� cytokine. The M� cytokines play a crucial role in tumor
suppression. IL-�� enhances the cytotoxicity of natural killer cells
and cytotoxic T cells.[

 ] TNF-� induces endothelial cell apopto-
sis and allows chemotherapeutic agents to di�use into the tumor
microenvironment, thus disrupting tumor vasculature.[�� ] IL-�
regulates the tra
cking of immune cells into tumors, therefore
inhibiting cancer progression.[�� ] For M� characterization exper-
iments, the conditioned medium of macrophage-based micro-
robots and bare macrophages was harvested, and cytokine levels
in the culture medium were compared in two groups. The re-
sults indicated that compared to bare macrophages, macrophage-
based microrobots secreted higher amounts of M� cytokines,
while no signi“cant changes were observed in the production of
M� cytokines (Figure � A; Figure S�� , Supporting Information).

Antitumorigenic M� macrophages kill cancer cells by directly
killing through the secretion of harmful products such as NO
and ROS or indirectly killing by recruiting host immune cells to
the tumor site.[�� ] In this study, we investigated the direct killing
mechanisms of M�-activated macrophage-based microrobots us-
ing a transwell permeable system supported by �.�µm pores.
We selected �.� µm pore size membranes suitable for co-culture
applications, cytokine secretion, and drug transport studies.[�� ]

The bare macrophages or macrophage-based microrobots were
seeded in the upper compartment, whereas the urinary bladder
cancer cells were seeded in the bottom compartment (Figure�B ).
At �� h of the co-culture experiment, the cellular viability of
cancer cells was measured according to membrane integrity
and metabolic activity measurements. Membrane integrity mea-
surements were performed using a live/dead staining solution
initially containing non”uorescent molecules: calcein-AM and
ethidium bromide-�. Calcein-AM passes through the cell mem-
brane and is converted to a green ”uorescent calcein (Ex/Em:

���/��� nm) in live cells upon hydrolysis of lipophilic groups.
Conversely, ethidium bromide-� is a highly positively charged
molecule that can only pass through damaged cell membranes,
bind to the DNA, and emit a red ”uorescent signal (Ex/Em:
���/��� nm) in dead cells. The results of membrane integrity
measurements demonstrated that co-culturing cancer cells with
macrophage-based microrobots resulted in mostly dead cells,
whereas co-culturing cancer cells with bare macrophages led
to most cancer cells remaining alive (Figure�B ). Measuring
membrane integrity provides information on cell viability but
not cell proliferation. Therefore, we also evaluated the metabolic
activities of cancer cells co-cultured with bare macrophages or
macrophage-based microrobots. Since only viable cells can syn-
thesize adenosine-��-triphosphate (ATP), we measured the intra-
cellular ATP as an indicator of cell viability. The metabolic activity
results indicated that the viability of cancer cells reduced to �	%
at �� h when co-cultured with M�-activated macrophage-based
microrobots (Figure�C ).

Second, we demonstrated the anticancer activity of
macrophage-based microrobots on 
D tumor spheres devel-
oped from urinary bladder cancer cells in ultralow attachment
plates (Figure � A). The low adhesion of the cultureware pre-
vented urinary bladder cells from adhering to the surface,
encouraged cell-to-cell aggregation via naturally secreted ex-
tracellular matrices, and resulted in 
D tumor spheroids
(Figure �B ). To demonstrate the OA-imaging-guided actuation
of macrophage-based microrobots, we labeled the prepared 
D
tumor spheroids with indocyanine green (ICG) to make them
visible under OA imaging (FigureS�� , Supporting Information).
The macrophage-based microrobots were actuated by gradient
pulling to the target tumor spheroid area, where their motion
was monitored in real time using OA imaging (Figure�C ; Video
S� , Supporting Information). In future work, macrophage-based
microrobots may be distinguished from tumor spheroids by us-
ing a multiwavelength excitation design that uses more than one
wavelength to image di�erent chromophores. The background
subtraction method could also be performed using advanced
computational techniques.

