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The ability to control the growth and orientation of neurites over long distances has 

significant implications for regenerative therapies and the development of realistic brain 

tissue models. In this study, the forces generated on magnetic nanoparticles internalised 

within intracellular endosomes are used to direct the orientation of neuronal outgrowth in 

vitro. Results indicate that following differentiation, neurite orientation is observed after 3 

days application of magnetic forces to human neuroblastoma (SH-SY5Y) cells, and after 4 

days application to rat cortical primary neurons. The direction of neurite outgrowth is 

quantified using a 2D Fourier transform analysis, showing excellent agreement with the 

derived magnetic force vectors. Orientation control is found to be effective over areas >1cm2 

using modest forces of ~10 fN per endosome, apparently limited only by the local confluence 

of the cells. However, in regions where the force vectors converge, large (~100 µm) 

nanoparticle loaded SH-SY5Y neurospheres are found, connected by unusually thick linear 

neurite fibres. This could suggest a magnetically driven enhancement of neurosphere growth, 

with the neurospheres themselves contributing to the local forces that direct outgrowth. Such 

structures, which have not been previously observed, could provide new insights into the 

development and possible enhancement of neural circuitry. 
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1. Introduction 

Neurodegenerative diseases such as Parkinson’s disease affect millions worldwide, with 

pharmaceutical interventions so far failing to provide cures [1]. Regenerative medicine 

approaches have been actively considered as alternative treatments in this area for some time. 

Nanotechnology based regenerative medicine methods include the manipulation of cellular 

processes towards a desired direction, or remote control of intrinsic and extrinsic cell structures 

using small nanoscale structures[2–4]. However, these approaches require the transplantation of  

dopaminergic neurons into the area of disease, and previous studies have been unable to show 

the re-establishment of the neuronal circuits[5,6] required to restore brain function.  

Current research in this area is therefore focused on attempts to resolve the loss of circuitry 

through initiating guidance cues which direct the axons[7]. Novel tools such as optogenetics 

have made great advances in understanding cell function. However, for neuro-regenerative 

studies these methods have some drawbacks. For instance, light may not penetrate to the 

required depth within the tissue and in addition could produce local heating effects and non-

specific toxicity[8]. An alternative method to manipulate neuronal cell processes remotely is 

through the use of magnetic nanoparticles (MNPs). These have proven to be a useful tool in the 

field of biomedicine due to their biocompatibility and cell modulating properties[9–11]. 

Sometimes referred to as magnetogenetics, such methods have arisen as an approach to 

remotely control specific signalling pathways by functionalising MNPs to a target receptor[12–

14]. Although a promising tool, the brain is a complex system with a variety of signalling 

cascades and further research is required to determine target receptor complexes which can 

control neuronal circuitry[15].  

Non-specific spatiotemporal MNP routes have also been explored. However these relied on 

topographical cues on the cell substrate[7], or microfluidic devices to study control of neurite 

outgrowth[16]. Therefore, it is unclear whether the growth observed was due to the influence of 

a magnetic field through the action of MNPs, or simply the biochemical and physical influence 

of the platforms used to study these effects[7,16].  

MNP mediated mechanical and physical stimuli have been shown to exert cytoskeletal changes, 

cell migration and polarity[9,17–19]. In a previous study we demonstrated that neuronal outgrowth 

could be directed towards magnetic microstructures as a result of the packing of intracellular 

endosomes with MNPs, thereby driving cellular actuation[15]. However, this work focused on 
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individual cells observed over short time scales, rather than assessing the longer-term growth 

of cell populations. Similarly, other studies successfully induced directionality in neuronal cells, 

but did not target a large number of cells, and demonstrated only short range outgrowth[15,20–23]. 

Here, we report a spatially controlled magnetic force approach to direct neuronal outgrowth 

following cell labelling with MNPs, demonstrating results in both an immortalised neuronal 

cell line (SH-SY5Y), and in primary rat cortical neurons. Using a simple permanent magnet 

array platform, we show the alignment of a large body of neuronal cells over areas of ~1cm2, 

as well as the magnetic force induced growth of unusually thick and linear neurites. 

 

2. Results and discussion  

To explore the effect of magnetic forces on neurite outgrowth, a simple in vitro experimental 

method was employed in which expanded and differentiated neuronal-like cells (SH-SY5Y) 

were labelled with fluorescently tagged MNPs, and subsequently cultured directly on top of an 

aluminium plate with an array of holes containing permanent magnets (Scheme 1). The 

permanent magnets were arranged as stacks of 6mm discs, which could be positioned in 

different holes in the plate to obtain different magnetic field configurations. The permanent 

magnets could also be completely removed from areas of the array plate for zero field controls 

(‘+ MNP - Field’), with additional controls provided in the form of unlabelled cells (‘- MNP + 

Field’ and ‘- MNP - Field’). 

