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Abstract

Ferumoxtran-10, a dextran-coated ultrasmall superparamagnetic iron oxide particle, has the potential to reveal macrophages in vivo

using magnetic resonance imaging potentially acting as a marker of inflammatory status. Pending clinical trials, we examined the

interactions of Ferumoxtran-10 with human monocyte-macrophages (HMMs) in vitro to assess its safety and lack of pro-inflammatory

activity. After 72 h, Ferumoxtran-10 was not toxic at 1mg/ml and may be only mildly toxic at 10mg/ml. Viability in cells with a high

intracellular Ferumoxtran-10 load was not affected over 14 days. Ferumoxtran-10 did not interfere with baseline or stimulated cytokine

(interleukin-12, interleukin-6, tumour necrosis factor-a or interleukin-1b) or superoxide anion production or with Fc-receptor-mediated

phagocytosis. Similarly, Ferumoxtran-10 did not induce cytokine production and was not chemotactic. High-resolution electron

microscopy and selected-area electron diffraction confirmed the core of Ferumoxtran-10 is composed of crystalline magnetite. Bright

field transmission electron microscopy of thin sections demonstrated that Ferumoxtran-10 was retained in lysosomes of HMM for

several days. Ferumoxtran-10 is not toxic to HMMs in vitro, does not activate them to produce pro-inflammatory cytokines or

superoxide anions, is not chemotactic and does not interfere with Fc-receptor-mediated phagocytosis. Furthermore, extremely high

intracellular Ferumoxtran-10 concentrations had only slight or no effects on these key activities.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Paramagnetic and superparamagnetic iron oxide parti-
cles have the potential to be widely used as contrast
materials for magnetic resonance imaging (MRI) in a
number of clinical applications [1,2]. In the research
setting, the potential of cell labelling by magnetic
nanoparticles in vitro followed by MRI tracking in vivo is
e front matter r 2006 Elsevier Ltd. All rights reserved.
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being investigated for stem cell therapy [3]. Iron oxide
nanoparticles vary in their particle sizes and types of
surface coating, which affect their blood half-life, biodis-
tribution and extent of uptake [4–7]. In vivo, large iron
nanoparticles tend to have a short blood half-life and are
quickly removed by macrophages of the liver and spleen
[4]. In contrast, small nanoparticles have longer blood
residence times and mainly end up in lymph node
macrophages or in peripheral tissue macrophages [5,8],
enabling macrophage detection in a number of pathologi-
cal inflammatory conditions [9,10].
Ferumoxtran-10 (Sinerems, Guerbet, France, Combi-

dexs, Advanced Magnetics, USA) is an ultrasmall
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superparamagnetic particle of iron oxide (USPIO) cur-
rently being evaluated for the diagnosis of lymph node
metastases by contrast-enhanced MRI [1]. Ferumoxtran-10
particles are composed of monocrystalline magnetite
(Fe3O4) cores of about 5 nm diameter, which are coated
with a low-molecular-weight dextran giving them a
hydrodynamic diameter of about 30 nm [11,12]. Their
small particle size and dense, non-ionic dextran coating
were designed to minimize opsonization and subsequent
uptake by liver and spleen macrophages. Consequently,
Ferumoxtran-10 has a long blood half-life of about 30 h in
humans [13]. In atherosclerosis, plaque composition is
emerging as a potentially more important determinant of
plaque instability than degree of stenosis, with high-risk
plaques characterized by focal accumulation of activated
macrophages, large lipid cores and thin fibrous caps.
Ferumoxtran-10 has been used successfully to identify
high-risk, macrophage-rich, atherosclerotic plaques in
animal models [14] and in humans [10,13]. In carotid
atherosclerosis, MRI signal loss after Ferumoxtran-10
infusion was associated with iron oxide particle accumula-
tion in lesions, probably within lesion macrophages [10,13].

Ferumoxtran-10 could be used in clinical trials to
evaluate the therapeutic benefit of anti-inflammatory drugs
in patients bearing high-risk atherosclerotic plaques. It is
imperative to understand the interactions of this USPIO
with human macrophages. In this in vitro study, we
concentrate on the effects of Ferumoxtran-10 on some
key activities of human monocyte-macrophages (HMMs),
such as viability, activation (cytokine production and
oxidative burst) and motile behaviour. In general, two
experimental approaches were used: firstly, key activities
were measured during or immediately after incubation with
Ferumoxtran-10; secondly, cells were pre-loaded with
Ferumoxtran-10 to ensure a high intracellular iron load
and key activities were then measured in the absence of
extracellular nanoparticles. The crystalline nature of the iron
core of Ferumoxtran-10 was confirmed by high-resolution
transmission electron microscopy (HRTEM) and selected-
area electron diffraction (SAED) and its subcellular
distribution and retention in HMMs for up to 10 days
post-exposure was studied by bright field transmission
electron microscopy (BFTEM) of thin plastic sections.

2. Methods

2.1. Isolation and culture of HMMs

HMMs were obtained by in vitro culture of human monocytes isolated

from human buffy coat residues (National Blood Service, Brentwood,

UK). Buffy coat residue was washed once with phosphate-buffered saline

(PBS) and the resulting cell sediment was mixed with an equal volume of

fresh PBS. Thirty millilitres of diluted buffy coat residue was layered onto

15ml of LymphoPrep (Axis-Shields, Oslo, Norway) and after centrifuga-

tion at 20 1C for 30min at 700g the opaque interphase of mononuclear

cells was removed and washed three times with PBS containing 4mg/ml

bovine serum albumin (BSA) to remove platelets. Then, monocytes were

enriched by an additional centrifugation step in a Percoll gradient [15].