We further investigated the antitumor activity of macrophage-
based microrobots with a conditioned medium approach, in
which the medium containing secreted molecules by one group
of cells is harvested and transferred to another group of cells
for further analysis.[�,�	,�� ] After incubating the conditioned
medium of macrophage-based microrobots with 
D tumor
spheroids for �� h, we investigated the viabilities of 
D tumor
spheroids depending on two methodologies: membrane integrity
measurements and metabolic activity measurements. Our mem-
brane integrity measurements indicated that the incubation of

D tumor spheroids with the medium of macrophage-based
microrobots resulted mainly in dead cells after �� h of incu-
bation (Figure �D ). As an alternative method, we measured
the viability of 
D tumor spheroids treated with the medium
of macrophage-based microrobots by measuring intracellular
ATP using CellTiter-Glo 
D Cell Viability assay. In contrast to
live/dead staining, CellTiter-Glo 
D assay reagent can penetrate
large spheroids, has an enhanced lytic capability, and, therefore,
allows more sensitive and accurate viability determinations of 
D
spheroids. As a result of the metabolic activity measurements,
macrophage-based microrobots signi“cantly suppressed the
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Figure �. Antitumorigenic activities of macrophage-based microrobots. A) The M� activation states of macrophage-based microrobots were character-
ized by measuring M� cytokines (IL-��, TNF-� , and IL-�). The macrophage-based microrobots secreted signi“cantly higher amounts of M� cytokines
than bare macrophages. Data were presented as mean± SD,n = � (*, Student•s t-test,p < �.��). B) The antitumorigenic activities of macrophage-based
microrobots were analyzed with co-culture experiments. The co-culture experiments were performed with a transwell insert with �.	µm pore sizes, where
the urinary bladder cancer cells were co-cultured with bare macrophages or macrophage-based microrobots for �	 h. Representative live/dead ”uores-
cence images of the cancer cells were acquired at �	 h of co-culture. Co-culturing cancer cells with macrophage-based microrobots resulted mainly in
dead cells, whereas co-culturing cancer cells with bare macrophages led to most cancer cells remaining alive. C) Viability of cancer cells co-cultured with
bare macrophages or macrophage-based microrobots for �	 h. Co-culturing macrophage-based microrobots with cancer cells reduced their viability to
��% at �	 h incubation. Data were presented as mean± SD,n = � (*, Student•s t-test,p < �.��).

growth of 
D tumor spheroids, with viability of �.�% after �� h
of incubation (Figure�E ).

�. Conclusion

Here, we presented macrophage-based microrobots developed
from live macrophages and magnetic Janus particles. The mag-
netic Janus particles had two sides: the “rst side was FePt
nano“lm for magnetic actuation, imaging, and tracking; and the

second side was bacterial LPS for stimulating macrophages to
a cancer-killing state. The incubation of magnetic Janus parti-
cles with macrophages enabled the remote magnetic control of
macrophages, monitoring of macrophages under di�erent imag-
ing techniques (i.e., MRI and OA imaging), and suppressing the
growth of monolayer and 
D tumor spheroids.

In this study, we indicated a biohybrid immune cell-based
strategy, living macrophage-based microrobots, where remote
magnetic actuation, antitumor abilities, and medical imaging
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Figure 	. Macrophage-based microrobots for targeted tumor localization and treatment of urinary bladder �D tumor spheroids. A) A schematic illustrates
the preparation of �D tumor spheroids. B) Bright-“eld microscopy images of suspended urinary bladder cancer cells and �D tumor spheroid after
incubation for �	 h. C) OA images of ICG-labeled single �D tumor spheroid. Next, macrophage-based microrobots are magnetically navigated to the
�D tumor spheroid area using real-time OA imaging. D) Representative live/dead ”uorescence images of �D tumor spheroids after �	 h incubation
with the fresh or conditioned medium of macrophage-based microrobots. Incubation of �D tumor spheroids with the medium of macrophage-based
microrobots resulted mainly in dead cells after �	 h of incubation. E) Viability of �D tumor spheroids treated with the fresh medium as a control,
conditioned medium of unstimulated macrophages, and conditioned medium of macrophage-based microrobots. The growth of �D tumor spheroids
was signi“cantly suppressed by macrophage-based microrobots, with a viability of �.
% after �	 h of incubation. Data were presented as mean± SD,
n = 	 (*, Student•s t-test,p < �.��).