In an initial experiment, MNP labelled cells exposed to magnetic fields for 3 weeks post-

differentiation, were compared to controls (Figure 1). Both cells labelled with MNPs but 

without exposure to a magnetic field (Figure 1, row I) and unlabelled cells exposed to the 

magnetic field (Figure 1, row II), show typical morphology for these cells with a random 

orientation of neurite outgrowth. However, for MNP labelled cells that were exposed to a 

magnetic field, a clear directional orientation of neuronal outgrowth is visible (Figure 1, rows 

III-V)). It is also evident that there is clustering of cells to form neurospheres in all samples, 

with these spheres appearing less diffusely spread when magnetic forces were present. In 

addition, less confluent areas appear to develop thicker but more sparse neurite outgrowth 

(Figure 1, rows III,IV) whilst more confluent regions (Figure 1, row V) show similar orientation 

but have thinner and denser neurite outgrowth (Figure 1).   
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Scheme 1: Summary of experimental methodology for culture of neuronal cells labelled 

with fluorescently tagged magnetic nanoparticles (MNPs) exposed to variable magnetic 

fields. The dashed area shown on the permanent magnet array image indicates the region 

where magnetic forces were compared to images of cell and neurite growth.  

In our previous study using the same cell type and similar MNPs, we found that that endosomal 

accumulation of nanoparticles produced large intracellular magnetic clusters, containing up to 

several thousand superparamagnetic particles[15]. For this earlier study, strong magnetic field 

gradients were generated using a 100μm magnetic pillar array positioned within a uniform 

magnetic field. The forces on the endosomal magnetic clusters in cells grown directly onto this 

array, induced by these strong magnetic field gradients, were determined to be in the range of 

~100s fN per endosome. These forces were found to be sufficient to drag developing neurites 

as well as non-adherent cells towards the pillars. However, owing to the size of the pillars, 

forces of this magnitude extended to only a few 10s of micrometers from the surface of the 

pillars.  

To confirm the same uptake mechanism for the larger MNPs and the cells used here, we 

performed TEM analysis on cells following incubation with nanoparticles. Some example 

images are shown in Figure S1 and clearly reveal that endosomal accumulation occurred. From 

measurements of the endosomal sizes seen in these images, it was also possible to estimate the 

approximate number of MNPs contained within each endosome (table S1), which dictates the 
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magnetic forces on the MNP filled endosomes. Building on observations from the previous 

study mentioned above, it appears likely that the aligned neurite outgrowth witnessed here is 

the result of forces acting on these magnetic endosomes. Higher magnification images of MNP 

labelled cells grown during magnetic field exposure (Figure 2) indicate some fluorescence in 

the MNP channel (rhodamine) along the lengths of the neurites. This could indicate the presence 

of some residual MNPs within the neurites themselves following outgrowth, although it is 

difficult to rule out artefacts such as autofluorescence and scattering caused by the neurite 

structure. In addition, it can be seen from the figure that the neurospheres formed are comprised 

of cells that show a high loading of MNPs. 

 

Figure 1: Bright field (first column) and fluorescence microscopy images of SH-SY5Y cells 

cultured under different magnetic field exposure conditions and subsequently fixed at 3 

weeks post-differentiation. Nuclear staining to show cell locations was performed using 

DAPI (4′,6-diamidino-2-phenylindole), with neurons (and associated outgrowths) stained 

using a -III tubulin fluorescent antibody, whilst magnetic nanoparticles (MNPs) could 
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be observed due to their conjugation to a rhodamine fluorescent dye. Controls are shown 

in rows I and II, whilst rows III, IV and V are cells grown in different positions on the 

magnet array. Scale bars = 100 μm. 

 

To validate and quantify the extent of neurite orientation, an analysis method was developed 

using the two-dimensional (2D) Fourier transform (FT) of the fluorescence images of neurites 

obtained from beta-III tubulin staining. For cells grown in the absence of a magnetic field 

(Figure 3a), the corresponding 2D-FT displays a circular (symmetric) distribution of intensity 

about the central point (Figure 3b). This is characteristic of a randomly orientated texture within 

the image (in this case the image texture being dominated by the neurites). To further quantify 

this, radial sums of the intensity within the 2D-FT, measured outwards from the central point, 

were plotted as a function of angle (Figure 3c). To provide comparisons between different 

images, the intensity shown in these plots was normalised to the total integrated intensity in the 

2D-FT.  

