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Abstract Magnetic resonance imaging (MRI) with
contrast agents that target specific inflammatory components
of atherosclerotic lesions has the potential to emerge as
promising diagnostic modality for detecting unstable
plaques. Since a high content of macrophages and alterations
of the extracellular matrix are hallmarks of plaque instability,
these structures represent attractive targets for new imaging
modalities. In this study, we compared in vitro uptake and
binding of electrostatically stabilized citrate-coated very
small superparamagnetic iron oxide particles (VSOP) to
THP-1 cells with sterically stabilized carboxydextran-coated
Resovist®. Uptake of VSOP in both THP-1 monocytic cells
and THP-derived macrophages (THP-M®) was more effi-
cient compared to Resovist® without inducing cytotoxicity or
modifying normal cellular functions (no changes in levels of
reactive oxygen species, caspase-3 activity, proliferation,
cytokine production). Importantly, VSOP bound with high
affinity to the cell surface and to apoptotic membrane vesi-
cles. Inhibition of glycosaminoglycan (GAG) synthesis by
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glucose deprivation in THP-M® was associated with a sig-
nificant reduction of VSOP attachment suggesting that the
strong interaction of VSOP with the membranes of cells and
apoptotic vesicles occurs via binding to negatively charged
GAGs. These in vitro experiments show that VSOP-
enhanced MRI may represent a new imaging approach for
visualizing high-risk plaques on the basis of targeting path-
ologically increased GAGs or apoptotic membrane vesicles
in atherosclerotic lesions. VSOP should be investigated
further in appropriate in vivo experiments to characterize
accumulation in unstable plaque.

Keywords Magnetic resonance imaging - Iron oxide
particles - Macrophages - Cytotoxicity -
Glycosaminoglycans - Atherosclerosis

Introduction

Macrophages are central players in various infectious and
inflammatory diseases, such as rheumatoid arthritis, mul-
tiple sclerosis and atherosclerosis. They produce cytokines
and chemokines that are critically important in the initia-
tion and maintenance of inflammation [11]. In atheroscle-
rotic plaques, high numbers of macrophages are a hallmark
of plaque instability, since they secrete inflammatory
mediators causing alterations of the extracellular matrix
thereby destabilizing the plaque [12, 15, 35]. Consecutive
degradation of collagens and changes in composition of
proteoglycans and their GAG chains, as well as cell death
and the appearance of extracellular membrane particles
contribute to plaque instability [5, 6, 10, 12, 15-17].
Vulnerable plaques tend to rupture, causing life-threatening
complications such as acute myocardial infarction and
stroke [12, 22].
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There is increasing experimental and clinical evidence that
macrophages and inflammation-associated structures in pla-
que regions can be tagged with iron oxide nanoparticles and
may thus be visualized by in vivo MRI [2, 7, 14]. In
particular, superparamagnetic iron oxide particles (SPIO)
and ultrasmall superparamagnetic iron oxide particles
(USPIO) are suitable for detection of early inflammatory
stages of atherosclerotic lesions [2, 7, 23-25, 29, 30, 31, 33,
34, 36]. (U)SPIO-enhanced MRI may be useful for moni-
toring the response to anti-inflammatory treatment as well.
Thus, atorvastatin therapy has been shown to significantly
reduce USPIO-enhanced MRI-defined plaque inflammation
after 6 and 12 weeks of treatment [30]. Despite the promising
potential of MRI using dextran-coated (U)SPIO with regard
to characterization of vascular wall anatomy and plaque
composition, some challenging issues need to be overcome
before this technique can be translated into clinical practice.
First, all (U)SPIO variants can be detected at the earliest 24 h
after injection. Second, potential cytotoxicity of iron oxide
nanoparticles remains an issue of debate [26].

Experimental and clinical data suggest that electrostati-
cally stabilized citrate-coated very small superparamagnetic
iron oxide particles (VSOP) may have some advantages over
conventional sterically stabilized (U)SPIO [32, 38]. VSOP
are significantly smaller (~7 nm) and its cellular uptake is
faster and quantitatively superior compared to polymer-
coated iron oxide nanoparticles [32]. VSOP are the only
electrostatically stabilized iron oxide crystals that have
entered the clinical development up to phase II trials as a
contrast agent for MRI [37].

