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Magnetic force may greatly enhance uptake of magnetic nanoparticles (MNPs) by cultured cells; however, the
eﬀects of non-uniformity of magnetic ﬁeld/ magnetic gradient on MNP internalization in culture has not been
elucidated. Cellular uptake of polyacrylic acid coated-MNP by LN229 cells was measured with cylindrical NdFeB
magnets arranged in a staggered pattern. The magnetic ﬁeld generated by placing a magnet underneath (Hﬁeld) elicited a homogenous distribution of MNPs on the cells in culture; whereas the ﬁeld without magnet
underneath (L-ﬁeld) resulted in MNP distribution along the edge of the wells. Cell-associated MNP (MNPcell)
appeared to be magnetic ﬁeld- and concentration-dependent. In H-ﬁeld, MNPcell reached plateau within
one hour of exposure to MNP with only one-min application of the magnetic force in the beginning of
incubation; continuous presence of the magnet for 2 h did not further increase MNPcell, suggesting that
magnetic force-induced uptake may be primarily contributed to enhanced MNP sedimentation. Although MNP
distribution was much inhomogeneous in L-ﬁeld, averaged MNPcell in the L-ﬁeld may reach as high as 80% of
that in H-ﬁeld during 1–6 h incubation, suggesting high capacity of MNP internalization. In addition, no
signiﬁcant diﬀerence was observed in MNPcell analyzed by ﬂow cytometry with the application of H-ﬁeld of
staggered plate vs. ﬁlled magnet plate. Therefore, biological variation may dominate MNP internalization even
under relatively uniformed magnetic ﬁeld; whereas non-uniformed magnetic ﬁeld may serve as a model for
tumor targeting with MNPs in vivo.

1. Introduction
Magnetic nanoparticles (MNPs) with iron oxide core and polymer
coating have been extensively studied and demonstrated with many
advantages including easy synthesis, inoﬀensive toxicity [1], and
reactive surface that can be readily modiﬁed with excellent biocompatibility [2–4]. There has been spanning a wild range of MNPs in bioapplications that include drug delivery [2–5], gene transfection [6–10],
hyperthermia [4,5,11,12], magnetic separation [5], as contrast media
in magnetic resonance imaging [2,12–14], and as sensors for metabolites and other biomolecules [12]. In these applications, the magnetic
properties of MNPs are crucial, which exert a rapid magnetization in
response to an external magnetic ﬁeld, and lose the magnetic responsiveness while removal of the magnetic ﬁeld, known as superparamagnetism [15]. When cultured cells are exposed to MNP under the
inﬂuence of an applied magnetic ﬁeld, the superparamagnetism of
MNPs allows enhancement of MNP sedimentation and enhanced
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cellular internalization [16,17]. It is assumed that an enhanced
sedimentation may mediate the eﬀects of enhanced internalization.
A variety of cultured cells have been demonstrated to uptake MNPs,
including primary [18] cells and many tumor cells [18–21]. Cellular
internalization of nanoparticles is primarily via endocytosis pathways
[15,22]. Several parameters including size, shape, and surface characteristics of nanoparticles may determine the endocytotic mechanisms
involved [15,22]. Based on the size of the uptaken cargos, endocytosis
may be divided into two categories, phagocytosis and pinocytosis
[22,23]. Uptake of particles with nanometer size range may be
mediated by pinocytosis involving diﬀerent molecules including clathrin or caveolae [22]. Surface characteristics of nanoparticles, such as
charge, critically aﬀect how nanoparticles interact with proteins and
cells in culture and in circulation [22–24]. Therefore, cellular uptake of
nanoparticles may be inﬂuenced by diﬀerent surface coating with
polymers [22]. For instance, coating the nanoparticles with polyethylene glycol (PEG) may attenuate protein adsorption and consequently,
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chased from Upstate (Lake Placid, NY, USA). Hydrochloric acid (HCl),
ammonium persulphate (APS), potassium thiocyanate (KSCN), 4-(2hydroxyethyl)−1-piperazineethanesulfonic acid (HEPES), 3-(4,5Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were
purchased from Sigma (St. Louis, MO). Dimethyl sulfoxide was
purchased from Bioman Scientiﬁc Co. (Fairﬁeld, OH). The magnetic
plates in staggered pattern (6 well plate: MTR-06, 24 well plate: MTR24) were obtained from MagQu, Taiwan, ROC.