 

Figure 2: High magnification bright field and fluorescence microscopy images of SHY-5Y 

cells cultured under magnetic field exposure. Nuclear staining to show cell locations was 

performed using DAPI (4′,6-diamidino-2-phenylindole), with neurons (and associated 

outgrowths) stained using a -III tubulin fluorescent antibody, whilst magnetic 

nanoparticles (MNPs) could be observed due to their conjugation to a rhodamine 

fluorescent dye. Scale bars = 20 μm.  
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The same processes were performed on the fluorescence image taken from MNP labelled cells 

grown under magnetic field exposure (Figure 3d-f). The orientation of the neurites seen in the 

fluorescence image (Figure 3d) produces a distinct anisotropy of the intensity in the 2D-FT 

(resembling a bow tie in shape), along an axis that is perpendicular to the average orientation 

direction of the neurites (Figure 3e). This anisotropy axis is revealed more clearly in the radial 

sum plot (Figure 3f), showing two clear peaks separated by 180 degrees that reveal the 

maximum intensity axis as the radial sum performs a complete revolution of 360 degrees. From 

this analysis, the average neurite orientation is determined to be 25 degrees with respect to the 

horizontal, which is consistent with a qualitative visualisation of the fluorescence image (Figure 

3d). In comparison, for the control sample only very weak peaks can be discerned at 0 and 180 

degrees, arising from an artefact producing weak horizontal and vertical intensity in the 2D-FT 

due to the image pixilation. In addition, small but sharp peaks can also be seen in the radial sum 

plots, and as streaks in the 2D-FTs indicating that a minor proportion of neurites within the 

images are preferentially orientated along other directions.  

 

Figure 3: Quantification of neurite orientation in fluorescence images of SH-SY5Y cells 

stained for -III tubulin (a,d) using 2D FT of the fluorescence images (b,e) and 

corresponding radial sum plots (c,f). Analysis was performed on controls (top row) and 

on MNP labelled cells grown under magnetic field exposure (bottom row). The intensity 

shown in the radial sum plots was normalised to the total integrated intensity in the 2D-

FT. Scale bars = 100 μm.  
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To assess the degree of correspondence between the magnetic forces imparted on the magnetic 

endosomes in the cells and the resulting orientation of the neurites, the direction and amplitude 

of the magnetic forces were determined by measuring the magnetic field distribution across the 

regions of cell growth. As described in the Methods section, from these field measurements, 

the X, Y and Z components of the 3D field gradient were determined, and consequently the 

position-dependent magnetic field intensity gradient within the cell monolayer plane was 

obtained. The corresponding 3D force vector on a magnetic particle where the gradient 

magnetic field at the particle position is ∇𝐻, and it is assumed that the particle moment is 

aligned with the local magnetic field, is given by the expression: 

𝑭𝑝 = 𝜇0𝑚𝑝∇𝐻    (1) 

where 𝜇0 is the permeability of free space, and 𝑚𝑝 is the magnetic moment of the particle, i.e. 

𝑚𝑝 = 𝜌𝑉𝑝𝑀𝑆 × 10−3    (2) 

with 𝜌  being the mass density of the particles, 𝑉𝑝  the particle volume, 𝑀𝑆  the saturation 

magnetisation of the particles (in emu/kg), and the 10-3 term is required to convert from cgs to 

SI units. 

For superparamagnetic particles, as used in the experiments here, in the absence of a magnetic 

field the directions of particle magnetic moments are constantly flipped due to thermal effects, 

resulting in a net zero magnetisation. However, when a field is applied a net magnetisation 

occurs that depends on the strength of the field and the temperature of the system. A Langevin 

function can be employed as a good approximation of this field dependent magnetisation 

behaviour. Thus, if the average number of superparamagnetic particles internalised within an 

endosome is given by 𝑁𝑝𝑎𝑟𝑡, then the force per endosome can be determined by scaling equation 

(1), modified to account for the use of superparamagnetic particles accordingly as:  

𝑭𝑒𝑛𝑑𝑜 = 𝑁𝑝𝑎𝑟𝑡 × 𝜇0𝑚𝑝 {coth(𝜀) −
1

𝜀
} ∇𝐻  (3) 

where the variable, 𝜀, used in the Langevin function shown in the { } above is given by 

      𝜀 =
𝜇0𝐻𝑚𝑝

𝑘𝐵𝑇
      (4) 

with 𝑘𝐵 the Boltzmann constant, and 𝑇 the temperature of the system. 
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The parameter 𝑁𝑝𝑎𝑟𝑡 was obtained here from the earlier estimates of particle numbers in the 

endosomes derived from the TEM measurements (Figure S1, table S1), and this value and the 

other parameters required to determine the force vector in equation 3, are given in Figure S3 

and table S2. An example of the field measurements across a region of interest on the magnet 

array plate corresponding to the height at which the cells were grown (i.e., the cell monolayer), 

together with the derived force vectors, are shown in Figure 4. The vertical component of the 

magnetic field depends on the position and orientation of the stacks, as well as the number of 

magnet discs in each stack (Figure 4a), measured across the region of interest. As the cells were 

grown under 2D cell culture conditions, the components of the forces within the cell monolayer 

plane are expected to dominate neurite outgrowth. These are shown in Figures 4b and 4c, where 

the colour intensity is the amplitude of the in-plane force, and the arrows show the directions 

of these forces. As expected, the strongest forces occur in the vicinity of the magnet disc stacks, 

but the distribution of the forces shows complex behaviour that depends on the arrangement of 

neighbouring stacks.  