Mononuclear cells were resuspended in 4ml of PBS and mixed with 8ml
of Percoll: Hanks’ Balanced Salt Solution (10� concentrate) (6:1, at pH

7.0). After centrifugation at 20 1C for 30min at 450g, the monocytes were

collected from the top of the gradient, washed in PBS/BSA and seeded in

24- and 48-well tissue culture plates at about 1–2� 106 cells/well and

0.5–1� 106 cells/well respectively using Macrophage Serum-Free Medium

(Mø-SFM) (Invitrogen, Paisley, UK) unless otherwise stated. For

microscopy, cells were seeded on ethanol-sterilized glass coverslips in

50ml culture medium at a density of about 2.5–5� 105 cells/coverslip.

After incubation for 1 h at 37 1C, any remaining non-adherent cells were

removed by washing twice with PBS. Adherent monocytes were cultured

at 37 1C in humidified air/5% CO2 using Mø-SFM supplemented with

100U penicillin and 100mg/ml streptomycin for at least 6–7 days prior to

experiments unless stated otherwise, renewing the culture medium twice a

week.

2.2. Incubation of HMMs with Ferumoxtran-10

Ferumoxtran-10 was supplied in sterile glass vials as a dry powder and

was resuspended in sterile 0.9% saline to give a stock concentration of

100mg/ml. Ferumoxtran-10 stocks were sonicated before dilution into

Mø-SFM culture medium to ensure even particle suspension. In some

experiments, Ferumoxtran-10 was pre-incubated with a high-molecular-

weight poly-L-lysine (PLL, 4300 kDa; Sigma P-1524) in order to enhance

uptake [16]. Briefly, PLL was diluted in Mø-SFM at 1:1000 to give a

concentration of 1.5mg/ml. Ferumoxtran-10 was added at double the

concentration required for the experiment and after incubation for 1 h at

room temperature (RT), an equal volume of Mø-SFM was added prior to

incubation with the cells resulting in a PLL-concentration of 0.75 mg/ml.

In some experiments, HMMs were incubated with FeCl3 for comparison.

Concentrations of Ferumoxtran-10 and FeCl3 given in the text refer to the

concentration of iron within the compounds.

2.3. Ferrozine assay

Iron concentrations were measured using the ferrozine assay [17].

Following incubations, cells were thoroughly washed three times with PBS

and resuspended in 500ml of 0.01 N HCl. Samples were mixed with 250ml
of reagent A (4.5% KMnO4 and 1.2 N HCl mixed at equal volumes just

before use) and incubated at 60 1C for 2 h. The reaction mixture was

allowed to cool down to RT before addition of 50ml of reagent B (6.5mM

ferrozine, 13.1mM neocuproine, 2 M ascorbic acid, 5M ammonium

acetate). Absorbance of samples was read at 570 nm using a BioRad

microplate reader and concentrations calculated using a standard curve

prepared with ferrous ethylenediammonium sulphate in 0.01 N HCl,

ranging from 0 to 6mgFe/ml.

2.4. Neutral red and (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide) (MTT) assays

Viability of HMMs was assessed using the Neutral Red and MTT

assays. Following incubations, sample solutions were removed and

Neutral Red was added at 40mg/ml in Mø-SFM for 3 h at 37 1C, whereas

MTT was added at 0.5mg/ml in medium for 2 h at 37 1C. Then, cells were

rinsed with PBS and 500ml extracting solution (50% ethanol, 1% glacial

acetic acid for Neutral Red; 0.04M HCl in isopropanol for MTT/

formazan) was added to each well. Plates were incubated for 15min at RT

to dissolve the dyes and 200ml of dye extract was transferred to 96 well

plates. Absorbance was measured at 570 nm using a BioRad microplate

reader and cell viability was expressed in % based on a no additions (NA)

control.

2.5. Cytokine assays

For the cytokine assays, HMMs were transferred to RPMI1640

medium containing 10% foetal calf serum (FCS) as lipopolysaccharide

(LPS) may require the presence of serum proteins to activate cells. LPS
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055:B5 (Sigma) and phorbol myristate acetate (PMA) were used as

positive controls for inducing cytokine production at 10 nM and 1 mg/ml,

respectively. Concentrations of IL-12, IL-6, TNF-a and IL-1b in HMM

culture supernatants were measured using the respective Quantikine

Immunoassay kits (R&D systems, Abingdon, UK) according to the

suppliers’ instructions. Culture supernatants were removed at various time

points during incubations (0, 6, 24 and 48 h) and spun at RT for 5min in a

tabletop centrifuge in order to remove any detached cells. Supernatants

were transferred to fresh tubes and stored at �20 1C until analysis.

Cytokine concentrations in the supernatants were calculated using internal

standard curves and results are expressed as ratios based on the respective

0 h-values.

2.6. Nitro blue tetrazolium (NBT) assay for oxidative burst

The formation of superoxide anions during the oxidative burst was

assessed using the NBT assay, which measures the conversion of NBT to

blue formazan [18]. HMMs were incubated with Mø-SFM containing

50 mM NBT, with or without 0.4mg/ml Ferumoxtran-10 in the absence or

presence of 50 nM PMA for 4 h at 37 1C. Monolayers were washed with

PBS, washed in absolute ethanol and allowed to air dry. Formazan was

solubilized by adding 300ml of KOH/dimethylsulphoxide (DMSO) per

well (mix 1 part of 2M KOH with 1.167 parts of DMSO just before use)

and absorbance was measured at 630 nm using a BioRad microplate

reader. Results were expressed as a percentage of the NA-control.

Alternatively, HMMs were pre-loaded with 0.2 or 0.4mg/ml Ferumox-

tran-10 for 4 days prior to incubation with Mø-SFM/50 mM NBT for 4 h in

the absence or presence of 50 nM PMA.

2.7. Chemotaxis

Chemotaxis assays were performed in a 48-well chemotaxis chamber

(Neuro Probe Inc., Cabin John, USA) using polycarbonate filters of 5 mm
pore size. Unless stated otherwise, Mø-SFM was used for the dilution of

cells and chemoattractants. Briefly, 30ml chemoattractant (Ferumoxtran-

10 or formyl-methionyl-leucyl-phenylalanine (fMLP)) were placed in the

bottom wells and 50ml monocyte suspension (about 1� 106 cells/ml) was

placed in the top wells. Then, the chamber was incubated at 37 1C for

90min. The filter was stained using Diff-Quik (Dade Behring Inc.,

Newark, USA) staining kit and non-migrated cells were gently removed

with a cotton bud. After air-drying the filter was mounted on a glass slide

using a few drops of oil and migrated cells were counted using a graticule.

