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ABSTRACT  
 

Providing magnetite nanoparticles with saccharide coatings has been found to 
significantly increase the interactions of the nanoparticles with cells. Glucose (Glc) or N-
acetylglucosamine (GlcNAc) coated magnetic nanoparticles (MNPs) were used to magnetically 
label 3T3 fibroblast cells, and the response of the labelled cells to external magnetic fields was 
studied. It was found that cells incubated with Glc- or GlcNAc-coated nanoparticles were much 
more likely to move towards an external magnet than those incubated with uncoated 
nanoparticles. Furthermore, cells in suspension moved much faster than those in contact with the 
surface of polystyrene well plates, with stronger magnets increasing the speed of movement. 
Cells that were adhering to the floor of the cell culture well and did not move in the x-y plane 
could still be rotated about the z-axis by moving the external magnet around the cell. 
 
INTRODUCTION 
 

Magnetite nanoparticles are used in a wide variety of biomedical applications,1, 2 so 
understanding cell-MNP interactions is of keen interest. Externally added MNPs are often taken 
up by cells in vitro and in vivo, resulting in magnetic labelling of those cells. This labelling 
allows for the manipulation of the cells via magnetophoresis,3 whereby the cells move when 
placed in an external magnetic field. 
There are many biomedical applications for magnetophoresis, for example, external control over 
the location of nanoparticles in vivo for therapeutic and diagnostic purposes,4 the removal of 
specific cell lines suspended in blood5 and separation of cell lines for screening and research.6, 7 
In order to improve MNP-mediated magnetophoresis of cells, the nanoparticles should be coated 
with a biocompatible agent to improve adhesion to and uptake by the target cells. Common 
reagents for coating magnetic nanoparticles include dextran,8 3-aminopropyltriethoxysilane 
(APTES)9 and polyethylene glycol (PEG),10 but none of these molecules are able to target 
specific cell types through specific interactions. In contrast, saccharide-coated nanoparticles are 
able to exploit cells’ natural recognition pathways by binding to cell-surface lectins, taking 
advantage of the strong and specific binding produced by the multiple individual binding 
events,11-13 known as the cluster glycoside effect.14 Since catechols15 and resorcinols16 are known 
to bind to the surface of Fe3O4 nanoparticles, these functional groups were chosen to anchor the 
cell targeting saccharides to the MNPs. Saccharide-terminated coating molecules have 
previously been synthesized by reacting a catechol or resorcinol hydrazide with a reducing sugar 
to give adducts that can coat magnetite nanoparticles, with the coated MNPs shown to interact 
with cells.17 However the magnetophoretic response of these labelled cells to static magnetic 
fields of different strengths and changing orientations was unexpored, as was the effect of 
changing the saccharide coating anchor (catechol or resorcinol) on magnetic responsiveness. 



EXPERIMENTAL PROCEDURES 
 
General materials:  
Reagents were purchased from Sigma-Aldrich Co. Ltd., Dorset, UK with the exception of 3,4-
dihydroxybenzhydrazide which was purchased from Alfa Aesar, Lancashire, UK and 
Fluorochem, Derbyshire, UK. Magnetite nanoparticles (nanopowder, <50 nm (TEM), ≥98% 
trace metals basis) were purchased from Sigma-Aldrich Co. Ltd., Dorset, UK. Magnets were 
purchased from e-magnets UK, Hertfordshire, UK. The saccharide conjugates 1, 2, 3 and 4 were 
synthesized and characterized as per literature procedures.17 For cell experiments DMEM refers 
to Dulbecco’s Modified Eagle Media with added fetal bovine serum (10 % v/v) and antibiotics (1 
% v/v penicillin and streptomycin). 