An area corresponding to a region of interest where confluent cells were found directly above 

one of the magnet stacks in a follow up cell culture experiment is shown in Figures 4c and 4d. 

Here, strong in-plane forces are directed outwards from the centre of the magnet disc towards 

the perimeter, which are met by weaker but more uniform forces directed towards the magnet 

from outside the perimeter. Closer inspection of the forces (Figure 4c) reveals a slight 

asymmetry to the force distribution, caused by a neighbouring magnet stack positioned below 

and to the left. This asymmetry results in the angles of the in-plane force vectors that occur 

outside the magnet perimeter, to be greater (i.e., aligned closer to the Y-axis) on the left-hand 

side of the region compared to those on the right. Analysis of the 3D force vectors (Figure 4d) 

shows that the moderate force vectors in the outer region beyond the magnet perimeter are in 

fact tilted out of the cell plane, whilst the strong force vectors in the central region are fully in-

plane. Strong vertical (out-of-plane) forces were found between these two regions, just outside 

the position of the magnetic rim (these can be seen more clearly in the animated 3D force 

vectors plots linked in the Supporting Information). 
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Figure 4: Measurement and derivation of magnetic forces on magnetic nanoparticle 

clusters within cellular endosomes induced using the permanent magnet array plate. (a) 

The vertical component of the field across a region of interest, measured at the height of 

the cell monolayer. (b) Component of the magnetic forces in the cell monolayer plane, 

derived from spatially dependent magnetic field intensity measurements. (c) Enlarged 

region showing in-plane magnetic forces (yellow-boxed area in (b)). (d) 3D force vectors 

determined across the same area as shown in (c). The heat maps and associated colour 

bars in (b) and (c) indicate the magnitude of the in-plane force per nanoparticle filled 

endosome in fN.  

To compare the derived force vectors with the neuronal outgrowth observed, a set of low 

magnification fluorescence images were stitched together to obtain an area covering ~1cm2, 

that was centred directly above the magnet stack discussed above during cell culture. The 
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neurite orientation analysis presented earlier was employed to quantify the average alignment 

of neurite growth in the region just outside the magnet perimeter, where clear orientation could 

be observed (Fig. S2). The resulting large area fluorescence map including this analysis is 

compared to the equivalent region of the in-plane magnetic force map in Figure 5. It is 

immediately apparent from the figure that the orientation of the neurites in the outer regions, 

closely match the directions of the in-plane force vectors. This confirms that the neurite 

alignment observed in these regions, was indeed induced by the in-plane magnetic forces. 

Further conviction in this conclusion is given by the observation of left to right asymmetry in 

the distribution of the neurite orientation that reflects the same asymmetry in the force vectors, 

described above.  

 

Figure 5: Mapping of fibre growth compared to in-plane magnetic force vectors over a 

wide area of the culture (~1 cm2). SH-SY5Y cells were stained for -III tubulin showing 

average neurite orientation quantified using the 2D-FT method (LHS), compared to the 

in-plane magnetic forces determined for the same area (RHS). The yellow circle 

represents the edge of the permanent magnetic disc directly beneath the cell monolayer, 

and the dashed blue box is the region of interest shown in Figure 6. Each grid represents 

a 2x2mm area   

As shown in Figure 5, it appears that neurite alignment occurs when regions of parallel forces 

of moderate strength (i.e., in-plane component of ~10-50 fN per magnetic endosome) are 

sustained over distances of several millimetres. Interestingly, the stronger (~100 fN per 

endosome) and purely in-plane forces found in the central region, do not appear to direct the 



  

12 

 

neurite growth in the same way. Closer inspection of regions where such strong in-plane forces 

converge (for example the dashed blue box shown in Figure 5) revealed a dramatic impact on 

the resulting cell growth. The observed morphology of cells in these regions is strikingly 

different to the control (Figure 6a). Although both groups show apparently random neurite 

orientation, the cells that were grown under magnetic field exposure in regions where the 

magnetic forces converge, have unusually thick neurite outgrowth forming straight connections 

between the much larger and denser neurospheres observed. These large neurospheres appear 

also to be heavily labelled with MNPs. However, unlabelled cells found within the same region 

exhibit similar morphology and outgrowth to that of the control (see for example the “-Field-

MNP” control in Figure 6b) and also (the “-Field + MNP” control shown in Figure 1). 

