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Directing neuronal migration and growth has an important impact on potential therapies post 

trauma. Using magnetic manipulations is an advantageous method for guiding remotely 

cells. In the present study we have generated highly localized magnetic fields with 

controllable magnetic flux densities to manipulate neuron-like cells migration and 

organization at the micro-scale level. We designed and fabricated a unique miniaturized 

magnetic device, an array of rectangular ferromagnetic bars made of permalloy (Ni80Fe20), 

sputter-deposited onto glass substrates. The asymmetric shape of the magnets enables to 

design a magnetic landscape with high flux densities at the poles. Iron oxide nanoparticles 

were introduced into PC12 cells, making the cells magnetically sensitive. First, we 

manipulated the cells by applying an external magnetic field. The magnetic force was strong 

enough to direct PC12 cells migration in culture. Based on time lapse observations, we 

analysed the cells’ movement and estimated the amount of MNPs per cell. We plated the 

uploaded cells on the micro-patterned magnetic device. The cells migrated towards the high 

magnetic flux zones and aggregated at the edges of the patterned magnets, corroborating 

that  the  cells  with  magnetic nanoparticles  are  indeed affected  by  the  micro-

magnets  and  attracted  to  the  bars’ magnetic poles.  Our study presents an emerging 

method for the generation of pre-programmed magnetic micro- ‘hot spots’ to locate and 

direct cellular growth, setting the stage for implanted magnetic device.  

 

Introduction 

Recent advances in nanotechnology pose magnetic 

manipulations as a promising method for guiding remotely 

neuronal motility and growth, with important implications in 

research and potential therapeutics. Physical forces play a key 

role in shaping neuronal structure. Specifically, cellular 

mechanical tension is a major effector in the development and 

morphogenesis of neurons and neural networks formation1–5. It 

has been demonstrated that mechanical pulling of neuronal 

processes has the ability to modify processes fate and role 

within the cell6,7. In previous studies magnetic forces have been 

used to apply tensile forces on neurons and mechanically pull 

neurites along growth. Odde and colleagues have attached 

magnetic micro-beads to neuronal membranes and pulled the 

beads using an external electromagnet. The neuronal membrane 

was stretched, and an axon was initiated and elongated8,9.     

 Magnetic particles at the nano-scale can also mediate 

magnetic manipulations if a sufficient amount is incorporated 

into the cells. Iron oxide nanoparticles (Fe2O3 or Fe3O4) have 

the necessary magnetic properties and have previously been 

used for positioning non-neuronal cells in response to an 

external magnetic field10–12. Conditioning PC12 cells with high 

concentration of iron oxide nanoparticles, in addition to the 

regular differentiation treatment with a nerve growth factor 

(NGF), has led to enhanced cellular sprouting with no cytotoxic 

effects, even without applying magnetic field13. We have shown 

that using iron oxide nanoparticles conjugated to NGF 

enhanced NGF stability and promoted PC12 cells 

differentiation and growth14. In a subsequent study Riggio et al. 

also used magnetic iron oxide nanoparticles carrying NGF and 

applied an external magnetic field. The nanoparticles induced 

neurite sprouting with growth preferentially directed according 

to the magnetic force15. Recent studies have attempted to apply 

magnetic fields locally in order to affect selected sets of cells. 

Lee et al., have developed micro electromagnetic matrix to 

manipulate cells16,17. Tseng et al. have fabricated round 

symmetric magnetic pads embedded in the culture substrate. An 

external magnetic field was applied and the pads that served as 

attractive spots, affected the cellular migration18.  

 In the present study we designed and generated magnetic 

fields with controllable magnetic flux densities, at multiple 

scales of size and strength. We uploaded  PC12 cells with iron 

oxide nanoparticles and analyzed their migration and growth 

pattern. First, we applied an external magnetic field. We 

analyzed the dynamic of movement of the PC12 cells and 
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extracted the effective magnetic force. This allowed us to 

estimate the amount of magnetic nanoparticles that single cells 

uptake. Then, we designed and fabricated a unique device, a 

substrate embedded with micropatterned ferromagnets that can 

be magnetized selectively. The asymmetric shape of the 

patterned magnets enabled to ‘build’ a significant magnetic 

field with high flux densities at the edges (poles) of the micro-

magnets or alternatively to ‘break’ the directed magnetization 

into domains with no net magnetic field. The PC12 cells that 

were uploaded with the iron oxide magnetic nanoparticles 

migrated toward the high magnetic flux zones, demonstrating 

the formation of an organized aggregation.   