reduce cellular uptake of nanoparticles [24–26].
It has been demonstrated that magnetic ﬂux density may aﬀect
MNP internalized in culture [18,21,26–28] by augmenting interaction
among MNPs, and enhancing interaction with plasma membrane.
Magnetic ﬁeld aligns the magnetic moment of MNPs and creates
attractive dipole–dipole interaction between MNPs, leading to MNP
aggregation [27] and attracting MNPs toward the surface of the magnet
[29]. Application of magnetic force in culture has been conducted by
placement of permanent magnet underneath the culture plate
[10,16,19,21,26,29], which creates a force on MNP clusters, draws
MNPs in contact with the cell surface, and thus increases MNP
internalization [16,18,28]. Such eﬀects of magnetic force on MNP
internalization may be applied in gene transfection [5,7–10] or
targeted drug delivery [3–5,12]. However, it is not clear whether
magnetic force may further enhance MNP uptake in addition to
enhance sedimentation.
Cultured cells may be exposed to magnetic ﬁeld that are generated
by an array of permanent magnets, which are commercially available
[16] or home-made with NdFeB magnets [10,19,21,26]. Previous
studies have demonstrated using rectangular block of NdFeB magnet
under 6- or 24-well plate [10] or cylindrical magnets in 96-well plate
[6,10], which signiﬁcantly increase the transfection eﬃciency by 2 to
thousands fold [10]. However, the magnetic ﬂux density and magnetic
gradient of the individual magnet may be inﬂuenced by adjacent
magnets in a compact arrangement under a culture plate with multiple
wells, resulting in relatively non-uniformed magnetic ﬁeld gradients
[29], which may result in inhomogeneous distribution of MNPs and
subsequently, high variation of MNP internalization in cell population
of each well [10], and thus hinder further analysis of individual cells by
techniques such as ﬂow cytometry. Alternatively, cells may be seeded in
every second well to avoid such problem [21]. Previous simulation
suggested non-uniformity of the magnetic ﬁeld generated by the
magnet array with alternating magnetization [29]. However, it is not
known whether magnet array with staggered arrangement may produce a relatively uniformed magnetic ﬁeld to avoid potentially heterogeneous distribution of MNPs in culture.
We thus characterized MNP uptake by tumor cells under a
relatively high magnetic ﬁeld generated by a staggered arrangement
of the NdFeB magnets and ask whether continuous presence of
magnetic force may enhance uptake in addition to enhance sedimentation, and whether the cells in the wells without a magnet underneath
may respond to the magnets underneath adjacent wells. In this study,
internalization of MNP with polyacrylic acid (PAA) coating was
determined, which has been demonstrated to serve as an eﬀective
carrier system in magnetic targeting with good stability and bioavailability [30,31]. Such anionic polymer has been used to stabilize MNP in
water-based suspensions by providing electrostatic and steric repulsion
against particle aggregation [31,32]. It has been demonstrated that
PAA-coated MNP may be readily internalized via endocytosis within as
short as 15 min [33] by diﬀerent cells in culture [34,35]. Our results
demonstrated that even under relatively high magnetic ﬁeld provided
by staggered arrangement of NdFeB magnets underneath, variation of
MNP uptake may still occur, and that magnet-induced sedimentation
may be the major mechanism in uptake enhancement by the NdFeB
magnet placed underneath.