Since macrophages and alterations of the extracellular
matrix are a hallmark of plaque instability and therefore
attractive targets for new imaging modalities, the aim of our
study was to compare in vitro uptake and binding mecha-
nisms of electrostatically stabilized VSOP to these structures
with sterically stabilized SPIO Resovist®. We used human
myelomonocytic cell line THP-1, which is not only suitable
to study monocyte/macrophage biology in cell culture sys-
tems but is also characterized by high expression and
secretion of the large matrix proteoglycans versican and
perlecan [13]. Beyond investigation of the interaction of
VSOP with monocytes, proteoglycans and their GAG
chains, putative toxic effects of these citrate-coated nano-
particles and the impact of their accumulation on the range
of functions and signaling pathways were investigated.

Methods
Reagents

Unless otherwise stated, all chemicals and solvents were
purchased from Sigma-Aldrich, Germany. Resovist® was
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purchased from Bayer Schering Pharma (Berlin, Germany).
VSOP was manufactured according to the patent by
Pilgrimm [20] and were finally adjusted to a 0.5 M iron
concentration with 13 % citric acid (weight/weight total
iron), 3 g/l sodium glycerophosphate, 2 g/l N-methylglu-
camine, and 60 g/l mannitol, which was adapted to the final
pharmaceutical formulation of the investigational drug
VSOP-C184, batch 050701 used in clinical trials. Charac-
teristics of VSOP: hydrodynamic diameter, 8.1 & 4 nm;
relaxivity rl, 19; relaxivity 12, 56.

Cell culture conditions and treatment with particles

THP-1 cells (human acute monocytic leukemia cell line) are
widely used to study monocyte/macrophage biology in cell
culture systems. Cells were obtained from the ATCC
(Wesel, Germany), cultured in suspension in RPMI medium
1640 (Invitrogen, Germany), and supplemented with 10 %
fetal calf serum (FCS, Biochrom, Germany), 100 U/ml
penicillin, 100 pg/ml streptomycin (Invitrogen), and either
with or without 2 mM L-glutamine (Invitrogen). For indi-
cated experiments, THP-1 cells were cultured in medium
without glucose for 12-16 weeks. For differentiation into
macrophages, THP-1 monocytic cells (THP-Mo) were
treated for 72 h with 20 ng/ml phorbol myristate acetate
(PMA), and washed three times with medium afterwards.
After 24 h of rest, the resulting macrophages (THP-M®)
were used for experiments. Primary human macrophages
(M®) were prepared as follows: Buffy coats of healthy
volunteers were purchased from the DRK Blutspendedienst
(Germany). Ethical approval was obtained from the Ethics
Committee of Charité Universititsmedizin Berlin. Periphe-
ral blood monocytic cells were isolated by Ficoll/Paque
(Biochrom, Germany) density gradient centrifugation. Cells
were resuspended in serum-free RPMI 1640 medium and
allowed to adhere (1 x 10 cells/well) in 6-well plates in a
final volume of 2 ml. After 1 h incubation at 37 °C, non-
adherent cells were removed by three times washing with
medium. Macrophages were obtained after cultivation in
RPMI 1640 with 10 % FCS and recombinant macrophage
colony stimulating factor (10 ng/ml) for 7 days. Treatments
were performed in medium with 1 % FCS to avoid inter-
action of iron oxide nanoparticles with serum proteins. An
iron concentration of 0.75 mM (41 pg/ml) was selected,
corresponding to the serum iron concentration observed in a
phase I clinical trial at an intermediate dose of 0.045 mmol
Fe/kg, which is the intended dose for clinical use as a
contrast agent for magnetic resonance angiography [32].

Determination of iron concentration

THP-Mo were cultured in flasks with a density of
1 x 10° cells/ml in medium. Following incubation with
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iron oxide nanoparticles, aliquots of cells were counted in a
hemocytometer, centrifuged for 5 min at 200g, and washed
three times with PBS. Pellets were resuspended in 20 pl of
35 % (10 N HCl), and afterwards 1 ml H,Og4.; was added
to the suspension. Samples were centrifuged for 5 min at
5,000g to remove cellular debris. Aliquots of 50 pl of the
supernatant were mixed with 50 pl of reagent A (1.5 M
hydroxylamine hydrochloride) and 150 pl reagent B
(4 mM 1,10-phenanthroline hydrochloride, 200 mM acetic
acid, 160 mM sodium acetate). Absorbance of samples was
measured using an AnthoslII (Biochrom, Germany) micro-
plate reader at 492 nm. Iron concentrations were calculated
using internal standard curves of iron standard Titrisol
(Merck, Germany). THP-M® were differentiated and
cultivated in dishes (diameter 6 cm) with a density of
1 x 10° cells in 2 ml of medium. Following incubation,
cells were detached by scraping, if necessary, and an aliquot
was used to determine the exact cell number in a hemocy-
tometer. Cells were washed three times with PBS and
centrifuged for 5 min at 200g. Pellets were processed as
described above.