 Our study presents an emerging method for miniaturizing a 

magnetic-based device embedded with magnetic ‘hot spots’ to 

locate and direct neuron-like cells. Such development is 

opening new directions in non-invasive control of cells 

remotely.   

 

Results and discussion  

Synthesis, characterization and cellular uptake of iron oxide 

nanoparticles  
We used fluorescent magnetic nanoparticles (MNPs), 

maghemite, γ-Fe2O3, as mediators to apply physical forces on 

the cells. The nanoparticles were synthesized by nucleation, 

followed by controlled growth of γ-Fe2O3 thin films onto 

gelatin-RITC-iron oxide nuclei (RITC i.e. Rhodamine 

Isothiocyanate). In order to achieve a strong magnetization per 

nanoparticle, six layers were synthesized (for details see 

Experimental section). PC12 cells were incubated in medium 

enriched with the iron oxide nanoparticles, prior to plating. The 

cells demonstrated an uptake of the nanoparticles, with no 

cytotoxic effect (Figs. 1(A,B)). Cells viability following the 

incubation with the MNPs was examined using an XTT assay. 

99% of the PC12 cells were found viable after 5 days of 

incubation, normalized to cells with no MNPs (Fig. 1(B)). It 

can be seen that the cells became fluorescent with a dark 

shadow in the center reflecting the nuclei location. Fluorescent 

confocal images of the cells in higher magnification verify the 

internalization of the MNPs into the cells (Fig. 1(C)).  

 

External magnetic field for triggering cell migration and for 

measuring cell magnetization  

Following the incubation of PC12 cells in the magnetic 

nanoparticles enriched medium, cells were plated in culture 

(see Experimental section). Then, a magnetic field was induced 

by an external permanent magnet that was placed at one side of 

the culture dish. Time lapse observations demonstrated a 

movement of the cells towards the external magnet. Fig. 2(A) 

demonstrates the position of one single cell along 3.5min, 

moving from left to right. At some point, after 2.5min, an 

additional magnetized cell entered the frame (left side). From 

these measurements we can calculate the velocity and direction 

of motion of the cells. We confirmed that the motion is due to 

the permanent magnet, evidenced in Fig. 2(B) where the blue 

arrows indicate the motion direction of each cell. Placing the 

permanent magnet close to one side of the 

Fig. 1 (A) Uptake of MNPs by PC12 cells. (1) Phase contrast image and (2) fluorescent image of the cells after 24 h incubation with the 

fluorescent MNPs. (B) XTT cell viability assay. The cell viability was calculated as the percentage of surviving cells, compared to control, 

after 24 h and 72 h and 5 days of incubation with MNPs.  (C) Confocal microscopy images of PC12 cells after 24h incubation with the 

fluorescent MNPs. MNPs labelled with rhodamin (red) enter the cells. Nuclei marked with DAPI (blue). The fluorescent images were 

acquired at a single focal plane. Upper left image: DIC image of the same labelled cells. 
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culture led to a movement towards the magnet (Fig. 2(B)i). 

Changing the side of the magnet changed the direction of 

movement accordingly, towards the magnet in its new location 

(Fig. 2(B)ii). As a control, cells treated with MNPs with no 

external magnetic field were followed for the same period of 

time. Fig. S2 presents the location of representing cells along 

the 3.5 min. It can be seen that the direction of movement of 

each cell is arbitrary with much shorter distances of movement. 

  

 
Fig. 2 (A) Time-lapse images of a cell treated with MNPs and 

directed to the r by a permanent magnet, which induces an 

external magnetic field of ~50 mT. (B) The velocity vectors of 

PC12 cells were calculated and are represented as blue arrows. 