For each field, 2 representative graticule areas (0.25mm2 each) were

counted at a magnification of � 400. The chemotactic index represents:

number of migrated cells with chemoattractant/number of migrated cells

in NA-sample. fMLP was used as a positive control for chemotaxis at a

concentration of 10 nM.

When Ferumoxtran-10 was used as the chemoattractant, HMMs were

used at 1� 106 cells/ml immediately after isolation. In the Ferumoxtran-

10-preloading experiments, freshly isolated monocytes were seeded in T25-

flasks and incubated for 1 h at 37 1C. Non-adherent cells were washed off

with PBS and cells were incubated for 4 days with Mø-SFM in the

‘untreated’ cell sample and with 0.4mg/ml Ferumoxtran-10 in the

‘Ferumoxtran-10-treated’ group. Cells were gently scraped and washed

three times with PBS to remove old medium or Ferumoxtran-10. Cell

suspensions were brought to 1� 106/ml with Mø-SFM and used for the

chemotaxis assay using fMLP at various concentrations as the chemoat-

tractant. Remaining cells were counted and used for the ferrozine assay.

2.8. Fc-receptor-mediated phagocytosis

The phagocytic activity of mature HMMs was assessed by measuring

the uptake of fluorescently labelled bacteria (AlexaFluor488-Escherichia

coli K12, Molecular Probes, Eugene, USA). Prior to the assay, bacteria

were opsonized for 1 h at 37 1C using a specific opsonizing reagent

(polyclonal rabbit anti-E. coli antibody, Molecular Probes, Eugene, USA).
Opsonized bioparticles were added to HMMs at a ratio of 50:1 and

incubated at 37 1C for up to 4 h. Cells were washed with PBS to remove

non-ingested bioparticles and fixed with 4% formaldehyde/piperazine-1,4-

bis-2-ethanesulfonic acid (PIPES) for 30min at 4 1C. Fixative was removed

by washing with PBS and cells were scraped, transferred to flow cytometry

tubes and stained with 40 mg/ml propidium iodide (PI). Phagocytosis was

assessed by flow cytometry on a Becton Dickinson Flow Cytometer using

CellQuest software (Franklin Lakes, USA). A live gate was set to select PI-

positive cells and to exclude cell fragments due to scraping. The size and

the mean fluorescent intensity of the fluorescent cell population was

measured using quadrant statistics in a forward scatter dot blot and

unstained cells as a control. Phagocytosis assays were performed either

with untreated cells in the presence of 0.1–5mg/ml Ferumoxtran-10 or in

the absence of nanoparticles with HMMs pre-incubated with 0.4mg/ml

Ferumoxtran-10 for 4 days prior to the assay.
2.9. Electron microscopy

For SAED and HRTEM, Ferumoxtran-10 was re-suspended in DIW

and 10mL droplets were dropped onto holy carbon film grids (Agar

Scientific). They were examined in a JEOL 200CX TEM operated at

200 kV. SAED patterns were collected using a camera length of 1m.

HRTEM images were obtained using a JEOL 4000EX TEM operated at

400 kV.

For BFTEM, HMM were incubated with 0.8mg/ml Ferumoxtran-10

for 48 h, rinsed several times to remove residual Ferumoxtran-10 and

cultured for 1–10 days prior to fixation. At each time point cells were fixed

for 1 h at 4 1C in 4% glutaraldehyde in 0.1M PIPES buffer containing

3mM CaCl2. A small volume of H2O2 was added to the fixative, at a final

concentration of 0.3% as an oxygen donor, to improve the efficiency of

fixation [19,20]. Subsequently, cells were rinsed three times in PIPES

buffer, scraped using a cell scraper and washed once more with PIPES

buffer. Then, cells were treated with graded solutions of ethanol (70%,

95%, and 100%) for 5min in each solution. Samples were infiltrated under

vacuum in LR white (Agar Scientific, Stansted, UK) for 3 days. The LR

white was changed every 24 h. Samples were then cured in fresh LR white

for 23 h at 60 1C. Osmication was omitted to make the Ferumoxtran-10

particles more visible and to avoid any chemical reaction or metal

substitution with the iron core. Thin sections (50–70nm) were cut using a

Leica Ultracut UCT, mounted on bare 300 mesh copper grids and viewed

unstained in a FEI-Philips CM100 operated at 80 kV in bright field mode.

A 10 mm objective aperture was used to improve contrast of unstained

sections. Some sections were stained with alkaline bismuth [21].
3. Results

3.1. Uptake of Ferumoxtran-10 by HMMs

We used Mø-SFM for routine cell culture as this
medium is specifically designed for the culture of mono-
cyte-macrophages without requiring the use of foetal calf
serum. Incubation of HMMs with increasing concentra-
tions of Ferumoxtran-10 led to a linear increase of
intracellular iron content as measured by the ferrozine
assay (Fig. 1a). HMMs incubated with 2mg/ml Ferumox-
tran-10 for 48 h contained 15.175.7 pg iron/cell, whereas
cells receiving medium only (NA) contained 1.870.55 pg
iron/cell. Staining of HMMs, which had been exposed to
Ferumoxtran-10 (0.1–0.4mg/ml), using Perls’ Prussian
Blue specific for iron revealed a heterogeneous pattern
within the culture, with some bright blue cells containing
lots of iron and virtually unstained cells containing only
little iron. On average, 83.978.85% of HMMs within a
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Fig. 1. Uptake of iron by human monocyte-macrophages (HMM).

