
  

  

Abstract—In this paper, we present a magnetized cell-robot 

using macrophages as templates, which can be controlled under 

a strong gradient magnetic field, to approach and kill cancer 

cells in both vitro and vivo environment. Firstly, we establish a 

magnetic control system using only four coils which can generate 

gradient field up to 4.14 T/m utilizing the coupled field 

contributed by multiple electromagnets acting in concert. Most 

importantly, the cell-robot which is based on the macrophage is 

proposed, and can be transported to the vicinity of cancer cells 

precisely using strong gradient magnetic field. Then the cell-

robot will actively phagocytose the cancer cells and eventually 

kill them, achieving the cancer treatment at the cellular level. It 

has important significance for guiding accurate targeted therapy 

in vivo for the future, under the premise of zero harm to the 

human body. 

 

I. INTRODUCTION 

Realizing the three dimensional (3D) movement of a robot 

in complicated environments using non-contact methods, will 

considerably extend the operating scope compared with 

traditional methods[1-4]. Among the driving methods, the 

magnetic actuating technique is particularly promising, 

because it can be precisely controlled in 3D space[5-7] [8]. 

Also, the magnetic field will apply a force or a torque to any 

magnetic substance in the magnetic field, and a variety of 

robots have been fabricated and propelled by magnetic field[9-

11]. This control method is especially promising for robots 

whose overall dimensions are millimeters, micrometers or 

even smaller, since at this scale the control accuracy and 

operation ability of the robot are greatly enhanced and it can 

be widely used in biomedicine, microfluidics[12, 13], and cell 

monitoring, which is very promising.  

A magnetic device which convert magnetic energies into 

kinetic movement will overcome viscous resistance and 

realize the specifically adjustment of its posture, speed and 

direction[14]. Robotics offer the potential to improve the 

precision and safety of human surgery. With the goal of 

enabling less invasive and safer human surgery, as well as 

providing an increased level of dexterity desired by clinicians, 

the task of designing a system for magnetic manipulation of a 
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fully untethered dexterous microrobotic device was 

undertaken. For example, the uniform field generated by the 

Helmholtz coil has the advantages of high uniformity and can 

response quickly[2, 15], and magnetic field at different 

directions can be obtained, but the magnetic flux density is 

generally small. Another example is the OctoMag system 

which can perform surgery inside the eyes[16]. The number of 

coils for a magnetic system has proved to be at least four to 

generate gradient force to realize 3D movement of a magnetic 

substance[17]. Therefore, for complex control of robot, a 

system with at least four coils is required.    

Magnetic manipulation has emerged as a promising 

method in this regard because magnetic fields are capable 

of penetrating most materials with minimal interaction, and 

are nearly harmless to human beings[18]. Magnetic fields 

have been successfully used to wirelessly manipulate 

microdevices of various sizes and shapes[18]. Several 

magnetic propelled microrobots have been designed to 

carry drugs or do some test in vivo[19, 20]. However, 

challenges still exist, for example biocompatible and 

degradation problems haven’t be solved yet. For medical robot, 

lots of study have been made towards cancer killing, drug 

delivery, or stem cell transplantation, and show great value. 

For example, the magnetic microrobot for carrying and 

delivering targeted cells[20], the swarm micropropellers 

penetrating the vitreous body of the eye[21], the spirulina 

magnetic microrobots for drug delivery to kill cancer cells[15], 

have shown great medical applications. Also, robots 

containing magnetic particles for cancer treatment or other 

medical usage, have been verified to be effective[22, 23]. Also, 

the immune cells, especially the macrophage have a variety 

property such as tumor targeting, preventing the spread of 

therapeutic agents into normal tissues[24]. Besides, using 

magnetic field propelled macrophage for tumor therapy has 

tested to be impressive[25], however the control part to realize 

3D movement needs further improvement, since the tumor 

may locate at complex environment. Still, the macrophage can 

also act as drug carrier or something like that.  
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In this paper, we have designed a magnetic system that 

produces a large gradient magnetic field in the 3D space (more 

than 4.14 T/m), providing a solution for practical 

bioengineering applications. Then, we fabricated the cell-robot 

based on the mouse’s macrophages while preserving the cell’s 

viability. By putting the macrophage in the culture solution 

with nano magnetic particles and culturing the cells for a 

period, a magnetized cell-robot is obtained. Complex path 

control of the cell-robot is achieved using the gradient 

magnetic field and the cell-robot are also propelled by the field 

to approach the cancer cells in vitro which has promising 

applications for precise target treatment. Since macrophages 

can phagocytose foreign bodies[25, 26], the cell-robots can 

phagocytose cancer cells once they find the cancer cells, as a 

result killing them achieving immunotherapy. This would be 

instructive in achieving cell-level treatment in the future. 

