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ABSTRACT: Ferumoxides–protamine sulfate (FE-Pro) complexes are used for intracellular magnetic labeling of cells to

non-invasively monitor cell trafficking by in vivo MRI. FE-Pro labeling is non-toxic to cells; however, the effects of FE-Pro

labeling on cellular expression of transferrin receptor (TfR-1) and ferritin, proteins involved in iron transport and storage,

has not been reported. FE-Pro-labeled human mesenchymal stem cells (MSCs), HeLa cells and primary macrophages were

cultured from 1 week to 2 months and evaluated for TfR-1 and ferritin gene expression by RT-PCR and protein levels were

determined using Western blots. MTT (proliferation assay) and reactive oxygen species (ROS) analysis were performed.

FE-Pro labeling of HeLa and MSCs resulted in a transient decrease in TfR-1 mRNA and protein levels. In contrast, Fe-

Pro labeling of primary macrophages resulted in an increase in TfR-1 mRNA but not in TfR-1 protein levels.

Ferritin mRNA and protein levels increased transiently in labeled HeLa and macrophages but were sustained in MSCs.

No changes in MTT and ROS analysis were noted. In conclusion, FE-Pro labeling elicited physiological changes of

iron metabolism or storage, validating the safety of this procedure for cellular tracking by MRI. Published in 2006 by John

Wiley & Sons, Ltd.
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INTRODUCTION

Ferumoxides is a dextran-coated superparamagnetic
iron oxide nanoparticle (SPIO), Food and Drug
Administration-approved magnetic resonance imaging
(MRI) contrast agent used for hepatic imaging (1,2) and
has been used to label phagocytic and non-phagocytic
cells for in vivo cellular MRI (3–11). Following
intravenous injection, ferumoxides accumulates in the
Kupffer cells in the liver and in the reticuloendothelial
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system of the spleen (1,2). Ferumoxides is biodegrad-
able and the iron is introduced into the normal plasma
iron pool and can be incorporated into hemoglobin in
erythrocytes or used for other metabolic processes (12).

A variety of methods have been developed to
incorporate superparamagnetic iron oxide nanoparticles
into cells (3,6,13–18). Coupling transfection agents to
ferumoxides through electrostatic interactions facilitates
the uptake of the SPIO nanoparticles into endosomes in
cells (19). The potential of translating the ferumoxides–
transfection agent labeling technique to clinical trials has
been made possible by using a Food and Drug
Administration-approved transfection agent, protamine
sulfate complexed to ferumoxides for efficient labeling of
stem cells, cancer and immune cells (7). Protamine
sulfate has a molecular weight of approximately 4.2 kDa
and is clinically used to reverse heparin-induced antic-
oagulation. Ferumoxides–protamine sulfate complexes
(FE-Pro) used to label cells have no short- or long-term
toxic effects, do not produce reactive oxygen species
(ROS), do not modify viability and proliferation and do
not alter cellular function, differentiation capacity or
phenotype compared with unlabeled cells (7,20). How-
ever, the long-term fate of internalized iron oxide
NMR Biomed. 2006; 19: 581–592
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nanoparticles in endosomes and their effect on iron
metabolic pathways in the cell have not been clearly
elucidated (21).

The major route for cellular iron uptake involves
receptor-mediated endocytosis of iron (FeIII)-loaded
transferrins (22). Acidification of endosomes to
pH< 5.5 leads to release of iron from transferrin and
transport across the endosomal membrane by the divalent
metal transporter. Internalized iron is utilized for
metabolic purposes and excess is detoxified by seques-
tration into ferritin (22). Intracellular iron homeostasis is
a tightly regulated balance between synthesis of iron
storage protein – ferritin – and the synthesis of transferrin
receptor, a molecule responsible for cellular iron uptake
(23,24). When there is an increase in cytoplasmic iron
content, ferritin synthesis is induced, resulting in
sequestration of toxic iron (FeII) into the ferritin
molecules (25). It is not known whether FE-Pro labeling
alters cellular iron homeostasis.

Cellular uptake of FE-Pro complexes is probably by
fluid phase endocytosis or macropinocytosis. Once
internalized, iron oxide particles remain transiently in
the endosome/lysosome compartment and can be
visualized by Prussian blue staining (16,26,27). In rapidly
dividing cells, intracellular iron can no longer be detected
in cells following 5–8 divisions (26). In contrast, in slowly
dividing or non-dividing cells such as mesenchymal stem
cells grown to confluence, iron particles can be detected
for more than 6 weeks (5). Recently, Arbab et al. showed
that lysosomal pH of 4.5 dissolves iron oxide particles
(27) that could lead to release of some of the iron (FeII)
into the cytoplasm if it is not chelated to buffers. Since it is
possible that labeled cells may contain superparamag-
netic iron oxide nanoparticles for long periods of time, it
is necessary to determine if the iron can be released from
the endosome/lysosome compartment and become
available to the metabolic pathways.

