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Abstract

Magnetic nanoparticles have been used for many years as magnetic resonance imaging contrast agents. Despite the fact that there

are currently several dextran-coated iron oxide nanoparticles are in preclinical and clinical use, there is very little information

available concerning the influence such particles have on cells in culture. The prerequisite for particles employed as contrast agents is

capture and subsequent uptake by cells. This study involved the use of magnetic nanoparticles synthesised and derivatised with

dextran, compared to similar underivatised plain particles. The influence in vitro was assessed using human dermal fibroblasts and

various techniques to observe cell–particles interaction, including light and fluorescence microscopy, scanning and transmission

electron microscopy. The results indicate that although both the uncoated and the dextran-derivatised particles are uptaken into the

cell, the derivatised particles induce alterations in cell behaviour and morphology distinct from the plain particles, suggesting that

cell response is dependent on the particles coating.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Cell labelling with magnetic nanoparticles is an
increasingly common method for in vitro cell separation
as well as for in vivo imaging owing to their enhancing
signal properties in magnetic resonance imaging (MRI)
[1–3]. In addition, there are promising advances in
magnetic intracellular hyperthermia [4–6]. To date a
wide variety of magnetic nanoparticles have been
produced, differing in size (hydrodynamic particle size
varying from 10 to 500 nm) [7] and type of coating
material used, such as dextran, starch, albumin, silicones
and poly(ethyleneglycol) (PEG) [8,9]. Dextran has
proved to be one of the most common coatings utilised,
as they have proven to be long circulating with no
measurable reported toxicity index LD50 [10,11] and as a
result, some preparations are currently being used in
clinical trials [12]. Dextran derivitised nanoparticles are
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classified into two main groups according to their size,
as this affects plasma half-life and biodistribution [13].
Biologically speaking, the main requirement for MRI

is that the cells efficiently capture the magnetic particles
they are exposed to, and subsequently internalise them.
Most current labelling techniques use one of two
approaches: (1) attaching magnetic nanoparticles to
the cell surface or (2) internalising the nanoparticles by
fluid phase endocytosis, receptor mediated endocytosis
or phagocytosis [14–16]. The endocytotic process can be
broken down into several main steps that include
membrane invagination, clathrin coated pit formation,
detachment of the newly formed vesicle via action of the
small GTPase dynamin and finally movement of this
new endocytic compartment away from the plasma
membrane into the cytosol [17].
Previous studies have reported cellular uptake of

dextran-coated nanoparticles varying from 0.011 to
0.118 pg of iron per cell (1 h incubation at 37�C) in
various tumour cells and a maximum load of 0.97 pg in
primary isolated peritoneal mouse macrophages
[11,18,19]. If a cell can be sufficiently loaded with
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magnetic material, then MRI can also be adopted for
use in cell tracking, as it can have a resolution of 20–
25 mm, approaching the size of a single cell [20].
There is very little information in the literature,

however, concerning the effect of such loading on cell
behaviour, with most studies only concerned with the
fate of the particles with regards uptake after several
hours incubation [1,18]. This paper therefore aims to
investigate the influence of such dextran derivatised
(DD) magnetic nanoparticles on cells in vitro for up to
48 h, well after particle internalisation should have
occurred. The iron oxide nanoparticles (8–15 nm) were
synthesised and derivatised with dextran, producing
stable fluids of neutral pH. The influence in vitro was
assessed, and compared to underivatised particles, in
terms of cell viability/apoptosis, cell morphology,
particle uptake, observation of cytoskeleton (F-actin
and tubulin), rac and clathrin localisation, and cell
motility.
The findings show that the underivatised particles

appeared to be largely internalised by the fibroblasts,
contributing to eventual cell death, possibly through
apoptotic means. The DD particles followed a similar
fate with regards uptake and possible cell death, a
surprising response given the literature regarding LD50

indexes. There were also several changes evident in cell
behaviour, particularly with cell morphology/cytoskele-
tal organisation and cell motility. Such findings indicate
the importance of understanding nanoparticle–cell
interactions prior to use in in vivo situations.
2. Materials and methods