II. EXPERIMENT SETUP  

A. System setup 

The established magnetic control system for propelling the 

cell-robot is shown in Fig. 1, which consists of four 

electromagnets and part of the work and the design of the 

system has been previously reported in [27].  The center of the 

four electromagnets is a spherical working area with a 

diameter of 90 mm. The system includes the computer control 

part, a magnetic field generating device, and the CCD cameras 

(HT2000CN) which can conduct the position tracking of the 

cell-robot. Wherein the number of turns of the coils and the 

diameter of each electromagnet are the same, parameters for 

each of the electromagnets are provided in Table I.  

 

Fig. 1. Diagram of the electromagnet system, including the magnetic field 

generation part, the computer controlling part, and the image acquisition part. 

TABLE I.  ELECTROMAGNET PROPERTIES 

Description  Value Units 

Number of Turns  914 --- 

Distance from Center 0.045 m 

Diameter of Wire 2.24 mm 

Coil Resistance 1.0 Ω 

Core Inner Diameter 0.055 m 

Core Outer Diameter 0.090 m 

Coil Length 0.220 m 

B. Magnetic field and simulation 

In the vacuum environment, the magnetic field generated 

by a constant current element is only related to the magnitude 

of the current in the coil. The magnetic flux density can be 

calculated as: 

𝑑𝑩 =
𝜇0

4𝜋

𝐼𝑑𝑙×𝑒𝑟

𝒓2                                   (1) 

Where 𝐼𝑑𝑙 represents a constant-current source, 𝒓 represents a 

radial vector pointing from a current element to the point 

P,  𝜇0 = 4𝜋 × 10−7𝑁/𝐴2 , indicating the magnetic 

permeability in the vacuum environment. When the current 

source is loop-integrated, the magnetic field of a loop coil on 

its axis can be obtained: 

𝑩 =
𝜇0𝐼𝑅2

2(𝑅2+𝒙2)3 2⁄                                (2) 

Where R is the radius of the coil and 𝒙 is the distance from a 

point on the axis to the center of the coil. 

The core greatly enhances the intensity of the magnetic 

field, which leads to the magnetic field to be several or even 

tens times stronger compared without cores. However, the iron 

core usually has hysteresis effect which makes the magnetic 

field has no linear relationship with the magnitude of the 

current. This makes the control complicated. But for soft 

magnetic materials, the situation is different. For some soft 

magnetic materials like iron, the hysteresis is negligible within 

a certain range. In the newly established system, when an 

electromagnet is energized, the magnetic field generated by it 

will magnetize the cores of the remaining electromagnets, so 

that the size and distribution of the magnetic field will change. 

As shown in Fig. 2(a), we simulated the magnetic field at a 

specific position within the working area. Fig. 2(b) illustrates 

the magnetic distribution when only one coil G is working (IG= 

15A, ID= IE= IF= 0A), while Fig. 2(c) shows the electromagnets 

working together (IG= 15A, ID= IE= IF= -15A). Since the 

maximum current in the coils is limited within 15A for safety, 

this helped generate a larger gradient field while the current in 

the coils is within the working rang. 

Obviously, the magnetic field gradient is significantly 

enhanced by making the electromagnets work together and the 

gradient field at the working position is enhanced up to 4.14 

T/m and quite uniform in the central area. Measurement along 

the Z-axis in the central working area under this condition (IG= 

15A, ID= IE= IF= -15A) revealed a magnetic field that was 

consistent with the simulation results, with an intensity of up 

to 4.14 T/m and a high gradient field uniformity as shown in 

Fig. 2(d). Due to the system’s high symmetry, the direction of 

the gradient field can also be changed. As the gradient field in 

the working area was nearly uniform and only related to the 

magnitude of the current, it could be expressed as: 

