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Although several dextran-coated iron oxide prepara- 
tions are in preclinid and cllnical use, little is known 
about the mechanism of uptake into cells. As these par- 
ticles have been shown to accumulate in macrophages 
and tumor cells, we performed cellular uptake and in- 
hibition studies with a prototyplcal monocrystalline 
iron oxide nan-le (MOM. MION particles were la- 
beled with fluorescein isothiocyanate or radioiodinated 
and w e d  by gel permeation chromatography. Two 
preparations of WON particles were used in cell exper- 
iments: nontreated MION and plasma-opsonized WON 
prWed by gradient density purification. As determined 
by immunoblotting, opsonization resulted in C3, vitro- 
nectin, and fibronectin association with WON. Incuba- 
tion of cells with fluorescent MION showed active 
uptake of particles in macrophages both before and af- 
ter opsonization. In C6 tumor cells, however, intracel- 
lular MION was only detectable in dividing cells. 
Quantitatively, la6I-labeled MION was internalized into 
cells with uptake values ranging from 17 ng (in 9L glio- 
sarcoma) to 970 ng hon per -on cells for peritoneal 
macmphages. Opsonization increased MION uptake 
into macrophages sixfold, whereas it increased the up- 
take in C6 tumor cells only twofold. Results from up- 
take inhibition assay suggest that cellular uptake of 
nonopsonized (dextran-coated) MION particles is medi- 
ated by fluid-phase endocytosis, whereas receptor-me- 
diated endocytosis is presumably responsible for the 
uptake of opsonized [protein-coated) particles. 
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DEXTFL4N-COATED MONOCRYSTALLINE iron oxide 
nanoparticles (MION) (1) and dextran-grafted copolymers 
(2) are currently being used as magnetic labels for MRI of 
neoplasia (reviewed in ref. 3). The dextran coating of 
these drug carriers was chosen because of its biocom- 
patibility, prior experience with dextrans in human use, 
and the relative stability of dextran-coated particles and 
graft copolymers. In vivo, dextran-coated magnetic par- 
ticles have been shown to accumulate primarily in phag- 
ocytic cells in liver, spleen, bone marrow, and lymph 
nodes after intravenous administration (4). We have also 
observed that the uptake of dextran-covered particles is 
not limited to "professional" phagocytes in these organs 
but also occurs in many other cells in culture and in vivo, 
depending on the mode of delivery (5). For example, MION 
particles are avidly taken up by neurons and astrocytes 
after blood-brain barrier (BBB) disruption or direct injec- 
tion into the brain (6). Moreover, upon the loss of blood- 
brain barrier integrity, MION particles are capable of 
accumulation in CNS tumor cells (7,8). Previously, we 
have demonstrated that once internalized, MION is ini- 
tially located in the tubular lysosomal compartment as 
evidenced by co-localization of fluorescent-labeled MION 
and anti-lysosomal specific glycoprotein antibodies (9). 
The goal of the present study was to perform a compar- 
ative analysis of MION uptake in different cell lines. Spe- 
cifically, we were interested in elucidating the mechanism 
and quantitating MION uptake in tumor cells and mac- 
rophages, the latter representing an accessory cell pop- 
ulation that is often recruited by tumors (10,ll). For this 
purpose, we labeled MION radioactively and/or fluores- 
cently and performed cell uptake and inhibition studies 
and fluorescence microscopy, respectively. 

0 MATERIALS AND METHODS 

Cell Lines and Primary Cell Cultures 
Two diSferent categories of cells were used: nonprolifer- 

ating primary cultures (macrophages) and proliferating 
tumor cell lines (C6, 9L, LX-1, 5-774). Peritoneal macro- 
phages were obtained from BALB/c mice (Charles River 
Labs, Wilmington, MA) by peritoneal lavage with a sterile 
sucrose solution (.34 M). Cells were resuspended in Dul- 
becco's modified Eagle's medium (DMEM; Cellgro, Media- 
tech, Washington, DC), with 10% fetal bovine serum 
(FBS; Cellgro), and cultured for 3 to 4 days. 
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Rat C6 glioma cells (CCL 107, ATCC) and 9L gliosar- 
coma cells (Brain Tumor Research Center, San Fran- 
cisco, CA) (12) were also grown in DMEM with 10% FBS. 
IX-1 human small cell lung carcinoma cells (13) were 
grown in Roswell Park Memorial Institute (RPMI) 1640 
medium (Cellgro) supplemented with 10% FBS. 