It seems therefore that the strong in-plane forces in these regions encourage the growth of large 

neurospheres. This could be due to migration of MNP-labelled cells caused by the strong 

magnetic forces present. Alternatively, the strong magnetic fields found in this region could 

induce changes in cell growth rates as recently reported by Blyakhman et al, where increased 

proliferation of human dermal fibroblasts was found as a result of exposure to a constant 

magnetic field[24]. However, if this latter mechanism occurred here, a reduction in MNP loading 

of the cells would be expected due to cell division. In contrast, the resulting neurospheres 

formed appear to be heavily loaded with MNPs, despite being >100 μm in diameter. Further, 

no evidence for increased proliferation of cells was found in the “+field-MNP” control sample 

(Figure 1) 

The dense MNP loading of these neurospheres could in fact enable them to act as micro-

magnets, not entirely dissimilar to the micro-magnetic pillars used in the array in our previous 

work[15]. In this case, the strong magnetic field gradients that occur due to these isolated 

‘magnetic neurospheres’ would contribute additional magnetic forces acting along straight-line 

paths connecting the neurospheres. This could explain the unusual cell growth seen, as the 

neuronal outgrowth would be guided by the magnetic endosomes contained within them, 

leading to the growing neurites being effectively pulled at either end to create multiple 

connections across the shortest distances between the neurospheres.  
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Figure 6: Fluorescence images from SH-SY5Y cells with nuclear staining performed using 

DAPI (4′,6-diamidino-2-phenylindole) [blue], neurons (and associated outgrowths) 

stained using a -III tubulin fluorescent antibody [green], and fluorescently tagged 

magnetic nanoparticles (MNPs) [red]. (a) Unlabelled cells grown in the absence of 

magnetic fields (top row) compared to MNP labelled cells grown under magnetic field 

exposure, in the region identified by the dashed blue box in Figure 5 (bottom row). Scale 

bars = 500 μm. (b) Higher magnification image of the region shown in the white dashed 

box in (a). Scale bar = 100 μm.  
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From the results discussed above, induced orientation and changes in neurite outgrowth and 

morphology are seen to occur after three weeks of cell culture under the influence of magnetic 

forces. To develop further insight into the onset of directional neurite outgrowth, we conducted 

a study to assess neuronal alignment of MNP labelled cells cultured on the magnet array plate 

at an earlier stage of growth. In agreement with our own observations, published differentiation 

protocols suggest that SH-SY5Y cells begin to project neurite outgrowth between day 7-10[25]. 

Therefore, onset of neurite orientation was studied here at day three of magnetic force exposure 

(corresponding to 10 days post-differentiation).  

The resulting fluorescence images obtained are shown in Figure 7, revealing a pronounced 

degree of orientation of the neurites after only 3 days of magnetic force exposure. This is 

quantified as before, using the 2D-FT analysis, with clear peaks being observed in the radial 

sum plot for MNP labelled cells grown under magnetic force exposure (Figure 7). However, 

the density and morphology of the neurites in this sample is much closer to that of the control 

sample after only 3 days culture, in contrast to the more dramatic changes observed after 3 

weeks. In this particular experiment, cell confluence was low and therefore only the outer 

regions of the magnet perimeter were assessed as there were insufficient cells in the regions of 

strong converging forces (for example, the region shown by the dashed blue box in Figure 5).  

To confirm that the orientation effects observed in the SH-SY5Y cells were not unique to 

immortalised cells lines, we performed similar experiments with primary rat cortical neurons 

exposed to the magnet array during cell culture. As with the SH-SY5Y cells, we found excellent 

uptake of MNPs within a 48-hour period. After 4 days of exposure to magnetic fields, the cells 

were fixed and stained as before. The resulting fluorescence images show a clear alignment of 

neuronal processes for the cells labelled with MNPS and grown under magnetic field exposure 

(Figure 8). At this stage of culture for these primary cells, the formation of smaller groups of 

primary neurons (<50 µm) can be seen for all growth conditions, with evidence of MNP 

labelling of neurons (Figure 8a). The absence of the larger (>100μm), MNP labelled 

neurospheres seen for the differentiating SH-SY5Y cells (Figure 6), is consistent with the 

primary neurons being fully differentiated. However, the formation of thick, linear, and 

possibly multi-stranded fibres can only be observed for the cells containing MNPs and grown 

under a magnetic field (Figure 8 (b) and (c)), again demonstrating the influence of magnetic 

forces on driving the development of this morphology. 



  

15 

 

 

Figure 7: Assessment of early-stage cell growth (10 days post differentiation). Unlabelled 

SH-SY5Y cells grown in the absence of magnetic fields for 3 days (a), compared to MNP 

labelled cells grown under magnetic field exposure for 3 days (b). Fluorescence images 

with nuclear staining performed using DAPI (4′,6-diamidino-2-phenylindole) [blue], 

neurons (and associated outgrowths) stained using a -III tubulin fluorescent antibody 

[green], and fluorescently tagged magnetic nanoparticles (MNPs) [red]. Analysis was 

performed on controls (a) and on MNP labelled cells grown under magnetic field exposure 

(b). The intensity shown in the radial sum plots was normalised to the total integrated 

intensity in the 2D-FT. Scale bars = 100 μm.  
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Figure 8. Bright field (first row) and fluorescence microscopy images of primary rat 

cortical neurons cultured under different magnetic field exposure conditions for 4 days 

and subsequently fixed 7 days post culture. Nuclear staining to show cell locations was 

performed using DAPI (4′,6-diamidino-2-phenylindole), with neurons (and associated 

outgrowths) stained using a β-III tubulin fluorescent antibody, whilst magnetic 

nanoparticles (MNPs) could be observed due to their conjugation to a rhodamine 

fluorescent dye. For part (a) Controls are shown in the first column whilst the second 

and third columns show cells grown in different positions on a magnet array. Parts (b) 

and (c) depicts higher magnification of the areas indicated by the orange and blue 

dashed squares in (a). Scale bar = 100µm for part (a) and (b) and 50µm for part c.  