(a) HMMs were incubated with medium only or with the indicated

concentrations of Ferumoxtran-10 in Macrophage Serum Free Medium

(Mø-SFM) for 48 h. Then, Ferumoxtran-10 was removed and the cellular

iron content was measured using the ferrozine assay. Values are based on

the no additions (NA) medium controls and represent the mean7standard

deviation (SD) of six experiments performed as single estimations.

*pp0.001 when compared to the NA-control. (b) HMMs were incubated

with medium only or with the indicated concentrations of FeCl3 in Mø-

SFM for 24 h. Then, cells were washed and the cellular iron content was

measured using the ferrozine assay. Values are based on the no additions

(NA) medium controls and represent the mean7SD of four experiments

performed as single estimations. *pp0.001 when compared to the NA-

control. (c) Mature HMMs were incubated with 0.4mg/ml Ferumoxtran-

10 in Mø-SFM (black bars), with 0.4mg/ml Ferumoxtran-10 complexed

to PLL in Mø-SFM (grey bars) or with 0.4mg/ml Ferumoxtran-10 in

RPMI1640+10% foetal calf serum (FCS) (white bars) for up to 72 h.

Cellular iron content was measured using the ferrozine assay. Values

represent the mean7SD of six experiments in single estimations.
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culture stained Perls’-positive as judged by light micro-
scopy. However, staining intensity and percentage of
Perls’-positive cells increased with increasing Ferumox-
tran-10 concentrations and increasing incubation times.
Incubation of cells with FeCl3 also led to an increase in

intracellular iron, which was linear at low concentrations
(Fig. 1b). At higher concentrations of FeCl3 the intracel-
lular iron content increased more slowly, which may be due
to toxicity (see below). HMMs incubated with 5.6 mg/ml
FeCl3 for 24 h contained 40.2736.4 pgFe/cell, whereas
control cells (NA) contained 2.671.9 pgFe/cell.
In a separate experiment, the effect of various culture

conditions on Ferumoxtran-10 uptake was assessed.
HMMs were incubated with 0.4mg/ml Ferumoxtran-10
using Mø-SFM or RPMI+10% FCS to take into account
a potential opsonizing effect of serum on particle uptake.
Furthermore, Ferumoxtran-10 was pre-incubated with the
transfection agent PLL prior to the addition to the cells in
Mø-SFM, which enhances Ferumoxtran-10 uptake [22].
Iron content of HMMs increased over time using each of
these culture conditions (Fig. 1c). After 72 h, iron content
was 8.673.2 pgFe/cell for PLL/Mø-SFM, 6.573.5 pgFe/
cell for Mø-SFM and 2.671.2 pgFe/cell for RPMI1640-
FCS. Control cells (NA) contained 1.270.3 pgFe/cell.

3.2. Effect of Ferumoxtran-10 on HMM viability

In order to examine the acute toxicity of Ferumoxtran-
10 to HMMs, cells were incubated with Ferumoxtran-10 in
Mø-SFM at concentrations ranging from 0.0001 to 10mg/
ml and cell viability was assessed after 24, 48 or 72 h using
the Neutral Red assay (Fig. 2a). Although slight fluctua-
tions in Neutral Red uptake were seen at various
Ferumoxtran-10 concentrations, a consistent decrease
was only seen with 10mg/ml Ferumoxtran-10. At this very
high concentration, Neutral Red uptake was reduced by
about 20–30%. However, increasing incubation times did
not exacerbate this decrease and it seems unlikely, there-
fore, to be a genuine toxic effect. Similarly, after 72 h a
significant decrease in dye reduction was only observed at a
concentration of 10mg/ml Ferumoxtran-10 using the MTT
assay, whereas all other concentrations were innocuous
(Fig. 2b). However, no obvious signs of cytotoxicity were
discernable by light microscopy. It may be possible that at
extremely high concentrations, intracellular Ferumoxtran-
10 accumulation interferes with the uptake of the Neutral
Red and MTT dyes into the lysosomes and with the
enzymatic conversion of MTT to formazan in the
endosome/lysosome compartment. Overall, our results
suggest that after 72 h Ferumoxtran-10 is not toxic to
HMMs at concentrations of up to 1mg/ml and may be
only mildly toxic at the extremely high concentration of
10mg/ml. Similar results were obtained when Ferumox-
tran-10 was given using RPMI1640+10% FCS or in Mø-
SFM after prior treatment of Ferumoxtran-10 with PLL
(not shown). In contrast, FeCl3 was significantly toxic to
HMMs (Fig. 2c). At the top concentration of 5.6 mg/ml
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Fig. 2. Short-term toxicity of Ferumoxtran-10 to human monocyte-macrophages (HMM). HMMs were incubated with the indicated concentrations of

Ferumoxtran-10 (a, b) or FeCl3 (c) in Macrophage Serum-Free Medium for 24 h (black bars), 48 h (grey bars) or 72 h (white bars). Then, cell viability was

assessed using Neutral Red assay (a, c) or the MTT assay (b). Values represent the mean7SD of two (a), three (b) or five (c) experiments performed in

triplicate. *pp0.001.
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FeCl3, HMM viability was reduced to 64.1727.1% after
24 h and to 44.7724.2% after 48 h.

Long-term toxicity of Ferumoxtran-10 was examined by
pre-loading HMMs with 0.4mg/ml Ferumoxtran-10, in
Mø-SFM, for 4 days to ensure a high intracellular iron
content. Ferumoxtran-10-preloading of HMMs under
these conditions resulted in an intracellular iron content
of 20.970.69 pg/cell, which was 9.15 times the iron content
of control cells. Subsequently, Ferumoxtran-10 was
removed and replaced by fresh Mø-SFM. Then, cell
viability was assessed over the following 14 days and
compared to cells, which had not been pre-treated with
Ferumoxtran-10 (Fig. 3). No significant difference in cell
viability over 2 weeks was observed between Ferumoxtran-
10-pretreated cells and control cells.