Cell viability and proliferation

Following 24 h incubation with iron oxide nanoparticles,
THP-Mo were washed and seeded at 1 x 10° cells in 5 ml
medium supplemented with 10 % FCS in T25 flasks (BD
Falcon, Heidelberg, Germany). Cell count was n; at
t; = 0 h. Cells were cultured for additional 7 days. To
estimate the mean population doubling time, the cell count
at day 7 was defined as n, at t, = 168 h. Doubling time
(tp) was calculated as tp = log2 (t, — #1)/(log n, — log
np). Trypan blue staining was used to determine the pro-
portion of nonviable cells.

Detection of reactive oxygen species and caspase-3
activity

The level of intracellular reactive oxygen species (ROS)
was measured using 2',7-dichlorofluorescein diacetate
(DCF) as described previously [18].

Caspase-3 activity was determined using the fluores-
cence substrate Ac-Asp-Glu-Val-Asp-7-amido-4-methyl
coumarin (Ac-DEVD-AMC). THP-Mo were counted, and
exactly 2 x 10° cells were lysed in PBS containing 1 %
triton-X100 for 10 min on ice. After centrifugation, the
cleared lysate was mixed with 50 pl reaction buffer con-
taining 40 mM hepes (pH 7.5), 40 % glycerol, 8 mM DTT,
and 2 mM Ac-DEVD-AMC. Release of fluorescent AMC
was monitored in a fluorescence plate reader (GeminiEM,
Molecular Devices, Germany) at an excitation wavelength
of 380 nm and an emission wavelength of 450 nm. The
increase in fluorescence during 2 h was calculated and used

as arbitrary units of caspase-3 activity. Caspase-3 activity
of iron oxide nanoparticle-treated cells was expressed as
relative activity compared to control.

Cytokine assays

After treatment with iron oxide nanoparticles, THP-1-derived
macrophages (THP-M®) were washed and transferred to
fresh medium. Treatment with low-dose lipopolysaccharide
(LPS, 5 ng/ml) was used for induction of cytokine produc-
tion. After 24 h, culture supernatants were collected and
centrifuged at 4 °C for 5 min at 2,000g in order to remove
any detached cells. Supernatants were transferred to fresh
tubes and stored at —20 °C until analysis. Levels of inter-
leukin-6 (IL-6), tumor necrosis factor-o. (TNF-o), interferon-
inducible T-cell alpha chemoattractant-1 (ITAC-1), and
monocyte chemotactic protein 1 (MCP-1) were determined
using commercially available enzyme-linked immunosorbent
assays (R&D Systems, Germany) according to the suppliers’
instructions.

Microscopy and staining

For microscopy, 1 x 10° THP-Mo were spotted on glass
slides and THP-M® were cultured on cover slips. After
treatment with iron oxide nanoparticles, cells were washed
and iron was detected by Prussian blue staining (2 %
potassium ferrocyanide in 1 % HCl) followed by counter-
stain with Nuclear Fast Red. Commercial kit for Alcian
blue-PAS staining (Merck, Germany) was used to visualize
GAGs according to the manufacturer’s protocol.

Quantification of GAG in cell culture supernatants

THP-Mo were seeded at a density of 1 x 10° cells per ml
in cell culture medium with or without glucose and sup-
plemented with 1 % of FCS. After 24 h, 50 pl of the cell
culture supernatant was collected and centrifuged to
eliminate cellular debris. The content of GAGs was
determined by precipitation with alcian blue as described
by Whiteman [39]. Alcian blue was released from precip-
itates by treatment with 200 pl of 2 % SDS, and optical
density at 620 nm was determined in a spectrophotometer
(Beckman, Germany).

Chondroitinase ABC treatment

After treatment with iron oxide nanoparticles, THP-M®
(~5 x 10° cells in 6 cm petri dishes) were thoroughly
washed with PBS and incubated for 30 min at 37 °C with
0.5 U of chondroitinase ABC (ChABC) from Proteus
vulgaris in 1 ml ChABC reaction buffer [5S0 mM Tris (ph
8.0), 60 mM Na-acetate]. Supernatant and cells were
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separately collected. Cells were scraped and centrifuged.
Supernatant was evaporated to a volume of 20 pl. The iron
content in the supernatant and in cell pellets was deter-
mined as described above.