The objective of this study was to determine whether
FE-Pro labeling alters in vitro gene and protein expression
of transferrin receptor and ferritin, molecules involved in
cellular iron transport and storage over time and to
elucidate how cell labeling affects proliferation, pro-
duction of ROS and differentiation in MSC, HeLa cells
and primary macrophages.
METHODS

Cell culture and labeling

Human mesenchymal stem cells (MSCs) (Cambrex Bio
Science Walkersville, Walkersville, MD, USA) and
human cervical carcinoma (HeLa) (CCL-2, ATCC,
Manassas, VA, USA) grown in standard culture media
at 37 8C and in a 95% air per 5% CO2 atmosphere were
used. Cells were allowed to grow until 90% confluence in
75-cm2 culture flasks prior to labeling. Primary mono-
Published in 2006 by John Wiley & Sons, Ltd.
cytes, isolated from healthy donors and obtained from the
NIH Blood Bank, were plated in 75-cm2 culture flasks at a
density of 107 cells/mL. Monocytes were cultured for 7
days in RPMI 1640 media (ATCC) with 10% fetal bovine
serum (Atlanta Biologicals, Norcross, GA, USA) and
granulocyte macrophage colony-stimulating factor
(50 ng/mL, PeproTech, Rocky Hill, NJ, USA) to allow
differentiation of monocytes into macrophages. The
ferumoxides suspension (Feridex IV, Berlex Laboratories,
Wayne, NJ, USA) is provided at a total iron content of
11.2 mg/mL. Protamine sulfate (Pro, American Pharma-
ceuticals Partner, Schaumburg, IL, USA), supplied at
10 mg/mL, was prepared as a fresh stock solution of 1 mg/
mL in sterile distilled water immediately before labeling.
Ferumoxides at a concentration of 100mg/mL was placed
in a 50-mL conical tube containing serum-free RPMI
1640 (Biosource, Camarillo, CA, USA) with 25 mM 4-(2-
hydroxyethyl)-1-piperazinethanesulfonic acid, minimum
essential medium, non-essential amino acids, sodium
pyruvate and L-glutamine. Protamine sulfate was added to
the solution at 6mg/mL and mixed for 3 min with
intermittent manual shaking. Culture medium was
aspirated from the flasks and cells were overlaid with
media containing FE-Pro. After 1 h of incubation with
primary macrophages and 2 h of incubation with HeLa
cells and MSCs, at 37 8C, an equal amount of relevant
complete medium was added to HeLa and MSCs for a
final concentration of FE to Pro of 50mg/mL to 3mg/mL.
Primary macrophages were washed three times with
sterile phosphate-buffered saline (PBS) containing 10 U/
mL heparin sulfate (American Pharmaceuticals Partner,
Schaumburg, IL, USA) to remove excess FE-Pro and
cultured in complete medium for 7 days. HeLa cells and
MSCs were incubated overnight (�16 h) and washed
three times with sterile PBS containing 10 U/mL heparin
sulfate (American Pharmaceuticals Partner). Complete
medium was added to each flask and labeled cells
unlabeled control cells were kept in culture for up to 28
days, with a change of medium every 4 days.

In addition, FE-Pro-labeled and unlabeled MSCs
grown to 100% confluence were frequently divided
over a period of 2 months. The first passage was
performed 24 h after labeling, with subsequent division
of the cells in the flasks at 1, 2, 4 and 9 weeks,
corresponding to the second, third, fourth and seventh
passage post-labeling.

For this study, MSCs were chosen as a primary stem
cell line that can proliferate without differentiating in
culture. HeLa cells were used as rapidly dividing cells and
have been used in our previous studies (26). Primary
macrophages are professional phagocytes involved in
professional removal of cellular debris in areas of
inflammation and could incorporate iron from extra-
cellular space. Activated macrophages derived from
circulating monocytes were used because of their short
lifespan ex vivo and therefore would serve for comparison
with other MSC and HeLa cells.
NMR Biomed. 2006; 19: 581–592
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Histology and labeling efficiency

At each time point (i.e. days 1, 3, 7, 14, 21 and 28), cells
were trypsinized and transferred to cytospin slides. Cells
were fixed with 4% glutaraldehyde, washed and
incubated for 30 min with 2% potassium ferric ferrocya-
nide (Perl’s reagent for Prussian blue staining, Sigma,
St. Louis, MO, USA) in 3.7% hydrochloric acid. Cells
were washed again, counterstained with nuclear fast red
and evaluated for iron staining with a Zeiss microscope
(Axioplan Imaging II; Zeiss, Oberkochen, Germany) at
�40/0.75 objective lens and Axiovision 4 software
(Zeiss). The images were processed using Adobe
Photoshop 7.0 (Adobe, San Jose, CA, USA).