2.2. Cell culture
Human glioma cell line LN229 were obtained from American Type
Culture Collection (Manassas, VA), and were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin/amphotericin B mixture. The cells were maintained at 37 °C in an incubator
supplied with 5% CO2.
2.3. Application of magnetic force on cultured cells
The cells were cultured in every well of 6- or 24-well plates to 90%
conﬂuence for further study. The magnetic plate with cylindrical
NdFeB magnet array in staggered arrangement (Fig. 1) was placed
underneath the cell culture plate. Cells grown in the wells with the
magnet placed underneath were subjected to relatively high and
uniformed magnetic dragging force of ~4 kGauss with variation less
than 10% (H magnetic ﬁeld, Table 1). In contrast, cells grown in the
wells with no magnet underneath were subjected to relatively low and
non-uniformed magnetic force (L magnetic ﬁeld, Table 1). In some
experiments, a home-made magnetic plate with 24 pieces of cylindrical
NdFeB magnet with a diameter of 1.8 cm arranged to provide a
magnetic ﬁeld of 3.4 kG at the center of each well was applied. The
magnetic ﬁeld intensity of magnets was measured by a hand-held
Gauss meter (FW Bell 5180, Sypris Test and Measurement, FW Bell,
FL) equipped with a transverse probe.
2.4. Dark ﬁeld microscopy
Cells were cultured on round cover slips (22 mm diameter;
Assistent, Glaswarenfabrik Karl Hecht, Germany) that was placed in
the wells of 6-well plates prior to be exposed to MNP. Cells were than
incubated with PAA-coated MNPs (80 μg/well) under magnetic ﬁeld
for 2 h, followed by washing with PBS, ﬁxing with 4% paraformaldehyde and mounting on the slide glass for imaging. Images of cells with
MNP uptake was captured with light scattering microscope Olympus
IX71 equipped with CytoViva Adapter (CytoViva Advanced Darkﬁeld
Illumination System; Aetos Technologies, Inc., Auburn, AL).
2.5. MNP assay
The cells were cultured in every well of 6- or 24-well plates to 90%
conﬂuence. Cells were than incubated with MNPs for 1–6 h. The cells
were digested with trypsin and the cell suspension was subjected to HCl
(2.1% v/v) and incubated at 60 °C for 3 h. Ammonium persulphate
(95 μg/ml) was then added to convert ferrous ion to ferric ion, followed
by addition of potassium thiocyanate (87 mM), allowing formation of
iron-thiocynate complex. Iron content was determined at OD490 with a
microplate reader (Victor 3™ Multilabel Plate Reader, PerkinElmer,
MA, USA). A calibration curve with serial dilution of known concentrations (w/v) of MNPs was prepared to analyze the amount of MNP
uptake.

2. Materials and methods
2.1. Materials
Superparamagnetic nanoparticles with polyacrylic acid coating
(ﬂuidMAG-PAS; 200 nm) were purchased from Chemicell (Berlin,
Germany). Fetal bovine serum (FBS) was purchased from PAA
Laboratories GmbH (Pasching Austria). Trypsin-EDTA, Dulbecco's
Modiﬁed Eagle Medium (DMEM) was purchased from Gibco BRL
(Grand Island, NY). Penicillin/streptomycin/amphotericin B was pur-

2.6. Flow cytometry analysis
In response to MNP uptake, cells were characterized with ﬂow
cytometry for determination of FSC (forward scatter) and SSC (side
scatter), which correlates with the cell volume and the complexicity of
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Fig. 1. Magnetic ﬁeld designed for 6-well (A) and 24-well (B) culture plates. Cylindrical NdFeB magnets were placed in wells (shaded area) that exerted high and relative uniformed
magnetic ﬁeld (H), whereas the wells without placement of the magnet were only subjected to adjacent magnets with lower and relative non-uniformed magnetic ﬁeld (L). Magnetic ﬁeld
was measured at each spotted sites (C & D) with a Gauss meter. The MNP distribution on single layer of cultured cells in medium without phenol red for observation of MNP
distribution under the inﬂuence of H- & L-ﬁeld for 10 min was demonstrated in photos (D).

generally thought to be an indicative of the granularity/complexity of
the cells while forward scatter (FSC) provides information on the
overall size of cells.

Table 1
Magnetic field (kGauss) at specific sites (a-f) of 6- or 24-well plates as designated in
Figs. 1C & D. The measurements were conducted with (H) or without (L) an NdFeB
magnet underneath. Data are presented as mean ± SE; numbers of each measurement at
diﬀerent but equivalent spots in the same plate are indicated in parenthesis.

2.7. MTT assay
Magnetic ﬁeld sites

6-well

24-well

H

a
b

4.0 ± 0.1 (3)
3.9 ± 0.1 (6)

4.07 ± 0.21 (12)
3.81 ± 0.31 (10)

L

c
d
e
f
g

0.5 ± 0.2 (3)
1.0 ± 0.1 (7)
0.9 ± 0.04 (4)
0.41 (1)
0.17 (2)

0.35 ± 0.16
0.55 ± 0.21
0.67 ± 0.15
0.26 ± 0.10
0.019 (2)

After 2 h incubation with various MNP concentrations, the medium
was removed and washed with PBS, followed by incubation with MTT
(0.5 mg/ml) at 37 °C for 1 h. The dark blue formazan crystals
generated by the mitochondrial dehydrogenase were dissolved with
dimethyl sulfoxide followed by measurement of OD540.