Electron microscopy

For electron microscopy, THP-Mo and THP-M® were
treated for the indicated times with nanoparticles, centri-
fuged and washed twice in PBS. Cells were fixed with
1.5 % formaline and 2.5 % glutaraldehyde in PBS for
15 min. After several washes with PBS, the cells were
post-fixed in 4 % osmium tetroxide in 0.1 M phosphate
buffer (pH 7.4) for 60 min and washed 3 times in PBS. Cell
pellets were dehydrated in graded series of ethanol, trans-
ferred into propylene oxide, and incubated overnight
in preembedding solution [55 g of araldite and DDSA
(dodecenyl succinic anhydride, araldite hardener) mixed in
a ratio of 30:24; 1.5 ml DMP-30 (2,4,6-trisdimethylami-
nomethyl-phenol, epoxy accelerator, both Serva, Germany)
and 50 ml propylene oxide]. The next day, pellets were
incubated 2 x 2 h in the embedding solution (100 g of
araldite and DDSA mixed in a ratio of 30:24 and 2 ml
DMP-30) and finally embedded in the cap of an Eppendorf
tube (Eppendorf, Germany). Resin was polymerized for
24-60 h at 65 °C. Ultrathin sections (70 nm) were cut
using an ultramicrotome (Leica, Germany) with a diamond
knife (Diatome, Switzerland). Ultrathin sections were col-
lected on 300-mesh nickel grids (Plano, Germany) and
stained with uranyl acetate and lead citrate. Electron
microscopy was performed on a Leica EM 900 (Leica,
Germany). The images were acquired with the integrated
camera (Leica, Germany).

Isolation of THP-1-derived apoptotic debris
and membrane vesicles

THP-Mo were treated with TNF-o (10 ng/ml) and actino-
mycin D (0.5 pg/ml) for 16 h in medium without FCS to
induce apoptosis. Medium was clarified from intact cells by
centrifugation (800g, 10 min). The supernatant containing
apoptotic debris and membrane vesicles (AMV) was fur-
ther centrifuged (12,000g, 20 min). The pelleted AMV
were suspended in medium. For quantification, the protein
content of AMV was estimated by bicinchoninic acid
protein assay (Pierce Biotechnology, USA).

Magnetic resonance imaging
Labeled and washed 1 x 10° cells or AMV were embedded
in 50 pl of 1 % low-melting point agarose (BRL, USA) and

imaged on a clinical 1.5 T MR scanner (Siemens Sonata,
Germany using a commercially available wrist coil). Cell
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agarose mixture was cooled in 1.5 ml Eppendorf vials and
additionally embedded in surrounding low-melting point
agarose to fix them in upright position in a container fitting
in outer dimensions to the wrist coil. Imaging was performed
in frontal section orientation with 1.5 mm slice thickness
using a T2*-weighted 2D gradient echo (GRE) sequence
(TR 200 ms/TE 6 ms/FA 20°) with an in-plane resolution of
0.5 x 0.5 mm.

Results
Uptake of iron oxide nanoparticles by THP-1 cells

Figure 1 shows the iron uptake of VSOP in THP-Mo, THP-
M® and primary human M® compared to the uptake of
the carboxydextran-coated Resovist®. Both THP-Mo and
THP-M® had taken up VSOP faster than Resovist®. In
general, THP-M® and primary human M® had taken up
more particles than THP-Mo. After 24 h of treatment of
THP-Mo, the measured iron content was 2.1 £ 0.5 pg/cell
for Resovist® and 19.6 & 5.1 pg/ml for VSOP. In
THP-M®, iron content after 24 h treatment was 18.2 +
1.1 pg/cell for Resovist®, and 51.9 & 2.2 pg/cell for
VSOP. In primary human M®, iron content after 24 h
treatment was 22.6 + 0.3 pg/cell for Resovist® and
60.3 + 7.4 pg/cell for VSOP.

Agarose phantom MRI allowed the estimation of
the qualitative visible signal lowering effect in relation to
the quantitative iron concentration. There was an optimal
range between 2.5 and 5 pg iron per cell with 2 x 107 cells
per ml, so that a signal loss was already observed within
I h of incubation with VSOP in THP-Mo as well as in
THP-M®. Higher cellular iron concentrations led to dis-
turbances in local magnetic fields, resulting in bright and
dark areas with spatial distortion of the shape of the test
tubes (Fig. 1, lower panel).

Effect of cell-associated iron oxide nanoparticles
on cellular function

There was no increase in ROS content between control
cells and cells treated with VSOP or Resovist® (Fig. 2a).
Also, loading with iron oxide nanoparticles did not cause a
measurable increase in caspase-3 activity in THP-Mo
(Fig. 2b).

