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Obijective: Cell therapies have emerged as a promising approach in medicine. The basis of
each therapy is the injection of 1-100x10° cells with regenerative potential into some part of
the body. Mesenchymal stromal cells (MSCs) are the most used cell type in the cell therapy
nowadays, but no gold standard for the labeling of the MSCs for magnetic resonance imaging
(MRI) is available yet. This work evaluates our newly synthesized uncoated superparamagnetic
maghemite nanoparticles (surface-active maghemite nanoparticles — SAMNs) as an MRI contrast
intracellular probe usable in a clinical 1.5 T MRI system.

Methods: MSCs from rat and human donors were isolated, and then incubated at different
concentrations (10-200 pg/mL) of SAMN maghemite nanoparticles for 48 hours. Viability,
proliferation, and nanoparticle uptake efficiency were tested (using fluorescence microscopy,
xCELLigence analysis, atomic absorption spectroscopy, and advanced microscopy techniques).
Migration capacity, cluster of differentiation markers, effect of nanoparticles on long-term
viability, contrast properties in MRI, and cocultivation of labeled cells with myocytes were
also studied.

Results: SAMNSs do not affect MSC viability if the concentration does not exceed 100 pg
ferumoxide/mL, and this concentration does not alter their cell phenotype and long-term pro-
liferation profile. After 48 hours of incubation, MSCs labeled with SAMNs show more than
double the amount of iron per cell compared to Resovist-labeled cells, which correlates well
with the better contrast properties of the SAMN cell sample in T2-weighted MRI. SAMN-
labeled MSCs display strong adherence and excellent elasticity in a beating myocyte culture
for a minimum of 7 days.

Conclusion: Detailed in vitro tests and phantom tests on ex vivo tissue show that the new
SAMNS are efficient MRI contrast agent probes with exclusive intracellular uptake and high
biological safety.

Keywords: mesenchymal stromal cells, stem cell tracking, magnetic resonance imaging,
superparamagnetic iron oxide nanoparticles, stem cell labeling

Introduction

Cellular therapies exploit the high regenerative potential of stem cells or multipo-
tent cells. Mesenchymal stromal cells (MSCs) are currently the type of multipotent
cells most extensively used in preclinical and clinical applications. These cells are
able to repair damaged tissues, support the growth of original cells, and regulate
inflammation. They are able to halt numerous degenerative diseases. MSC therapy
procedures are based on injecting 1-100x10° MSCs directly into the body’s target
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(eg, heart, skin scar tissue, knee joint) or infusing MSCs
into the blood circulation.'> A very complex biophysical
process begins after the administration of MSCs, con-
sisting of their interaction with the patient’s healthy and
pathological cells and with the extracellular matrix. This
leads either to cell attachment or cell rejection.* Physicians
should ideally have a monitoring tool capable of determin-
ing the fate of the injected stem cells. Such tools should
provide information about the stem cell biodistribution
immediately after injection, migration after several hours
or days, and, over a longer term, stem cell survival and dif-
ferentiation of grafted stem cells in vivo. Among the many
diagnostic tools available, magnetic resonance imaging
(MRI) is today the most widespread and seemingly ideal
noninvasive method for monitoring stem cell migration and
biodistribution in clinical practice.>® MRI enables in vivo
imaging of the transplanted cells with high spatial resolu-
tion in three dimensions, together with visualization of the
surrounding tissues, and without promoting cell toxicity or
negative side effects.’