𝑮𝑟 = 𝑖 ∙ �̂� ∙ 𝒓                                    (3) 

Where �̂� represents the unit current gradient field at the center 

working area and 𝒓 is the directional vector. 
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Fig. 2 Simulation of magnetic field. (a) Location of simulated position in the 

working area (b) Magnetic map generated by electromagnet G at IG= 15A, 

ID= IE= IF= 0A (c) Magnetic map resulting from four electromagnets working 
simultaneously (IG=15A, ID= IE= IF= -15A) (d) Measured magnetic flux 

intensity along the Z-axis in the central working area for IG= 15A, ID= IE= IF= 

-15A and the gradient reaches up to 4.14T/m. 

 

III. MAGNETIC FORCE MODELING 

A.  Cell-robot culturing 

To kill cancer cells, we use macrophage as templates for 

constructing cell-robots, and it is necessary to address the 

problem of how to achieve targeted transportation of cells. In 

fact, magnetic field has good biological penetration and can 

propel magnetic substance wirelessly. Therefore, we obtained 

magnetized cell-robots (average diameter = 20 μm) by 

culturing the mouse macrophages in a medium containing 

Fe2O3 magnetic nanoparticles as shown in Fig. 3. 

 

Fig. 3 Schematic of how to manufacture the cell-robots 

 

For the cell-robot, a mouse microphage cell line, 

RAW264.7, was purchased from the National Infrastructure of 

Cell Line Resource and maintained in DMEM high glucose 

supplemented with 10% fetal bovine serum (FBS) (VISTECH, 

NEW Zealand). The RAW264.7 cells were collected by 

pipetting from a plate were dissociated using 0.05% trypsin-

EDTA (Thermo Fisher Scientific). Then the cells were 

centrifuged at 2000r/min for 6 min and the resulting pellets 

were suspended in the growth medium. As for the culture 

medium, the PLL@Fe2O3 nanoparticles were dispersed in an 

FBS-free DMEM medium (Thermo Fisher Scientific) at a 

concentration of 25 μg/ml supplemented with citrate at a final 

concentration of 5 mM to prevent the aggregation of the 

nanoparticle. Then the cell lines were incubated using the 

medium in a humid chamber at 37℃ and 5% CO2. Prior to use, 

the macrophages were incubated in this medium for 24 h, 

rinsed with DMEM medium, and then returned to a complete 

proliferation medium containing FBS for at least 2 h. Then, a 

magnetized cell-robot is obtained as shown in Fig. 4(a). Fig. 

4(b) shows the cell-robot captured through a Confocal 

microscope (FV 3,000, OLYMPUS, Japan), wherein the blue 

regions are nuclei stained by hoechst33342 while green 

indicates cytoplasm stained by DIO. The Fe2O3 magnetic 

nanoparticles, which are easily absorbed by macrophages, will 

impart magnetic characteristics to the cell-robots. Fig. 4(c) 

displays a cell-robot that has absorbed magnetic nanoparticles, 

in which the blue regions indicate the magnetic nanoparticles 

stained by Perls’ Prussian blue staining Kit, and it can be seen 

that there are lots of magnetic particles within the cells which 

means the cells have already been magnetized. 

 

Fig. 4 (a) the cell-robot under optical microscope (b) the magnetized cell-

robots: blue regions are nuclei stained by hoechst33342; green indicates 
cytoplasm stained by DIO. (c) Magnetic particles engulfed by cellular robot: 

blue indicates stained magnetic nanoparticles by Prussian blue. 

 

B. Magnetic Force propelling the cell-robot 

In fact, any magnetic substance in the gradient magnetic 

field will be subjected to the magnetic force 𝑭 which will lead 

to the movement of the magnetic substance. The magnetic 

force is proportional to the magnetic field gradient 𝐺𝑟  and the 

magnetization vector 𝒎  of the magnetic material. For the 

magnetized cell-robot, the magnetic force 𝒇 can be calculated 

by the following formula: 

𝒇 = (𝒎 ∙ 𝛻)𝑩                                   (4) 
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Where 𝑚 represents the magnetization of the cell-robot, 𝛻 =

[
𝜕

𝜕𝑥

𝜕

𝜕𝑦

𝜕

𝜕𝑧
]

𝑇

，𝑩 = [𝐵𝑥 𝐵𝑦 𝐵𝑧]𝑇. 