No significant differences in proliferation characteristics
were observed between unloaded cells and cells loaded
either with Resovist® or VSOP (Fig. 2c). The proportion of
trypan-blue-positive cells was unchanged by the loading
and was approximately 4 %.

Figure 3a shows that iron oxide nanoparticle loading of
THP-M® had no effect on the basal production of IL-6,
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Fig. 1 Uptake of iron oxide nanoparticles in THP-1 cells and
primary human macrophages. a THP-Mo and b THP-M® were
incubated with 0.75 mM VSOP or Resovist® for the indicated times.
The content of cell associated iron was determined colorimetrically
by the phenanthroline method. Data are presented as means of
three independent experiments + standard deviation (SD). Control
(C) = unloaded cells. Lower panels show MR images of agarose
embedded THP-Mo and THP-M® after treatment with 0.75 mM
VSOP and Resovist® for the indicated times. High cellular iron
concentrations lead to disturbances in local magnetic fields, resulting

ITAC-1, and MCP-1. A slight increase in TNF-o secretion
was detectable in VSOP-loaded THP-M® (Fig. 3a). In
contrast, LPS treatment induced a strong increase in the
production of all four cytokines in THP-M®. LPS-stimu-
lated cytokine secretion was not significantly affected by
preloading with iron oxide nanoparticles (Fig. 3b).

Resovist VSOP

in bright and dark areas with spatial distortion (arrows). ¢ Primary
human M® were prepared from buffy coat of healthy blood donors.
Cells were incubated with 0.75 mM VSOP or Resovist® for 24 h. The
content of cell associated iron was determined colorimetrically by the
phenanthroline method and compared to the content of cell associated
iron of THP-M® after 24 h incubation with 0.75 mM VSOP or
Resovist®. Data are presented as means of three independent
experiments + standard deviation (SD). Control (C) = unloaded
cells

Localization of cell-associated iron oxide nanoparticles

Images of light microscopy of cells loaded for 24 h with
iron oxide nanoparticles after Prussian blue staining and
nuclear fast red staining are shown in Fig. 4a. Light
microscopy revealed that VSOP were not only located
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within the cytoplasm of monocytes and macrophages but
are bound to a large extent onto the cell surface, whereas
Resovist® was exclusively located within THP-M®, as
expected, but was hardly detectable inside monocytes.
Remarkably, VSOP were also detectable in extracellular
aggregates. Electron microscopy provided further insights
into the different uptake modalities of VSOP and Reso-
vist®. As shown in Fig. 4b, after 24 h incubation Resovist®

particles were mainly localized inside few densely packed
intracellular vesicles in THP-Mo. Compared to Resovist®,
VSOP were found in considerable higher quantity in den-
sely packed vesicles as well as in large loosely packed
internal structures in THP-Mo. Moreover, aggregates of
VSOP accumulated on the surface of the cell. As expected,
compared to THP-Mo, in THP-M®, higher amounts of
cell-associated particles were detectable, even after a short
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Fig. 2 Influence of iron oxide nanoparticles on the cell function of
THP-1 monocytes THP-Mo were either treated with 0.75 mM VSOP
or Resovist® for 24 h. The influence of cell associated particles on
a intracellular ROS measured by the determination of DCF fluores-
cence, b the activity of caspase-3 determined fluorimetrically using
the substrate Ac-Asp-Glu-Val-Asp-7-amido-4-methyl coumarin
(Ac-DEVD-AMC), and ¢ on proliferation (represented as doubling

time of the cell population). As positive control for the increase of
intracellular ROS a 30 min treatment with 500 uM H,O, and for
caspase-3-activation a 24 h treatment with the proteasome inhibitor
MG132 in a concentration of 1 uM was used. Data are presented as
means from three independent experiments + standard deviation
(SD). Control (C) = unloaded THP-Mo
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Fig. 3 Influence of iron oxide nanoparticles on the cytokine secretion
of THP-1 macrophages THP-M® were treated for 24 h with either
0.75 mM VSOP or Resovist®. Untreated THP-M® served as a control
(C). After treatment the loaded macrophages were washed and
incubated for further 24 h with medium alone (a) or under stimulation
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with 5 ng/ml LPS (b) and the cytokine concentration in the medium
was measured by ELISA. Cytokine concentrations were calculated
using internal standard curves and results are expressed as means of
three experiments £+ SD
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Fig. 4 Localization of iron
oxide nanoparticle in THP-1
cells. a Images of light
microscopy of THP-Mo and
THP-M® after 24 h treatment
with 0.75 mM VSOP and
Resovist®. Nuclei were
visualized with Nuclear Fast
Red staining and cell associated
iron by Prussian Blue staining.
b Transmission electron
micrographs of ultrathin
sections THP-1 cells incubated
with 0.75 mM VSOP and

