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Purpose: To evaluate if the formation of a protein corona around 
ferumoxytol nanoparticles can facilitate stem cell label-
ing for in vivo tracking with magnetic resonance (MR) 
imaging.

Materials and 
Methods:

Ferumoxytol was incubated in media containing human 
serum (group 1), fetal bovine serum (group 2), StemPro 
medium (group 3), protamine (group 4), and protamine 
plus heparin (group 5). Formation of a protein corona 
was characterized by means of dynamic light scattering, z 
potential, and liquid chromatography–mass spectrometry. 
Iron uptake was evaluated with 3,39-diaminobenzidine–
Prussian blue staining, lysosomal staining, and inductively 
coupled plasma spectrometry. To evaluate the effect of a 
protein corona on stem cell labeling, human mesenchymal 
stem cells (hMSCs) were labeled with the above formula-
tions, implanted into pig knee specimens, and investigated 
with T2-weighted fast spin-echo and multiecho spin-echo 
sequences on a 3.0-T MR imaging unit. Data in different 
groups were compared by using a Kruskal-Wallis test.

Results: Compared with bare nanoparticles, all experimental 
groups showed significantly increased negative z values 
(from 237 to less than 210; P = .008). Nanoparticles 
in groups 1–3 showed an increased size because of the 
formation of a protein corona. hMSCs labeled with group 
1–5 media showed significantly shortened T2 relaxation 
times compared with unlabeled control cells (P = .0012). 
hMSCs labeled with group 3 and 5 media had the highest 
iron uptake after cells labeled with group 1 medium. After 
implantation into pig knees, hMSCs labeled with group 1 
medium showed significantly shorter T2 relaxation times 
than hMSCs labeled with group 2–5 media (P = .0022).

Conclusion: The protein corona around ferumoxytol nanoparticles can 
facilitate stem cell labeling for clinical cell tracking with 
MR imaging.

q RSNA, 2017
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900 mL of DMEM with 10% fetal bovine 
serum (FBS); group 3, 900 mL of Stem-
Pro serum-free medium (StemPro is a 
xenogeny-free, serum-free, and Current 
Good Manufacturing Practice–compliant 
medium that contains well-characterized 
proteins specifically formulated for ex-
pansion of human mesenchymal stem 
cells [hMSCs] for clinical use); group 4, 
10 mg/mL protamine sulfate in 1 mL me-
dium; and group 5, 60 mg/mL protamine 
sulfate and 2 IU/mL heparin in 1 mL 
medium. Groups 4–5 were used as the  
standard of reference for clinically trans-
latable transfection agent–mediated cell 
labeling methods. Excess and unbound 
proteins were removed by centrifugation 
and washing with phosphate-buffered 
saline (PBS). The pellet was resuspend-
ed in 500 mL of PBS and was used for 
further experiments. Bare nanoparticles 
served as a control group (group 6).

Protein Corona Characterization
Dynamic light scattering (DLS) and z po-
tential of samples from groups 1–6 were 

transfection agents such as protamine 
sulfate, with or without the addition 
of heparin, to shuttle ferumoxytol into 
the cell (12,13). However, transfec-
tion agent–mediated cell labeling has 
three disadvantages: First, it requires 
incubation of positively charged trans-
fection agents with negatively charged 
nanoparticles. This causes precipitation 
of some nanoparticles because of loss 
of surface charges and related safety 
concerns for clinical applications (14). 
Second, transfection agent–mediated 
cell labeling can lead to surface adsorp-
tion of nanoparticles instead of inter-
nalization, which can impair in vivo 
cell-cell interactions (14,15). Third, be-
cause most transfection agents are not 
approved for clinical use, adding non–
clinically approved transfection agents 
to clinical protocols can hinder clinical 
translation (16,17). Simple incubation 
protocols would be preferable, as these 
would be easier to apply and would not 
require Investigational New Drug ap-
proval for the transfection agent. It has 
been recently described that proteins in 
human serum (HS) or serum-containing 
media form a corona around nanoparti-
cles (18). The protein corona increases 
the nanoparticles’ surface charge and 
hydrodynamic size (19,20), which can 
increase their cellular uptake through 
endocytosis or phagocytosis (21–23). 
The purpose of our study was to evalu-
ate if the formation of a protein corona 
around ferumoxytol nanoparticles can 
facilitate stem cell labeling for in vivo 
tracking with MR imaging.