(8)
(10)
(7)
(8)

2.8. Statistical analysis
Values are expressed as mean ± SE. Eﬀects of drugs were examined
by Student t-test, 2-way analysis of variance (ANOVA) followed by
Duncan's post hoc test when appropriate. Statistical signiﬁcance was
declared as a p value of < 0.05.

cytosolic structure, respectively. Brieﬂy, cells were cultured in 24-well
plates and incubated with PAA-coated MNPs. After incubation for 2 h,
cells were washed twice with ice-cold PBS prior to trypsinization for
analysis. After centrifugation, the resulting cell pellet was resuspended
in PBS, and subjected to analysis using ﬂow cytometer (BD
FACSCalibur™, NJ, USA). The FSC (forward scatter) and SSC (side
scatter) distribution were gated based on normal cell conditions
acquired from a control group without MNP. Side scatter (SSC) is

3. Results
Eﬀects of magnetic ﬁeld on cellular uptake of MNPs were observed
by dark ﬁeld microscopy. Fig. 2 illustrates representative results of
MNP uptake in H-ﬁeld in the 6-well plate for one min (m) vs. 2 h (M).
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Fig. 2. Representative imaging of MNP uptake by LN229 cells in uniformed magnetic ﬁeld. Cells were exposed to MNP (80 μg/well; 8 μg/cm2) for 2 h with high (H) intensity of
magnetic ﬁeld for one min (m) or during the whole incubation time (M). The images were taken with dark ﬁeld microscope at ×1000 magniﬁcation.

and 6 h (m-H) was 1.4 and 1.6 times of that with transient H-ﬁeld (mH), respectively (Fig. 4C). In addition, cells incubated with MNPs for 1
and 6 h with one-min exposure to H-ﬁeld (m-H) exerted 3.8 and 2.0
fold of MNP uptake of that to L-ﬁeld (m-L; Fig. 4D), suggesting onemin exposure to L-ﬁeld may not be enough to allow strong interaction
of MNPs with cellular membrane in culture. When exposed to H- vs. Lmagnetic force for 1–6 h, MNP uptake in cells exposed to constant Hﬁeld was 1.3–1.8 fold of that with L-ﬁeld (Fig. 4E). Concentrationdependent eﬀects on MNPcell was also observed in Fig. 5, especially
with H-ﬁeld (Fig. 5C-E). The MNP uptake in our system may be up to
14 pg/cell after incubation of 25 μg/cm2 MNPs for 2 h in the presence
of H-ﬁeld. The diﬀerence of MNPcell in H- vs. L-magnetic ﬁeld was
similar with transient (Fig. 5D) vs. constant (Fig. 5E) exposure,
suggesting available MNP for uptake is a dominant eﬀect for amount
of cellular uptake.
In response to MNP uptake under above mentioned conditions for
2 h, mitochondrial dehydrogenase activity, as evaluated with MTT
assay, decreased to 70–88% of the control (p < 0.05, Fig. 6), which was
not correlated with amount of MNP uptake under each condition in
Fig. 5. In this experiment, H2O2 (57 mM) caused 93% reduction of the
enzyme activity in LN229 cells (Data not shown).
To observe the cellular uptake of MNPs aﬀected by magnetic ﬁeld
with diﬀerent magnet arrangement, ﬂow cytometry analysis was
conducted. Fig. 7 illustrates MNP uptake by cells in H- and L-ﬁeld of
staggered plate and by cells subjected to ﬁlled and alternating arranged
magnetic ﬁeld from underneath and adjacent wells (M-F) in the 24-well
plate for 2 h. The cell distribution of SSC > 300 is similar to that in Hﬁeld of staggered plate (M-H) and ﬁlled magnet plate (M-F), suggesting

