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Abstract— Mobile magnetic microrobots have been
extensively used in a wide range of biomedical applications
due to their numerous advantages. Magnetic microrobots in
particular have been developed and shown great potential
over the past two decades for the manipulation and migration
of both single cells and cell aggregates. The efficient clearance
of cell aggregates is crucial to prevent uncontrolled cell
proliferation, tissue damage, and invasive surgeries, especially
for those related to the vascular system. In this work, we
showed cellular manipulation and mobility to achieve cellular
clean up on Human Liver Cancer (HepG2) cells by using two
types of untethered magnetic microrobots that are different
in type and size. We performed the cellular clean up in the
microchannel, which can demonstrate the closed working
environment, and also on a glass slide to present an air-liquid
interface. We showed that the microrobots could be able
to move a cluster of cells in both conditions which could
make them useful for sorting and separation applications.
Furthermore, cell viability was assessed by using a trypan
blue staining assay on HepG2 cells right after and 24 hours
after microrobot actuation.

Index Terms — Magnetic Microrobots, Single-Cell
Manipulation, Cell Clean up

I. INTRODUCTION

Microrobots have shown immense potential in biomedical
applications such as drug delivery, cell manipulation,
imaging, cell sorting, and labeling [1]–[6]. Single-cell
manipulation is one of the major applications that has
captured the attention of cell biologists. Cell manipulation
has been presented via different methods from different
research groups [7]–[10]. In the early 21st century,
cell manipulation was achieved via pipette, and more
recently via optical tweezers, electrical forces, or specially
designed microfluidic channel systems [11]. Alternatively,
mobile magnetic microrobots are great candidates for cell
manipulation since they are minimally invasive, versatile,
small in size, remotely controlled, and accepted as
harmless for biomedical applications [11]–[13]. Cellular
manipulation with magnetic microrobots is preferred over
optical manipulation when considering cytotoxicity, adequate
driving force, and convenient working tools such as
electromagnetic coils. Magnetic microrobots have been
designed and employed for single-cell manipulation tasks
over the past years [14]–[18]. As a promising technique
for manipulating single-cell, magnetic microrobots provide
precise and remotely controlled interactions with individual
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cells and also avoid contamination risk since they are
untethered and the working system is closed [19].

Cell removal and cleanup is an essential task in many
surgical procedures for example cell debris and dead cell
clearance after thrombosis or tumor surgery. One such
application is in removal of blood clots. Blood clots
lead to blocksed the blood vessels and can cause severe
cardiovascular issues and even death [20], [21]. The existing
thrombolytic drugs can be effective but their delivery is
inefficient because of the difficulty of penetration inside
the thrombus. Recently, magnetic particles, nanoparticles,
and nanodroplets have been studied for removing blood
clots [21]–[24]. Magnetic microrobots in particular have the
potential to effectively dissolve and remove the clots from the
blood vessels [25]–[28]. Following the removal of the clot,
it is also necessary to clean the dead cells and cellular debris
from the affected area. In theory, a biological process in
the body called phagocytosis generally removes these cells,
however, in practice, faster and more efficient removal of
the debris requires extra agents [29]. Another area where
cell removal is critical tends to be tumor removal surgery. A
tumor can be removed by surgery, however, it is known that
the first surgery cannot remove all the cancer cells from the
tumor site. An additional surgery called debulking surgery is
needed to remove as many cancer cells as possible from the
tumor site which means an additional invasive and harmful
operation for the patient [30].

Thus traditional surgical techniques tend to ineffective for
total cell removal since the hard-to-reach areas tend to closer
to the size of the cells. Microrobots offer a distinct advantage
in this case since the microrobot size and characteristics can
be chosen according to the target site. Every organ has a
different penetration depth, size, and navigation route [31].
The sizes of microrobots can therefore changeed to take into
account the practicality and cell manipulation efficiency [32].
In particular, smaller microrobots are beneficial for being
minimally invasive, but they also suffer from the lack of
precise control [11].

In this study, we aim to overcome this problem by using
small magnetically driven microrobots for cell manipulation,
removal, and cleanup. To demonstrate cell manipulation and
migration we use two differently sized magnetic microrobots
inside a microchannel and on a glass slide as an air-
liquid interface. These demonstrate the precise control and
effectiveness of our magnetic microrobots. Firstly, we placed
the microrobots on a glass slide with a dense population of
mammalian cells. Microrobots could move and manipulate
the cells through a pushing mechanism. Secondly, we used
two types of magnetic microrobots (hollow silica based



and solid ferromagnetic) inside a microchannel to navigate
around the mammalian cells and remove the cell aggregates
from the target area, respectively. Cell viability was also
assessed by trypan blue assay immediately after and 24 hours
after actuation with the ferromagnetic microrobots.