Materials and Methods

Hard Corona Formation
Ferumoxytol (Feraheme) is composed of 
USPIOs with an iron oxide core and a 
carboxymethyldextran coat. The agent 
has a mean hydrodynamic diameter of 
30 nm and an r2 relaxivity of 83 L mmol-
1 sec-1 at 20 MHz (24). We incubated 
100 mL of ferumoxytol (concentration, 
1 mg iron per milliliter) with labeling 
media at 37°C for 1 hour as follows: 
Group 1 consisted of 900 mL of Dulbec-
co’s modified Eagle’s medium (DMEM) 
supplemented with 10% HS; group 2, 
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Advances in Knowledge

 n We developed a new, transfection 
agent–free labeling approach, 
which takes advantage of the for-
mation of a protein corona layer 
around ferumoxytol nanopar-
ticles in protein-containing 
media.

 n Human serum protein corona-
mediated cell labeling enabled 
significantly higher ferumoxytol 
uptake by human mesenchymal 
stem cells than did transfection 
agent–mediated labeling tech-
niques (P , .05).

Imaging techniques are important 
for monitoring novel cell therapies 
for tissue regeneration. Therapeutic 

cells migrate, proliferate, differentiate, 
and respond to their environment (1). 
Iron oxide nanoparticles can be used 
to track transplanted cells in vivo with 
magnetic resonance (MR) imaging (2). 
Persistence or disappearance of the iron 
oxide label at the transplant site, as visu-
alized at MR imaging, can provide infor-
mation about successful or unsuccessful 
engraftment outcomes (3,4).

Previous studies found that rela-
tively large superparamagnetic iron 
oxide nanoparticles (SPIOs) with diam-
eters of more than 50 nm are phagocy-
tosed by stem cells (5). This leads to 
more efficient cellular uptake compared 
with ultrasmall SPIOs (USPIOs) with 
diameters of less than 50 nm, which 
are mainly subject to endocytotic cel-
lular uptake (6–8). Therefore, initial 
approaches for MR imaging–based cell 
tracking have been almost exclusively 
performed with SPIOs (6,9,10). Unfor-
tunately, SPIOs have been taken off the 
market in the United States and Europe 
and have been replaced by USPIOs as 
second-generation nanoparticles, which 
offer a wider spectrum of clinical ap-
plications. Ferumoxytol (Feraheme) is 
a Food and Drug Administration–ap-
proved iron supplement (11) that is 
composed of USPIOs and can be ap-
plied “off-label” for cell tracking in pa-
tients. Because ferumoxytol uptake by 
stem cells is relatively inefficient (12), 
previous cell-labeling protocols utilized 
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the femoral condyle of five pig knee joint 
specimens. All samples and specimens 
underwent MR imaging with a clinical 3.0-
T MR imaging unit (Signa HD 16.0; GE 
Medical Systems, Milwaukee, Wis), using 
a Mayo Clinic BC-10 MR imaging coil, a 
T2 fat-saturated fast spin-echo sequence 
(repetition time msec/echo time msec, 
3500/30; bandwidth, 31.25 Hz; field of 
view, 10 3 10 cm; matrix, 192 3 192; 
number of excitations, two; section thick-
ness, 1.6 mm; and echo train length, 
six), and a multiecho spin-echo sequence 
(3500/15, 30, 45, 60; bandwidth, 31.25; 
field of view, 10 3 10 cm; matrix, 192 3 
192; number of excitations, one; section 
thickness, 1.6 mm; and echo train length, 
one). T2 relaxation times of all samples 
were calculated by using CineTool soft-
ware (GE Medical Systems).

Statistical Analyses
We used a Kruskal-Wallis test to test 
whether group 1 was significantly bet-
ter than the other groups, followed by 
three post-hoc exact one-sided Wilcoxon 
tests comparing (a) groups 1–5 versus 
unlabeled control particles, (b) groups 
2–5 versus group 1, and (c) group 1 ver-
sus the best two groups of groups 2–5 
(protamine plus heparin and StemPro). 
A Bonferroni-adjusted significance level 
of .05/4 = .0125 was used. All statistical 
analyses were performed by using Sta-
ta, release 14.2 (Stata, College Station, 
Tex).