4. Effect of Ferumoxtran-10 on HMM activation

Two different endpoints were monitored to examine the
effect of Ferumoxtran-10 on HMM activation: cytokine
production and generation of superoxide anions during the
oxidative burst.
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4.1. Effect of Ferumoxtran-10 on HMM cytokine

production

The direct effect of Ferumoxtran-10 on cytokine
production was assessed by incubating cells with medium
only or with 0.4mg/ml Ferumoxtran-10 in the presence or
absence of 10 nM PMA or 1 mg/ml LPS for up to 48 h
(simultaneous incubations). After 48 h, cellular iron con-
tents were 0.99 pg/cell for medium, 1.56 pg/cell for PMA,
1.5 pg/cell for LPS, 6.12 pg/cell for Ferumoxtran-10,
20.95 pg/cell for Ferumoxtran-10+PMA and 7.29 pg/cell
for Ferumoxtran-10+LPS, indicating that activation of
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experiments, each performed in triplicate.
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Fig. 4. Production of cytokines by human monocyte-macrophages (HMM) dur

with culture medium only (black bars) or with 0.4mg/ml Ferumoxtran-10 (

supernatants were measured by immunoassay. Results represent the mean7S
HMMs with PMA increases Ferumoxtran-10 uptake. The
effect of Ferumoxtran-10 on cytokine production in
unstimulated cells (no PMA or LPS) is shown in Fig. 4.
The presence of 0.4mg/ml Ferumoxtran-10 did not elicit
production of IL-12, IL-6, TNF-a or IL-1b that was
significantly different from the medium control.
In contrast, our positive controls for cytokine produc-

tion, PMA and LPS, significantly increased cytokine
production. After 48 h with PMA, TNF-a concentration
was 649575145 pg/ml, IL-1b concentration was 2087
49 pg/ml and IL-6 was 903672906 pg/ml as compared to
5987569, 975 and 14087743 pg/ml in the respective
medium control. PMA did not induce IL-12. After 48 h
with LPS, TNF-a concentration was 368172463 pg/ml, IL-
1b concentration was 70751 pg/ml and IL-6 concentration
was 18479712165 pg/ml. LPS was also a poor inducer of
IL-12. The presence of Ferumoxtran-10 did not signifi-
cantly alter cytokine production stimulated by PMA or
LPS (not shown).
Alternatively, HMMs were pre-loaded with 0.4mg/ml

Ferumoxtran-10 for 4 days in Mø-SFM to ensure a high
intracellular Ferumoxtran-10 load. Then, Ferumoxtran-10
was removed and the cells were subsequently incubated
with medium only (RPMI1640+10% FCS), with 10 nM
PMA or with 1 mg/ml LPS for up to 48 h. Cellular iron
contents after 4 days were on average 2.42 pg/cell in the
medium only samples and 17.9 pg/cell in the Ferumoxtran-
10-samples ( ¼ 7.55�NA). No significant differences in
IL-12, IL-6, TNF-a or IL-1b production was observed
between control cells and Ferumoxtran-10-preloaded cells
over 48 h, no matter whether the cells were unstimulated
(not shown) or stimulated with PMA (Fig. 5, left column)
or LPS (Fig. 5, right column).
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Fig. 5. Production of cytokines after pre-incubation of human monocyte-macrophages (HMM) with Ferumoxtran-10. HMMs were pre-incubated with

0.4mg/ml Ferumoxtran-10 for 4 days. Then, Ferumoxtran-10 was removed and cells were incubated with medium only (not shown), with 10 nM phorbol

myristate acetate (PMA) (left column) or with 1 mg/ml lipopolysaccharide (LPS) (right column). Then, cytokine concentrations in culture supernatants

were measured by immunoassay. Results represent the mean7SD of three experiments, each performed in duplicate.
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4.2. Effect of Ferumoxtran-10 on oxidative burst

The effect of Ferumoxtran-10 on superoxide anion
production of HMMs during the oxidative burst was
measured using the NBT assay. The direct effect of
Ferumoxtran-10 was measured by incubating cells with
medium only or with 0.4mg/ml Ferumoxtran-10 in the
absence or presence of 50 nM PMA for 4 h at 37 1C. PMA
significantly stimulated superoxide anion production by
227% and 230% in the absence and presence of Ferumox-
tran-10, respectively. Ferumoxtran-10 on its own did not
modify superoxide anion production significantly com-
pared to controls (Fig. 6a). After 4 h, HMMs incubated
with Ferumoxtran-10 contained 4.02 pgFe/cell, whereas
cells incubated with Ferumoxtran-10+PMA contained
11.3 pgFe/cell. Again, activation of HMMs by PMA
increased the uptake of Ferumoxtran-10.
The effect of a high intracellular Ferumoxtran-10 load

on superoxide anion production is shown in Fig. 6b.
HMMs were incubated for 4 days with medium only, or
with 0.2 or 0.4mg/ml Ferumoxtran-10. After Ferumox-
tran-10 removal the production of superoxide anions over
4 h was measured in the absence or presence of 50 nM
PMA. Control cells contained 4.15 pgFe/cell, whereas
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Fig. 6. Effect of Ferumoxtran-10 on superoxide anion production by

human monocyte-macrophages (HMM). HMMs were incubated with

Macrophage Serum-Free Medium containing 50 mM NBT only (no

additions (NA) control) or with 0.4mg/ml Ferumoxtran-10 (Fox) in the

absence or presence of 50 nM PMA for 4 h at 37 1C. Then, formazan

production was measured at 630 nm (a). Results are expressed in % based

on the NA-value and represent the mean7SD of seven experiments

performed as single estimations. Alternatively, HMMs were incubated

with medium only or with 0.2 or 0.4mg/ml Ferumoxtran-10 for 4 days.