(1) Velocity vectors in the presence of an external magnetic 

field of ~50 mT. (2) Velocity vectors under the same magnetic 

field in the opposite direction. (3) A plot describing the 

magnetic field gradient induced by the permanent magnet, 

according to measurements. 

The average velocity of the cells was measured, based on the 

cells’ velocity vectors, v= 10.4±1.2 µm/min. Fig. 2(B)iii 

presents the measured magnetic field as a function of distance 

from the magnet. The velocity was measured for cells at the 

center of the culture dish, where the magnetic field was about 

50 mT. It is important to note that since the MNP has a 

magnetic dipole, the magnetic force that triggers the movement 

of the magnetized cells is proportional to the gradient of 

magnetic field and not the absolute magnetic field. The constant 

velocity measured for the cells indicates that the magnetic force 

( ���� �	�� 	 
��� 	 	μ�
�� 	 ���	) is balanced by the cell drag force 

(����� � �� 	 μ 	 ����� 	 �). Using the field gradient from Fig. 

2(B)iii, the cell velocity and solution viscosity we calculate the 

effective magnetization of the cells. Next, from the MNP 

average volume and magnetization properties we can extract 

the volume and number of MNPs clustered per cell. The 

number of magnetic nanoparticles that were incorporated into 

the cells following incubation is approximately 10,000 MNPs 

per cell (for detailed calculation see supplementary material).     

Designing and fabricating a micropatterned magnetic device for 

local magnetic manipulations   

A miniaturized device of a substrate patterned with micron size 

bar-magnets was designed and fabricated to control cell 

migration and network formation locally. An array of bar-

magnets, made of ferromagnetic permalloy (Ni80Fe20), were 

sputter-deposited onto glass substrates via standard liftoff - 

photolithography. The bars were designed as long rectangles, 

300 µm long, 50 µm wide and 100nm thick (see Fig. 3). The 

entire device was coated with a thin layer of insulating Al2O3 to 

prevent possible effects from the metallic nature of the 

permalloy. Fig. 4 presents simulation results of the magnetic 

field as generated by a single pad, a micron above the device 

(for details see experimental section). It can be seen that the 

unique shape and dimensions of the magnetic pads lead to a 

magnetic field up to 350 mT and a large magnetic gradient 

above the edges of the rectangles. Fig. 5 indicates the size and 

direction of the magnetic field above the edges, demonstrating 

two ‘hot spots’ that will attract magnetic particles.  

 In order to magnetize the pads in a controlled direction, an 

external magnet was placed close to the device with magnetic 

field aligned in the direction of the bar’s long axis, using shape 

anisotropy to induce constant magnetization in the bar19. To 

validate the direction of the magnetic field the substrate was 

imaged under a magneto-optic microscope, confirming the 

edges as magnetic poles (see Fig. S1).  
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Fig. 3 An illustration describing the size of the permalloy patterns.   

 

Fig. 4 The magnetic flux density (Bx) as simulated in 

MATLAB at 1 µm above a ferromagnetic line, presented in 2D 

(A) and 3D (B). 

  

 
Fig. 5 The direction of the magnetic field at 1 µm above the edges of 

a ferromagnetic line, as simulated in MATLAB. 

Organizing PC12 cells atop the magnets embedded device  

To study the effect of the micro-magnetic device on cells 

motility, PC12 cells in suspension were incubated with MNPs 

(as described in the experimental section) and plated atop the 

device. Fig. 6(A) (left panel) presents the distribution of cells 

atop the magnetic lines immediately after plating. It can be seen 

that there is no correlation between the cells’ locations and the 

lines, cells are spread homogenously atop the device. Five days 

later, the PC12 cells with the MNPs settled down atop the 

micropatterned magnetic device, as shown in Fig. 6(A) (middle 

panel). Now the cells display a non-homogenous distribution 

with a preference to the magnetic bars and specifically to the 

edges. This corroborates that the cells with MNPs are indeed 

affected by the micro-magnets and attracted to the magnetic 

‘hot spots’ at the bar’ poles. Fig. 6(A) (rightpanel) presents the 

same device with cultured PC12 cells with no MNPs, at the 

same age as the affected cells (middle). It can be seen that with 

no MNPs there is no correlation between the magnetic bars and 

cells’ location. Since the magnetic bars are opaque, we could 

not optically image the cells above them. To analyze the 

distribution of PC12 cells atop the lines the cells that contained 

fluorescent MNPs were imaged fluorescently. Fig. 6(B) (left) 

demonstrates the attraction of the magnetized cells to the tips of 

the lines. The average fluorescence intensity along the long axis 

of the magnetic bars is presented in Fig. 6(B) (right). Higher 

levels of fluorescence can be detected close to the edges.  