2.1. Nanoparticle synthesis

Magnetite nanoparticles of approximately 10 nm
diameter were precipitated in alkali solution from
solutions of Fe(II) and Fe(III) chloride according to
the standard co-precipitation technique of Reimers and
Khalafalla [21].
Magnetite nanoparticles of approximately 8 nm dia-

meter stabilised with dextran in water were prepared in
situ by co-precipitation from an iron salt–dextran
solution. This method was based on the work of
Molday and McKenzie [22]. Immediately following
dextran stabilisation, samples were dialysed against
deionised water using MWCO 50 000 dialysis tubing
for 4–5 days, with water changes twice daily, with
constant monitoring of the conductivity until it falls
below 10 mS/cm.

2.2. Nanoparticle size determination

The average particle size and distribution were
determined using two individual methods. Initial ob-
servations were done via transmission electron micro-
scopy (TEM, Zeiss 902, voltage �80 kV). The aqueous
dispersion of the particles was drop cast onto a carbon
coated copper grid, which was subsequently air dried at
room temperature before loading into the microscope.
Additionally, the nanoparticle size, and magnetic

properties, were assessed using a vibrating sample
magnetometer (LRL) on liquid samples.

2.3. Cell culture

Infinityt Telomerase Immortalised primary human
fibroblasts (hTERT-BJ1, Clonetech Laboratories, Inc.
USA) were seeded onto glass coverslips (13mm dia-
meter) at a density of 1� 104 cells per disk in 1ml of
complete medium. The medium used was 71% Dulbec-
cos Modified Eagles Medium (DMEM) (Sigma, UK),
17.5% Medium 199 (Sigma, UK), 9% foetal calf serum
(FCS) (Life Technologies, UK), 1.6% 200mm l-
glutamine (Life Technologies, UK) and 0.9% 100mm

sodium pyruvate (Life Technologies, UK). The cells
were incubated at 37�C with a 5% CO2 atmosphere for
24 h. At this time point the cells were incubated in
complete medium supplemented with 0.05mgml�1 DD
and underivatised plain (P) nanoparticles for a further
24–48 h. All control cells were cultured in the absence of
any particles.

2.4. Cell viability/apoptosis

An annenin V detection kit (Sigma) was employed to
assess cell viability and apoptosis. The kit comprised of
two individual stains; the binding of annexin V dye
(AnnCy3—red fluorescence) to phosphatidylserine pre-
sent in the outer membrane of cells that are starting the
apoptotic process [23] and 6-carboxyfluorescein diace-
tate (6-CFDA—green fluorescence) to assess cell viabi-
lity. This allowed differentiation between apoptotic and
necrotic cells (apoptotic appearing yellow). After 48 h of
incubation with the nanoparticles, the cells were washed
in the kit binding buffer prior to being incubated in both
AnnCy3 and 6-CFDA (diluted as directed in buffer) for
10min at room temperature. Samples were then washed
in buffer and immediately viewed by fluorescence
microscopy (Vickers M17) with images captured using
a Hamamatsu Argus 20. In addition, apoptosis was
induced with prior incubation in staurosporin as a
positive control [24,25]. The total number of apoptotic
cells in each cell population were counted and expressed
graphically.

2.5. Scanning electron microscopy (SEM) of cell

morphology

The cells were fixed with 1.5% gluteraldehyde (Sigma,
UK) buffered in 0.1m sodium cacodylate (Agar, UK)
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Fig. 1. TEM Image of (a) P particles and (b) DD particles.
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(4�C, 1 h) after a 24 h incubation in the nanoparticles.
The cells were then post-fixed in 1% osmium tetroxide
for 1 h (Agar, UK) and 1% tannic acid (Agar, UK) was
used as a mordanant. Samples were dehydrated through
a series of alcohol concentrations (20%, 30%, 40%,
50%, 60%, 70%), stained in 0.5% uranyl acetate,
followed by further dehydration (90%, 96%, 100%
alcohol). The final dehydration was in hexamethyl-
disilazane (Sigma, UK), followed by air-drying. Once
dry, the samples were coated with gold before examina-
tion with a Hitachi S800 field emission SEM at an
accelerating voltage of 10 keV.