Then, Ferumoxtran-10 was removed and cells were incubated with 50mM
nitroblue tetrazolium (NBT) in the absence or presence of 50 nM PMA for

4 h at 37 1C. Then, formazan production was measured at 630 nm (b).
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HMMs incubated with 0.2mg/ml or 0.4mg/ml Ferumox-
tran-10 contained 13.5 and 21.8 pgFe/cell, respectively.
There was no significant difference in superoxide anion
production between control cells and cells that had been
preloaded with 0.2 or 0.4mg/ml Ferumoxtran-10, no
matter whether cells were stimulated with PMA or not.
As before, PMA led to a significant increase in superoxide
anion production.

4.3. Effect of Ferumoxtran-10 on chemotaxis

Ferumoxtran-10 was monitored for chemoattractant
activity to freshly isolated monocytes at a concentration
range of 0.1 ng/ml–10mg/ml using Mø-SFM (Fig. 7a).
Ferumoxtran-10 was not significantly chemotactic at any
of the concentrations tested, whereas fMLP had significant
chemoattractant activity with a chemotactic index of about
1.93. At 10mg/ml Ferumoxtran-10 a significant decrease of
cell migration of 34.8% was observed. Similar results were
obtained when RPMI1640+0.25% BSA was used as the
assay medium or when Ferumoxtran-10 was complexed
with PLL prior to the assay (not shown).
The effect of Ferumoxtran-10 on chemotaxis was also

examined by loading freshly isolated monocytes with
0.4mg/ml Ferumoxtran-10 for 4 days and comparing their
chemotactic activity towards various concentrations of
fMLP with that of untreated cells (Fig. 7b). On average,
the iron content after 4 days of cultivation was 0.44 pg/cell
in the untreated cell sample and 5.89 pg/cell in the
Ferumoxtran-10-treated cell sample. This cellular iron
content is noticeably lower compared to our other
experiments. This is probably due to using monocytes
(Ferumoxtran-loading between day 0–4 in culture) for
chemotaxis as opposed to mature HMMs.
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Both untreated and Ferumoxtran-10-pretreated cells
showed significant chemotaxis towards fMLP at all the
concentrations tested. However, the chemotactic response
of Ferumoxtran-10-preloaded cells towards fMLP was
significantly lower than that of untreated control cells. This
decrease was not due to a difference in cell density between
untreated and Ferumoxtran-10-pretreated cells as the basic
rate of migration in the medium control (no fMLP) was
not significantly different between the two cell populations
(125 cells in untreated vs 168 in Ferumoxtran-10-treated
sample in two high-power fields.

4.4. Phagocytosis

The effect of Ferumoxtran-10 on Fc-receptor-mediated
phagocytosis was studied by flow cytometry monitoring
the uptake of fluorescent E. coli bacteria opsonized with
an anti-E. coli antibody. The presence of 0.1–5mg/ml
Ferumoxtran-10 over 4 h did not significantly affect
phagocytosis, no matter whether mean fluorescence in-
tensity of phagocytic cells (Fig. 8a) or the % of phagocytic
cells in the cell population was assessed (Fig. 8b).

After incubation with Ferumoxtran-10 for 4 days, the
intracellular iron content of HMMs was on average
10.673.5 pgFe/cell as compared to 2.6570.9 pgFe/cell in
control cells. After removal of Ferumoxtran-10, HMMs
were incubated with fluorescent bacteria for 1 or 4 h.
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Fig. 8. Effect of Ferumoxtran-10 on Fc-receptor-mediated phagocytosis by hu

fluorescently labelled, opsonized E. coli in the presence of the indicated concent

HMMs and % of phagocytic cells was measured by flow cytometry. Values r

HMMs were incubated for 4 days with 0.4mg/ml Ferumoxtran-10 (black bars)

mean fluorescence intensity of HMMs and % of phagocytic cells was measured

performed as single estimations.
Again, the mean fluorescence intensity was not significantly
different between control cells and Ferumoxtran-10-loaded
cells at 1 or 4 h incubation (Fig. 8c). Similarly, the
percentage of phagocytic cells in the two cell populations
was not significantly different (Fig. 8d).

4.5. Electron microscopy

Aggregates of Ferumoxtran-10 consist of crystalline
nanoparticles, as indicated by the heterogeneous diffrac-
tion contrast produced by individual particles (Fig. 9a).
Typical SAED patterns obtained from aggregates show
concentric rings that are consistent with the structures of
both magnetite and maghemite (Fig. 9b). However,
maghemite is expected to produce faint diffraction maxima
between the 111 and 220 rings of magnetite, and the lack of
such peaks suggests that the nanocrystals have the
magnetite structure. XRD analysis (not shown) confirms
the Ferumoxtran-10 cores are magnetite. HRTEM images
clearly show the presence of a crystalline structure within
the Ferumoxtran-10 cores (Fig. 9c). The lattice spacings
and angles in the HRTEM image and in its Fourier
transform are consistent with a [�215] zone-axis projection
of the magnetite structure.
Unstained thin sections of HMM fixed at time zero

(Fig. 10a), 12 h (Fig. 10b), 4 days (Fig. 10c) and 10 days
(Fig. 10d) after exposure to Ferumoxtran-10 (0.8mg/ml for
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48 h) show dense aggregates of Ferumoxtran-10 within
lysosomes. Overall, fewer lysosomes containing Ferumox-
tran-10 are present in cells by 10 days post-challenge, but it
is clear from Fig. 10 that Ferumoxtran-10 is retained in a
large number of cells at this time point. More disperse
aggregates of Ferumoxtran-10 are seen in the cytoplasm of
HMM but due to the low electron scattering properties of
unstained sections it is impossible to identify whether or
not they are in cytoplasm or organelles in unstained
sections (Fig. 10a–d). Staining with alkaline bismuth
increased the contrast of the singlets and small aggregates
of Ferumoxtran-10 and also imparted some contrast to
membranes in the HMM (Fig. 11). After staining with
bismuth it is possible to see that the less dense aggregates of
Ferumoxtran-10 are often contained in membrane bound
structures often in close proximity to, or in the act of fusing
with or being released from lysosomes (Fig. 11). These are
presumably late endosomes.
5. Discussion