 

Experimental 

Magnetic simulations and calculations 

Magnetic simulations were performed by using the OOMMF 

micromagnetic simulation software (ITL/NIST), in order to 

find the remanence magnetization of the ferromagnets. The 

software integrates the Landau–Lifshitz equation on a 2D grid 

with 3D magnetization spins. The magnetic field created by the 

magnetic dipole of the ferromagnet20 was numerically 

calculated using a MATLAB script, taking into account the size 

of the ferromagnets and the material they are made of. All 

components of the magnetic field along a ferromagnet were 

calculated at 1 µm above the ferromagnet. 
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Fig. 6  PC12 cells with MNPs atop the magnetic patterns. (A) Phase contrast images of the cells interact with the ferromganets at t=0 (left), 

after 5 days with the treatment of MNPs (middle), and after 5 days without the treatment of MNPs (right). (B) A fluorescent image of cells 

treated with the fluorescent MNPs on the magnetic bars 5 days after plating (left). The average of the fluorescence intensity along the 

magnetic bars (right). 

Fabrication of ferromagnetic patterned substrates 

The ferromagnetic patterns consisted of rectangles made of 

permalloy in the size of 300×50 µm2, with lateral spacing of 

150 µm and vertical spacing of 200 µm (Fig. 4). The patterns 

were fabricated by a standard photolithography method, as 

previously described by Baranes et al.21, with few 

modifications. Briefly, the glass substrates were ultrasonically 

cleaned using acetone/ ethanol/ isopropanol, and dried by high 

purity nitrogen. S1813 resist (Shipley Company LLC, 

Marlborough, MA, USA) was spin coated on the glass substrate 

and then baked at 115°C. Next, the patterns were transferred to 

the resist and developed in MF-319 (Rohm and Haas, 

Philadelphia, PA, USA). The samples were transferred to the 

deposition chamber and were cleaned in Ar plasma prior to 

deposition. We deposit a 3 nm Al adhesion layer followed by a 

74 nm permalloy layer and a 3 nm of Nb layer. Finally, the 

non-patterned photoresist is removed by soaking the sample in 

acetone for an hour. 

 

Synthesis of magnetic nanoparticles containing the fluorescent 

probe rhodamine 

Maghemite MNPs labelled with the fluorescent probe 

rhodamine (R-γ-Fe2O3) were synthesized and characterized 

according to a previously described method22, which was 

modified to the specifications and requirements of our magnetic 

device. Briefly, rhodamine isothiocyanate (RITC) was 

covalently conjugated to gelatin by adding 0.5 ml DMSO 

containing 5 mg RITC to 20 ml aqueous solution containing 1% 

w/v gelatin. The pH of the aqueous solution was then raised to 

9.5 by adding NaOH aqueous solution (1 M). Then, the solution 

was shaken for 1 h at 60 ºC. The RITC conjugated gelatin 

solution was then dialyzed at 60 ºC against water to remove 

excess of unbound RITC. The volume of the solution was then 

adjusted to 80 ml by adding water. Then, 160 µl of Fe2+ 

solution (10 mmol in 5 ml of 0.1 M HCl) and 57.6 µl of sodium 

nitrite solution (7.27 mmol in 5 ml H2O) were added to the 

shaken gelatin solution. For nucleation, titration with NaOH (1 

M) until pH of 9.5 was performed. This procedure was repeated 

six more times to achieve stronger magnetization of the 

particles. The reaction mixture was then shaken at 60 ºC for an 

additional 1 h. The formed R-γ-Fe2O3 MNPs were then washed 

from non-magnetic waste with deionized water by the high 

gradient magnetic field (HGMF) technique. The final 

concentration of the particles was 9 mg/ml. The size of the 
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MNPs was measured using TEM, presenting a dry diameter of 

15.0±1.4 nm. The hydrodynamic diameter of the particles 

dispersed in aqueous continuous phase, as determined by the 

light scattering technique, was 120±12 nm. 