are all combined in a single microrobotic design, all crucial for
bringing medical microrobots into the clinics. Here, we indicated
the suppression of urinary bladder cancer cells. Nonetheless,
macrophage-based microrobots can potentially treat other can-
cer types (such as ovarian, breast, and lung), especially in vivo
conditions, by sustaining in”ammatory responses, secreting
proin”ammatory cytokines, and recruiting host immune cells
to the disease site.[�
,�� ] Our biohybrid microrobot design can

help to improve the tumor-targeting and antitumor capabilities
of macrophages by magnetically actuating and accumulating
a swarm of macrophage-based microrobots at target locations,
resulting in enhanced anticancer ability with minimal toxicity to
the body. Furthermore, this biohybrid microrobot strategy can
be developed to activate macrophages into anti-in”ammatory
(M�) states by altering the bacterial LPS layer with M� stimuli
for other medical applications, such as wound healing. Thus,
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macrophage-based microrobots can be essential in future in
vivo applications for treating diseases in hard-to-reach areas. In
addition, since macrophages are derived from our own bodies,
the developed macrophage-based microrobots can shape the
future of personalized medicine by providing safe and e�ective
immune cell-based therapies.

�. Experimental Section
Fabrication of Magnetic Janus Particles: Magnetic Janus particles were

developed from ��� nm diameter silica particles (microParticles GmbH)
coated with FePt magnetic “lm and bacterial LPS. For FePt magnetic “lm
deposition, the silica particles were “rst uniformly distributed on an oxy-
gen plasma-treated silicon wafer. The �� nm thick FePt magnetic nano“lm
was half-coated on silica particles using a molecular beam epitaxy cham-
ber at ultrahigh vacuum conditions (� (�…�) × �� Š� mbar) with an anneal-
ing step at �
� °C for � h, as described and characterized previously.[�� ]

After the FePt magnetic “lm deposition, the silica particles were de-
tached from the silicon wafer by ultrasonication for further chemical
processes.

Bacterial LPS was attached to the uncoated sides of the FePt-
coated silica particles through bioconjugation (FigureS�A, Supporting
Information).[�� ] The “rst step of the procedure was to attach amine
groups (� NH� ) to the hydroxyl groups (� OH) of the FePt-coated Janus sil-
ica particles using �-aminopropyltriethoxysilane (APTES, Sigma…Aldrich).
The FePt-coated silica particles were vortexed in � mL ethanol solution
with �� µL APTES for � h, followed by incubation at ��°C for � h. The
particles were washed several times with ethanol and dimethyl sulfoxide
(DMSO, Sigma…Aldrich). The second step of the procedure was to replace
the amino groups withN-hydroxysuccinimide (NHS)…biotin. The particles
were vortexed in � mg mLŠ� EZ-link NHS…biotin (Thermo Fisher Scien-
ti“c) in DMSO for � h, then washed multiple times with DMSO and Dul-
becco•s phosphate-bu�ered saline (DPBS, Gibco). The third step involved
the conjugation of FITC-labeled streptavidin to the biotinylated ends of
the particles. The particles vortexed with ��µg mLŠ� streptavidin solution
in DPBS for � h, then washed multiple times with DPBS. As a “nal step,
biotinylated LPS fromEscherichia coliserotype ����:B	 (InvivoGen) was
conjugated to the particles via biotin…streptavidin interaction. The parti-
cles were vortexed with ��� µg mLŠ� biotinylated bacterial LPS in DPBS
for � h, then washed multiple times with DPBS. The resultant magnetic
Janus particles, half-coated with magnetic FePt nano“lm and half-coated
with bacterial LPS, were resuspended in DPBS and sterilized beneath ul-
traviolet light before further use.