Results

Ferumoxytol Protein Corona 
Characterization
Ferumoxytol nanoparticles formed a 
protein corona (Fig 1) in media con-
taining HS, FBS, and Current Good 
Manufacturing Practice–compliant 
proteins (StemPro). DLS measure-
ments showed that the corona-covered 
nanoparticles were more dispersed 
compared with bare nanoparticles 
in water as a control group (Fig 2a).  
The average size of nanoparticles in 
groups 1, 2, and 3 and in the control 
group was 35.76 nm 6 2.25, 13.98 nm 
6 0.10, 22.19 nm 6 1.37, and 16.53 
nm 6 0.94, respectively. The average 

group 1–3 compositions of ferumoxy-
tol (concentration, 100 mg/mL) for 5 
days and with group 4–5 compositions 
for 4 hours in serum-free media and 
20 hours in 10% FBS-containing me-
dia (12). Following the labeling proce-
dures, the cells were washed in DMEM, 
counted, and referred for inductively 
coupled plasma (ICP) optical emission 
spectrometry (OES), microscopy, and 
imaging studies. The cellular iron up-
take was measured by using ICP OES 
and was then divided by the cell con-
centration to provide the iron content 
per cell.

In addition, cell samples from each 
group were stained with the “Accustain” 
Prussian blue kit (Sigma-Aldrich, St 
Louis, Mo) with post–3,39-diaminoben-
zidine (DAB) enhancement and Lyso-
Tracker Red DND 99 (1 nM; Invitrogen, 
Molecular Probes, Eugene, Ore).

To further localize ferumoxytol 
nanoparticles in hMSCs, 1 3 106 cells per 
group were carefully washed three times 
with PBS, fixed in formalin, embedded 
in gelatin, cut into 1 mm3 blocks, fixed in 
1% osmium tetroxide in 0.1 M sodium 
cacodylate (EMS, Hatfield, Pa), stained 
with 2% uranyl acetate, dehydrated, em-
bedded in Embed-812 resin (EMS), cut 
into 100-nm-thick slices, and placed on 
300 mesh formvar-coated nickel grids 
(Ted Pella, Redding, Calif). Electron mi-
croscopy was performed with an aber-
ration-corrected Titan (FEI, Hillsboro, 
Ore) operated at 300 kV and equipped 
with a OneView camera (Gatan, Pleas-
anton, Calif) and a Quantum 966 elec-
tron energy loss (EEL) spectrometer 
(Gatan). EEL spectra were obtained to 
confirm the presence of iron nanopar-
ticle with a dispersion of 0.25 eV per 
channel in microprobe mode. Spectra 
were background subtracted in Gatan 
Digital Micrograph software and were 
smoothed by means of a five-point av-
erage in OriginPro 9.1 prior to plotting.

MR Imaging
Triplicate samples of 2 3 106 hMSCs 
from each group were mixed with 50 mL 
ficol and were placed into 3-mm NMR 
tubes. Additional samples of 2 3 106 
hMSCs seeded in agarose scaffold were 
implanted into 5-mm cartilage defects in 

measured with Malvern PCS-4700 and 
Malvern Zetasizer 3000HSa instruments. 
The protein corona composition in groups 
1–3 was analyzed with liquid chromatog-
raphy (LC)–mass spectrometry (MS). 
Protease Max (Promega, Madison, Wis), 
an acid labile surfactant, was added to 
the nanoparticles, followed by vortex-
ing and sonication. Next, the samples 
were reduced, alkylated, and digested 
overnight. The digestion was quenched 
by addition of formic acid, followed by 
peptide concentration and purification. 
The peptide pools were dried, recon-
stituted, and injected into an in-house–
packed C18 reversed phase analytical 
column. The mass spectrometer was an 
Orbitrap Fusion set to acquire data in a 
dependent fashion. Fragmentation was 
performed on the most intense multiply 
charged precursor ions. All LC-MS data 
were analyzed for peptide composition 
by using Preview and Byonic v2.0 soft-
ware (ProteinMetrics, San Carlos, Calif). 
Data were validated by using standard re-
verse-decoy techniques. Peptide spectral 
matches and other supporting data were 
transferred for further analysis with cus-
tom tools developed in MATLAB (Math-
Works, Natick, Mass) to provide visuali-
zation and statistical characterization.