As the cell-robot is manufactured based on a mouse 

macrophage template, its density is close to that of the culture 

medium, enabling the gravitational and buoyant forces to be 

offset. Within the magnetic field, the cell-robot is primarily 

affected by the magnetic force and the resistance of the culture 

solution. The magnetic force applied to the cellular robot can 

be calculated from (3) and (4) as: 

𝑭𝑑𝑟𝑎𝑔 = (𝒎𝑐𝑒𝑙𝑙 ∙ 𝛻)𝑩=𝒎𝑐𝑒𝑙𝑙 ∙ 𝐺𝑟                  (5) 

where 𝒎𝑐𝑒𝑙𝑙  is the magnetization vector of the cell-robot. The 

resistance of the cell-robot in the medium can be calculated by 

approximating the robot as a sphere[28]:  

𝑭𝑟𝑒𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑒 = 𝐶𝐷𝐴
𝜌𝒖2

2
                        (6) 

where 𝐴 = 𝜋𝑅2 represents the cross-sectional area of the cell-

robot, 𝑅 is its diameter, 𝒖 is the moving speed, 𝜌 is the density 

of the solution, and 𝐶𝐷 is the drag coefficient, which is related 

to the diameter of the cell as 𝐶𝐷 =
12𝜇

𝜌𝑅𝑢
 , where 𝜇  is the 

kinematic viscosity of the liquid. The viscous resistance can 

thus be rewritten as: 

𝑭𝑟𝑒𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑒 = 6𝜋𝜇𝑅𝒖.                          (7) 

When the cell-robot moves steadily, the magnetic force on 

it is equal to the liquid resistance, i.e., 𝑭𝑑𝑟𝑎𝑔 = 𝑭𝑟𝑒𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑒 . 

The magnetization vector of the cell-robot can be calculated 

by measuring its moving speed. 

 

IV. EXPERIMENT AND RESULT 

A. Cell-robot control to approach the cancer 

For the cancer, the human breast adenocarcinoma cell line 

MCF-7 was cultured acting as cancer cells, which is very 

typical. As shown in Fig. 5(a), is the schematic of a cancer cell, 

while the confocal microscope picture of the cancer cell is 

shown in Fig. 5(b). 

 
Fig. 5 The cancer cell (a) Schematic diagram of the cancer cell (b) picture of 
the cancer cell by the confocal microscope: blue indicates nucleus stained by 

hoechst33342. 

 

 

Fig. 6 Process of cell-robot approaching the cancer cell (a) Schematic of the 

movement of the cell-robot (b)- (f) pictures of cell-robot moving along the 

planned path. Red solid lines are the planned path and dotted lines are the 

actual paths. 

 

To kill the cancer cells, it is necessary to control the cell-

robot to the destination area. Combined with the established 

magnetic control system, the complex motion control of the 

cell-robot can be realized, the diagram is shown in Fig. 6(a). 

The manipulation of the cell-robot is conducted by the gradient 

field as simulated in Fig. 2(c). Therefore, the movement of the 

robot can be realized accurately in vitro and the usage in 

biomedicine area is promising. As shown in Fig. 6(b)-(f), the 

manufactured cell-robot is placed in the working place, then 

the robot is controlled continuously using the gradient field, 

wherein the red solid lines are the planned path and dotted lines 

are the actual paths. This means the cell-robot can be propelled 

by the field for Precision targeted therapy. At this process, the 

moving speed of the cell-robot is about 9 μm/s, while the 

gradient field is up to1.68 T/m.  

 

B. Cancer killing process in vitro 

Then we transport the cell-robot to the vicinity of the 

cancer cell. In the initial state, the robot is far away from the 

cancer cells, therefore it is difficult for the robot to capture the 

cancer cells automatically. By using the magnetic field, the 

cell-robot will approach the cancer cells and finally contact the 

cancer cell, then the cell-robot will begin to phagocytose the 

cancer cells and eventually kill the cancer cells. In the 

experiment, we take the same amount of cancer cells and cell-

robots and then put them at different side of the dish. Next, the 

magnetic field is applied to control the cell-robot to move 

toward the cancer cells. Once the cell-robot moves to the 

vicinity of the cancer cells, these cells are continuously being 

cultured. Then at different time period, we took a set of cells, 

then Calcein-AM (CA) and propidium iodide (PI) Double 

stain Kit is used to identify if the cells are alive, since the dead 

cells can be dyed into red while the live cells can be dyed into 

green as shown in Fig. 7. We found that at different period, the 

20μm 20μm

20μm 20μm 20μm

(a) (b) (c)

(d) (e) (f)
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dead cells varied as the time changes. Fig. 7(a) illustrates the 

conditions of the initial state while Fig. 7(b) and (c) shows the 

dead cancer cells after culturing for 6 h and 24 h individually. 