FE-Pro labeling efficiency was determined by manual
counting of Prussian blue-stained and unstained cells
using a Zeiss microscope (Axioplan Imaging II) at �100
magnification using a �100/1.30 (oil) immersion
objective lens. The percentage of labeled cells was
determined from the average of five high-powered
fields.
Real-time quantitative RT-PCR analysis

In order to assess the expression levels of genes encoding
transferrin receptor 1 (TfR-1) and ferritin, total RNA was
isolated from 2� 106 labeled and unlabeled control
MSCs, HeLa cells and primary macrophages at day 1
through day 28 post-labeling, using an RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). For each RNA sample,
1mg was used as a template for first-strand cDNA
synthesis using a TaqMan High Capacity cDNA Archive
Kit, following the RT-PCR manufacturer’s two-step
protocol (PE Applied Biosystems, Foster City, CA,
USA). Controls included RNA samples without reverse
transcriptase and no RNA with reverse transcriptase.
Quantitative analysis of TfR-1 and ferritin gene was
performed by real-time quantitative PCR using ABI
Prism 7700 Sequence Detection System (PE Applied
Biosystems) with TaqMan chemistries and probes. The
TaqMan probes and primers for target genes were assay
on demand gene expression products (PE Applied
Biosystems). The following validated PCR primers and
TaqMan MGB probes (FAM labeled) were used: human
TfR-1 (assay ID: Hs66666611_m1), human ferritin (assay
ID: Hs01694011_s1) and 18S ribosomal RNA (assay ID:
4333760F) as endogenous control (PE Applied Biosys-
tems). Optimal primer, probe and cDNA concentrations
were determined in a separate set of experiments to ensure
that both target gene and 18S RNA fragments were
amplified with equal efficiency. PCR reactions were
performed with first-strand cDNA (0.5mL for TfR-1 and
1mL for ferritin) from each sample, a Universal PCR
Master Mix kit (PE Applied Biosystems), 250 nM TaqMan
probe, 0.16 U of AmpErase UNG (uracil-N-glycosylase)
and 900 nM forward–reverse primers of each gene and 18S
Published in 2006 by John Wiley & Sons, Ltd.
RNA. Three measurements per sample were performed in
each of two independent experiments. Results were
analyzed with the ABI Sequence Detector software
version 1.7 (PE Applied Biosystems). For relative
quantification of target gene expression, the calibration
curve method was applied. Calibration curves were
generated by serially diluting universal human reference
cDNA (Stratagene, La Jolla, CA, USA). The normalized
target gene value was determined by dividing the average
target gene value by the average 18S RNA value. The
normalized target gene value is unitless and is used for
comparing the relative amounts of target gene in different
samples.
Western blot analysis

Cell pellets collected at each time point were lysed with
CelLytic-M (Sigma). Lysates were cleared by centrifu-
gation at 14 000 g for 15 min. Protein concentration was
measured using a BCA Protein Assay (Pierce, Rockford,
IL, USA). Aliquots of lysates containing 30 or 40mg total
protein were incubated with Laemmli buffer (28) for
5 min at 95 8C and were subjected to reducing sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) on 10% gels for analysis of TfR-1 or 12% gels for
analysis of ferritin. Protein was transferred to nitrocel-
lulose and was detected using mouse anti-hTfR-1
(1:1000) (Alpha Diagnostic, San Antonio, TX, USA),
rabbit polyclonal anti-human ferritin, detecting both light
and heavy subunits (1:1000) (Abcam, Cambridge, MA,
USA), mouse anti-hb-actin (1:1000) (Sigma) or rabbit-
anti-hb-actin (1:1000) (Sigma) antibodies and then
horseradish peroxidase (HRP)-conjugated (1:2000) sec-
ondary antibodies. Bands were visualized by chemilu-
minescence (ECL Plus Western Blotting Reagent,
Amersham Biosciences, Piscataway, NJ, USA), quanti-
tated by spot densitometry using a Kodak Image Station
1000 (Eastman Kodak, Rochester, NY, USA) and
normalized to b-actin.
Cell viability and proliferation/cytotoxicity
after FE-Pro labeling of cells

The viability of FE-Pro-labeled MSCs, HeLa cells and
primary macrophages was evaluated with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Roche Molecular Biochemicals, Indiana-
polis, IN, USA) and trypan blue exclusion test. MTT
assay is a colorimetric method for determining the
number of viable cells in proliferation or serves as a
cytotoxicity assay (29,30). It is based on the reduction of
the yellow tetrazolium salt MTT to purple formazan
crystals by metabolically active cells, in part by the action
of dehydrogenase enzymes, to generate reducing equiva-
lents such as NADH and NADPH, and therefore is a
NMR Biomed. 2006; 19: 581–592
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reflection of mitochondrial function (31). The resulting
intracellular purple formazan can be solubilized and
quantified by spectrophotometric means. FE-Pro-labeled
cells and unlabeled cells were grown in triplicate or
quadruplicate in 96-well plates at 1� 105 cells/well with
a change of medium every 3 days. At each time point,
MTT was added to the medium at a final concentration of
0.5 mg/mL and cells were incubated for 3 h at 37 8C in a
5% CO2 atmosphere. After incubation, an equal volume
of solubilizer buffer was added according to the
manufacturer’s instructions (Roche Molecular Bio-
chemicals) and the cells were incubated overnight at
37 8C in a 5% CO2 atmosphere. The absorbance of
the formazen product was measured at a wavelength of
570 nm, with 750 nm as the subtracted reference
wavelength.
Reactive oxygen species (ROS)
measurements

The intracellular formation of ROS was detected by
using a CM-H2DCFDA fluorescent probe (Molecular
Probes, Eugene, OR, USA), a non-fluorescent indicator
that forms fluorescent esters when it reacts with ROS
inside cells. FE-Pro-labeled cells and unlabeled cells
were grown in triplicate or quadruplicate for ROS
analysis.