A semiquantitative assessment of 
the protein amount was performed 
through application of a spectral count-
ing (SpC) method. The normalized per-
centages of spectral counts (NpSpCs) 
of each protein, identified in the LC-MS 
spectra, were calculated by applying 
the following equation (25):

w

1 w

SpC
(M )

NpSpC ( ) 100%
SpC

(M )

k
n

t t

k

=

    
=

    ∑
i ,

where NpSpCk is the normalized per-
centage of spectral count (ie, raw 
counts of ions) for protein k, SpC is the 
spectral count identified, and Mw is the 
molecular weight (in kilodaltons) of the 
protein k.

Stem Cell Labeling
Triplicate samples of 1 3 106 human 
mesenchymal stromal cells (Lonza, 
Basel, Switzerland) were labeled with 
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size of nanoparticles in groups 1–3 was 
significantly larger than in the group 
with bare nanoparticles in water (P = 
.025). The size of the nanoparticles in 
group 1 was significantly different from 
that in groups 2 and 3 (P = .0046).

The z potential of nanoparticles in 
groups 1–5 (25.87 mV 6 0.45, 26.87 
mV 6 0.24, 29.42 mV 6 0.85, 28.24 
mV 6 0.34, and 29.46 mV 6 0.79, 
respectively) was significantly different 
from the average z potential of bare 
nanoparticles in water (237.03 mV 6 
0.59; P = .0012). In addition, the z po-
tential of nanoparticles in group 1 was 
significantly smaller than that in groups 
2–5 (P = .0022; Fig 2b).

To further evaluate the composition 
of the protein corona around ferumoxy-
tol nanoparticles in groups 1–3, we 
evaluated the type and size of corona 
proteins. After incubation with HS- or 
FBS-containing media, the corona was 
composed of proteins with a molecular 
weight of less than 30 kDa. The most fre-
quent proteins (NpSpC . 5%) in the HS, 
FBS, and Current Good Manufacturing 
Practice–compliant protein-containing 

Figure 1

Figure 1: Schematic design of protein corona reaction with ferumoxytol and its cellular uptake. (a) Iron 
oxide nanoparticle, (b) proteins in culture media, (c) nanoparticle covered with protein corona, (d) cell mem-
brane, and (e) protein-covered nanoparticle in a lysosome/endosome in a cell.

Figure 2

Figure 2: Protein corona characterization. (a) DLS analysis of ferumoxytol covered by protein corona in different culture media. (b) z-Potential measurement of 
ferumoxytol covered by protein corona in different culture media.
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(10.78 msec 6 0.73) were significantly 
shorter than those of hMSCs labeled in 
groups 2–5 (P = .0022).

After implantation of hMSCs into 
pig knee joints, all labeled hMSC trans-
plants could be clearly delineated from 
native cartilage and demonstrated sig-
nificant T2 relaxation time shortening 
(Fig 5c–5e) compared with unlabeled 
hMSCs. Group 1 cell labeling resulted 
in significantly (P = .0022) shorter T2 
relaxation times (12.68 msec 6 0.11) of 

hMSCs when compared with unlabeled 
hMSCs (Fig 5). Compared with those in 
unlabeled control group (23.62 msec 6 
2.39), mean T2 relaxation times were 
significantly (P = .0012) shorter for hM-
SCs labeled with ferumoxytol in group 
1 (10.78 msec 6 0.73), group 2 (15.91 
msec 6 1.36), group 3 (15.07 msec 6 
0.55), group 4 (19.2 msec 6 0.17), and 
group 5 (14.58 msec 6 0.24). In ad-
dition, T2 relaxation times of hMSCs 
labeled with ferumoxytol in group 1 

media (StemPro) included apolipopro-
tein A-I, hemoglobin a, and serum albu-
min, respectively (Tables 1–3 and Tables 
E1–E3 [online]).