Equipment: 
Nanoparticle sonication was performed at 20 kHz using a Sonics VCX130PB Ultrasonic 
processor with a stepped micro tip (3 mm diameter, 136 mm length). Bright field microscope 
images were taken using a Leica DM IL microscope equipped with a SPOT Insight Color 3.2.0 
camera. Where necessary, cell counting analysis was carried out using ImageJ. 
General nanoparticle coating procedure:  
Magnetite nanoparticles (10 mg) were suspended in methanol (5 mL) by probe sonication for 5 
minutes. To this suspension was added the desired coating molecule, X (0.1 mmol). The sample 
was sonicated for a further 45 minutes to give X-MNP. The coated MNPs were purified by 
centrifugation, supernatant removal and methanol washing (3 × 10 mL). Finally, the coated 
nanoparticles were resuspended in milli-Q filtered water (1 mL) and used immediately.  
Cell culture:  
3T3 cells were cultured in 25 mL culture flasks using DMEM. The culture flasks containing the 
cells were incubated at 37 °C in an atmosphere of 5 % carbon dioxide. Cells were cultured once 
they reached confluence, using trypsin (1 mL) to detach the cells from the culture flask. They 
were separated into new flasks at a dilution of 1 in 8. 
Cell microscopy:  
3T3 cells were incubated in 25 mL culture flasks for 24 h at 37 °C in a 5 % carbon dioxide 
atmosphere. Nanoparticles suspended in milli-Q filtered water were added to the flasks to give a 
concentration of 0.1 mg/mL, then the cells incubated for a further 24 h. The DMEM was 
removed and flask washed with phosphate buffered saline (PBS) (3 × 10 mL) to remove 
unattached MNPs. The cells were detached from the flask using trypsin (1 mL) and diluted in 
DMEM to 16,000 cells/mL before seeding into a 24 well plate (1 mL/well) with a magnet (0.29 
T, cylindrical N42 magnet, 3 mm x 12 mm or 0.36 T, counter sunk square N42 magnet, 10 mm x 
5 mm, 4 mm hole) beneath and to one side of the well. To measure speed of cell movement, cells 
were imaged immediately and then at intervals of 5 s. For near/far experiments, cells were 
incubated for 10 mins before imaging. 
 
DISCUSSION  
 

In order to determine the effect of different coatings on the uptake and resultant magnetic 
responsiveness of cells, 3T3 cells were incubated with samples of commercial nanoparticles (0.1 
mg/mL), each coated with different saccharide conjugates; Glc- and GlcNAc-terminated 
resorcinol conjugates (1 and 2) and analogous catechol conjugates (3 and 4) (Figure 1a). A 
sample of nanoparticles with no added coating was also used (“uncoated” MNPs). In addition, a 



control experiment was performed with no nanoparticles. In each case, the appropriate 
nanoparticle sample was then added to 3T3 cells to give a total concentration of 0.1 mg/mL and 
incubated for 24 h. Loose nanoparticles were washed away with PBS buffer (3 × 10 mL) and 
cells were detached from the flask using trypsin (1 mL). The cells were resuspended in DMEM, 
diluted to 16,000 cells/mL and transferred to a 24 well plate (1 mL/well). A permanent magnet 
was immediately placed below and to one side of the well (Figure 1b).  

 

 
Figure 1: a) Structure of coating reagents Glc-res 1, GlcNAc-res 2, Glc-cat 3 and GlcNAc-cat 4. 
b) Cartoon representation of the location of the magnet next to the well plate and the distance at 
which images were taken (not to scale).  
 

Cells with bound or internalized nanoparticles started to move towards the magnet. To 
qualitatively assess cell magnetophoresis, microscopy images were taken close to (1 mm) and far 
from (15 mm) the magnet. These images were taken after 10 minutes, when most cell movement 
had ceased but the cells had not yet begun to spread and so could be counted easily. The number 
of cells within the 750 × 750 µm area of each image was counted for each sample (Table I). Each 
assay was carried out a minimum of three and a maximum of twelve times. 
 

Sample 
Mean No. of Cells‡ (after 10 mins) 

Near/Far % increase in cells 
near to magnet# Near Far 

No MNPs 145.0 125.4 1.2 7 
Uncoated MNPs 272.1 130.1 2.1 36 

1-MNP 640.3 68.3 9.4 81 
2-MNP 734.4 67.7 10.9 82 
3-MNP 75.6 23.8 3.2 52 
4-MNP 176.3 17.8 9.9 82 

 
Table I: Ratio of cells incubated with coated and uncoated magnetite nanoparticles near and far 
from an external magnetic field. Standard errors in cell counts estimated to be 10%.  
‡ Number of cells averaged over a minimum of three and maximum of twelve experiments.  
# [(near – far)/(near + far) × 100]. 

 
In most cases, a greater number of cells were seen close to the magnet (Figure 2) and this 

effect was considerably more pronounced when saccharide-coated nanoparticles were used. 
However, there was found to be little difference between the response of cells incubated with 
glucose-coated nanoparticles and those incubated with GlcNAc-coated nanoparticles, consistent 
with reports that 3T3 cells express both glucose- and GlcNAc-binding proteins on their surface.18 
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The uncoated nanoparticles were taken up to some extent, although these bare nanoparticles are 
unlikely to remain uncoated upon addition to DMEM, with adsorption of solutes in the DMEM 
giving coatings that may facilitate cellular recognition. 