Cell Culture: J��	A.� mouse peritoneal macrophages (American Type
Culture Collection, ATCC) were cultured in sterile �� cm� polystyrene cell
culture ”asks at �� °C and �% CO� atmosphere in high-glucose Dulbecco•s
modi“ed Eagle•s medium (DMEM, Gibco) supplemented with ��% fe-
tal bovine serum (FBS, Gibco) and �% penicillin/streptomycin (Gibco).
At 
�% con”uence, the cells were detached from the surface using a cell
scraper.

NUC-� mouse urinary bladder cancer cells (Deutsche Sammlung von
Mikroorganismen und Zellkulturen, DSMZ) were cultured in sterile ��
cm� polystyrene cell culture ”asks at ��°C and �% CO� atmosphere in
	�% Ham•s F�� nutrient mix (Gibco), 	�% DMEM (Gibco) supplemented
with ��% FBS (Gibco), �% penicillin/streptomycin (Gibco), � µg mLŠ�

human insulin (Sigma…Aldrich), �µg mLŠ� human transferrin (Sigma…
Aldrich), �� n
 hydrocortisone (Sigma…Aldrich), and � ng mLŠ� selen-
ite (Sigma…Aldrich). At 
�% con”uence, the cells were detached from the
surface using �.��% (w/v) trypsin/ethylenediaminetetraacetic acid (EDTA)
solution.

HT-�� human colorectal adenocarcinoma cells (ATCC) were cultured
in sterile �� cm � polystyrene cell culture ”asks at ��°C and �% CO� at-
mosphere in high-glucose DMEM (Gibco) supplemented with ��% FBS
(Gibco) and �% penicillin/streptomycin (Gibco). At 
�% con”uence, the
cells were detached from the surface using �.��% (w/v) trypsin/EDTA so-
lution.

Preparation of Macrophage-Based Microrobots: J��	A.� mouse peri-
toneal macrophage cells were “rst seeded on a �-well plate at a concentra-
tion of � × �� � cells in a � mL medium � day before the experiment. After
overnight incubation, magnetic Janus particles were diluted in the cell cul-
ture medium of J��	A.� cells at a concentration of �.�� mg mL Š� . The
J��	A.� cells were incubated overnight with a medium containing mag-
netic Janus particles. Ultimately, the J��	A.� cells phagocytosed the mag-
netic Janus particles, where the resultant cells were called macrophage-
based microrobots.

Confocal Imaging: Macrophage-based microrobots were “xed in 	%
(v/v) paraformaldehyde (PFA, Alfa Aesar) in DPBS for �� min. The cells
were then permeabilized with �.�% (v/v) Triton-X-��� (Sigma…Aldrich)
in DPBS for �� min. For staining, DPBS solution containing �µg mLŠ�

Hoechst ���	� (Thermo Fisher Scienti“c) and � drops mL Š� ActinRed
��� ReadyProbes (Life Technologies) was applied to cells for �� min in
the dark. The confocal images of macrophage-based microrobots were ac-
quired using Leica SP
 confocal microscopy.

Imaging of Macrophage-Based Microrobots in Soft-Tissue-Mimicking
Phantoms: Bare macrophages and macrophage-based microrobots were
dispersed and immobilized in �% (w/v) ultralow gelling temperature
agarose (Sigma…Aldrich) in ��-well plates at various concentrations
(��� ���, ��� ���, ��� ���, �� ���, �� ���, and ���� cells in ��� µL solu-
tion). The prepared samples were imaged using both MRI and OA imag-
ing. OA imaging was performed with a handheld, �D optoacoustic trans-
ducer (MSOT inVision ���-Echo, iThera Medical), where OA signals were
collected at di�erent wavelengths for all groups. The optimum wavelength
for macrophage-based microrobots was 
	� nm.