With this system, one-min application of the magnet caused MNPs to
settle at the bottom of the culture well and get in contact with the cells.
Exposure to MNP in H-ﬁeld for 1 min (m-H) or 2 h (m-H) during the
2-hr incubation greatly enhanced MNP signals, suggesting the application of the magnet may increase cell-associated MNP (MNPcell).
Iron content of cultured cells was determined for assessment of
MNP uptake, as illustrated in Fig. 3A. MNPcell in L- vs. H-ﬁeld were
1.3-fold vs. 3.1-fold of that with no magnetic ﬁeld, respectively. Further
study with ﬂow cytometry demonstrated similar results, as SSC
distribution curve of H-ﬁeld shifted signiﬁcantly to the right
(Fig. 3B). The scattered plots of FSC vs. SSC (Fig. 3C-F) shifted
upwards in the presence of MNP, suggesting that cellular uptake of
MNP induced an increase in cellular complexity/granularity. Cells
treated with MNP in H-ﬁeld (Fig. 3F) exerted the highest SSC cells
among all conditions, with the cells located in SSC region above 500,
i.e., the right upper quartile, was about 2- and 2.8-fold of that in the
corresponding areas of L-ﬁeld (Fig. 4E) and without magnet (-mag;
Fig. 4D), respectively (p < 0.05). In addition, a decrease in the FSC in
magnetic ﬁeld was observed corresponding to the increase in SSC,
suggesting the size of the cells decreased after MNP uptake.
Fig. 4A illustrates time-associated eﬀects of magnetic ﬁeld on MNP
uptake by LN229 cells, which were further depicted in pairs in Fig. 4BE. In L-ﬁeld, MNPcell increased with time (m-L), and was approximately
2–2.3 fold of those exposed for only one min to the L-ﬁeld (m-L) at
corresponding time point (Fig. 4B). In H-ﬁeld, MNPcell achieved nearly
maximal within one h of exposure to MNPs, suggesting the eﬀects are
primarily due to H-ﬁeld-induced sedimentation (Fig. 4C-E).
Nevertheless, MNP uptake in cells exposed to constant H-ﬁeld for 4
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Fig. 3. Inhomogeneous MNP Uptake under Magnetic Field. LN229 cells were incubated with MNP (200 μg/well; 20.8 μg/cm2) for 2 h with magnet of non-uniformed/low (L) or
uniformed/high (H) intensity and then immediately processed for iron assay (A) and ﬂow cytometry (B-F). Data shown were mean ± SE. Numbers indicat % cell number of deﬁned area
(n=3). *, p < 0.05 compared with control group without magnet; †, p < 0.05 compared with the L group.

M-F) vs. L-ﬁeld (M-L), suggesting the magnet underneath H-wells may
signiﬁcantly increase the MNPcell in a small population of cells in L
wells, despite the uniformity variation of the magnetic ﬁeld. The
fraction of FSC > 300 in L-ﬁeld (M-L) was 1.2-fold of that in H-ﬁeld