At each time point, 1� 106 cells were suspended in
PBS with a final concentration of CM-H2DCFDA of
10mM and incubated for 1 h at 37 8C in a 5% CO2

atmosphere. Thereafter, cells were washed twice and
resuspended in PBS. An increase in fluorescence was
detected by flow cytometry (FACS Calibur, Becton
Dickinson, Franklin Lakes, NJ, USA). A total of 10 000
cells were analyzed at the FL1 detector and the results
were presented as mean geometric fluorescence.
Differentiation of MSC

To determine whether MSCs retained the ability to
differentiate after labeling with FE-Pro, labeled and
unlabeled control MSCs at week 1 and week 2 post-
labeling were subjected to adipogenic and chondrogenic
differentiation. For adipogenic assay, MSCs were plated
on 35-cm2 culture dishes and cultured until they reached
100% confluence. The stimulation of adipogenic differ-
entiation was performed according to the cell supplier’s
instructions (Cambrex Bio Science Walkersville). Three
alternate cycles of induction and maintenance were
performed in a 3-week time period. After the third cycle,
the medium was gently aspirated and cells were fixed in
10% buffered formalin and stained with Oil Red O. Only
cells with neutral lipid vacuoles stained red. For the
chondrogenic assay, 1 and 2 weeks after labeling, cells
Published in 2006 by John Wiley & Sons, Ltd.
were trypsinized, washed and gently centrifuged to form
a pellet micromass, which was cultured in a chondro-
genic differentiation media (Cambrex Bio Science
Walkersville) for 21 days. Pellets were sectioned
and stained with Safranin O to detect proteoglycans
(7,32).
Determination of iron concentration per cell

The iron concentration inside the labeled cells was
assessed using NMR relaxometry (33,34). In brief, pellets
containing 1� 106 cells were dried overnight at 110 8C
and incubated for 3 h at 60 8C in a heating block in 500mL
of a mixture of perchloric acid and nitric acid (3:1). For
completely digested samples, the NMR relaxation rate 1/
T2 (s�1) was measured at room temperature and 1.0 T
using a custom-designed variable-field NMR relaxometer
and a Carr–Purcell–Meiboom–Gill pulse sequence
(33,34). The iron concentration in the samples was
calculated from a calibration curve that was derived
from calibration standards of ferrous chloride containing
0.01–10 mM iron in the same acid proportions. Iron
content was expressed as an average in picograms of iron
per cell.
Statistical analysis

Each experiment was performed at least twice and each
sample was tested in triplicate or quadruplicate. Data are
expressed as a mean� SD. A statistically significant
difference between FE-Pro-labeled cells and correspond-
ing unlabeled cells was determined by a paired two-tailed
Student’s t-test or non-parametric statistics where data
were not Gaussian distributed (Prism 4 for Macintosh;
Graph Pad Software, San Diego, CA, USA). A value of
p< 0.05 was considered significant.
RESULTS

FE-Pro labeling of HeLa, MSCs and primary
macrophages

FE-Pro labeling of HeLa, MSCs and primary macro-
phages resulted in approximately 100% labeling effi-
ciency after counting of Prussian blue-stained cells.
Representative photomicrographs of Prussian blue stains
of HeLa, MSCs and primary macrophages from day one
revealed abundant uptake of the FE-Pro complex into the
cytoplasm (Fig. 1) with no Prussian blue positive
unlabeled HeLa, MSCs or macrophages. The labeling
intensity and amount of iron per cell of slowly dividing
MSCs were comparable at each time point investigated
(Table 1). In contrast, in rapidly dividing HeLa cells or
NMR Biomed. 2006; 19: 581–592



Figure 1. Representative Prussian blue photomicrographs (magnification� 40)
of: unlabeled (A) and FE-Pro-labeled HeLa cells (B) 1 day after labeling; unlabeled
(C) and FE-Pro-labeledMSCs (D) 1 day after labeling; and unlabeled (E) and Fe-Pro-
labeled primary macrophages (F) 1 day after labeling

Table 1. Iron content, proliferation/cytotoxicity and ROS production in FE-Pro-labeled MSCsa

Day 1 Day 3 Day 7 Day 14 Day 21 Day 28

Fe (pg/cell) (L) 44.7� 0.34��� 24.8� 0.29��� 16.5� 0.78��� 37.5� 0.81��� 41.2� 0.71��� 57� 0.56���

(U) (0.37� 0.36) (0.22� 0.04) (0.12� 0.02) (0.16� 0.03) (0.19� 0.03) (0.32� 0.04)
MTT (L) 0.56� 0.06 0.53� 0.04 0.62� 0.01 0.53� 0.04 0.67� 0.04 1.01� 0.08

(U) (0.45� 0.09) (0.44� 0.02) (0.47� 0.006) (0.44� 0.01) (0.45� 0.05) (0.91� 0.06)
ROS (L) 75.1� 9.4 164.7� 11 186.5� 9.5 424.8� 27.4 431.7� 2.4 441.9� 2.7