MRI experiments were conducted using a � Tesla Biospec Bruker
system with an actively shielded gradient system (BGA��SHP) and a
	� mm diameter quadrature birdcage coil. Di�erent concentrations of bare
macrophages and macrophage-based microrobots were imaged using a
�D gradient echo imaging sequence (repetition time (TR)= ��� ms, echo
time (TE) = � ms, ��� × ��� × ��� µm� in-plane resolution, number of
excitations (NEX)= 
, total scan duration �.� h).

Ex Vivo Imaging of Macrophage-Based Microrobots: The BALB/c mice
were freshly euthanized at the Institute of Comparative Molecular En-
docrinology, Center for Biomedical Research, University of Ulm accord-
ing to §	 (�) TierSchG (animal welfare/protection law) (o�cial permission
number: MPIISS-UUL-o.�
�-��), and immediately used for further exper-
iments.

For ex vivo MRI experiments, bare macrophages and macrophage-
based microrobots were dissolved in DPBS at di�erent concentrations
(��� ���, ��� ���, and ���� cells in a �� µL injection volume) and injected
into the left and right back muscles of dead BALB/c mice. A �D gradient
echo imaging sequence (TR/TE ���/� ms, ��� × ��� µm� in-plane reso-
lution, slice thickness �.� mm, NEX= 	, total scan duration �� min) was
used to image mice (N = 	) before and immediately after the injection of
macrophage-based microrobots.

For ex vivo OA imaging experiments, the macrophage-based micro-
robot was injected into the back muscle of the dead animal at a concentra-
tion of ���� ��� cells in a �� µL injection volume using a �� G needle. The
animal was scanned with a handheld, �D optoacoustic transducer (MSOT
inVision ���-Echo, iThera Medical) before and after the injection of micro-
robots, and the signals were collected at di�erent wavelengths.

Optoacoustic Imaging-Guided Magnetic Actuation of Macrophage-Based
Microrobots: The macrophage-based microrobots were dispersed in
DPBS and placed in tubing for real-time imaging of macrophage-based mi-
crobots in static conditions using an MSOT inVision ���-echo OA system
(iThera Medical). The macrophage-based microrobots were magnetically
actuated with an average velocity of � mm sŠ� using a permanent mag-
net and imaged in real time using the �D optoacoustic transducer (iThera
Medical).

Flow experiments were conducted in a tubing (Cole-Parmer) with an
inner and an outer diameter of �.�� and �.�� mm, respectively. The ”ow
rates of microrobots were controlled using a syringe pump (KD Scienti“c
Inc.). The volume ”ow rates of 	µL minŠ� in the syringe pump resulted in
an average ”ow rate of �.� mm sŠ� . The macrophage-based microrobots
were collected at the targeted location using a permanent magnet under
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”ow conditions. The real-time videos were recorded with an OA device
(MSOT inVision ���-Echo, iThera Medical).

FEM Simulations: For FEM simulations, commercial FEM software
(COMSOL Multiphysics �.�, COMSOL Inc.) was used. Simulations were
implemented to estimate ”ow velocity magnitudes, and they were �D
based on Navier…Stokes equations. The inner diameter of the ”uid chan-
nel was �.�� µmm. The average velocity of the deionized water was
�.� mm s Š� . Boundary conditions of the walls were assigned as no-slip
conditions.