To understand the biochemical func-
tion of specific proteins in the corona, 
a bioanalytic approach (18) was used 
to classify the quantity of proteins that 
mediate complement activation, coagu-
lation, acute phase response, apolipo-
proteins, and tissue leakage (Fig 3b).  
In the FBS and HS groups, 19.4% and 
16.4% of all proteins in the corona were 
apolipoproteins. In the StemPro group, 
20% of all proteins in the corona were 
acute phase response proteins (9.7%) 
and apolipoproteins (10.3%).

Cellular Iron Uptake
DAB-enhanced Prussian blue stains 
demonstrated marked iron uptake for 
hMSCs labeled with ferumoxytol in all 
groups (Fig E1a [online]). The quanti-
tative iron uptake, as determined by in-
ductively coupled plasma optical emis-
sion spectrometry, was significantly 
higher (P  .001) for hMSCs labeled 
with ferumoxytol in group 1 (4.01 pg/
cell 6 0.02) than for hMSCs labeled 
with other methods (group 2: 1.88 pg/
cell 6 0.27; group 3: 2.55 pg/cell 6 
0.01), including the standard transfec-
tion protocols (group 4: 1.18 pg/cell 6 
0.28; group 5: 2.98 pg/cell 6 0.01; Fig 
E1b [online]).

All labeling protocols led to an 
increased quantity of lysosomes/en-
dosomes in labeled compared with 
unlabeled hMSCs, as shown with immu-
nofluorescent stains (lysoTracker Red 
DND-99). This suggests a similar mode 
of lysosomal nanoparticle uptake for all 
labeling protocols (Fig E2 [online]). The 
presence of iron oxide nanoparticles in 
lysosomes/endosomes was confirmed at 
transmission electron microscopy and 
electron energy loss spectroscopy (Fig 4).  
No nanoparticles were observed in any 
other compartment of the cells. Imaging 
and electron energy loss spectroscopy of  
unlabeled control particles revealed no 
presence of nanoparticles in the cells.

MR Imaging
In vitro, MR images demonstrated sig-
nificant MR signal effects for all labeled 

Table 1

Representative Hard Corona Proteins Associated with Ferumoxytol after Incubation in 
Media with 10% FBS, as Identified at LC-MS/MS

Uniprot Accession No. Protein Name NpSpC (%)

P01966 Hemoglobin a 16.02 6 2.68
B0JYN6 a-2-HS-glycoprotein 10.59 6 1.38
P02768 Serum albumin 7.45 6 0.49
P81644 Apolipoprotein A-II 7.37 6 0.87
P02081 Hemoglobin b 6.94 6 0.38
P34955 a-1-antiproteinase 5.04 6 0.47
P15497 Apolipoprotein A-I 4.89 6 0.72
Q9TRP4 Fetuin 2.93 6 1.76
Q03247 Apolipoprotein E 1.06 6 0.13
P19035 Apolipoprotein C-III 0.99 6 0.34

Note.—Data are means 6 standard deviations of the results of three individual tests.

Table 2

Representative Hard Corona Proteins Associated with Ferumoxytol after Incubation in 
Media with 10% HS, as Identified at LC-MS/MS

Uniprot Accession No. Protein Name NpSpC (%)

P02647 Apolipoprotein A-I 6.36 6 0.38
P02649 Apolipoprotein E 4.29 6 0.12
P02768 Serum albumin 3.74 6 0.57
P0CG05 Ig l-2 chain C regions 3.61 6 0.15
P02654 Apolipoprotein C-I 2.21 6 0.17
P55056 Apolipoprotein C-IV 1.94 6 0.26
P02652 Apolipoprotein A-II 1.93 6 0.20
P04114 Apolipoprotein B-100 1.85 6 0.39
P02656 Apolipoprotein C-III 1.66 6 0.47
P01024 Complement C3 1.66 6 0.11
P01834 Ig k chain C region 1.62 6 0.53
P02655 Apolipoprotein C-II 1.46 6 0.21
P35542 Serum amyloid A-4 protein 1.29 6 0.14
P01876 Ig a-1 chain C region 1.26 6 0.05
P00738 Haptoglobin 1.13 6 0.09
P06727 Apolipoprotein A-IV 1.04 6 0.09