 

3. Conclusion 

In summary, we have demonstrated the induction of long-range neurite orientation using 

magnetic forces as low as 10 fN acting on neuronal endosomes partially filled with MNPs. 

Using a simple system consisting of an aluminium plate holder enabling differing arrangements 
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of stacks of cylindrical permanent magnets, we were able to create a variable magnetic force 

distribution over large areas where cells were grown in 2D culture. The alignment of the 

neurites in different regions of the cell culture was quantified using an analysis of the 2D-FT of 

the fluorescence images, following staining with a -III tubulin fluorescent antibody. A detailed 

characterisation of the magnetic force vectors revealed a close correspondence with the average 

alignment of the neurites, confirming that the magnetic forces were able to guide neurite growth.    

By subjecting the cells to extremely low forces over an extended growth period of several weeks, 

we have shown clear changes in orientation and cell morphology. This is in contrast to previous 

studies in which higher forces over a shorter period have resulted in less noticeable 

differences[15]. We have also demonstrated that directed neuronal alignment can be achieved 

over long distances using just magnetic forces, without the topographical or chemical cues 

required in previous work[7,16]. This is particularly significant for applications in 

neuroregeneration, as cells within the central nervous system may not exhibit the same 

topographical or chemical cues.  

In addition to the alignment of neurites, we also found that strong in-plane forces could 

dramatically enhance the growth of cellular neurospheres in differentiating cells, as well as 

creating highly unusual thick linear neurite networks between them. We suggest that these large 

(~100 m) MNP-loaded neurospheres could function as localised magnetic particles. This 

could account for the neurite growth, as they would contribute additional magnetic forces 

directed along the shortest paths between the neurospheres. To our knowledge, this type of 

cellular structure has not been witnessed before and could find applications in the creation of 

artificial neuronal networks, with the morphology of these thick linear neurites possibly 

enabling enhanced electrophysiological performance.  

 

4. Experimental section  

Cell culture: In all instances, cells were seeded on tissue culture vessels pre - coated in 

laminin diluted 5µg/ml in phosphate buffer saline (PBS) (Scientific laboratory supplies 

limited) and poly l ornithine (Sigma) diluted 20µg/ml in sterile dh20 and incubated at 37ᵒC 

and 5% CO2. 
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The human SH-SY5Y cell line were maintained in DMEM F-12 (Corning), supplemented 

with 10% FBS, 1% antibiotic-antimycotic (Gibco). Cells were differentiated towards a 

neuronal like phenotype using 10µm retinoic acid (RA) and 50ng/ml brain derived 

neurotrophic growth factor (BDNF). On day 7 of differentiation, cells underwent 

supplementation with 3mM MNPs, pre incubated in serum free media containing BDNF and 

RA. Cell labelling was left for 24hrs at 37 degrees, with subsequent PBS washes to remove 

unbound particles.  

Cell culture plates were then positioned directly on top of a magnet array which comprised of 

stacks of 6 mm diameter NdFeB permanent magnets, positioned in a regular array of holes in 

an aluminium plate (see Scheme 1). The cell culture plate position was such that the cell 

monolayer was 1 mm above the surface of the disc magnets. The cells were cultured in this 

arrangement for 3 days or 3 weeks. 

For primary cell studies; long-distant, cortical projection neurons were dissected from a 

region of the E17 rat brain (day of plugging = E0) approximating the immature primary motor 

cortex.  Meningies from the tissue was careful peeled away in cold Neurobasal buffer, with 

the aid of a dissection microscope.  Cells were triturated approximately 20 times using a 

standard 200µl pipette ("yellow") tip to obtain single cells suspension. The primary rat 

cortical neurons were grown on coated 6 well plates and cultured in Neurobasal-based 

medium (Thermofisher), containing 10% FBS, 1% Glutamax (Thermofisher), 1% B27 

(Thermofisher), 1x pen/strp/fungizone (Thermofisher) and 1.5% glucose (Sigma). MNPs pre 

incubated at a concentration of 1mM in Neurobasal medium, supplemented with 1% B27, 1% 

antibiotic-antimycotic and 1% Glutamax were added to the cells after 48hrs. Cells were then 

positioned directly above the magnetic array for 4 days and fixed with 4% PFA. 