MZON Synthesis and Labeling 
MION-46 was synthesized as described in ref. 1. 

Briefly, to a solution containing dextran T-10 (produced 
by Leuconostoc mesenteroides strain B512, 500 mg/ml, 
Pharmacia, Uppsala, Sweden), ferric chloride hexahy- 
drate (33 mg/ml), and ferrous chloride tetrahydrate (12 
mg/ml) (Sigma, St. Louis, MO), a 30% solution of am- 
monium hydroxide was added to shift the pH to 12. The 
resultant colloid was then washed using 30-kD hollow 
fiber filtration cartridges (HlP30-43, Amicon, Beverly, 
MA) until the iron oxide colloid was free of dextran. From 
this stock solution, monocrystalline nanoparticles were 
recovered by ultrafiltration using hollow membrane car- 
tridges (HlMPOl-43, Amicon, Beverly, MA]. The charac- 
teristics of the resultant colloid and the physicochemical 
properties of MION have been described in more detail 
elsewhere (1). 

MION was labeled with lZ5I to quantify iron uptake by 
the cells. Iodination of MION and opsonized MION was 
performed with Na1251 (574 mCi/mM of iron, . 1 M sodium 
carbonate, pH 9.0) in the presence of IodoGen (Pierce, 
Rockford, IL). Both compounds were purified after iodi- 
nation by gel filtration through Sephadex G-25m column 
saturated with bovine serum albumin (BSA). 

Labeling with fluorescein isothiocyanate (FITC; Molec- 
ular Probes, Eugene, OR) was achieved by adding 30 mg 
FITC in .5 ml dimethyl sulfoxide (DMSO) to 5 ml of MION 
solution (6 mg Fe/ml, .1 M sodium carbonate, pH 11) 
with subsequent purification using ultrafiltration (YM- 
100, Amicon, Beverly, MA) and gel filtration on Sephadex 
G-25m immediately before use. 

MION Opsonization 
Fresh rat or mouse plasma (1 ml) was incubated with 

lZ5I-MION (2 mg Fe in Hanks' balanced salt solution 
[HBSS]) for 30 minutes at 37°C and then cooled on ice. 
Opsonized MION was purified by sedimentation through 
a 7.5% to 18% gradient of sodium metrizoate in Ca and 
Mg containing HBSS for 16 hours a t  35,000 g, 4"C, using 
a SW41Ti rotor (Beckman, Columbia, MD). The precipi- 
tate was washed with HBSS by centrifugation for 1 hour 
under the same conditions. After centrifugation the 
iron-rich band was redissolved in HBSS and analyzed by 
high-performance liquid chromatography (HPLC) on a 
SEC-5 size-exclusion column (Rainin Inst. Co., Medford, 
MA). Iron and protein determinations were performed as 
described previously (14). Radioiodinated MION was 
passed through Sephadex G-25m spin column immedi- 
ately before addition to cells. The specific activity of 
samples was determined by gamma-counting (1282 Com- 
pugamma CS, LKB Wallac, Sweden). 

Immunoblotting 
Thirty pg of total MION-associated protein was dis- 

solved in 5% SDS, 25 mM of dithiothreitol (DTT], 5 mM 
of ethylenediaminetetraacetic acid (EDTA) in .1 M of 
tris(hydroxymethy1)aminomethane (Tris), pH 7 by boiling, 
subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) on 10% gels and transferred 
onto polyvinylidene difluoride (PVDF) membranes (Bio- 
Rad Labs, Hercules, CA) by electroblotting. Membranes 

were blocked with 5% blocker (defatted milk, Bio-Rad) in 
.1% Tween phosphate buffered solution (PBS). Blots were 
incubated for 1 hour in the presence of diluted primary 
antisera against rat or mouse plasma proteins (Chemi- 
con, Tamecula, CA, or Cappel, Durham, NC, at 1:200 di- 
lution in 1% blocker) followed by biotinylated secondary 
antibodies (dilution: 1 : 1,000, Pierce) and avidin-peroxi- 
dase (dilution: 1 : 1000, Bio-Rad) . Bands were visualized us- 
ing a cNoronaphthol/diaminobenzidine mixture ( 15). 