In order to monitor the cells’ biodistribution in a patient’s
body, the MSCs must be labeled with a suitable contrast
agent because unlabeled MSCs cannot be differentiated
from other original cells in the body. Superparamagnetic
iron oxide (SPIO) nanoparticles present the most convenient
alternative among MRI contrast agents for stem cell labeling
and monitoring by MRI. In fact, since they promote negative
hypointense signal of the transplanted MSCs, SPIO particles
increase the T2-weighted contrast of the transplanted tissue
from surroundings.®

The commonly used SPIO nanoparticles consist of
maghemite and/or a magnetite magnetic core. Because of the
spinel structure with two nonequivalent magnetic sublattices
favoring the establishment of ferrimagnetic ordering, these
two iron oxide polymorphs exhibit strong magnetic proper-
ties achievable under low applied magnetic fields (<1.5 T),
which makes them suitable for many biomedical applications.
Moreover, when the size of iron oxide nanoparticles falls
below a certain value (~30 nm), they become superpara-
magnetic even at room temperature.”'® Besides their use in
MRI,>!" they are used in biomagnetic separations, magnetic
hyperthermia treatment, or targeted drug delivery.®!>!> The
size of the SPIO nanoparticles in biomedical applications
ranges from a few nanometers for individual particles to
several hundred nanometers for clusters. SPIO particles are
characterized by extremely large magnetic moments (with
a saturation magnetization in the range of 60-80 emu/g),
which affect the MRI signal >4

SPIO nanoparticles require a surface coating to prevent
destabilization and agglomeration of the colloidal suspension.
Most generally, SPIO nanoparticles are coated with dextran,
carboxydextran, starch, poly(ethylene glycol) (PEG), or
poly(vinyl alcohol) (PVA).'*!15> However, most commercial
SPIO contrast agents (eg, Endorem or Resovist, which are
stabilized with dextran or carboxydextran) show low effi-
ciency in endocytosis and other processes of uptake by MSCs.
Moreover, the coating on the nanoparticles reduces the mag-
netic properties of the material, introduces a magnetically
inert polymer, and selects a defined surface chemistry. We
have recently developed new SPIO maghemite nanoparticles,
known as surface-active maghemite nanoparticles (SAMNS),
wherein good colloidal and surface properties have been
combined harmoniously even without the polymer coating.
It was also shown that they have the ability to bind biomol-
ecules from the suspensions'® and can be internalized into
HeLa cells successfully.!” It is therefore meaningful to test
their potential for stem cell labeling and to compare their MRI
contrast efficacy with the commercial contrast agent Resovist.
Moreover, the bare nanoparticles are commonly said to be
more toxic than the coated ones and therefore not appropri-
ate for bioapplications. It is also questionable whether the
protein corona or biomolecules in media, which are strongly
adsorbed on the surface of bare SPIO nanoparticles during
the incubation, form a self-assembled biomimetic system
more natural and less toxic than various synthetic polymer-
coated nanoparticles.

The aim of this study was threefold: 1) to assess the
complex in vitro characteristics (viability, proliferation,
migration, and differentiation) of SAMN-Ilabeled stem
cells in rat and human MSCs (rMSCs and hMSCs, respec-
tively); 2) to investigate the SPIO labeling efficiency using
various microscopic (optical microscopy, scanning electron
microscopy [SEM], atomic force microscopy [AFM]) and
spectroscopic techniques (atomic absorption spectroscopy
[AAS]), and long-term labeling analysis and cocultivation
of SAMN-labeled stem cells with myocytes; and 3) to test
the contrast properties of SAMN- and Resovist-labeled
cells at 1.5 and 7 T clinical MRI in T2-weighted images.
All these tests were designed to prove the preliminary
hypothesis that 48-hours labeling of rIMSCs and hMSCs by
novel SAMN nanoparticles using 50 wg/mL or 100 pug/mL
is safe and that this labeling method will ensure sufficient
incorporation of SAMNSs into the internal space of cells,
giving a satisfactory contrast of MSCs under T2 MRI scan-
ning modes with a detection limit better than 100x10° cells
per cubic centimeter.
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Materials and methods
Synthesis and characterization of SAMN

nanoparticles
Maghemite nanoparticles (SAMNs) were synthesized by
borohydride reduction (53 mmol in liquid ammonia) of
ferric chloride FeCl,-6H,0 (37 mmol), both purchased
from Sigma-Aldrich Co. (St Louis, MO, USA), at room
temperature. After the reduction reaction (indicated by
change of color to black), the temperature of the mixture
was increased to 100°C and held constant for 2 hours.
After cooling the mixture to room temperature, the mag-
netic fraction was separated using an external magnet and
washed several times with water. The final step of the
synthesis included thermal treatment of the intermediate
at 400°C for 2 hours. The product obtained was dispersed
in deionized water (Milli-Q) in an ultrasonic bath, giving
the suspension its stable colloidal character as confirmed
by monitoring over a few months. Detailed description of
the synthesis and the precise physical and chemical charac-
terization of these maghemite nanoparticles are described
in our previous paper.*