 

Magnetic field measurements 

A digital gaussmeter (Scientific Equipment Roorkee, DGM-

204) was used to measure the magnetic field induced by the 

external permanent magnet. 

Cell culture 

Rat pheochromocytoma PC12 cells (ATCC) were cultured in 

suspension in RPMI medium supplemented with 10% horse 

serum, 5% fetal bovine serum, 1% penicillin-streptomycin, 1% 

L-glutamine and 0.2% amphotericin. The cells were cultured in 

75 cm2 flasks and maintained at 37 °C in a humidified incubator 

containing 5% CO2. For the magnetic patterning experiments, 

the cells were incubated with 600 µg/ml of MNPs in complete 

medium at 37 °C for 24 h, to allow the particles to interact with 

the cells. The cells were then washed twice and plated in a 35 

mm culture dish containing a ferromagnetic patterned substrate.  

Cell viability 

The viability of the cells was assessed using a colorimetric XTT 

assay. The assay is based on the ability of metabolic active cells 

to reduce tetrazolium salt XTT to orange colored compounds of 

formazan. The intensity of the dye is proportional to the 

number of metabolic active cells. 104 PC12 cells were seeded 

on 96-well plates, in the absence and presence of MNPs. After 

24 hours or 72 hours of MNPs exposure, XTT reaction solution 

(Biological Industries, Israel) was added to the medium and 

incubated for 5 hours at 37°C. Absorbance was measured using 

a spectrophotometer (BioTek Synergy4, Vermont USA) at 

450nm and 630nm as background. 

Imaging 

Time-lapse live microscopy. Images were taken by a CCD 

camera (Q Imaging Retiga 2000R) mounted on a phase contrast 

microscope (Nikon Eclipse TE2000-E), enclosed in a 

temperature, CO2 and humidity controlled chamber 

(magnification X40, NA=0.6).  

Fluorescence microscopy. Fluorescent images of the cells atop 

the ferromagnetic device were taken by Leica DFC 360 FX 

camera mounted on a Leica Z16 APO upright stereomicroscope 

(magnification 45X, NA=0.5). Confocal imaging of the cells in 

high magnification was performed using a Leica TCS SP5 

microscope with an Acousto-Optical Beam Splitter. 

(magnification X63, NA=1.2)  

Magneto-optic Faraday imaging. We measure the out-of-

plane component of the local magnetic field via the Faraday 

effect and a magneto-optically sensitive thin yttrium iron garnet 

(YIG) plate that was placed on the magnetic device. The full 

setup is shown in reference25. A constant bar magnet was used 

to align the magnetic bars to the elongated direction of the bar 

in the sample plane.  

Image analysis 

 Histograms of the intensity of fluorescence, indicating the 

accumulation of cells along the ferromagnets, was created using 

ImageJ software.  

 

Conclusions 

This study demonstrates the application of controllable 

magnetic fields on PC12 cells labelled with fluorescent MNPs 

in order to direct cell migration and growth. Applying an 

external magnetic field has led to a directed movement of PC12 

cells. Furthermore, we have designed and fabricated a 

ferromagnetic micropatterned device that induces highly 

localized magnetic fields and could be uniquely controlled due 

to its geometry and material properties. The magnetic device 

enabled us to position PC12 cells in a desired pattern according 

to the magnetic flux generated by the micro ferromagnets. 

Previously an array of deposited magnetic patterns has been 

used in the presence of an external magnetic field to manipulate 

magnetic particles within cells18,26,27. Here we were able to 

manipulate the cells without applying an additional external 

magnetic field. Our results suggest the micropatterned magnetic 

device as a platform for guiding populations of cells in a pre-

programmed controllable manner. The miniaturization of the 

common used permanent magnets to an array of magnetic pads 

in a microscopic resolution sets the stage for the design of 

implanted devices for therapeutic applications and for the 

potential design of bioelectronics.      
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