Cell Uptake Assay 
Cells (10" cells/well) were incubated with freshly pre- 

pared nonopsonized or opsonized lZ51-MION at various 
concentrations in serum-free DMEM. Cell suspensions 
were incubated at 37°C for 1 hour and then washed three 
times by centrifuging through a step gradient of 40% His- 
topaque-1077 (Sigma) in HBSS. After the final centrifu- 
gation and aspiration of the supernatant, radioactivity 
associated with cell pellets was determined and normal- 
ized for protein content. Anchorage-dependent cells (C6 
glioma, 9L gliosarcoma, 5-774) were grown in 24 well 
plates (Falcon, Becton Dickinson, Lincoln Park, NJ).  MION 
was added in .5 ml of serum-free DMEM, incubated as 
described above, and washed with HBSS three times, and 
cells were lysed in .5 ml of 1% Triton X-100, 1 mM of 
EDTA, pH 8 before radioactivity/protein determinations. 

Uptake Inhibition Assays 
C6 glioma cells and peritoneal mouse macrophages 

(lo6 cells/well) were plated onto 24 well plates in .5 ml of 
DMEM with 10% FBS. Immediately before the MION ad- 
dition, cells were washed with HBSS to remove serum 
proteins. Unlabeled MION (200 pg Fe/well), rat plasma 
(30 pg/well of plasma proteins), and dextran T10 (200 
pg/well) served as inhibitors and were added to the cells 
immediately before the addition of lZ5I-MION and opso- 
nized lZ5I-MION (20 pg Fe/welll. In another experiment, 
N-ethylmaleimide (NEM) (16) was added to the cells for 
10 minutes, before addition of Iz5I-MION or opsonized 
1251-MION. After the incubation (1 hour, 37"C), superna- 
tants were aspirated, and cells were washed in HBSS 
three times, collected, and counted in a gamma counter. 

Fluorescence Microscopy 
C6 glioma cells and peritoneal macrophages were 

plated on glass coverslips at 30% to 35% confluency. 
Cells were incubated for 1 hour in DMEM without phenol 
red containing fluorescent labeled MION (18 mM Fe) at 
37°C. After incubation, coverslips were washed exten- 
sively with HBSS and mounted in a thermostated cham- 
ber. Fluorescence images were obtained as described 
previously (9). 

0 RESULTS 

Opsonization of MION 
In an initial experiment, we determined the amount 

and type of protein binding to dextran-coated iron oxide 
particles. Opsonized MION preparations contained .14 I: 
.05 pg bound plasma proteins per pg of iron as deter- 
mined by the protein assay. Size-exclusion HPLC analy- 
sis of opsonized and nonopsonized MION preparations is 
shown in Figure 1. The first eluted peak accounts for 
MION separated from traces of free dextran and glucose 
(second and third peaks, respectively). MION and opso- 
nized-MION peaks were shifted with respect to each other 
corresponding to a 25% increase in median effective hy- 
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Figure 1. Size-exclusion HPLC (SEC-5, Rainin Inst. Co, Med- 
ford, MA] of MION (.l mg Fe/ml, upper trace) and opsonized 
MION [.l mg Fe/ml, lower trace). 1 = MION, 2 = dextran, 3 = 
glucose. Eluent: 1 mg/ml, .05 M sodium phosphate, pH 6.0. 

drodynamic diameter [Fig. 1). This shift accounts for an  
increase of median particle weight from .75 to 1.01 MDa, 
according to a calibration of the column with globular 
proteins. Immunoblotting of opsonized MION samples re- 
vealed the bound proteins to be fibronectin, vitronectin, 
and C3 [with heavy chain, light chain, and C3dg frag- 
ments present). The extent of vitronectin binding detect- 
able by immunoblotting was time dependent and 
increased during storage at 4°C (1-3 weeks). There was 
no detectable transfenin binding characteristic for iron 
oxide preparations with short blood half-life in vivo (17), 
(Fig. 2, lane 1). 