2.6. Fluorescent cytoskeletal observation and rac

localisation

After 24 h culture with the nanoparticles, cells were
fixed in 4% formaldehyde/PBS, with 1% sucrose at
37�C for 15min. The samples were then washed with
PBS, and permeabilising buffer was added at 4�C for
5min. The samples were then incubated at 37�C for
5min in 1% BSA/PBS. This was followed by the
addition of either anti-b-tubulin or anti-rac primary
antibody (1:100 in 1% BSA/PBS, monoclonal anti-
human raised in mouse (IgG1), Sigma, Poole, UK) for
1 h (37�C). Simultaneously, rhodamine conjugated
phalloidin was added for the duration of this incubation
(1:100 in 1% BSA/PBS, Molecular Probes, Oregon,
USA). The samples were then washed in 0.5% Tween
20/PBS and a secondary, biotin conjugated antibody,
(1:50 in 1% BSA/PBS, monoclonal horse anti-mouse
(IgG), Vector Laboratories, UK) was added for 1 h
(37�C) followed by more washing. A FITC conjugated
streptavidin third layer was added (1:50 in 1% BSA/
PBS, Vector Laboratories, UK) at 4�C for 30min, and
given a final wash. Samples were then viewed by
fluorescence microscope (Vickers M17) with images
captured using a Hamamatsu Argus 20.

2.7. Quantification of fluorescently labelled particle

uptake

Particle uptake was verified by fluorescently coating
the nanoparticles followed by observation using fluor-
escence microscopy. The method was adapted from a
technical immunology book [26]. Briefly, both P and
DD nanoparticles were dialysed against 0.15m sodium
chloride (3 changes of solution over 2 days), followed by
dialysis against 0.05m bicarbonate buffered saline (BBS,
pH 8.5) for 5 h and a final dialysis against 0.05m BBS
(pH 9.2) for 2 h. The particles were then dialysed against
100 mg of the fluorochrome fluorescein-5-isothiocyanate
(FITC, Molecular Probes) in 0.05m BBS (pH 9.2) for a
further 14–16 h (with the volume of the ‘chrome exactly
10 times that of the sample). Finally, the above reaction
was halted by dialysis against 0.02m phosphate buffered
saline (PBS, pH 7.0) for 2–3 h. Note that all dialysis was
performed at 4�C.
Cells were subsequently incubated in the particles for

2 h and samples viewed by fluorescence microscope
(Vickers M17) with images captured using a Hamamat-
su Argus 20. For quantification of particle uptake an in-
house method was then used that relied on ImageJ
imaging software downloaded from the National
Institute of Health (USA) (NIH Image-free download
available at http://rsb.info.nih.gov/nih-image). This
used automated detection of the intensity of stain per
image, with five cells counted for four replicates (note
that standardised illumination conditions were used
throughout). Student’s t-test (for two samples assuming
unequal varience) was used to compare statistical
significance of the control cells with those incubated in
P and DD nanoparticles (differences: �pp0.05).

2.8. Clathrin immunofluorescence

After 24 h culture with the nanoparticles, cells were
treated exactly as for cytoskeletal observation, the only
variation being that an anti-clathrin (1:50 in 1% BSA/
PBS, monoclonal anti-human raised in mouse, Biogen-
esis, UK) primary antibody was used in the initial
incubation. Samples were then viewed by fluorescence

http://rsb.info.nih.gov/nih-image
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Fig. 2. Magnetisation curves for a fluid a fluid prepared from particles

synthesised in the absence of dextran (a) and (b) a dextran stabilised.

Fig. 3. Annexin V kit fluorescent staining of (a) control untreated

cells, (b) staurosporin treated cells, (c) cells incubated with P particles

and (d) cells incubated with DD particles. Arrows denote possible

apoptotic cells. The percentage of the total number of cells that were

apoptotic were counted and expressed graphically (e).
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microscope (Vickers M17) with images captured using a
Hamamatsu Argus 20.