Note.—Data are means 6 standard deviations of the results of three individual tests. Ig = immunoglobulin.
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which led to increased cellular uptake 
through endocytosis or phagocytosis 
(21–23). Accordingly, the larger size 
and reduced z potential of our protein-
coated ferumoxytol nanoparticles com-
pared with bare nanoparticles in PBS 
might explain the observed increased ly-
sosomal uptake of ferumoxytol into hM-
SCs. Furthermore, the protein corona 
layer could reduce the repulsive inter-
actions between the cell membrane and 
nanoparticles (as the cell membrane 

a reported low cellular uptake and re-
quire transfection agent–assisted proto-
cols for cell labeling (12,13). Our data 
showed that the formation of a protein 
corona could facilitate ferumoxytol up-
take by human stem cells. Previous in-
vestigators reported the formation of a 
protein corona around nanoparticles af-
ter interaction with protein-containing 
fluids (18,29,30). The protein corona 
increased the nanoparticles’ surface 
charge and hydrodynamic size (19,20), 

labeled cell transplants compared with 
those in group 2 (20.94 msec 6 1.05), 
group 3 (17.50 msec 6 0.33), group 
4 (19.48 msec 6 1.13), and group 5 
(17.42 msec 6 0.21) (Fig 5c–5e).

Discussion

Our data showed that labeling of hM-
SCs with ferumoxytol could be facili-
tated by generating a protein corona 
around nanoparticles through incuba-
tion in protein-containing media. Pre-
vious studies have reported the for-
mation of a protein corona around 
nanoparticles (18,26,27). However, to 
the best of our knowledge, the effect 
of the protein corona on the labeling 
efficacy of stem cells has not yet been 
investigated.

Ferumoxytol (Feraheme) is an US-
PIO and a U.S. Food and Drug Admin-
istration–approved iron supplement 
(11) that exerts strong signal effects 
on MR images (13,28) and can thus 
be applied “off-label” for cell label-
ing and cell tracking purposes in pa-
tients. However, owing to their small 
size, ferumoxytol nanoparticles have 

Table 3

Representative Hard Corona Proteins Associated with Ferumoxytol after Incubation in 
StemPro Media, as Identified at LC-MS/MS

Uniprot Accession No. Protein Name NpSpC (%)

P02768 Serum albumin 70.93 6 1.46
Q2TBU0 Haptoglobin 2.39 6 0.27
P19035 Apolipoprotein C-III 2.34 6 1.89
Q3ZBQ9 APOM protein 1.95 6 0.11
P18902 Retinol-binding protein 4 1.89 6 0.86
P60712 Actin, cytoplasmic 1 1.433 6 0.25
Q03247 Apolipoprotein E 1.27 6 0.35
Q3ZCF0 Dynactin subunit 2 1.20 6 0.15

Note.—Data are means 6 standard deviations of the results of three individual tests. APOM = apolipoprotein M.

Figure 3

Figure 3: Graphs show classification of proteins in the hard corona of ferumoxytol nanoparticles, after incubation with protein-containing media. (a) Normalized 
spectral counts of proteins of different molecular weight ranges in the hard corona of ferumoxytol nanoparticles. (b) NpSpC of proteins with different physiologic func-
tions in the hard corona of ferumoxytol nanoparticles, after incubation with HS- or FBS-containing media or StemPro media. Data are means and standard errors of 
the mean of three samples per group.
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apolipoproteins in the protein corona 
significantly increase the cellular uptake 
of nanoparticles (21). We found the op-
posite: hMSCs incubated with HS-con-
taining media demonstrated increased 
C3 apolipoproteins, decreased 1H apoli-
poproteins, and increased nanoparticle 
uptake compared with hMSCs incubated 
with StemPro. The observed discrepancy 
could be due to the cell vision effect—
that is, a cellular response to nanopar-
ticles related to detoxification strategies 
in response to nanoparticles (32)—as 
different cell types have different cell re-
ceptors on their surfaces and use differ-
ent pathways to respond to nanoparticles 
(33). Another reason could be overrid-
ing effects of other proteins and protein 