that the MNPcell increased in the presence of the magnet, despite of the
arrangement of magnets; whereas the fraction of SSC > 300 in M-L
group was approximately 50% of that in other groups. In addition, the
cells located in SSC > 600 region was about 3-fold with H-ﬁeld (M-H or
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Fig. 4. Time-dependent MNP uptake by LN229 cells. LN229 cells were exposed to MNPs (10 μg/well; 5 μg/cm2) for diﬀerent time periods with non-uniformed/low (L) or uniformed/
high (H) magnet ﬁeld for one minute (m) or during the incubation time as indicated (M). Data shown were mean ± SE (n=3). *, p < 0.05 compared with corresponding m group; †, p <
0.05 compared with corresponding L group.
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Fig. 5. Concentration-dependent MNP uptake by LN229 cells. LN229 cells were exposed to MNPs (10–50 μg/well; 5–25 μg/cm2) for 2 h with magnet of non-uniformed/low (L) or
uniformed/high (H) intensity for one min (m) or during the whole incubation time (M). Data shown were mean ± SE (n=3). *, p < 0.05 compared with corresponding m group; †, p < 0.05
compared with corresponding L group.
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Although assessment by these methods only reveals cell associated
MNPs, our previous ﬁnding suggested that these cells are prone to
internalize ﬂuoroscent MNPs within 2 h using confocal microscopy
[26]. MNPs conjugated with ﬂuorophore are required for confocal
microscopy, but such modiﬁcation may potentially alter surface
characteristics of MNPs, and thus alter its interaction with cell
membrane, and hence internalization. Therefore, the dark ﬁeld microscopy may serve as a sensitive method for observation of internalization of label-free MNPs.
Previous studies have demonstrated the use of cylindrical magnets
underneath every well in a 96-well plate for magnetofection [9,10,21].
It is anticipated that adjacent magnets may inﬂuence each other,
resulting in higher magnetic ﬁeld at the sites proximal to the adjacent
wells and diﬃculty to achieve homogenous distribution of MNPs on the
surface of cells in the same well [9,21]. In our study, such magnetic
force generated from the magnet underneath adjacent wells created
enough of driving force on MNPs in wells without magnet underneath
(L-ﬁeld) in the staggered plate. Therefore, the magnetic plate with
staggered arrangement may be used to generate a relatively uniformed
ﬁeld, and thus avoid the inﬂuence of neighboring magnets on the
magnetic ﬂux density [21]. Nevertheless, there was no signiﬁcant
diﬀerence in MNP uptake between H-ﬁelds in staggered plate (M-H)
and in magnetic plate with magnets underneath every well (M-F), as
analyzed by ﬂow cytometry (Fig. 7). Previous study also indicated that
3.8–4.2 kG did not exert diﬀerence in MNP uptake by astrocytes [19].
It appears that biological variation may out weight that potentially
induced by such variation in magnetic ﬁeld.
With the relatively high and uniformed magnetic ﬁeld (H-ﬁeld;
Fig. 4C), continuous application of the magnetic force did not further
increase MNPcell from that induced by application of H-ﬁeld for one
min. Therefore, the major eﬀect of the external magnetic ﬁeld to uptake
of PAA-coated MNP within 2 h may be due to magnet-induced MNP
sedimentation in the culture medium. The results are consistent with
our previous ﬁnding with dextran-coated MNP in LN229 cells [26].
Although gravity [36,37] and presumably magnetic force upon nanoparticles, and indirectly plasma membrane, may facilitate endosome
formation or internalization [21,28], MNP adsorbed on the cell surface
or in the endosome cannot be diﬀerentiated in the current study.
In contrast to the H-ﬁeld, the cells in the L-ﬁeld were subjected to
relatively low and non-uniformed magnetic force up to 33-fold in
diﬀerence (Table 1). However, averaged MNPcell in L-ﬁeld was 56–80%
of that in the H-ﬁeld at diﬀerent time points (Fig. 4E) in spite of very
small portion ( < 10%; left insert of Fig. 1D) of cells was in contact with
most of MNPs due to non-uniformed magnetic ﬂux density in the Lﬁeld. The surprisingly high MNPcell in L-ﬁeld may be due to high uptake
capacity of MNPs, as shown in Fig. 5. It has been demonstrated that
PAA-coated MNP may also be internalized by human neuroblast [35]
and Chinese hamster ovary cells [21]; internalization may reach
plateau after incubation without magnet for 8–12 h [34]. Under such
conditions, human neuroblast may internalize PAA-MNP up to 20 pg/
cell [35]. With one-min magnet application, MNPcell was signiﬁcant
higher in cells subjected to H- vs. L-ﬁeld, which might be due to
incomplete sedimentation of MNPs in subjected to L-ﬁeld in one min
(Fig. 4D). Although mitochondrial enzyme activity appears to be lower
in cells subjected to continuous exposure to magnetic ﬁeld (Fig. 6),
MNPcell was still higher compared to cells in one-min magnetic ﬁeld.
Thus, no evidence suggested that enzyme activity of dehydrogenase is
associated with MNPcell.
With ﬂow cytometry, MNP induced an increase in SSC and decrease
in FSC. Our results are consistent with previous studies demonstrating
that increased nanoparticle internalization is associated with an
increase in SSC and a decrease in FSC [38], suggesting reduced size
of cells. Nanoparticles internalization may alter actin cytoskeleton
architecture, microtubule network, and reduce cell size [39,40].
Alternatively, reduced FSC may be partly due to reduced amount of
light reaching the forward scatter detector by absorption or reﬂection

Fig. 6. MNP inhibited mitochondria metabolic activity of LN229 cells in the presence of
magnetic ﬁeld. LN229 cells were exposed to MNPs (10–50 μg/well; 5–25 μg/cm2) for 2 h
with non-uniformed/low (L) or uniformed/high (H) magnetic ﬁeld for one min (m) or
during the whole incubation time (M) prior to MTT assay. Data shown were mean ± SE
(n=3). *, p < 0.05 compared with cells incubated with the corresponding controls without
magnetic ﬁeld.