 

 
Figure 2: Microscopy image of 3T3 cells incubated with 2-MNPs in a cell culture well after 10 
minutes’ incubation with an external 0.29 T magnet. Magnet location indicated by asterisk. 
 

Further investigations were carried out to quantify the magnetophoresis of these 
magnetically labelled cells. Following previous protocols, 3T3 cells were incubated with 2 and 4 
coated MNPs (0.1 mg/mL). After transferring the cells to a well plate, with the cells still in 
suspension, a static magnetic field (0.29 T, cylindrical magnet) was applied and the suspension 
imaged imtely by bright field microscopy. The cells in suspension were observed to move 
towards the magnet but those cells that came into contact with the floor of the well plate slowed 
to a stop within 30 seconds. Cell movement was observed for around 40-50 minutes in total, after 
which time all cells had settled on to the floor of the well plate and had begun to attach to the 
surface. By measuring the distance travelled by a given cell over the first 40 minutes, it was 
possible to calculate the average speed at which the cells moved towards the magnet (Figure 3). 

Figure 3: a) Illustrative example of cells incubated with 4-MNP moving towards an external 
magnet. Images were taken in the same location 10 s apart. Magnet location indicated by 
asterisk. b) Graph showing speed of cells incubated with 2-MNP (blue bars) and 4-MNP (red 
bars) in different locations and with different magnet strengths. 
 
This analysis showed that contact with the well surface reduces cell velocity by 75% to 95%, and 
that MNPs with catechol coatings produced cells that were more responsive to the external 
magnetic field. Using a stronger (0.36 T, 10 mm square) magnet gave an impressive 140 % 
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increase in speed for cells labelled by 2-MNP, but little difference for the more responsive 4-
MNP labelled cells. All values obtained (4 to 19 µm/s) were considerably smaller that the 49 ± 9 
µm/s range reported by Bertorelle et al.,19 who used a much stronger (1.48 T) magnet.  

Experiments were also carried out to observe the response of cells associated with 2-
MNP to static magnetic fields applied in successively different orientations. The magnetic field 
was applied only after washing away and loose nanoparticles with PBS buffer, but prior to any 
other procedure. Upon application of a magnet at a distance of 1 mm from cells that had settled 
and attached, it was observed that nanoparticles within the cell aligned themselves with the 
magnetic field lines. These MNPs gave the cells a punctate appearance, consistent with the 
MNPs in organelles such as endosomes. There are a number of possible explanations for this 
behavior, though previous reports19 suggest that restricted internal movement may be due to the 
particles residing within endosomes.  

The effect of changing magnet orientation on the behavior of adhering magnetically-
labelled cells was then assessed. A magnet was placed 20 mm from the well and its position 
relative to the sample was altered. The attached cells rotated to align themselves with the 
changing orientation of the magnetic field (Figure 4). The mechanism by which attached cells 
detach and the either move or rotate in response to an external magnetic field orientation is 
unclear, but could be due to the progressive removal and attachment of actin filaments to the 
polystyrene well plate.20 

 

 
Figure 4: Optical microscopy images showing magnetically induced rotation of magnetically-
labelled 3T3 cells (2-coated magnetic nanoparticles visible as dark spots) around the z-axis. 
 

CONCLUSIONS 
 

Glc- and GlcNAc- coatings on magnetic nanoparticles were found to increase MNP 
interactions with cells and make the cells more responsive to static external magnetic fields, 
which we suggest is due to increased MNP endocytosis by the cells. Qualitative assays suggested 
little difference in magnetic patterning resulted if either resorcinol or catechol links attached the 
saccharides to the Fe3O4 MNP surfaces, despite the lower stability of the former link.17 We 
suggest that this observation is consistent with MNP endocytosis, after which the coating on 
internalized MNPs does not determine cellular magnetic responsiveness. Cells in suspension can 
move at speeds of up to 19 µm/s, however once cells adhere to a surface this drops dramatically 
to approximately 1 µm/s. Controlled magnetophoresis could find applications in manipulating 
cells that are free-floating in the bloodstream, such as metastatic cancer cells or bacterial cells in 
sepsis patients. Internalized MNPs do not move within cells in response to an external magnetic 



field but MNP-labelled organelles, such as endosomes, appear to align along the field lines. 
Entire cells will also reorient themselves to match the direction of the applied magnetic field. 
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