and type of proteins in the labeling me-
dia could alter the composition of the 
corona and stem cell labeling efficacy. 
An observed higher uptake of ferumoxy-
tol by hMSCs in HS-containing media 
compared with that in FBS-containing 
or StemPro media could be due to the 
higher surface charge of HS (25.87 mV 
6 0.45) compared with both FBS (26.87 
mV 6 0.24) and StemPro (29.42 mV 6 
0.85). A higher surface charge causes 
lower repulsive electrostatic interactions 
between cell membranes and nanopar-
ticles (31), thereby improving lysosomal 
uptake (31).

A recent report suggested that C3 
apolipoproteins in the protein corona sig-
nificantly decrease and hydrogen 1 (1H) 

has a net-negative charge). Our data 
showed that the formation of a protein 
corona increased the z potential of 
ferumoxytol nanoparticles from 237.03 
mV 6 0.59 to 25.87 mV 6 0.45. Our 
team previously found that ferumoxides 
and ferucarbotran can label stem cells 
by simple incubation through endo-
cytosis or phagocytosis (3,6). Both of 
these agents are larger than ferumoxy-
tol, and, in addition, ferucarbotran has 
a negative z potential. Thus, although 
cationic transfection agents can im-
prove cellular uptake, efficient labeling 
has been previously achieved with neg-
atively charged nanoparticles.

In addition to the effects of size and 
surface charge, we found that the amount 

Figure 4

Figure 4: Ferumoxytol compartmentalization in hMSCs after exposure to different labeling media. Electron microscopy of similarly treated cells shows nanoparticle-
containing lysosomes/endosomes (white arrows) and the iron nanoparticles (black arrows) in all samples that have been exposed to ferumoxytol (scale bars in left 
column, middle column, and right column are 2 mm, 500 nm, and 200 nm, respectively). Electron energy loss spectra (right) confirm the presence (Fig 4 continues) 
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nanoparticles can produce more dis-
tinct disruption of the plasma mem-
brane, greater mitochondrial and lyso-
somal impairment, and, importantly, 
are not clinically available to date (36). 
The main reason is that positively 
charged nanoparticles are covered by 
opsonin-based proteins in the blood, 
which are rapidly removed by the im-
mune system (37).

Our team previously reported an-
other clinically applicable approach 
for in vivo labeling of autologous bone 
marrow cells (28). After intravenous 
injection, ferumoxytol is taken up by 
hMSCs in the bone marrow. hMSCs 
harvested from a bone marrow aspi-
rate can be tracked after transplanta-
tion into the same patient. By compar-
ison, the approach described here can 

serum-deprived cells develop apoptosis 
(35). By using classic transfection pro-
tocols, the association of the nanopar-
ticles with transfection agents in a first 
step prevents a corona formation in the 
second step, when serum is added. To 
our surprise, a simplification of the la-
beling protocol toward a one-step incu-
bation of stem cells in protein-containing 
media without a transfection agent led 
to increased labeling efficiencies, which 
will facilitate clinical translations. Feru-
moxytol could be added to any standard 
medium for expansion of allogeneic cell 
products, without any need to modify 
the cell culture process or wash the cells.

Because our ultimate goal is clini-
cal translation, we focused on clinically 
applicable nanoparticles, which are 
negatively charged. Positively charged 

conformation in the corona composition, 
as different nanoparticles were used in 
these studies.

Other investigators (34) have pre-
viously reported a significantly reduced 
uptake of corona-coated nanoparticles 
into cells compared with incubation 
with bare nanoparticles. The observed 
discrepancy could be due to different 
exposure environments, which affect 
the nanoparticle uptake amount and in-
tracellular location.

For cell transfection, nanoparticles 
are incubated with transfection agents 
in serum-free media to avoid interfer-
ence of proteins with the formation 
of nanoparticle–transfection agent 
complexes (12,13). Labeling of stem cells 
with nanoparticles in serum-free media 
beyond 4 hours is not possible because 

Figure 4 (continued)

Figure 4 (continued): of iron in lysosomes/endosomes of labeled cells and the absence of iron in the unlabeled control.
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