 

Fig. 7 Results of cell-robot killing cancer cells. Photograph of cancer cells 

killed by cell-robot at different time periods (Red cells are dead, while green 

cells are alive) (a) initial state (b) after 6h (c) after 24h  

 

Fig. 8 Proportion of cancer cell death at different time periods. 

 

Considering the effect of the experimental environment, 

we also conducted the experiments without cell-robots and 

observe the mortality of cancer cells. It can be found that there 

is significant difference in the probability of dead cancer cells 

when the cell-robot are not put it the dish and controlled 

towards the cancer cell. Still we found that the rate of dead 

cancel increases as the time goes as shown in Figure 8. 

Moreover, after 24h, the mortality rate of cancer cells is about 

60%, showing great application prospects in biomedicine area, 

since they are biocompatible and biodegradable. 

 

C. Cancer killing process in vivo 

To assess the tumor-killing effect of the cell-robots on 

MCF-7 tumor-bearing mice in vivo, a tumor was planted at the 

back of the immunocompromised mice. Without any control, 

the tumor will grow bigger. In the experiment, the cell-robots 

were then injected into the tail vein of the mice. To observe if 

the cell-robots can work efficiently, we divided the mice into 

two groups: the magnet targeted group and non-targeted group. 

However, to simplify the experiment in vivo, we use a 

permanent magnet. For the magnet targeted group, a 

permanent magnet is placed at the tumor area throughout the 

experiment, while there were no magnets at the non-targeted 

group. Then the mice of the two groups were raised under the 

same conditions. 

Figure 9 shows the results of the tumor-killing effect of the 

cell-robot. Fig. 9(a) is the non-targeted group, and it can be 

seen that the tumor was obvious in 18 days, and the tumor grew 

much bigger in 30 days. However, in the magnet targeted 

group as shown in Fig. 9(b), the tumor cannot be found in 18 

days. In about 30 days, the tumor grew bigger, but was much 

smaller compared with the non-targeted group. This verifies 

that the cell-robots can be controlled by the magnetic field in 

vivo, and can inhibit the growth of the tumor when injected 

into the mice. 

 

Fig. 9 Results of cell-robot killing tumor in vivo. Area in the red circle is the 

implanted tumor in mice (a)Photograph of the tumor when the cell-robot is 
injected into the mice, and a permanent magnet is placed in the tumor area. 

(b) Photograph of the tumor when there are no permanent magnets placed in 

the tumor area. 

 

V. CONCLUSION AND DISCUSSIONS 

In this paper, we present a magnetized cell-robot for cancer 

killing which can be propelled by gradient magnetic field. For 

that purpose, a magnetic control system is proposed firstly 

which can generate high gradient field. Then we get the cell-
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robot by culturing the mouse macrophages in the culture 

medium containing Fe2O3 magnetic nanoparticles. Human 

cancer cells are used as abnormal cells which will be detected 

and eaten by the cell-robots. By using the magnetic field, the 

cell-robot can be controlled in vitro, and cancer cells can be 

killed by the cell-robot effectively.  

In fact, due to the limited amount of magnetic 

nanoparticles contained in the cells, a large gradient field is 

required to drive the cell-robot. At the same time, 

macrophages are important immune systems in the body. 

When infected by pathogenic microorganisms, macrophages 

in the body phagocytose, digest and remove them, not only for 

cancer cells, but also for various abnormal cells. The cell-robot 

using macrophages as template is biocompatible and has no 

degradation problem, which has little harm to the organism. In 

vivo experiment shows great application prospect in 

biomedicine in the future. 

Future work includes optimizing the control of magnetic 

fields, establishing vitro vascular models and enabling vitro 

experiments with cellular robots using the established 

magnetic system. 
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