Quantitation of Cellular MlON Uptake 
To compare cellular uptake in different cell lines, MION 

was used at a concentration of 1 mg Fe/106 cells. This 
concentration of iron was nontoxic for all cells, as deter- 
mined in prior viability assays. As expected, uptake was 
highest for the primary peritoneal macrophages and J- 
774 cells known to have high phagocyhc activity ( 18). Im- 
portantly, tumor cells also showed MION uptake, but to 
a lesser degree than other cells tested. Overall uptake 
ranged from 5 x lo4 particles/cell to approximately 5 X 
10" particles/cell [Table 1). 

Eflect of Opsonization on Cellular Uptake 
The effect of opsonization on MION cell uptake was 

subsequently compared for the primary peritoneal mac- 
rophage culture and C6 tumor cell line. Over a concen- 
tration range of .05 to 25 pg Fe/ loG cells, we observed a 
very similar concentration-dependent uptake for nonop- 
sonized MION in C6 glioma and macrophages (Fig. 3). Op- 
sonization of MION increased macrophage uptake sixfold 
(from 49 -C 2 ng to 301 k 38 ng Fe/106 cells), whereas 
it increased uptake into C6 cells only twofold (from 27 2 
2 ng to 58 t 5 ng Fe/ loG cells). 

Competition Assays 
To differentiate between several potential cell uptake 

pathways, we used inhibitors or inhibitive conditions 

1 2 3 4 

200 - 
97 - 
68 - 
43 - 
29 - 
18 - 

Figure 2. Immunoblotting of opsonized MION samples with 
polyclonal antisera against 1: transfenin (11, vitronectin (21, fi- 
bronectin (31, complement C3 (4). Thirty pg total MION-associ- 
ated protein/lane were resolved 10% polyacrylamide gel and 
transferred onto PVDF membranes [Bio-Rad Labs, Hercules, 
CA). Membranes were probed with primary antisera, biotinylated 
seconday antibodies, and avidin peroxidase. 

known to affect one or the other pathway (Figs. 4A and 
4B): NEM (inhibitor of vesicular traffic), dextran (coat 
component of MION), plasma proteins (opsonization com- 
ponents). and nonopsonized unlabeled MION. We limited 
this study to opsonized iron oxide because MION rapidly 
binds to plasma proteins after intravenous administra- 
tion. In macrophages (Fig. 4A), NEM caused a dramatic 
decrease in uptake (72%, ie, 86 ng Fe/lOG cells versus 
301 ng Fe/106 cells; P < .05). Plasma protein inhibition 
resulted in a smaller reduction of cell uptake (32%, ie, 
210 ng Fe/lOG cells versus 301 ng Fe/lOG cells: P < .5). 
Incubations performed in the presence of dextran or non- 
opsonized MION did not result in any detectable uptake 
inhibition. In C6 cells (Fig. 4B), both NEM and plasma- 
reduced cell uptake (30% of 39 ng Fe/ loG cells versus 58 
ng Fe/106 cells; P < .5). The other compounds studied 
did not result in any significant reduction of opsonized 
MION uptake in C6 cells. 

Fluorescence Microscopy 
Using a covalent conjugate of MION and FITC, we stud- 

ied the morphology of intracellular MION before and after 
the opsonization [Figs. 5 and 6). In C6 cells, the nonop- 
sonized MION was localized predominantly in large pi- 
nosomes and only in a subpopulation of postmitotic cells 
[Figs. 5A and 5B). Opsonized MION was primarily local- 
ized to perinuclear vesicles, some of them large, resem- 
bling macropinosomes (Figs. 5C and 5D). In 
macrophages, the uptake was more homogenous [Figs. 
6A and 6B). In many macrophages, fluorescent tubular 
lysosomes were detectable (Fig. 6A, inset) identical to pre- 
viously described structures, when macrophages were in- 
cubated with ovalbumin-MION (9). The fluorescent 
images of macrophages showed very extensive accumu- 
lation of MION in peripheral macropinosomes as well as 
in perinuclear phagolysosomes (Figs. 6C and 6D). 
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Table 1 
Cellular Uptake of Nonopsonized MION Particles by Dif- 
ferent Malignant and Primary Cell Lines 

Cell Line or 
Primary Cell Culture 
9L Gliosarcoma 
C6 Glioma 
LX- 1 Small cell lung 

5-774 Macrophage-like 

Peritoneal macroDhaaes 

carcinoma 

cells 

MION uptake MroN 
(ng Fe/ lo6 (particles/ 

rat 17 85,000 
rat 25 125,000 

human 58 290,000 

mouse 310 1,550,000 
mouse 970 4.850.000 

Species cells)a cell) 

_ . _ _ _ ~ - -  
. ‘I 

“1 mg Fc/ lo6 cells added in serumfret. DMEM arid iricubared 
for 1 hour at 37 C. 

bEstimated assuming a rncan particle corc si7e of 4.6 nm [I ) .  