II. MATERIALS AND METHODS

A. Experimental Procedures

To perform the cellular manipulation experiments, cells
were mixed with the two types of microrobots: hollow
silica based and solid ferromagnetic. Next, the samples were
introduced to commercially available microchannels (Darwin
Microfluidics, France) with 200 µm width and depth and
the glass slide, separately. Experiments were conducted with
a Zeiss Axiovert 200 inverted microscope and videos were
acquired using an Amscope MU903-65 camera.

B. Fabrication of Microrobots

Hollow 45-85 µm magnetic microrobots were made by
depositing a 100 nm layer of nickel by e-beam deposition
on the spherical microrobots. The hollow microrobots are
made of silica (Cospheric) and have a thin TiO2 layer on
their surface. The nickel layer was deposited at a glancing
angle of 70 degrees from the surface normal which generally
reduces the amount of nickel coating due to a shadowing
effect. We found that the microrobots with a small surface
coverage of nickel result in a magnetic moment tangent to
the surface of the microrobot [17]. Ferromagnetic particles
of 2.0 µm diameter were purchased from Spherotech Inc,
USA, and used without any further modification.

C. Electromagnetic System

Magnetic fields were applied using a custom-built three-
axis electromagnetic system consisting of pairs of coils along
the x, y, and z axes [33] (Fig. 1). The amount and direction
of the current that was sent through each coil were controlled
via an X-box controller which communicated to custom
Matlab and Python software, as described in more detail in
Ref. [33]. To roll the microrobots, rotating magnetic fields
were applied according to the following equations,

Bx = −A[cos(γ) cos(α) cos(ωt) + sin(α) sin(ωt)] (1)

By = A[− cos(γ) sin(α) cos(ωt) + (cos(α) sin(ωt)] (2)

Bz = A sin(γ) cos(ωt) (3)

Where γ is the azimuthal angle from the z axis, α is
the polar angle from the x axis, A is the magnetic field
magnitude, and ω is the frequency that controls the speed
of the rolling microrobot. An azimuthal angle of 90◦ was
used in all of the experiments presented here.

Fig. 1: Experimental setup.

D. Cell Maintenance

Hepatocellular Carcinoma cells (HepG2) were used
as a representative cell line for demonstrating cellular
manipulation and mobility. Cells were gifted by Richard
West (Associate Scientist at Flow Cytometry Core Facility).
Cells were cultured in Dulbecco’s Modified Essential
Medium (DMEM, Gibco, BenchStable, USA) media
supplemented with 10% Fetal Bovine Serum (FBS) and 1%
penicillin-streptomycin in a humidified cell culture incubator
at 37 °C with 5% CO2. Cells were used after their
third passage. Prior to the experiments, cells were washed
with Dulbecco’s phosphate-buffered saline (DPBS) (Gibco,
BenchStable, USA) and trypsinized to detach cells from the
culture flask.

To determine the post-treatment cell viability, trypan blue
staining assay was performed to identify the number of
live/dead cells. Cells were cultured overnight under standard
culture conditions with the microrobots 1 × 105 cells/ml
per well in a 6-well plate (Costar, Corning, USA). After,
the media was centrifuged and resuspended in Phosphate
Buffer Saline (PBS) (Gibco, BenchStable, USA). A 10 µl
of cell suspension was mixed 1:1 (v/v) with 0.4% trypan
blue, and cells were counted in a cell counter (Nexcelom
Cellometer Vision Trio Cell Profiler, USA). Cell morphology
after staining was also observed under an optical microscope
(ZOE Fluorescent Cell Imager, USA) after microrobot
treatment. Furthermore, cell viability after ferromagnetic
microrobot actuation was determined on HepG2 cells.
Subsequently, after microrobot actuation under a constant
magnetic field, cells were cultured for 24 hours at the
standard cell culture conditions. The cells were observed
under the optical microscope directly after and 24 hours after
the actuation.

III. RESULTS AND DISCUSSION

A. Cell Viability

Biocompatibility is one of the most crucial factors for
biomedical applications of microrobots. The microrobots



should be non-toxic, non-immunogenic, and cytocompatible
to be used with the cells. The hollow silica based microrobots
do not have any toxic effect on viable cells [17] and
thus are a viable candidate for cell manipulation studies.
For the ferromagnetic particles, we performed trypan blue
cell viability assay on them. Cells were incubated with
microrobots for 24 hours and, as shown in Fig. 2, cell
viability was 90%, and cell morphology was intact when
compared with the non-treated cell group. Fig. 3 depicts
the cells immediately after and 24 hours after the actuation.
It can be seen that cell morphology and cell proliferation
was intact. The results revealed that the ferromagnetic
microrobots are well-tolerated by the cells, non-toxic, and
suitable for further studies.

Fig. 2: Images of cell viability of ferromagnetic microrobots
on HepG2 cells after 24 hours of incubation. Cell viability
was 90% for microrobot-treated cells. CV represents the cell
viability.

Fig. 3: Images of HepG2 cells immediately after (a) and
24 hours after (b) ferromagnetic microrobot actuation. Cell
viability was 90% after actuation (c). Dead cells are stained
and shown in red circles. CV represents cell viability.