Magnetic relaxometry of SAMNs was performed with
a 3 T MRI scanner (Siemens Skyra, Erlangen, Germany) at
the specialized experimental laboratory at Graz University,
Graz, Austria. For all measurements, a circular polarized coil
(“animal-coil”) with an inner diameter of 7.5 cm (RAPID
Biomedical GmbH, Rimpar, Germany) was used to obtain
a high signal-to-noise ratio. More information about the
measurement and evaluation of relaxivity indexes is given
in the Supplementary materials.

Cell cultures
Rat bone marrow stromal cells were harvested and cultured
as described by Gallo et al." Briefly, bone marrow cells were
isolated from the bone marrow of femurs by flushing the
medium into the bone shaft. The cell suspension was filtered
through a 40 wm nylon filter (Falcon) and plated at a density
2.5%10%/cm? in chambers of 24-well plates. Cells were grown
in complete Iscove’s modified Dulbecco Modified Eagle’s
Medium (DMEM) (with 10% fetal bovine serum [FBS] and
2% penicillin-streptomycin) at 37°C and 5% CO,. Passaging
was repeated when 80% confluence was obtained. MSCs from
the third or fourth passage were used for our experiments.
hMSCs were isolated from the fatty tissue of three
healthy donors who had undergone cosmetic liposuction
(one male, two female). Isolation of hMSCs was based on
the incubation of lipoaspirates with collagenase. MSCs
were expanded in complete DMEM supplemented with 5%

platelet lysate. The passaging procedure was the same as in
the case of rMSCs.

Morphology and cluster of differentiation (CD) mark-
ers of rMSCs and hMSCs were checked before and after
SPIO labeling. We analyzed CD90, CD73, D105, and CD34
expression using fluorescence-activated cell sorting (FACS)
(BD FACSCanto, BD Biosciences, San Jose, CA, USA).

All animal experiments were performed in accordance
with the law of Czech Republic (Law on Animal Protection
and Decree of Ministry of Agriculture on Experimental
Animal Use and Breeding) and were approved by the
Committees for the Use of Experimental Animals at Masaryk
University and Palacky University. All collection of waste
lipoaspirates from liposuction was performed after approval
of the Ethical Committee of Masaryk University and with
signature-documented informed consent of patients.

Analysis of viability, proliferation, and
migration capacity

For both rMSCs and hMSCs, we tracked the potential nega-
tive effect of SPIO nanoparticles on the growth rate of the
cells. At the “pre-analysis” stage, we performed hMSC cul-
tivation in SAMN solutions (over a wide range of 10-200 pig
SAMN/mL in the cultivation medium for 24-48 hours).
On the basis of this screening, we selected a narrow con-
centration interval and pertinent labeling time for the next
main analysis; hMSCs and rMSCs were seeded at a density
2.5%x10%/cm? and incubated for 48 hours in the medium with
the addition of new SAMNS at concentrations of 50 pg and
100 ng ferumoxides/mL for 48 hours. After this simple label-
ing process, the MSCs were washed out by culture medium
exchange. Viability of the MSCs was detected using the
LIVE/DEAD Viability/Cytotoxicity Kit for detection of
viable and dead cells (Molecular Probes, Eugene, OR, USA)
and flow cytometry assay based on propidium iodide (PI)
staining (BD FACSCanto).