0.75 mM Resovist for 24 h
(THP-Mo; i, ii) or 4 h (THP-
MO, iii—vi). Electron dense
inclusions and extracellular
aggregates represent cell
associated iron oxide
nanoparticles (arrows). Size
bars i—iv 2 pm; v, vi 200 nm
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incubation time of 4 h. Again, Resovist® was exclusively
located within vesicles, whereas VSOP were found in large
loosely packed structures and densely packed vesicles as
well as in aggregates on the cell surface. In THP-M®,
ongoing phagocytosis of aggregated particles (VSOP and
Resovist®) were frequently visible (Fig. 4b, v and vi).

Binding of VSOP to extracellular structures

It is known that THP-1 cells express large matrix proteo-
glycans [13]. Therefore, we tested the hypothesis that
aggregation of VSOP on the surface of THP-1 cells is
mediated by GAG chains of these proteoglycans. Since it
has recently been shown that glucose deficiency inhibits
the synthesis of GAG in fibroblast cultures [1], we cultured
THP-1 cells in medium without glucose for 12-16 weeks.
Alcian blue-PAS staining of THP-M® showed that with-
drawal of glucose in fact decreased the amount of alcian-
blue-positive cellular structures (Fig. 5a). In addition, the
concentration of GAGs secreted by THP-M® into the
culture medium was significantly decreased after glucose
withdrawal as revealed by the measurement of insoluble
complexes formed with alcian blue (Fig. 5b). Figure 5c
shows that glucose deprivation decreased the level of cell-
associated iron in THP-M® compared to THP-M® culti-
vated with 0.6 % glucose after incubation with VSOP,
whereas uptake of Resovist® was unchanged. Moreover,
treatment of iron oxide particle loaded THP-M® with
ChABC revealed that a large proportion of cell-associated
VSOP bound to ChABC-sensitive structures on the cell
surface. After 24 h incubation with VSOP, 224 + 4.9 %
of cell-associated iron was removed from the cells by
ChABC treatment (Fig. 5d). Interestingly, after a shorter
incubation time of 3 h, the proportion of ChABC-sensitive
cell bound iron was almost 50 %, albeit the overall content
of cell-associated iron was naturally lower. Cell-associated
Resovist® is insensitive to ChABC treatment (Fig. 54d).

Binding of VSOP to apoptotic debris and membrane
vesicles

Treatment of THP-1 with TNF-a and actinomycin-D resul-
ted in the formation of apoptotic debris and membrane
vesicles (AMYV). VSOP bound within minutes to in vitro
generated THP-1-derived AMV. After 5 min incubation
with VSOP, the concentration of bound iron was 17.53 +
0.39 pg/pg protein. The iron concentration reached 24.76 +
1.23 pg/pg protein after 15 min incubation and was not
further increased with longer incubation time (Fig. 6a).
Notably, incubation with 1.5 mM VSOP did not increase the
amount of bound iron compared to incubation with
0.75 mM VSOP (Fig. 6b). Electron micrographs shown
in Fig. 6¢ illustrate several apoptotic membrane vesicles
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surrounded by apoptotic debris. These membrane vesicles
have a medium size of 200-300 nm and partially contain
degraded cellular organelles. As expected, no phagocytosis
was present and the vesicle membranes showed gaps of up
to 300 nm. No VSOP were detectable within the vesicles but
aggregated on the outside of the vesicle membranes.

Discussion

The central findings of the present study are, first, that
citrate-coated VSOP are not only incorporated intracellu-
larly in THP1-monocytes and THP1-derived macrophages
but also bind with high affinity to the extracellular surface
and to negatively charged GAGs as well as to AMYV;
second, that binding of VSOP in vitro occurs much faster
than binding of carboxydextran-coated USPIO Resovist®;
and, third, that the accumulation of VSOP affects neither
cellular functions nor homeostasis and is not associated
with toxic effects for the cells.