Contrast-enhanced MRI using iron oxide nanoparticles
is a versatile tool for the imaging of macrophage
populations in tissues in vivo [1,9,10]. Numerous studies
have shown that these nanoparticles are taken up by
macrophages to a much higher extent than by many other
cell types, although most cells are probably able to ingest
them to a certain extent [4,5,16]. The purpose of this study
was to investigate the interaction of Ferumoxtran-10, an
ultrasmall dextran-coated iron oxide nanoparticle, with
HMMs.
5.1. Particle uptake and toxicity

Our results show that Ferumoxtran-10 particles are
taken up by HMMs from the surrounding medium in a
non-saturable manner, in the range of concentrations
tested, suggesting uptake by fluid-phase transport. Incuba-
tion with serum proteins did not enhance uptake, whereas
treatment with the anionic transfection agent PLL did.
Individual cells within HMM cultures demonstrated a
heterogeneous uptake of Ferumoxtran-10 when examined
by Perls’ Prussian Blue staining. This is in agreement with
other studies looking at the uptake of various SPIOs and
USPIOs in T-cells [23], mouse insulinoma cells [24] and rat
macrophages [9]. The reason for this heterogeneity of
Ferumoxtran-10 uptake between individual cells of the
culture is at present unknown to us.
Release of free iron from the magnetite core of

Ferumoxtran-10 could be cytotoxic due to its catalytic
function in the production of reactive oxygen species
(ROS) in the Fenton reaction. ROS in turn can cause
Fig. 9. High-resolution transmission electron microscopy (HRTEM) of

Ferumoxtran-10 reveals a crystalline structure within the Ferumoxtran-10

cores. (a) Bright-field image and (b) selected-area electron diffraction

(SAED) pattern of typical Ferumoxtran-10 aggregates. The SAED pattern

shows concentric rings that are consistent with magnetite and are indexed

accordingly. (c) HRTEM image of an individual nanocrystal of magnetite,

viewed along [�215], as indicated by the Fourier transform of the image in

the upper left.
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Fig. 10. Ferumoxtran-10 retention in human monocyte-macrophages (HMM). HMMs were loaded with 0.8mg/ml Ferumoxtran-10 for 48 h, washed, and

processed for TEM either immediately (a), or after 12 h (b), 4 days (c) or 10 days (d) of culture without Ferumoxtran-10. Thin sections were viewed

unstained. Dense aggregates of Ferumoxtran-10 are visible within lysosomes (arrows) at all time points indicating that some Ferumoxtran-10 is retained

within HMMs for this time period.
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membrane lipid peroxidation, DNA breakage and protein
oxidation. In our experiments, Ferumoxtran-10 displayed
no toxicity for HMMs whatsoever at concentrations of up
to 1mg/ml over 72 h and may be only slightly toxic at the
extremely high concentration of 10mg/ml. Equally, no
significant loss in cell viability was observed over 2 weeks in
HMMs loaded with Ferumoxtran-10 to reach an iron
content of �11 pgFe/cell. Preliminary studies have shown
that intracellular Ferumoxtran-10-derived iron has a half-
life of about 10 days in HMMs under our present culture
conditions. The lack of a long-term effect on viability in
our cultures is therefore not due to rapid metabolism of
iron derived from Ferumoxtran-10 and its excretion from
the cells.

The lack of cytotoxicity of Ferumoxtran-10 observed in
our study is in agreement with a number of studies looking
at the effects of it and other iron oxide nanoparticles on cell
viability. For instance, Ferumoxtran-10 was not toxic to
human hematopoietic progenitor cells after 2 h at a
concentration of 0.25mg/ml [25]. Similarly, no Ferumox-
tran-10 toxicity was reported in a study looking at the
uptake of various iron oxide nanoparticles by human
monocytes [7]. Monocrystalline iron oxide nanoparticles
(MION), which are also dextran-coated and have a
hydrodynamic diameter of about 20 nm, were not toxic
to phagocytic C6 cells at concentrations of 0.73 M Fe for up
to 10 days [26]. The viability of HeLa cells loaded with
Ferumoxides (Feridexs, Advanced Magnetics, USA, En-
dorems, Guerbet, France; dextran-coated, hydrodynamic
diameter of 120–180 nm) to a concentration of 6 pgFe/cell
was not affected over a period of 30–40 days [16]. This
study is not directly comparable to HMMs, as HeLa cells
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Fig. 11. HMM loaded with Ferumoxtran-10, washed and processed for

TEM after 4 days in culture. Sections were stained with alkaline bismuth,

which increased the contrast of both the magnetite cores and of biological

membranes including mitochondrial membranes (M). The density of

lysosomes loaded with Ferumoxtran-10 was high and tubular endosomes

(arrows) containing more dispersed particles of Ferumoxtran-10 were also

revealed by staining with alkaline bismuth.

K. Müller et al. / Biomaterials 28 (2007) 1629–16421640
are dividing and cellular iron content had decreased to
about 1.5 pg/cell by day 7 after iron loading. In mouse
macrophages overnight labelling with Ferumoxides, com-
plexed with an uptake-enhancing transfection agent,
resulted in a cellular iron load of �18 pg/cell but not in
any toxicity [27]. No increase in apoptosis was observed in
freshly isolated human monocytes loaded with Ferrixan
(Resovists, Schering AG, Germany; carboxydextran-coated,
hydrodynamic diameter of 60nm) or Ferumoxides to
intracellular iron concentrations of 27.92 and 8.9pg/cell,
respectively [7]. In a study on mouse insulinoma cell lines,
intracellular loading with citrate-coated MIONs to iron
concentrations of 0.62–0.84 pg/cell was not toxic, did not
induce apoptosis or change the overall metabolic or secretory
activities of these cells [24]. In vivo, Ferumoxide was not
acutely toxic to rats up to 14 days after the administration of
a dose of 3mmolFe/kg and there was no indication of
subacute toxicity or tissue damage. In vivo, USPIO iron is
ultimately degraded and incorporated into haemoglobin [4]
and potentially into other iron requiring proteins.