2.9. Time lapse recording for cell motility

Cells were seeded at 1� 104 cells per ml onto 6-well
tissue culture plates. Cells were permitted several hours
to begin adhering to the wells, prior to setting up for
video recording at 37�C during nanoparticle incubation.
Recordings were then made on S-VHS via an Alrad CV-
M50 CCD camera on a Zeiss Axiovert 25 microscope
with phase contrast objectives (� 10 magnification
used). The recording were used to track five individual
cells over a 24 h period, with an image captured every
minute and frames transferred to a computer using NIH
image. In each case the distance travelled by each cell
was averaged and the resultant cell motility speeds for
each cell were calculated and averaged.
3. Results

3.1. Magnetic nanoparticle size determination

The TEM image of the magnetic nanoparticles
was used to determine the shape, size and uniformity
of the particles (Fig. 1). The picture shows that the
particles are spherical shaped and monodispersed
with an approximate size distribution between 10 and
15 nm.
Fig. 2 shows the relative magnetisation curve as a

function of magnetic field for P and DD nanoparticles.
From the figure, no hysteresis was observed which
indicates the characteristic superparamagnetic beha-
viour of the particles. The diameter of median log
volume (Dvm) and size distribution was calculated using
the following equations based on a log-normal volume
distribution [27]:

Dvm ¼ f18kT=I1s p½wI=3Is : 1=Ho�1=2g
1=3; ð1Þ

s ¼ 1=3fLn½3wI=Isð1=HoÞ�g
1=2; ð2Þ

sred ¼ s=Dvm; ð3Þ
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Fig. 4. SEM image of (a) control cells, (b) cells incubated with P particles and (c) cells incubated with DD particles. Arrows denote membrane

disruptions.

Fig. 5. Fluorescent images of F-actin and b-tubulin, or F-actin and

rac, staining after 24 h culture of control cells (a, d: g, j) cells incubated

with P (b, e:h, k) and cells incubated with DD (c, f: I, l) respectively.

Arrows denote cell protrusions.

C.C. Berry et al. / Biomaterials 25 (2004) 5405–5413 5409
where Dvm is the diameter of median log volume, wI
the initial susceptibility; Is the saturation magnetis-
ation of the dispersion, Is

1 the saturation magnetisa-
tion of the dispersed phase, T the temperature (K),
k the Boltzmann constant, 1/Ho the intercept at the x-
axis of a tangent drawn to a plot of Magnetisation
versus 1/Field for high strength field values, s the
standard deviation and sred the reduced standard
deviation.
The diameter of median log volume was found to be

7.8 nm with a reduced standard deviation of 0.30 for
dextran (DD) particles. Similar measurements on P
particles subsequently coated in oleic acid and dispersed
in a carrier yielded values of Dvm of 9.9 nm and a
reduced standard deviation of 0.46.

3.2. Cell viability/apoptosis

The annexin V kit staining is shown in Fig. 3. The
control cells are all viable, with the staurosporin positive
control cells mostly appearing to be in the early stages of
apoptosis. Interestingly, with regards the cells exposed
to P and DD nanoparticles, although the cells are
mainly viable, there are several cells evident that also
appear to be in the early stages of apoptosis. The
percentage, through cell counts on three separate
coverslips, of viable, dead and apoptotic cells were
noted. Control cells were 100% viable, with P and DD
exposed cells being 79% and 83% viable. The remainder
percentage for P and DD nanoparticles was divided
between 7% (0.4 s.d.) dead and 14% (0.75 s.d.)
apoptotic, and 6% dead (0.35 s.d.) and 11% apoptotic
(0.86 s.d.) respectively.
3.3. SEM for cell morphology

SEM observation of cell morphology for control cells
demonstrated flattened, spread cells with lamellapodia
(Fig. 4a). Conversely, the cells exposed to P nanopar-
ticles appeared to cause disruptions to the cell surface
membrane akin to those observed during phagocytosis
[28]. Cell membranes were also disrupted in response to
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DD particles, producing extremely large cell extensions
similar to those observed with the P nanoparticles
(Fig. 4c).