B. Cell Manipulation
To demonstrate single-cell manipulation on air-liquid

interface via hollow microrobots, we used HepG2 cells on the
glass slide. Fig. 4 shows the hollow silica based microrobots
manipulating cells. Hollow microrobots tend to stick to
cells which is important in cell manipulation studies, since
adhesion between the cells and microrobots is considered to
be one of the key factors for cell manipulation [32]. Strong
adhesion enables the microrobots to move and carry the cells
safely and precisely to the target site.

The supporting video demonstrates that hollow
microrobots can be used to move cell aggregates on

Fig. 4: Images of hollow microrobots carrying a group of
HepG2 cells.

Fig. 5: Images of single-cell manipulation (a-c) via a
ferromagnetic microrobot cluster

the glass slide. In Fig 4, it is shown that the hollow
microrobots are able to manipulate a group of cells by
pushing and releasing them. Once adhered to the cells, they
carry and release them by using a spinning motion. As in
Fig. 4, the adhesion of microrobots and cells was strong
which helps the controllability of the cell manipulation. We
hypothesize that these microrobots can adhere to the cells
due to Van der Walls or electrostatic interactions between
these cells and microrobots [17].

In addition, we used ferromagnetic microrobots to
demonstrate cell manipulation on the glass slide as well.
Fig. 5, Fig. 6, and the supporting video shows that once
the ferromagnetic microrobots were driven to cells, they
can attach to the cells, and are able to move the cells by
changing the magnetic field. Due to the strong response
to the magnetic field of hollow silica and ferromagnetic
microrobots, both single HepG2 and cell aggregates can
be transported. For mobile magnetic microrobots, pushing-
based interaction is one of the most implemented approaches
in cell manipulation. For example, there are studies that use
mobile magnetic microrobots to move cell aggregates by
instant binding [34], [35]. The results strongly indicate that
the our magnetic microrobots have the potential to be used
in cell migration and capturing cell aggregates in the liquid
cell culture media environment without additional complex
surface modifications.

C. Cell Clean up

In this study, we also used hollow silica and ferromagnetic
particles to remove cell aggregates placed inside a
microchannel. Microchannels can serve as a model for



Fig. 6: Images of ferromagnetic microrobots carrying HepG2
cells.

Fig. 7: Step-by-step images of ferromagnetic microrobots
cell clean up process. Firstly, microrobots approached the
target site (a), tumbled to remove the cells from the target
site (b), and left the area after cell clean up (c).

blood vessels [36]–[38]. Clot removal studies have been
previously done with the magnetic helical microdrillers [39]
and nanodroplets [40] by creating clot models inside the
microfluidic channels, as they can go around or toward the
cells to move and spread the cell aggregates. In addition,
they can be candidates to work in the center of the thrombus,
which is dense due to the high concentration of fibrin, and is
hard to reach in most cases. As shown in Fig 7 and Fig 8, the
microrobots were placed at the target site and rotated together
with the cells. After the rotation motion of microrobots, a
significant amount of cell aggregates fell apart and left the
target site after given time points. As seen in Fig 7, the
ferromagnetic microrobots form clusters and move along the
surface via a tumbling motion following the magnetic field
application. These particles tend to form clusters or chains
because of dipole-dipole interactions between the particles
themselves and these clusters move along their long axis
[41].

Removing cell debris from the target site is a serious
issue for various in vitro and clinical applications. Post-
surgery treatments may depend on the clearance of the target
site from the cellular debris and dead cells. Both in Fig.
7 and Fig. 8, we demonstrated the efficient cell clean-up
via the microrobots can be promising for fast, efficient,
and non-invasive cellular debris clean-up. Even though the
size is significantly different between these two types of
microrobots, both of them were able to spread the cell
aggregates. We also want to highlight that, in this study,
we did not apply any drugs to move the cell aggregates.
The microrobots were able to clean the cells adhering to the
channel walls and inner part using only mechanical motion.

Fig. 8: Step-by-step images of a hollow microrobot cell clean
up process. Firstly, microrobots approached the target site (a),
tumbled to remove the cells from the target site (b), and left
the area after cell clean up (c).

IV. CONCLUSIONS

The magnetic microrobots’ versatility, cytocompatibility,
and simple handling make them promising agents in
biological and chemical applications. We have achieved
cell manipulation and migration via ferromagnetic and
hollow silica based microrobots both on the glass slide and
inside a microchannel. Significantly, we observed that both
microrobots could disperse HepG2 cell aggregates via only
mechanical forces without using any drugs or chemicals.
In addition to cell migration, experimental results showed
that these magnetic microrobots can be precisely controlled
and navigated in cell-dense environments which is promising
for both in vitro and in vivo applications. The microfluidic
channels were used as a representative of blood vessels to
show clot removal in channels by the microrobots.
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