Proliferation of the labeled and nonlabeled cells was com-
pared using two independent methods: 1) visual microscopic
quantification of viable cells with ferumoxide staining (at the
beginning of incubation with SPIO, at the end of incubation,
and after the next 24 hours and 48 hours). Olympus IX 70 and
CKX41 light fluorescence microscopes (Olympus Corporation,
Tokyo, Japan) were used; 2) the xCELLigence system for
measuring growth of adherent cells (Roche Diagnostics GmbH,
Mannheim, Germany), which is a modern automatic quantifi-
cation method based on the measurement of impedance.

Results of the described measurements on SAMN-labeled
MSC were compared with those for control MSCs without
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SAMNSs and with results using Resovist-labeled MSCs (with
the same ferumoxide concentration and time of labeling).
Part of the labeled hMSCs (1x10°) was trypsinized after
48 hours of labeling and used for MRI contrast evaluation
(details in section “MRI phantom experiments”).

Migration capacity of labeled and unlabeled hMSCs
was compared using two methods: 1) transwell dish with
8 um pore filters (Corning® Costar®, Sigma-Aldrich Co.,
St Louis, MO, USA) inserted in normal 24-well combined
with gradient 0%—30% FBS between the upper and bottom
dish (bottom dish 300 uL DMEM + FBS, upper dish DMEM
with 10x10° hMSC, percentage of migrated cells computed
after 48 hours); 2) 24 wells with sterile plastic stoppers
(6 mm diameter) in the central area and DMEM (stopper was
removed after 10x10° hMSC attachment to dish, migration
of cells to central area in 24 hours was computed using light
microscopy). Differentiation properties of unlabeled hMSCs
and SAMN-labeled hMSCs were compared using the Stem-
Pro Osteogenesis and StemPro Adipogenesis differentiation
kits (Thermo Fisher Scientific).

Qualitative and quantitative cell uptake
analysis of SAMNss

The localization of SAMN uptake during incubation and
incorporation in the cells were analyzed by optical micros-
copy (Olympus IX 70), Prussian blue staining by commercial
kit Accustain® (Sigma-Aldrich), by advanced SEM (SU6600,
Hitachi Ltd., Tokyo, Japan), and by AFM (INTEGRA Aura).
Details of SEM and AFM sample preparation are described
in the Supplementary materials.

Iron concentration inside the cells was determined by
AAS (Avanta Suma; GBC - Scientific Equipment, Braeside,
VIC, Australia) in an acetylene—air flame. After the simple
labeling process (50 pg ferumoxides/mL for 24 hours,
36 hours, and 48 hours, variable SAMNs and Resovist), the
hMSCs were washed out by the culture medium, exchanged,
and trypsinized, and 0.5x10° of hMSC from three different
donors were diluted in HCI and water (demineralized water
18.2 MQ-cm). External calibration solutions in the range
0.5-10 mg/L were prepared by diluting a certified reference
material-water calibration solution with an Fe concentration
1.000+0.002 g/L (Analytika, s.r.0., Praha, Czech Republic).
The iron content per cell for each variant was computed.

The immunophenotype and forward/side scatter of
MSCs (SAMN-labeled cells, Resovist-labeled cells, and
control cells) were characterized by flow cytometry. Briefly,
the cells were washed twice in Dulbecco’s phosphate-
buffered saline (PBS) containing 1% bovine serum albumin
(Sigma-Aldrich) and stained for 30 minutes at 4°C with

antiCD90 — FITC, antiCD73 — PE, antiCD105 — APC, and
antiCD34 — PerCP-Cy5 (BD Biosciences, Franklin Lakes,
NJ, USA). The cells were washed with PBS and measured by
a flow cytometer (BD FACS Canto II, BD Biosciences).

Long-term labeling experiment

For gaining additional insights into the potentially adverse
effects after SAMN labeling, we arranged two types of long-
term analyses.

First, we measured the growth curve using the xCELLi-
gence impedance system (Roche). MSCs were seeded at den-
sity 2.5x10%cm? and cultivated in 96-well plates (E-Plate16
for the xCELLigence system). MSCs were exposed to the
medium containing 50 ng and 100 pug ferumoxides/mL
(SAMNSs and Resovist) for ~100 hours without washing or
exchanging the medium.