3.4. Cytoskeletal and rac images

At the 24 h particle incubation, the observed F-actin
cytoskeleton was well defined with clear stress fibres for
control cells, and tubulin radiating through the cyto-
plasm to the cell periphery (Figs. 5a and d). Cells
incubated with P particles exhibited a smaller cell
morphology, with actin appearing condensed and less
organised (Figs. 5b and e). Meanwhile, the cells
incubated with DD nanoparticles, although exhibiting
clear actin fibres and tubulin radiating through the cell,
both appeared to localise in large ring structures at the
cell lamella (Figs. 5c and f).
Fig. 5 also shows F-actin and rac localisation, rac

being involved in actin organisation at the cell lamella.
Fig. 6. Fluorescent images indicating particle uptake of (a) control cells,

particles, and measurements of stain intensities, mean7s.d. (d).
Again control cells demonstrated organised actin, with
ruffles evident at the cell leading edge, and background
levels of rac (Figs. 5g and j). The cells incubated with P
nanoparticles also demonstrated actin involvement at
the cell leading edge, with rac evident through the cell
and at the cell edge (Figs. 5h and k). Cells incubated
with DD nanoparticles, however, exhibited similar
actin ring-like structures at the cell periphery as
Fig. 5c, co-localised with an increase in rac levels
(Figs. 5i and l).

3.5. Fluorescent particle uptake

Figs. 6a–c show examples of fibroblasts incubated in
fluorescently coated nanoparticles after 12 h culture. The
P and DD fluorescent particles appear to be in clusters
in the cell cytoplasm, possibly located in endocytotic
vesicles. The level of fluorescence intensity due to
particle uptake was measured via imageJ and expressed
(b) fluorescently labeled P particles and (c) fluorescently labeled DD
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Fig. 7. Fluorescent F-actin and clathrin images for (a,d) control cells,

(b,e) cells incubated with P particles and (c,f) cells incubated with DD

particles, respectively.
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Fig. 8. Graphical representation of average cell speeds measured via

time lapse microscopy (values are mean7s.d., pp0.05).

C.C. Berry et al. / Biomaterials 25 (2004) 5405–5413 5411
graphically in Fig. 6d. The level of uptake for both
particles appears similar, with no significant difference.

3.6. Clathrin immunofluorescence

Fig. 7 indicates F-actin organisation with correspond-
ing levels of clathrin, a protein intimately involved
in the endocytosis process. Clathrin levels were shown
to be elevated in cells exposed to either the P or
DD nanoparticles as compared to control cells,
particularly around the nucleus and cell periphery
respectively (Figs. 7d–f). It was noted that the DD
nanoparticles demonstrated elevated clathrin localised
to the ring-like actin structures observed previously
(Fig. 7c).

3.7. Cell motility

The average cell speeds were calculated from time
lapse video recording of cell movement over a 24 h
period and are shown in Fig. 8. The DD nanoparticles
significantly inhibited cell movement while the P
particles, although appearing to stimulate movement,
did not induce a significant response.
4. Discussion

The magnetic nanoparticles produced were found to
be in the 7–15 nm size range, well within the required
size boundaries [29,30]. In addition, it was found from
VSM studies and electron microscopy that the DD
particles were significantly smaller than the P particles.
The DD particles were precipitated from an iron salt–
dextran solution and it is likely that the presence of
dextran limits particles growth, leading to smaller values
of particle size and standard deviation observed. Similar
effects have been observed in other ferrofluids which
employ oleic acid [31].
It is always important when testing a material that