There are some reports of adverse effects of iron oxide
nanoparticles on cells in culture. Human dermal fibroblasts
incubated with dextran-coated magnetite nanoparticles
with a size frequency distribution of 10–15 nm demon-
strated an increase in cell death and apoptosis after 48 h at
a concentration of 0.05mg/ml [28]. Ferumoxides induced
significant apoptosis in human monocytes after 4 h at
concentrations of 0.5mg/ml and above [7]. Labelling of
mesenchymal stem cells with 0.1–0.25mg/ml Ferumoxides
for 48 and 72 h resulted in increased cell death [16].

At present, there are no data on intracellular Ferumox-
tran-10 concentrations reached in macrophages in vivo.
After injection for MRI, Ferumoxtran-10 can reach plasma
concentrations of about 0.037mg/ml in humans [10,
administering a dose of 2.6mg iron/kg], which is about
270 times lower than the highest concentration used in our
experiments. In addition, due to its half-life in humans of
about 30 h, the plasma concentration of Ferumoxtran-10
will be reduced to about 0.009mg/ml after about 60 h.
Considering these data together with the lack of toxicity in

vitro, it seems highly unlikely that Ferumoxtran-10 could
be toxic to macrophages in vivo.

5.2. Effect of Ferumoxtran-10 on cytokine and superoxide

anion production

Activation of macrophages with inflammatory cytokine
and superoxide anion production could be another route
by which Ferumoxtran-10 may be harmful in vivo. In our
study, Ferumoxtran-10 did not elicit the production of the
pro-inflammatory cytokines IL-1b, TNF-a, IL-6 or IL-12.
In addition, even high intracellular Ferumoxtran-10-load-
ing did not change the cytokine response of HMMs to the
standard proinflammatory stimulants LPS or PMA.
Similarly, Ferumoxtran-10 did not stimulate superoxide
anion production by HMMs, nor did a high intracellular
iron load change baseline- or PMA-induced superoxide
anion production. Therefore, using our chosen endpoints,
Ferumoxtran-10 did not lead to HMM activation in vitro.
Most reports on the effects of iron dextran nanoparticles

on macrophage cytokine production or on cell activation
are in agreement with our study. In mouse peritoneal
macrophages incubation for 48 h with Ferumoxtran-10 at
concentrations of 100 and 500 mg/ml did not induce
significant production of IL-1. Incubation with 500 mg/ml
Ferumoxides led to a slight increase in IL-1 production,
which remained far below that obtained with the pro-
inflammatory stimulant LPS [29]. In the rat macrophage
cell line RAW 264.7 exposure to 1.5 or 3mM citrate-coated
iron oxide particles led to an iron content of about
2.5–4 pg/cell after 90min. Intracellular malondialdehyde
concentrations, a biomarker for oxidative stress, rose
transiently after the exposure to the iron oxide particles,
but returned to normal after 24 h. Iron oxide nanoparticle
loading had no impact on proliferation of RAW 264.7 cells
[30]. Loading of human neutrophils with polystyrene-
coated magnetite particles led to a slight increase in
superoxide anion production, which was much below the
stimulation seen with PMA [31]. In HeLa cells and human
mesenchymal stem cells, exposure to 25 mg/ml Ferumox-
ides/PLL complexes overnight did not lead to a significant
change in ROS production over the following 29–43 days,
respectively [22].

5.3. Chemotaxis and phagocytosis

In our study, Ferumoxtran-10 had no chemoattractant
activity for human monocytes up to concentrations of
10mg/ml and extracellular nanoparticles are therefore
unlikely to attract monocytes in vivo. Furthermore,
Ferumoxtran-10-loaded cells still showed significant
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chemotaxis towards the standard chemoattractant fMLP,
although it was reduced when compared to untreated
control cells. This reduced migration is probably not due to
toxicity, but may be due to slower migration of heavily
iron-laden cells. In addition, the presence of Ferumoxtran-
10 extracellularly or at a high concentration intracellularly
did not interfere with Fc-mediated phagocytosis of E. coli

bacteria in vitro.
Only few studies have examined the effect of iron oxide

nanoparticles on chemotaxis or phagocytosis. Human
neutrophils incubated in vitro with polystyrene-coated
magnetite particles (mean diameter 800 nm) up to an
intracellular iron load of about 6 pg/cell showed decreasing
chemotaxis towards fMLP with increasing magnetite load
[31], which is in agreement with our study. In human
dermal fibroblasts, changes in cytoskeletal proteins, such as
F-actin, clathrin, b-tubulin and rac, were observed after
exposure to iron oxide nanoparticles, depending on the
type of surface coating. However, the observed changes
may also be associated with the process of particle uptake
rather than cell migration [28,32].

6. Conclusions

Our study confirmed the presence of a crystalline core in
Ferumoxtran-10 particles. HRTEM and SAED confirmed
that the core of Ferumoxtran-10 is crystalline magnetite.
BF-TEM of thin plastic sections showed that Ferumox-
tran-10 is concentrated into lysosomes and that some of it
is retained within HMM in vitro for at least 10 days using
our present culture conditions. Even high concentrations of
Ferumoxtran-10 are not acutely toxic to HMMs in vitro, do
not activate them to produce pro-inflammatory cytokines
or superoxide anions, are not chemotactic or interfere with
Fc-receptor-mediated phagocytosis. Furthermore, intracel-
lular loading of HMMs to extremely high Ferumoxtran-10
iron concentrations has only slight or no effects on all the
key activities we assessed.

This leaves the question whether Ferumoxtran-10 exerts
more subtle effects on cells, such as oxidative or metabolic
stress. Other key questions important to imaging are the
persistence of Ferumoxtran-10 within cells and the fate of
the nanoparticle during cellular degradation. These ques-
tions are the subject of further studies.
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