Second, after a standard 48-hours labeling (50 pg ferumox-
ides/mL), the morphology of three samples of labeled hMSCs
and rMSCs (3x24 wells, initial confluence 2.5x10%cm?, culti-
vation in DMEM with 5% PL) was imaged after 3 weeks and
6 weeks by optical microscopy. Passaging was done in each
case after the first 2 weeks.

MRI phantom experiments

All MRI measurements were performed on a 1.5 T MRI
scanner (Signa HORIZON Lx, GE Healthcare) with the
acquisition of two-dimensional T2 fast-recovery fast spin
echo (FRFSE) or gradient-recalled echo (GRE) sequences.
Three types of tests were run.

First, we compared the negative contrast effect in the
T2-weighted images of SAMN and Resovist nanoparticles
in the concentration series 10 pug, 20 ug, 30 ug, 40 ug,
80 ng ferumoxides/mL (nanoparticles were resuspended
in hot agar and then the sample was put into 1 mL test
tubes; they were solidified at 4°C before MRI measure-
ments) (Figure 1A). For this measurement, the following
parameters for FRFSE sequence were used: TR (repetition
time) =2,600 ms, TE (echo time) =91.7 ms, field of view
(FOV) =11 cm x11 cm. The horizontal section of each tube
was displayed as a circle with a certain gray-scale value, and
this value (“signal intensity index”) was quantified by the
Signa Horizon LX software.

Second, the tubes with SAMN- and Resovist-labeled cells
(50, 100, 250, 500x10°* hMSC per mL of agar) were measured
by FRFSE sequences in T2-weighted images (TR=2,500 ms,
echotime =32.6 ms, FOV =14 cm x14 cm (Figure 1B) and by
GRE sequence (TR =1,740 ms, TE =90 ms, FOV =14x14 cm)
(Figure 1C). Cells were prepared by incubation with the
50 ng ferumoxides/mL solution as described earlier. We
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Figure | Comparison of MRI contrast effect of SAMNs and Resovist.
Notes: (A) Tubes with 10, 20, 30, 40, 80 ug ferumoxides/mL and their illustrative MRI T2 weighted image. All data are summarized into signal intensity curve of SAMNs
(blue) and Resovist (violet). (B and C) Images of negative contrast of SAMN-labeled compared to Resovist-labeled MSCs (50, 100, 250, 500x10° cells per mL of agar) and
their signal intensity curves measured by fast-recovery fast spin echo (FRFSE) or gradient echo (GRE), respectively (average + SD). Plastic tubes diameter =10 mm, water used
as a background. The central photo between Figure B and C shows hMSC labeled with SAMN:s after trypsinization and resuspension in fresh liquid agar. (E) Photo of freshly
extracted heart with inserted tubes containing 50 and 500x10° of SAMN (left couple of tubes) and Resovist-labeled cells (right couple). (D and F) Representative scans with

hypointense lesions of SAMN- and Resovist-labeled cells in the heart tissue scanned in FRFSE and GRE sequences, respectively.

GRE Hemo

Abbreviations: MRI, magnetic resonance imaging; SAMNSs, surface-active maghemite nanoparticles; MSC, mesenchymal stromal cell; RES, Resovist; SD, standard deviation.
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made measurements of the tube’s horizontal section; each
tube was measured for a minimum of three sections, and the
same measurements were carried out for cells of the other
two donors. The graphs showing the dependence of the sig-
nal intensity index (defined earlier) of cell solutions on the
concentrations of cells were constructed.

Third, SAMN- and Resovist-labeled cell samples of 50
and 500x10° were inserted into fresh swine heart (illustra-
tive Figure 1F) and scanned by two-dimensional T2 FRFSE
and GRE sequences (Figure 1D and E). The parameters for
FRFSE were as follows: TR =1,740 ms, TE =90, matrix =
256x192, FOV =12x12 cm. For the GRE sequences, these
parameters were set as follows: TR =420 ms, TE =15, matrix =
320%224, FOV =24x18 cm. The quantification of the mean
signal intensity index of the desired dark spots containing SPIO
nanoparticles or SPIO-labeled stem cells in phantoms was
processed using the original GE Signa Horizon Lx software.