Fig. 7. Magnetic ﬁeld inﬂuenced the cellular complexity and size after MNP uptake.
LN229 cells were exposed to MNPs (50 μg/well; 25 μg/cm2) for 2 h with staggered or
ﬁlled magnet plate underneath followed by the analysis with ﬂow cytometry. Data are
presented as mean ± SE (n=5–10). *, p < 0.05 compared with cells in “M-L” ﬁeld. †, p <
0.05 compared with cells in “M-H” ﬁeld.

(M-H and M-F), suggesting that the cell size did not increase with MNP
uptake.

4. Discussion
The motion of magnetic nanoparticles in an applied magnetic ﬁeld
is governed by several factors including magnetic force, buoyancy,
gravity, Brownian dynamics, and magnetic dipole interactions, etc [29].
Previous study had demonstrated that magnetic force may dominate
particle motion within a height of ~10 mm from the bottom of the well
in culture [29]. Magnetic application may provide a driving force that
overcome Brownian diﬀusion to facilitate MNP sedimentation in
medium and draw MNPs down in contact with plasma membrane.
Therefore, magnetic force may concentrate MNPs on the cellular
surface, increase interaction of MNPs with cells, and enhance internalization. Application of magnetic force with staggered plate allows
study of MNP internalization by cells subjected to non-uniformed/low
(L) or uniformed/high (H) magnetic ﬁeld. The H-ﬁeld may facilitate
even distribution of MNPs in culture, whereas L-ﬁeld may simulate
magnetic application on tissue/cells in vivo. In this study, magnetinduced MNP internalization has been demonstrated with dark ﬁeld
microscopy, ﬂow cytometry and a colorimetric assay for iron content.
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Although increased SSC was observed with MNP administration
and application of magnetic ﬁeld, variation of SSC distribution
suggested variation of MNP internalization in cell population studied.
Recent studies have demonstrated that nanoparticle internalization
may diﬀer between cell cycle phases [42,43], with the highest nanoparticle uptake in the G2/M phase and lowest in G0/G1 phase.
Therefore, subpopulations of cells in diﬀerent cell cycle phases may
be responsible for the diversity in MNPcell observed in our study.
Nevertheless, similar eﬀects were observed in cells cultured in the Hﬁeld of both plates. Therefore, MNP internalization in H-ﬁeld of
staggered plate cannot be diﬀerentiated from that of the ﬁlled magnet
plate due to biological variation.
Manipulation of magnetic ﬁeld in vitro may serve as a model
system for application of magnetic ﬁeld in vivo to achieve target
delivery of genes/drugs. It is well known that the abnormal blood
vessels that synthesized by tumor-induced angiogenesis exert large
pores ranging between 380 and 780 nm in diameter [44,45], allowing
nanoparticles to reach the perivascular space and accumulate in the
tumor interstitium via enhanced permeability and retention eﬀect [45].
Recent studies have demonstrated that under the inﬂuence of an
external magnetic force, MNP may serve as a promising platform to
deliver therapeutic cargos to targeted site such as solid tumor or brain
[46–48]. It is anticipated that magnetic targeting allows MNP retention
in the vessels around the tumor, and subsequently tumor interstitial,
the inhomogeneous uptake in the tumor is expected. Controlling drug
release in the extracellular space may ensure more exposure of tumor
cells to the drugs, and thus better therapeutic eﬀect. Our results
suggested that magnetic ﬁeld may enhance overall MNP uptake to a
similar degree regardless of the uniformity of magnetic ﬁeld.
5. Conclusion
Our study suggests that enhanced sedimentation may be the major
mechanism underlies the eﬀects of magnetic force on MNP internalization; spatial separation of the magnets under the cultured cells may be
considered if biological variation was reduced, such as in synchronized
cells. The ﬁnding supports utilization of all wells on the culture plate in
study of magnetic inﬂuence on cultured cells to reduce cost and
increase eﬃciency in such experiments.
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