(U) (98.5� 6.4) (138� 14.9) (170.1� 16.2) (426.5� 4.9) (443.7� 5.3) (419.7� 0.4)

aData are presented as a mean� 1 SD from three samples. Statistical analysis was performed by comparing iron content (picograms per cell), MTTand
ROS production in FE-Pro-labeled (L) cells with corresponding unlabeled (U) cells presented in parentheses. ���p< 0.0001.
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non-dividing macrophages, with time, there was a
decrease in labeling intensity and iron content owing
to cell division, potential cellular iron metabolism or
transport of nanoparticles back out into extracellular
space (Tables 2 and 3).
Published in 2006 by John Wiley & Sons, Ltd.
TfR-1 and ferritin levels
in FE-Pro-labeled HeLa cells

Rapidly dividing Fe-Pro-labeled HeLa cells that were
maintained in culture for 28 days, demonstrated a
NMR Biomed. 2006; 19: 581–592



Table 2. Iron content, proliferation/cytotoxicity and ROS production in FE-Pro-labeled HeLa cellsa

Day 1 Day 3 Day 7 Day 14 Day 21 Day 28

Fe (pg/cell) (L) 18.86� 0.32��� 5.99� 1.91� 5.25� 1.38� 5.19� 1.88� 4.71� 2.48 2.33� 0.15��

(U) (0.28� 0.07) (0.12� 0.02) (0.16� 0.02) (0.15� 0.04) (0.24� 0.03) (0.22� 0.04)
MTT (L) 1.27� 0.04 1.29� 0.006 1.22� 0.05 1.08� 0.05 0.84� 0.04 0.83� 0.06

(U) (1.31� 0.08) (1.30� 0.06) (1.28� 0.05) (0.90� 0.02) (0.93� 0.05) (0.90� 0.06)
ROS (L) 1270� 107.3 469.4� 43.9 111.8� 14.27 243.1� 7.2 247.3� 16.9 270� 17.6

(U) (1216� 77.33) (388.6� 30.0) (123.6� 40.9) (212.4� 19.2) (212.1� 32.74) (244� 10.3)

aData are presented as a mean� 1 SD from three samples. Statistical analysis was performed by comparing iron content (picograms per cell), MTTand
ROS production in FE-Pro labeled (L) cells with corresponding unlabeled (U) cells presented in parentheses. �p< 0.04; ��p< 0.001; ���p< 0.0001.

Table 3. Iron content, proliferation/cytotoxicity and
ROS production in FE-Pro-labeled primary macropha-
gesa

Day 1 Day 3 Day 7

Fe
(pg/cell)

(L) 22.7� 1.13�� 23.7� 0.92��� 11.2� 1.51�

(U) (0.6� 0.57) (0.37� 0.19) (1.38� 0.66)
MTT (L) 0.21� 0.03 0.31� 0.01 0.37� 0.01

(U) (0.18� 0.02) (0.30� 0.006) (0.34� 0.03)
ROS (L) 492.3� 25.8 123.1� 22.3 325.0� 45.1

(U)(544.1� 13.1) (128.9� 25.9) (337.5� 67.1)

aData are presented as a mean� 1 SD from three samples. Statistical
analysis was performed by comparing iron content (picograms
per cell), MTT and ROS production in FE-Pro labeled (L) cells
with corresponding unlabeled (U) cells presented in parentheses.
�p< 0.02; ��p< 0.001; ���p< 0.0006.
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decreasing trend in TfR-1 mRNA expression with time
[Fig. 2(A)]. A significant decrease in TfR-1 transcript
levels was detected only at early time points between days
1 and 7 ( p< 0.007) [Fig. 2(A)]. TfR-1 protein expression
levels correlated with TfR-1 gene expression transcripts
and the protein levels were decreased at most of the time
points [Fig. 2(B)]. A significantly lower TfR-1 protein
expression was obtained from the whole cell lysate of
labeled HeLa cells on days 3 ( p¼ 0.012) and 7
( p¼ 0.023) when compared with lysate from unlabeled
HeLa cells [Fig. 2(B)]. In contrast, ferritin gene transcripts
were slightly increased in labeled HeLa cells as early as at
day 1, although the difference was not significant
compared with unlabeled cells [Fig. 2(C)]. An increasing
trend in ferritin gene transcripts was observed on days 7,
14, 21 and 28 with a significant increase in ferritin
mRNA levels from labeled HeLa cells detected only
on day 7 ( p¼ 0.002), compared with unlabeled cells
[Fig. 2(C)]. Ferritin protein levels from whole HeLa
lysate were higher compared with ferritin levels of
corresponding controls during the first two weeks
after labeling, on days 1 ( p¼ 0.04), 3 ( p¼ 0.002), 7
( p¼ 0.033) and 14 ( p¼ 0.002) [Fig. 2(D)]. At days 21
and 28, there was no significant difference detected in
the levels of ferritin protein between labeled and
unlabeled HeLa cell lysate.
Published in 2006 by John Wiley & Sons, Ltd.
TfR-1 and in ferritin levels of
FE-Pro-labeled MSCs

FE-Pro labeling of MSCs grown to confluence for
28 days resulted in a significant decrease of TfR-1
mRNA expression as early as 24 h ( p¼ 0.006), 3 days
( p¼ 0.012), 7 days ( p¼ 0.005) and 14 days ( p¼
0.009) after labeling compared with unlabeled MSCs
[Fig. 3(A)]. At other time points, lower TfR-1 transcript
levels were detected compared with unlabeled cells, but
the differences were not significant. TfR-1 protein
expression from labeled MSCs lysate were found with
decreased levels on days 3, 7 and 28 but were unchanged
compared to control cells on days 1, 14 and 21 [Fig. 3(B)].
A significant decrease in TfR-1 protein expression from
labeled MSCs was detected on days 3 ( p¼ 0.004) and 7
( p¼ 0.003) [Fig. 3(B)].