 

MNP characterisation: The sorted maghemite nanoparticles were synthesized by an inverse 

co-precipitation method. The acidic iron (II) and iron (III) ions solution (250 g of 

FeCl2,4H2O, 50 mL of HCl 37%, 250 mL of deionized (DI) water, 176 mL of FeCl3 27%) 

was added dropwise over 30 h into 2 L of 5 % ammonia in water under agitation. This 

procedure is in favour of a short nucleation process and a more pronounced growth of the 

particles to reach larger particle sizes. After rinsing the obtained Fe3O4 nanoparticles, they 

were oxidized into γ-Fe2O3 nanoparticles by boiling them with a solution of iron (III) nitrate 
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(200 g of Fe (NO3)3 in 500 mL of DI water) for 30 min. After several washing steps, the 

nanoparticles were finally size sorted by gradually adding nitric acid to increase the ionic 

strength of the solution and thus make the larger particles flocculate to decrease their 

polydispersity. At this stage, a dispersion of maghemite particles with a physical diameter of 

17.4 nm on average and an iron concentration of 0.52 M was obtained. 

 

The particles were then functionalized with rhodamine B to make them fluorescent and with 

poly(acrylic acid) to keep them colloidally stable in biological media. To functionalize the 

maghemite nanoparticles with rhodamine B, first 0.3 g of amino-PEG-phosphonic acid 

hydrochloride (phosph-PEG-NH2, Mw = 2100 g/mol, Specific polymers, Castries, France) 

were dissolved in 59.7 g of deionized (DI) water. The pH of the solution was brought to 8.5 

with 30% ammonia. Then, 1.53 mL of a 10 mg/mL solution of rhodamine B isothiocyanate 

was added to the phosph-PEG-NH2 solution. The solution was agitated for two days and the 

pH of this phosph-PEG-Rho solution was finally brought to 2 by the addition of nitric acid. 

52.2 g of this solution was slowly added to 148 g of the dispersion of maghemite 

nanoparticles previously diluted to be at 1 wt%. After 10 min of agitation, the nanoparticles 

were then added dropwise to 266 g of a solution of poly(acrylic acid) (PAA8k, Mw = 8000 

g/mol) at 1 wt% at pH=2. The MNPs were then magnetically removed from the solution and 

redispersed in a 20% ammonia solution. They were then dialyzed against DI water 5 times 

and finally redispersed in a 200 mM HEPES buffer at pH=7.4. 

The obtained maghemite nanoparticles were characterized by transmission electron 

microscopy (TEM) on a JEOL 1011 instrument, by dynamic light scattering (DLS) on a 

Malvern Zetasizer Nano ZS and by superconducting quantum interference device (SQUID) 

magnetometry on a Quantum Design MPMS-XL instrument at the platform “Mesures 

Physiques à Basses Températures” of Sorbonne Université. The results of this 

characterization can be seen in figure S3. The average physical diameter, measured by 

measuring over 700 particles on ImageJ is 17.4 nm. The mean hydrodynamic sizes of the 

particles dispersed in the HEPES buffer is 73.6 nm, with a polydispersity index of 0.209. 

Finally, the MNPs are superparamagnetic with a saturation magnetization of 60 emu/g. 
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Immunofluorescence: Samples were fixed with 4% paraformaldehyde (PFA, Sigma), and 

permeabilised with Triton-X100 (Sigma) diluted 1:1000 in PBS for 10min. Cells were then 

blocked with 2% BSA (Fisher) in PBS for 2h. Cells was then stained with anti β3 – Tubulin 

antibody (Abcam) diluted 1:1000 in 1% BSA in PBS overnight. Followed by PBS washes and 

staining for secondary antibody anti - mouse FITC (Sigma) diluted 1:1000 in 1% BSA in PBS 

for 1 hour. Cells were then counterstained with DAPI for 15min and imaged. 

 

Characterisation of magnetic field gradients: To determine the magnetic force vectors on the 

nanoparticles in the cells, the magnetic field generated across the permanent magnet array was 

measured using a 3D magnetic field mapping system that utilises a 3-axis Hall probe (Senis 

AG, M3D-2A-PORT). As described earlier, the cell monolayer was positioned 1 mm above 

the surfaces of the permanent magnets during the cell culture experiments. Magnetic field 

gradients in this XY plane (i.e., the plane containing the cell monolayer) were determined by 

measuring the X and Y components of the magnetic field intensity, H, across regions of 

interest at a height of 1 mm above the permanent magnets. From these magnetic field 

intensity measurements, a Matlab script was used to calculate the X and Y components of the 

magnetic field gradient as a function of position within this plane.  