M� Characterization: Activation states of macrophage-based micro-
robots were characterized by measuring the expressions of M� cytokines
(IL-��, TNF- � , and IL-�). J��	A.� cells were seeded on a �	-well plate at
� × �� � cells per well in triplicates. After overnight incubation, the cells
were i) untreated or ii) treated with magnetic Janus particles for �	 h. The
supernatant from all groups was collected, and secreted cytokines were an-
alyzed using IL-��, TNF-� , and IL-� enzyme-linked immunosorbent assay
(ELISA) sets (BD Biosciences) following the supplier•s instructions. The
optical densities were measured using a microplate reader (Tecan, In“nite
M Plex).

Co-Culture Experiments: �.� mm diameter inserts, �.	 µm pore size,
tissue culture treated, polycarbonate membrane, and sterile polystyrene
plates (Corning) were used for co-culture experiments. A day before,
macrophages were seeded at �.�× �� 	 cells per well in their natural growth
medium on the transwell insert (upper chamber). After overnight incuba-
tion, the macrophages were untreated or treated with �.�� mg mLŠ� mag-
netic Janus particles, whereas the NUC-� urinary bladder cancer cells were
seeded to the bottom chamber at a concentration of �× �� 	 cells per well.
At �	 h of co-culture, the cell viabilities of NUC-� cells were measured us-
ing Live/Dead Cell Imaging Kit (Invitrogen) and CellTiter-Glo Cell Viability
Assay (Promega) according to the manufacturer•s instructions.

Preparation of �D Tumor Spheroids: HT-�� tumor spheroids were used
for OA imaging experiments. HT-�� cells were seeded in Nunclon Sphera-
treated, U-shaped-bottomed ��-well plates (Thermo Fisher Scienti“c) at �
× �� 	 cells per well and incubated at ��°C and �% CO� atmosphere as
previously described.[�� ] On day �, HT-�� tumor spheroids were almost
� mm in diameter. To make the �D tumor spheroids visible under OA
imaging, HT-�� spheroids were labeled with ICG (�.� mg mLŠ� ) overnight.
The ICG-labeled �D tumor spheroids were washed multiple times with
DPBS and used for further experiments. The HT-�� colon cancer �D tu-
mor spheroids and macrophage-based microrobots were placed in a � cm
Petri dish for OA imaging. A permanent magnet was used to actuate and
steer around � × �� � macrophage-based microrobots toward the HT-��
�D tumor spheroids. A �D handheld optoacoustic probe (MSOT inVision
���-Echo, iThera Medical) was used to capture the videos.

Assessment of �D Tumor Spheroids Death: Antitumor activities of
macrophage-based microrobots were performed with NUC-� tumor
spheroids. NUC-� cells were seeded in Nunclon Sphera-treated, U-shaped-
bottomed ��-well plates in triplicates (Thermo Fisher Scienti“c) at �× �� 	

cells per well and incubated at ��°C and �% CO� atmosphere. The NUC-�
spheroids were treated with i) their natural growth medium, ii) medium
harvested from macrophages treated with LPS-free FePt-coated silica parti-
cles (��% fresh NUC-� medium, and ��% conditioned medium of unstim-
ulated macrophages), or iii) medium harvested from macrophage-based
microrobots (��% fresh NUC-� medium and ��% conditioned medium
of macrophage-based microrobots) for �	 h. After �	 h of incubation, the
NUC-� cells were stained with a Live/Dead Cell Imaging Kit (Invitrogen)
according to the manufacturer•s instructions.

CellTiter-Glo �D Cell Viability Assay (Promega) was also used to mea-
sure ATP levels in NUC-� cells. Brie”y, an equal volume of CellTiter-Glo �D
reagent was added to the cells, mixed for � min for cell lysis, and the sig-
nal was stabilized for �� min at room temperature. Luminescence values
were then measured with a microplate reader (Tecan, In“nite M Plex) in a
��-well black/clear bottom plate (Thermo Fisher Scienti“c).

Statistical Analysis: The measurements were conducted in at least
three replicates for each group. The numerical values were presented as
means± standard deviation (SD) of the means. Statistical analysis was
performed using Student•st-test, and ap-value of less than �.�� was con-
sidered signi“cant.
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