In general, ferritin expression from FE-Pro-labeled
mesenchymal stem cells grown to confluence demon-
strated an insignificant increase in ferritin mRNA
expression compared with corresponding unlabeled cells
in culture [Fig. 3(C)]. A significant increase in ferritin
mRNA was only observed on days 14 ( p¼ 0.025) and 28
( p¼ 0.009) [Fig. 3(C)]. However, the ferritin protein
levels were significantly increased at each time point
( p< 0.002) compared with unlabeled MSCs whole cell
lysate [Fig. 3(D)].

TfR-1 and ferritin protein levels were also determined
for FE-Pro-labeled and unlabeled MSCs that were allowed
to slowly proliferate by serially dividing the cell cultures in
half , when they reached confluence thus diluting iron
content per cell (Fig. 4). Multiple passages of labeled
MSCs resulted in a significant decrease in TfR-1 protein
observed only at passage 1 (24 h after labeling, p¼ 0.040)
and not significantly different but lower TfR-1 protein
levels at passages 2 and 3 compared with unlabeled MSCs
[Fig. 4(A)]. By passage 4, TfR-1 protein levels of FE-Pro
labeled MSC were similar to unlabeled MSCs or slightly
higher [Fig. 4(A)]. In comparison, ferritin protein levels
from labeled MSCs were significantly increased after
passages 1 ( p¼ 0.007), 3 ( p< 0.0001) and 4 ( p¼ 0.0023)
compared with unlabeled cells [Fig. 4(B)]. After seven
passages or week 9 in culture, ferritin levels from Fe-Pro-
labeled cells were not significantly increased compared
with unlabeled cells.
NMR Biomed. 2006; 19: 581–592



Figure 2. TfR-1 and ferritin gene and protein expression in FE-Pro-labeled HeLa cells 1–28 days post-labeling determined by
real-time RT-PCR and Western blotting of whole cell lysate. (A, C) Decreases in TfR-1 gene expression in labeled HeLa cells on
days 1 ( p¼0.007), 3 ( p¼0.004) and 7 ( p<0.001) and increase in ferritin gene expression on day 7 ( p¼ 0.002) comparedwith
corresponding unlabeled cells. Results are expressed as a relative TfR-1 or ferritin mRNA expression normalized to 18S RNA
(mean�1 SD). (B, D) Representative Western blots of TfR-1 and ferritin protein levels, quantitated and presented on graphs
below. Note the decrease in TfR-1 protein levels on days 3 (p¼ 0.012) and 7 ( p¼0.023) and increase in ferritin protein
expression in labeled cells (L) on days 1 (p¼ 0.04), 3 ( p¼ 0.002), 7 ( p¼0.033) and 14 ( p¼0.002) compared with
corresponding unlabeled cells (U). Results are expressed as relative TfR-1 or ferritin protein expression normalized to b-actin
(mean�1 SD). �¼ Significant differences from the control
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TfR-1 and ferritin levels of
FE-Pro-labeled primary macrophages

Matured primary macrophages that were maintained in
culture for 7 days after Fe-Pro labeling demonstrated
increased expression of TfR-1 mRNA at days 1
( p¼ 0.0006), 3 ( p¼ 0.0007) and 7 ( p¼ 0.0189)
[Fig. 5(A)]. However, no significant changes in TfR-1
expression at the protein level were detected between
labeled and unlabeled macrophages at any time point
analyzed [Fig. 5(B)]. Ferritin gene expression in Fe-Pro-
labeled macrophages was significantly increased at days 1
( p¼ 0.045), 3 ( p¼ 0.0115) and 7 ( p¼ 0.0005) compared
with unlabeled cells [Fig. 5(C)]. Ferritin protein levels
were higher in labeled macrophages on days 1
( p¼ 0.0122) and 7 ( p¼ 0.0326) [Fig. 5(D)].
Published in 2006 by John Wiley & Sons, Ltd.
Cellular viability, proliferation/cytotoxicity
and ROS production after FE-Pro labeling

Tables 1–3 contain the results of the MTT (i.e.
proliferation/cytotoxicity assay) and ROS analysis
measured at different time intervals from days 1–28 for
FE-Pro-labeled and unlabeled HeLa, MSCs and macro-
phages. In HeLa cells, there was a decreasing trend in
formazen (MTT assay product) production over time in
both labeled and unlabeled cells, whereas for MSCs
formazen production was comparable at each time point.
Labeled macrophages showed an increasing trend in
formazen production over time compared with unlabeled
cells. No significant decrease in the viability by trypan
blue exclusion or proliferation of the labeled MSCs, HeLa
cells or macrophages were observed at all time points
NMR Biomed. 2006; 19: 581–592