We also made additional scans of tubes containing
50-500x10* hMSC per mL of agar in MERGE sequence
mode on the 7 T experimental machine (Figure S4).

SAMNs-labeled MSC implantation

into in vitro myocyte culture

SAMN-labeled MSCs totaling 5x10° were pipetted into the
2 ¢m? chamber containing 5-day-old beating rat neonatal
myocytes. Neonatal myocytes in the chamber were prepared
by the Department of Medical Chemistry and Biochemistry
(obtained by methods of Chlopcikova et al,*® arranged on
collagen I-coated plastic at density 5x10%cm?). The MSC
cell surface was stained with a fluorescence probe (anti-
CD90-FITC cn 568-F [BD Biosciences] or PKH26 [Sigma-
Aldrich]) immediately before cocultivation and washed by
PBS. The fate of SAMN-labeled MSCs in coculture was
analyzed using bright-field and fluorescence microscopy at
1 hour, 24 hours, and 7 days after application.

Statistical analysis
Test of viability: three independent experiments were per-
formed for the statistical analysis of viability. For quantifica-
tion of cell viability using the calcein methods, we acquired
random images of each sample using a 20X objective, and
quantified the number of calcein-positive MSCs as a percent-
age of the total number of cells. For quantification of cell
viability using the PI flow cytometry method, we acquired a
minimum 1x10? freshly trypsinized cells, and quantified the
number of PI-negative MSCs as a percentage of the total num-
ber of cells using the BD FACS Diva Software version 4.
Test of proliferation: the growth curve for each SAMN,
Resovist, and control MSC samples from each donor or

experimental animal was measured in triplicate and an
average curve was constructed. Three average curves from
the three independent donors or animals were used to con-
struct the final growth curve for each species and to calculate
standard deviations. Tests for statistical significance of dif-
ferences at defined time checkpoints on the growth curves
were analyzed using paired two-sided #-tests.

The migration assays were measured in triplicates. Tests
for statistical significance of differences were analyzed by
t-tests. The iron concentration was determined for hMSCs
from three donors, and the results are given in Table 1.

MRI contrast measurements of sets of tubes with SAMN-
and Resovist-labeled hMSC cells were done independently
for hMSCs from each donor. Each tube was measured in
three horizontal sections and the average of signal intensity
index was computed (* standard deviation [SD]). We used the
results from donor 1 as representative of all donors in Figure
1B and C (average = SD for each tube). All calculations were
made using MS Excel 2003 and MedCalc version 12.

Results

Characterization of SAMN nanoparticles
From Mgssbauer spectroscopy, it was determined that the
SAMN nanoparticles had a maghemite polymorphic structure
without traces of any other chemical phase (data not shown).
As shown in Figure 2, the particles have a globular shape
with a size distribution of ~10-20 nm (transmission electron
microscopy imaging). Based on gas analysis and spectral data
from Fourier transform infrared spectroscopy published in
our previous work,'® we could confirm that the surface of the
particles interacted with surrounding water molecules, main-
taining low interparticle forces and good colloidal stability.
From the measurement of the hysteresis loop of particles at
300 K, a very high magnetization value was observed (nearly
71 A-m*kg at 7 T), which is comparable to the value for bulk
maghemite (85 A-m%kg).?! The bare SAMN nanoparticles
exhibit at 293 K longitudinal relaxation rate (r,) of 0.419 mM™'!
(Fe) s™' and transverse relaxation rate (7,) of 44.79 mM™'

Table | Physicochemical properties of novel SAMN and traditional
Resovist nanoparticles