In this study, we compared in vitro uptake and binding
of electrostatically stabilized citrate-coated VSOP to THP-
1 cells with sterically stabilized carboxydextran-coated
Resovist®. The observation that VSOP label THP-Mo and
THP-M® much faster and more effectively than Resovist®
indicates differences in the uptake modalities between both
iron oxide nanoparticles. The more effective uptake of
VSOP compared to Resovist® was confirmed in primary
human M®, showing that potent labeling with VSOP is not
limited to oncogenically transformed monocytic cells.
Light and electron microscopy revealed that in contrast to
Resovist® which is incorporated into vesicles inside cells
by phagocytosis, VSOP are not only exclusively located
within cellular vesicles but also detectable on the cellular
surface and in extracellular aggregates. Recently, it was
communicated that artificial pre-aggregation of gold
nanoparticles leads to extremely high loading of cells with
gold due to elevated phagocytosis [9]. We suggest that
particle aggregation on the cell surface highly promotes
phagocytosis of VSOP. Therefore, the rapid and effective
binding of VSOP can be attributed first to the rapid
attachment to the cell surface, and then to an enhanced
phagocytosis of surface bound aggregates.

Since synthesis of large amounts of membrane-bound and
extracellular proteoglycans is characteristic of THP-1 cells
[13], we hypothesized that VSOP have high affinity for these
complex macromolecules and that these glycosylated mol-
ecules act as mediators for rapid intracellular uptake. The
fact that inhibition of GAG synthesis by glucose deprivation
[1] in THP-M® was associated with significant reduction
in VSOP binding, whereas Resovist® uptake remained
unchanged, clearly supports this hypothesis. The chondroitin
sulfate proteoglycan versican in its isoforms VO and V1 is
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Fig. 5 Influence of glucose withdrawal on the uptake of iron oxide
nanoparticles in THP-1 cells. a Images of light microscopy of THP-
MO cultivated either in glucose-containing medium (upper panel) or
in glucose-free medium (lower panel), after alcian blue-PAS staining.
b Photometric determination of alcian blue released from complexes
formed with glycosaminoglycans in the cell culture medium of THP-
MO cultivated either in glucose-containing medium or in glucose-free
medium. M cell free cell culture medium. ¢ THP-M® cultivated either
in glucose-containing medium (black bars) or in glucose-free medium
(grey bars), were treated for 24 h with 0.75 mM VSOP or Resovist®.
The content of cell associated iron was determined colorimetrically
by the phenanthroline method. Data are presented as means from
three independent experiments + standard deviation (SD). Untreated

dominantly expressed in THP-1 cells [13]. In fact, a large
proportion of cell surface-bound VSOP is removable by
chondroitinase ABC treatment. This enzyme preferentially
cleaves chondroitin sulfates A, B, and C and at lesser rates
chondroitin and hyaluronic acid [40], indicating that these
structures are involved in the binding and aggregation of
VSOP on the cell surface of THP-1 cells.

b
1.0
0.8
0.6
o
&
a
O 0.4
0.2
0 . . . .
M THP-1 M THP-1
+Glucose -Glucose
C 60
[a) 5q | — +Glucose
cfl —= -Glucose
)
[&]
@
o
)
[
[@)]
a

C VSOP Resovist
VSOP ChABC ChABC
treatment sensitive insensitive
time bound Fe bound Fe
3h 489% 2.4 | 511 % 2.4
24h 776 % 4.9 | 22.4% £4.9

THP-M® served as control. d Graph: THP-M® were treated for the
indicated times with either 0.75 mM VSOP or Resovist®. Adherent
cells were treated with chondroitinase ABC (ChABC) or ChABC
reaction buffer alone and the iron content was measured in the
supernatant and in cells colorimetrically by the phenanthroline
method. The table shows the percentage of cell associated iron
bound to ChABC sensitive structures on the cell surface (ChABC
sensitive bound iron) and the percentage of iron bound to ChABC
insensitive cellular structures (ChABC insensitive bound iron) after
the indicated times of treatment with 0.75 mM VSOP. Data are
presented as means from three independent experiments + standard
deviation (SD)

Another argument in favor of VSOP affinity for GAG is
that VSOP are very rapidly trapped by in vitro generated
THP-1-derived apoptotic debris, including apoptotic
membrane vesicles, which are structures disabled for
phagocytosis. Vats et al. have shown strong interaction
between citrate-coated iron oxide nanoparticles and endo-
thelial cell-derived microparticles shed by human umbilical