may be used in vivo to assess cell viability in case of
material induced toxicity. While necrosis is a form of cell
death resulting from direct cell damage, apoptosis is a
form of cell programmed cell death where one or more
cells effectively commit suicide [32]. The kit utilised in
this study allowed the simultaneous visualisation of
viable, necrotic and apoptotic cells in any given sample.
Dextran is not noted for its cytotoxic effects directly,
however it is known that upon internalisation, the
dextran shell on the particles can be broken down,
yielding particle chains and aggregates which may
influence cell processes [33]. This, however, would not
explain the cell death observed with the P nanoparticles.
When collated with other results (such as the fluorescent
particle uptake and the clathrin localisation), it would
suggest that the P and DD nanoparticles may be
inducing apoptosis due to massive particle internalisa-
tion [34,35].
The fluorescent labelling of the particles appears to

have proved successful, demonstrating that the cells
uptake similar levels of both P and DD nanoparticles.
The possibility does remain that the cells may have
merely internalised free fluorescence, but final dialysis
should ensure removal of the majority of unlabelled
fluorescence [27]. The mechanism of uptake for both the
uncoated and dextran coated nanoparticles is most
likely via fluid phase endocytosis, as reflected with the
increased clathrin levels at the cell peripheries. This is
further supported by a recent study which demonstrated
that dextran-coated nanoparticles internalisation was
non-saturable, and therefore not receptor mediated [1].
In addition, it has been reported that there are no
binding centres for dextran on the plasma membrane
[36,11].
Despite both the levels and methods of uptake

proving similar, the cell response observed over 48-h
incubation differed greatly. The first distinction was
demonstrated when assessing cell morphology changes
from the SEM images. Although in both cases the cell
membrane was disrupted in a fashion indicative of
endocytosis, the disruptions were far more pronounced
in response to the DD nanoparticles. Subsequent
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cytoskeletal staining showed that F-actin and b-tubulin
were structurally responsible for these large membrane
extensions. Interestingly, similar extensions are evident
in macrophages during FcgR-mediated phagocytosis
[37]. In this case, the changes in macrophage morphol-
ogy observed were due to changes in actin polymerisa-
tion in response to activation of the small GTPases rac
and Cdc42. The Rho family proteins are well known for
their effects on the actin cytoskeleton, and it is
increasingly believed that they play important roles in
the trafficking of vesicles during both endocytosis and
exocytosis [38]. Cdc42 is thought to drive vesicle
movement through Arp2/3 complex mediated actin
polymerisation at the surface of the vesicle [39], and
this is similar to what is believed to happen with rac and
Cdc42 stimulating actin polymerisation at the plasma
membrane [40]. It certainly appears that these extensions
are associated with vesicle movement as clathrin was
found co-localised with the F-actin.
Rac has also been implicated in cell motility through

mediating cytoskeletal rearrangements [41,42]. It is
reported that increases in rac signalling can promote
cell motility [43]. Indeed, increases in rac levels were
obvious in response to the DD nanoparticles, clearly
localising in the actin/tubulin extensions described. This
would suggest these extensions are also present in the
cell leading edge and implicated in cell motility, as well
as internalisation. However, on measurement of the cell
motility rates these cells actually demonstrated a
significant decrease when compared to control cells.
Cell migration is a multistep process, involving lamelli-
podium extension, formation of new adhesions and tail
detachment [44,45]. In the cells observed here, it would
appear that the first stage (lamellipodium extension) has
occurred, but the subsequent steps are inhibited. The
large extensions observed in the cells appear to protrude
in every case from the cell lamella, for which rac is
required. This would therefore explain the increased
levels of rac in this area of the cell. However, why the
following migration steps appear inhibited is unknown.
Further studies on other GTPases involved in latter
stages of cell migration may help elucidate this [46].
5. Conclusion

Dextran-coated magnetic nanoparticles have been
shown to accumulate in various types of cells after
several hours incubation in culture, and are currently in
preclinical and clinical use in intracellular hyperthermia
treatment and MRI contrast agents. However, very little
is known about the influence of the particles on cells in
longer-term culture, or the mechanism of uptake. This
paper has clearly shown that although fibroblasts
uptake the particles as required, probably through fluid
phase endocytosis, the cell behaviour is adversely
affected by internalisation, with results including possi-
ble apoptosis through internalisation, aberrations in cell
morphology and resultant decreases in cell motility.
Such findings provide important considerations when
using such preparations in vivo.
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