The vertical (Z) component of the field gradient was determined by repeating the magnetic field 

measurements at a height 0.5 mm above the original position, and dividing the difference in the 

Z component of the field at the two positions by the vertical displacement (i.e., 0.5 mm). Ideally, 

measurements would have been performed at equal vertical displacements above and below the 

plane at which the cells were positioned. However, due to geometrical constraints, it was not 

possible to move the Hall effect sensor closer than 0.9 mm to the magnet surfaces, and so the 

Z component of the field gradient determined here is slightly inaccurate as it represents the 

values in the plane 0.25 mm above the position of the cell layer. The X, Y and Z components 

of the field gradient determined above were combined to give the overall (X,Y) position-

dependent magnetic field intensity gradient, ∇𝐻, within the cell plane (Z =1 mm). 

 

Image acquisition and analysis: Fluorescence microscopy was performed using a Nikon 

eclipse Ti-S operating Micro – manager 1.4 software.  Representative images of n=3 are 

shown. The larger stitch area (n =1) was imaged using a detachable grid (Stem cell 
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technologies) for six well dishes. Each grid represents a 2x2 mm square, which covers the 

entire well. Images were analysed using Image J, including the Oval Profile plugin (Bill 

O’Connell).  
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Figure S1: TEM bright field images showing magnetic nanoparticle localisation 

in cellular endosomes. Images obtained from 100nm thick resin embedded SH-

SY5Y cells incubated with maghemite magnetic particles functionalized with 

Rhodamine B and poly(acrylic acid). Red boxes indicate regions indicative of endo-

compartments with corresponding higher magnification of compartments. 
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Figure S2: Quantification of neurite orientation in fluorescence images of SH-SY5Y 

cells stained for -III tubulin over ~1cm2 area. Top: fluorescence image combining 

2mm grid regions to represent area around magnet. Numbered boxes (1-18) refer to 2D-

FT analysis with associated radial sum plots shown on pages 2 and 3. Light yellow 

dashed lines show angles determined from the radial plots of the 2D-FT (as labelled in 

blue on the radial sum plots), and solid light blue lines show corresponding fibre 

orientation. [Figure is continued on pages 2 and 3]. 
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Figure S2 continued  
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Figure S2 continued 

 

 

Figure S3: Physical properties of the MNPs: (a) Transmission electron microscopy image of 

the MNPs, made of a maghemite core and functionalized with Rhodamine B and poly(acrylic 

acid).  The average physical diameter is 17.4 nm. (b) Magnetization curve of the MNPs. The 

MNPs are superparamagnetic with a saturation magnetization of ~60 emu/g. (c) Dynamic light 
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scattering analysis of the functionalized MNPs in HEPES buffer. The mean hydrodynamic sizes 

of the particles is 73.6 nm, with a polydispersity index of 0.209. 

 

Table S1: Geometrical lengths and approximate number of nanoparticles contained within 

cellular endosomes, as determined from analysis of TEM images of 100nm sections. These 

values were used to estimate the MNP volumetric density and hence the approximate number 

of MNPs per endosome.  

Index Long 

diameter 

(L) 

Large 

diameter 

(l) 

No. of 

MNPs 

100 nm 

endosome 

volume 

(nm3) * 

MNP volumetric 

density (no. of 

MNPs per nm3) 

Endosome 

volume 

(nm3) ** 

MNPs per 

endosome  

1 230 120 37 2.76E+06 1.34E-05 7.85E+07 1052 

2 470 360 96 1.69E+07 5.67E-06 1.14E+09 6471 

3 1850 630 46 1.17E+08 3.95E-07 2.35E+10 9265 

4 540 440 27 2.38E+07 1.14E-06 1.89E+09 2149 

5 510 350 44 1.79E+07 2.46E-06 1.25E+09 3073 

6 200 140 25 2.80E+06 8.93E-06 7.73E+07 690 

7 500 350 9 1.75E+07 5.14E-07 1.21E+09 621 

8 390 320 129 1.25E+07 1.03E-05 7.20E+08 7439 

9 630 620 61 3.91E+07 1.56E-06 3.97E+09 6193 

10 330 250 9 8.25E+06 1.09E-06 3.89E+08 424 

11 520 330 36 1.72E+07 2.10E-06 1.18E+09 2485 

12 410 360 24 1.48E+07 1.63E-06 9.23E+08 1501 

13 560 390 10 2.18E+07 4.58E-07 1.69E+09 772 

14 380 240 45 9.12E+06 4.93E-06 4.59E+08 2266 

 

*Volume 100 nm endosome section=L. l. h, with h= 100 nm 

** Volume endosome= 4/3.  L/2. l/2. ((L/2+l/2)/2). (/2)3 
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Table S2: Parameters used to derive magnetic force vectors from measurements of magnetic 

field gradients across the magnet array. 

Parameter Value Unit 

Density of particles (maghemite) 5,100 kg/m3 

Saturation magnetisation 59,000 emu/kg 

Particle core diameter (average) 17.4 nm 

Average no. of MNPs per endosome 3,171 - 

Temperature 310 K 

 

 

Magnetic Force Plots – animated versions 

These can be downloaded from the following link: 

http://doi.org/10.21252/d3fj-4m94 

http://doi.org/10.21252/d3fj-4m94