@ Springer
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Fig. 6 Binding of iron oxide nanoparticles to THP1-derived apop-
totic debris and membrane vesicles. a Uptake kinetic of VSOP in
THP1-derived derived apoptotic debris and membrane vesicles
(AMYV). AMV were incubated with 0.75 mM VSOP for the indicated
times. The content of AMV associated iron was determined color-
imetrically by the phenanthroline method. b AMV were incubated
with 0.75 and 1.5 mM of VSOP for the indicated times. The content

vein endothelial cells (HUVEC) during stimulation with
TNF-o. They related this interaction to the affinity of the
anionic citrate-coated nanoparticles for cell membrane
moieties of these cell-derived microparticles [36]. Since
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of AMV associated iron was determined colorimetrically by the
phenanthroline method. Data are presented as means from three
independent experiments + standard deviation (SD). Control (C) =
unloaded THP-1-derived AMV. ¢ Transmission electron micrographs
of ultrathin sections of apoptotic AMV incubated with 0.75 mM for
15 min. Electron dense aggregates represent AMV associated iron
oxide nanoparticles (arrows). Size bar 200 nm

inflammatory cytokines may induce a marked increase in
GAG production by HUVEQC, it is worthy to discuss that
binding of iron oxide particles to HUVEC-derived micro-
particles may also be mediated by GAGs [4]. The question
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remains by which mechanisms iron oxide nanoparticles
with a negatively charged surface may attach to negatively
charged GAGs. GAGs have a high chelating potency
resulting from the large number of carboxyl and sulfate
groups, a property that has already been exploited for the
development of GAG-stabilized iron oxide nanoparticles
[8]. Further studies will have to show whether a trans-
chelation with consecutive release of citrate is the under-
lying binding mechanism of VSOP to GAGs.

Potential cytotoxicity and damaging effects of free iron
released from nanoparticles on cellular key activities such
as proliferation and chemotaxis remain major concerns,
underscoring that in-depth cytotoxic evaluation in vitro and
in vivo is a basic prerequisite for further application in
humans. VSOP were not toxic to monocytes and macro-
phages in a concentration of 0.75 mM, which corresponds
to a serum level found in humans after administration of
0.045 mmol Fe/kg. VSOP caused no increase in intracel-
lular ROS levels, no induction of apoptosis, and also no
impairment of viability of THP1-cells. In addition, VSOP
loading did not affect normal cell function. Key activities
such as proliferation and cytokine release remained largely
unaffected in VSOP-loaded THP-Mo and THP-M®. This is
noteworthy since numerous investigators studying iron
oxide nanoparticles (including VSOP) found that prolifer-
ative capacity as well as cell function and homeostasis of
cultured cells were reduced, assuming that this was due to
high intracellular iron concentrations [3, 27, 28]. Other
studies, including ours, found iron oxide nanoparticles not
to be toxic in different cell culture systems [19, 21]. These
discrepancies may be due to the use of different concen-
trations of iron oxide particles. In addition, the iron oxide
preparation used in our study was produced in a final
pharmaceutical formulation which has demonstrated
excellent safety data in preclinical studies [37]. Taken
together, we show here that VSOP at a clinically relevant
dose for potential diagnostic application and in the current
pharmaceutical formulation has no considerable effects on
cellular functions of THP-1 cells.

The majority of myocardial infarctions are caused by
rupture of non-stenotic atherosclerotic lesions. The most
common type of high-risk, prone-to-rupture plaque is the
thin-cap fibroatheroma, characterized by a large lipid-rich
necrotic core [15, 16, 22]. USPIO-enhanced MRI has
gained prominence as an imaging modality for plaque
visualization and characterization in clinical studies [2, 7,
23, 30]. Since phagocytic uptake of these nanoparticles
mainly occurs by macrophages, one of the major compo-
nents of vascular inflammation, USPIO MRI may have the
potential to identify high-risk vulnerable plaques in vivo.
As pointed out before, VSOP have the unique ability to
bind to molecules of the extracellular matrix with only a
portion being incorporated into cells. Matrix components

such as proteoglycans serve as scaffolding for retention of
lipoproteins, migration of smooth muscle cells, and accu-
mulation of lipoprotein-loaded foam cells into the plaque,
thereby contributing to atherogenesis. In addition, there are
some indications that the presence of some proteoglycans
also correlates with plaque instability. Thus, versican and
the glycosaminoglycan hyaluronan accumulate at sites of
plaque erosion and therefore have been implicated in events
associated with acute coronary thrombosis [6]. Moreover,
membrane vesicles shed by apoptotic cells have been asso-
ciated with thrombogenicity inside plaques [5, 17]. Our data
show that VSOP rapidly tag these extracellular components
associated with plaque instability. As a result, we propose
that VSOP-enhanced MRI may represent a new putative
imaging tool for visualizing high-risk plaques on the basis of
targeting pathologically increased GAGs bound to cells or
accumulating outside cells in atherosclerotic lesions. More-
over, this unique property of VSOP makes them a promising
candidate for investigating the role of acid GAGs in
atherosclerotic plaque progression.
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