2 100 

z R 

r, 
0 10 20 30  

MION added ( g Fe/well) 

Figure 3. Comparative uptake of MION (open symbols) and op- 
sonized MION (solid symbols) by macrophages (squares) and C6 
glioma cells (circles) (lo6 cells/well). 

DISCUSSION 
We have previously demonstrated that MION particles 

extravasate into the interstitium of some solid tumors, 
eg, experimental rodent gliomas (71, and that these par- 
ticles accumulate within tumor cells located adjacent to 
vessels. Because the endocytosis rate in tissues depends 
on cell viability and proliferation (eg, the uptake in ac- 
tively growing tumor regions is far more likely than in 
necrotic regions), it has been suggested that tumor cell 
uptake (“tumor cell endocytosis”) may serve as an  impor- 
tant prognostic factor in cancer diagnosis and the eval- 
uation of cancer therapy (19). In the present study, we 
quantitated MION uptake of particle/plasma binding on 
cell uptake. 

Plasma Protein Binding 
The efficiency of cell uptake of particles in culture de- 

pends primarily on particle size as well as the surface 
characteristics, which in turn, determine opsonization 
patterns (20). In previous studies, it had been demon- 
strated that the dextran coat from leuconostoc mesenter- 
oides of iron oxide particles is not inert and binds several 
plasma proteins (14,171. The current, more detailed im- 
munoblotting experiments revealed that the absorbed 
(opsonized) protein fraction consists of C 3  component, vi- 
tronectin, and fibronectin. Cell uptake studies confirmed 
that this opsonization significantly contributes to the cel- 
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Figure 4. Competitive inhibition of opsonized MION uptake in 
macrophages (A) and in C6 cells (B]. Cells were plated in 24 well 
plates and incubated with opsonized MION in the presence of 
corresponding inhibitors for 1 hour at 37°C. 

lular uptake in macrophages, being sixfold higher for op- 
sonized versus nonopsonized particles. 

Tumor Cells 
Phagocytic activity in tumor cells was first investigated 

in glial cells in vitro (5). This activity of tumor cells has 
been used to explain the progressive disappearance of 
host tissue during invasion and is believed to account for 
the small amount of necrosis in host tissues replaced by 
invading malignant cells (21). In the present study, we 
have shown that C6 glioma cells can actively internalize 
nonopsonized dextran-coated iron oxide particles. As 
shown by fluorescence microscopy, the uptake is detect- 
able in proliferating cells (22) and may be explained by 
fluid phase endocytosis in the G1 cell cycle phase (22,23). 
The uptake of MION by glioma cells was slightly in- 
creased by opsonization, a finding that was initially un- 
suspected. This observation may be explained by (4 the 
contribution of receptor-mediated uptake or (b) the over- 
all enhancement of fluid phase endocytosis of MION par- 
ticles as a result of the larger size of opsonized particles 
(24,25). Results from the performed inhibition experi- 
ments are further evidence that MION is indeed inter- 
nalized by C6 tumor cells (inhibition of intracellular 
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Figure 5. Fluorescent microscopy images of FITC-labeled 
MION uptake by C6 cells. MION (1  mg/ml) was incubated with 
cells for 1 hour in complete medium and cells were washed in 
HBSS. (A, B) Native preparation: (C. D) MION opsonized with rat 
plasma. 

vesicular transport by NEM) (16,261, and that the uptake 
is at least partially mediated by opsonized MION binding 
to the cell surface (plasma inhibition). 