Figure 3. TfR-1 and ferritin gene and protein expression in FE-Pro-labeled MSCs 1–28 days post-labeling determined by real-
time RT-PCR and Western blots of whole cell lysate. (A, C) Decrease in TfR-1 gene expression in labeled MSCs on days 1
( p¼0.006), 3 ( p¼0.012), 7 ( p¼0.005) and 14 ( p¼0.01) and increase in ferritin gene expression on days 14 (p¼ 0.025) and
28 ( p¼0.009) compared with corresponding unlabeled cells. Results are expressed as a relative TfR-1 or ferritin mRNA
expression normalized to 18S RNA (mean�1 SD). (B, D) Representative Western blots of TfR-1 and ferritin protein levels
quantitated and presented on graphs below. Note the decreases in TfR-1 protein levels in labeled cells (L) on days 3 ( p¼ 0.004)
and 7 (p¼ 0.003) and increases in ferritin protein expression on days 1 ( p¼0.002), 3 ( p¼0.0003), 7 ( p¼ 0.021), 14
( p¼0.0002), 21 ( p¼0.0001) and 28 (p¼ 0.001) compared with corresponding unlabeled cells (U). Results are expressed as
relative TfR-1 or ferritin protein expression normalized to b-actin (mean�1 SD). �¼ Significant differences from the controls

igure 4. TfR-1 and ferritin protein expression in FE-Pro-labeled MSCs after serially passing cells for over 2 months. (A) A
ignificant decrease in TfR-1 protein levels is noted after passage 1 (p¼ 0.04) but not after passages 2–7 compared with
nlabeled cells. (B) Increase in ferritin protein levels after passages 1 ( p¼0.007), 2 ( p¼0.094), 3 (p< 0.0001) and 4
p¼0.002) compared with corresponding unlabeled cells. Results are expressed as relative TfR-1 or ferritin protein expression

�

588 E. PAWELCZYK ET AL.
F
s
u
(

normalized to b-actin (mean�1 SD). ¼ Significant difference from the controls
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Figure 5. TfR-1 and ferritin gene and protein expression in FE-Pro-labeled primary macrophages 1–7 days post-labeling
determined by real-time RT-PCR and Western blots of whole cell lysate. (A, C) Increase in TfR-1 gene expression in labeled
macrophages on days 1 ( p¼ 0.0006), 3 ( p¼0.0007) and 7 ( p¼0.019) and increase in ferritin gene expression on days 1
( p¼0.045), 3 ( p¼0.0115) and 7 ( p¼ 0.0005) comparedwith corresponding unlabeled cells. Results are expressed as a relative
TfR-1 or ferritin mRNA expression normalized to 18S RNA (mean�1 SD). (B, D) Representative Western blots of TfR-1 and
ferritin protein levels, quantitated and presented on graphs below. Note no significant changes in TfR-1 protein levels and
increases in ferritin protein expression in labeled cells (L) on days 1 ( p¼0.0122) and 7 ( p¼ 0.0326) compared with
corresponding unlabeled cells (U). Results are expressed as relative TfR-1 or ferritin protein expression normalized to b-actin
(mean�1 SD). �¼ Significant differences from the controls
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compared with corresponding unlabeled cells (data not
shown).

The ROS production values represented by the
geometric mean fluorescence (Tables 1–3) were not
significantly different in labeled MSCs and HeLa cells
compared with the corresponding unlabeled cells. Fe-Pro
labeling of primary macrophages demonstrated no
significant changes in ROS production compared with
unlabeled cells.
Effect of FE-Pro labeling on differentiation
capacity of MSCs

Labeling of MSCs with FE-Pro complexes did not alter
the capacity of MSCs to differentiate when grown in
culture with appropriate growth factors. Both FE-Pro-
labeled and unlabeled MSCs showed similar differen-
Published in 2006 by John Wiley & Sons, Ltd.
tiation to adipogenic and chondrogenic lineages 1 week
post-labeling (data not shown) and 2 weeks post-labeling
(Fig. 6).
DISCUSSION

The major finding of the study of effects of labeling cells
with FE-Pro on cellular iron metabolism is that the cells
increased gene and protein expression of ferritin in
response to ferumoxides loading into endosomes and at
the same time down-regulated the gene and protein
expression of the transferrin receptor.

Following labeling of cells with ferumoxides, the
nanoparticles may remain inside the endosomes for an
extended period of time or may circulate back out into
extracellular space in rapidly dividing cells (7,26). A
recent study from our laboratory has shown that some of
NMR Biomed. 2006; 19: 581–592



Figure 6. Differentiation of FE-Pro-labeled and unlabeled MSCs 2 weeks after labeling. (A)
MSC-unlabeled, undifferentiated control; (B) MSC-unlabeled adipogenic changes
(magnification�20); (C) MSC-labeled adipogenic changes (magnification �20); (D) gly-
cosaminoglycans in unlabeled MSCs (stained red, magnification �40); (E) glycosaminogly-
cans in labeled MSCs (stained red, magnification �40). Undifferentiated FE-Pro-labeled
MSCs can be found in Fig. 1(D)
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the iron oxide-loaded endosomes fused with lysosomes
and at a pH of 4.5 maintained with appropriate buffers
resulted in the dissolution of the iron oxide nanoparticles
(27). This observation suggests that iron from the
nanoparticles can be released into the intracellular
compartment and participate in cellular iron metabolism.

Under physiological conditions, increases in intra-
cellular iron trigger an up-regulation of ferritin and down-
regulation of transferrin receptor (25). Ferritin and
transferrin receptor levels are exquisitely controlled by
intracellular iron pools that regulate proteins involved in
iron metabolism at the post-transcriptional level (25). Of
note, in FE-Pro-labeled cells the iron content can be from
10 to >100 times greater than in unlabeled cells with the
Published in 2006 by John Wiley & Sons, Ltd.
iron localized in endosomes. In the current study, a
transient decrease in the transferrin receptor gene and in
protein expression was observed in both HeLa and MSCs
after FE-Pro labeling, possibly in response to the cells
detecting the presence of a large increase in intracellular
iron in endosomes that would be digested following
fusion with lysosomes. In contrast, primary macrophages,
which are professional phagocytic cells, showed no
changes in TfR-1 protein levels, but increased levels of
TfR-1 gene expression. This observation may suggest that
professional phagocytes respond differently to increased
amounts of intracellular iron released from dissolved
ferumoxides. Macrophages may not need to down-
regulate TfR-1 owing to their increased cellular
NMR Biomed. 2006; 19: 581–592



FERUMOXIDES AND IRON METABOLISM 591
metabolism or their ability to excrete excess of iron back
into extracellular space, which is reflected in their
decreased iron with time, as presented in Table 3.

Analysis of ferritin expression demonstrated significant
increases in both gene and protein expression of ferritin in
rapidly dividing FE-Pro-labeled HeLa cells and non-
dividing macrophages, but almost constant elevated
levels of ferritin were maintained over a period of at
least 1 month in FE-Pro-labeled MSCs grown to
confluence. The return to control levels of ferritin protein
expression in rapidly dividing HeLa versus slowly
dividing MSCs can be explained by the possible
recirculation of iron back to the extracellular space or
by dilution secondary to rapid cell division.

When FE-Pro-labeled MSCs were allowed to divide
over time to mimic slow growth in vivo, ferritin protein
expression returned to unlabeled cell levels within 9
weeks whereas TfR-1 protein expression was not
significantly changed due to labeling of cells with FE-
Pro. These results suggest that FE-Pro-labeled stem cells
may clear the increased iron load through cell division.
With each subsequent generation of daughter stem cells
or differentiated cells, cellular iron metabolism and
storage is regulated in a similar manner to unlabeled stem
cells.

Iron in its ferrous state is a component of several
metalloproteins that play a crucial role in vital biological
processes (22). On the other hand, ferrous ions can be
detrimental to the cells. An increase in free intracellular
ferrous iron is known to cause production of reactive
oxygen species (ROS) through Harber–Weiss–Fenton
reactions, which ultimately can result in lipid peroxi-
dation and DNA damage (22). The results of this study
confirm previous reports (7,20) that FE-Pro labeling
caused no short- or long-term effects on cell viability,
proliferation, ROS production or differentiation.

The current study indicates that despite the large amount
of iron content introduced into labeled cells, there is no
uncoupling of the transferrin and ferritin regulatory
metabolic processes. This study provides further evidence
supporting the lack of toxicity of labeling cells with
ferumoxides and that cellular iron metabolic pathways can
process the increase in intracellular iron load. Naturally
occurring ferritin in cells is a source of intrinsic MRI
contrast in various tissues contributing to the T1- and T2-
weighted contrast variations in tissues such as brain
parenchyma (35). Based on this property of ferritin, two
recent reports visualized transgene expression in vivo using
MRI after transducing cells with ferritin (36,37). The
dissolution of ferumoxides in the endosome/lysosome
compartment, seen in our studies, should increase ferritin
levels within slowly replicating or differentiated cells
resulting in a continued shortening of T2 andT2

� of the cells
in the tissue and a persistent decrease in signal intensity in
areas containing labeled cells.

The methods used in this study may serve as general
guidelines for future evaluation of new superparamag-
Published in 2006 by John Wiley & Sons, Ltd.
netic iron oxide nanoparticles that may be used for cell
labeling studies or as targeted MR contrast. The results
clearly show that iron oxide-labeled cells can handle iron
overload and therefore survive in vivo for an extended
periods of time. Furthermore, the results indicate that any
release of iron, potentially due to cell death or other
causes, will not result in iron accumulation, but should be
cleared by macrophages, which have efficient and distinct
mechanisms of iron metabolism and clearance. The
potential clinical implications would suggest that
magnetically labeled stem cells that differentiate follow-
ing limited numbers of cell division may be detected by
in vivo MRI for prolonged periods of time due to iron
oxide nanoparticles in endosomes or iron stored safely in
ferritin.
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