Macrop hages 
Because scavenger (27) and complement receptors (28) 

are prominent on macrophage plasma membranes, it is 
likely that opsonized MION is recognized by these recep- 
tors and is actively taken up by receptor-mediated en- 
docytosis. In the present study, we have shown that NEM 
significantly reduces (72% decrease) cellular intemaliza- 
tion of opsonized MION. Fluorescence microscopy con- 
firmed that opsonized MION (Fig. 6B) is localized within 
macropinosomes or phagosomes. Inhibition experiments 
demonstrated that plasma proteins compete with opso- 
nized MION uptake presumably by binding to macro- 
phage receptors. In turn, the competition experiment 
with dextran and nonopsonized unlabeled MION did not 
reveal any sigdicant inhibition of endocytosis. These 
findings support the observation that there are no known 
binding centers for either free dextran or for dextran 
coated iron oxide particles on the macrophage plasma 
membrane. 

Macrophages in Tumors 
Many solid tumors contain macrophages, an accessory 

cell population that is actively recruited in tumors in vivo 
(10). Tumoral uptake of dextran-coated iron oxide parti- 
cles in vivo may thus occur both in tumor cells as well 
as  in tumor-associated macrophages. Recent studies 
have shown that the degree of intratumoral infiltration 
and distribution of phagocytic cells is a function of dif- 
ferent factors, such as  the level of MCP-1 (monocyte che- 
moattractant protein- 1) expression (29), cytokine 

Figure 6. Fluorescent microscopy images of FlTC-labeled 
MION uptake by peritoneal macrophages. MION (1 mg/ml) was 
incubated with cells for 1 hour in complete medium and cells 
were washed in HBSS. (A, B) Native preparation: (C, D) MION 
opsonized with mouse plasma. Inset (A): accumulation in tubu- 
lar lysosomes. 

production in situ (30), or  the stage of the tumor devel- 
opment and angiogenesis (10). The population of active 
phagocytes (macrophages) in tumors has been estimated 
to be approximately .5% of the total cancer cells, whereas 
approximately 15% to 20% of cancer cells are proliferat- 
ing at any given time (31). Assuming that macrophage 
uptake of particles is roughly 20 times more effective 
than tumor cell uptake, the small macrophage resident 
population may add up to up to half of cell internalized 
particles in a solid tumor, primarily due to the very effi- 
cient scavenging of opsonized particles. However, if the 
interaction of the diagnostic agent with plasma compo- 
nents is minimized (32), the impact of phagocytic cell 
subpopulations on accuracy of "tumor cell endocytosis 
imaging" will be considerably lower. 

Implications for Imaging 
There are several implications of the current research 

on MRI using dextran-coated iron oxides as  contrast 
agents. First, the widely believed notion that iron oxides 
only accumulate in cells of the reticuloendothelial system 
is not true. In fact, accumulation in non-reticuloendo- 
thelial system (RES) cells can be prominent enough to 
allow for cell labeling in vitro (1 1) or even in vivo (7,19). 
For example, dextran-coated iron oxides accumulate in 
brain tumor cells after iv administration, an observation 
that can be used to improve the delineation of the true 
tumor border (19). In addition, tumors in non-RES-con- 
taining organs (eg, colon tumors, pelvic tumors, etc.) ac- 
cumulate such iron oxides, which may improve local 
staging accuracy. Second, the relaxivity of iron oxide 
agents (and thus their MRI features) varies considerably, 
depending on whether a given agent is internalized inside 
a cell or exists in solution, eg, in interstitial fluid (1 1). 
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Whereas R1 effects predominate in solution, particles in- 
ternalized into a tumor cells predominantly exert R2' ef- 
fects. Because the fluid-phase endocytosis is more 
prominent in proliferating cells (dependent on the cell cy- 
cle phase] (341, MRI may potentially be used to establish 
tumor growth kinetics by estimating intracellu- 
lar/extracellular fractions of iron oxides. Finally, the bio- 
distribution and blood half-lives of different iron oxide 
preparations may be, in large part, governed by the dif- 
ferent degrees of opsonization. Prior research [ 14), as well 
as this study, confirms that the density of the dextran 
coat influences blood half-life, with a denser coat increas- 
ing it ( 17). This observation bears implications on the fu- 
ture development of long circulating iron oxide 
preparations, ie, those particularly useful for MR angi- 
ography, functional imaging, or imaging of tumor cell en- 
docytosis. 
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