SAMNs Resovist

Magnetic properties Superparamagnetic Superparamagnetic

Core composition v-Fe,O, v-Fe,O, and Fe,O,
Surface Uncoated Carboxydextran
Size 10-20 nm 45-60 nm

Zeta potential pH (7.0) -22.5 mV -20 mV

r, 44.79 mM' (Fe) s 151 mM~' (Fe) s
r¥ 400 mM~' (Fe) s™' 300 mM' (Fe) s™'#

Note: “r,* for Resovist obtained from Golovko et al.”
Abbreviation: SAMN, surface-active maghemite nanoparticle.
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50 nm

Figure 2 Transmission electron microscopy image of surface-active maghemite
nanoparticles.

(Fe) s™', whereas Resovist has an 7, of 151 mM™'(Fe) s™'. We
also measured the 7, * index in SAMN particles, which reaches
the very high value of 400 mM™! (Fe) s™!, demonstrating a
rapid loss of phase coherence of protons. A summary of all
basic physical properties of SAMNs and Resovist is given
in Table 1.

Analysis of viability, proliferation, and

migration capacity of labeled cells

Results from main viability experiments, where hMSCs were
labeled using 50 and 100 pg ferumoxides/mL for 48 hours,
are presented in Figure 3A, and data for rMSCs in Figure 3E.
In light of the results from this viability assay, we can say
that 100 pg ferumoxides/mL can have a small negative effect
on the viability (rMSC). A subsequent detailed proliferation
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Figure 3 Comparison of viability and proliferation of SAMNs and Resovist-labeled cells.

Notes: (A) Human mesenchymal stromal cell (hMSC) viability after 48 hours incubation in 50 ug and 100 ug ferumoxides/mL, measured by two independent methods
(gray bars — fluorescence microscopy calcein assay; green bars — flow cytometer propidium iodide assay). (B) hMSC growth curve measured by microscopy assay (blue
bars — growth curve of control hMSC without nanoparticle labeling; violet bars — growth curve of hMSCs incubated for 48 hours with 50 ug of SAMNs/mL). (C) lllustrative
hMSC growth curves measured by the xCELLigence automatic system (cell sample from donor 1), cells were incubated without nanoparticles or with addition of 50 pug/mL
of SAMNs or Resovist. (D) Summarized data from xCELLigence for all cell donors. E-H denote analogous results for rat mesenchymal stromal cells (rMSCs). Error bars
represent standard deviations. Statistically significant differences between mean value of the sample and mean value of its control are highlighted by a star and P-value by a
number.

Abbreviations: incub, incubation; h, hours; CTRL, control; SAMNS, surface-active maghemite nanoparticles; SAMNSO0, surface-active maghemite nanoparticles 50 pg/mL;
RES50, Resovist 50 ng/mL; RES 100, Resovist 100 pig/mL; SAMNI00, surface-active maghemite nanoparticles 100 pg/mL.
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assay was run using just only 50 ug ferumoxides/mL (results
from microscopy analysis are presented in Figure 3B and F,
representative data from xCELLigence assay in Figure 3C
and G, and the statistical summary of all xCELLigence
assay in Figure 3D and H). Both the microscopy assay
(Figure 3B, F) and xCELLigence assay (Figure 3D, H)
confirmed that SAMN solution of 50 pg ferumoxides/mL
in combination with 48 hours labeling time did not affect
cell proliferation.

Migration capacity of labeled and unlabeled hMSC quan-
tified by the FBS gradient migration method was 6.2%%1.0%
and 6.8%*0.8%, whereas the central stopper method gave
104£19 and 112116 (number of cells that migrated into free
central area). Differences between control and labeled cells
were without statistical significance, and differentiation
properties of SAMN-labeled hMSCs were not affected. The
result from differentiation assay was the amount of adipo-
genic and osteogenic cells in the samples; the assay showed
minimal differences between control and labeled samples
(data not shown).

Qualitative and quantitative cell uptake
analysis of SAMNs

The important physiological markers of labeled MSCs are
their shape and surface area after SAMN labeling. The images
from optical microscopy presented in Figure 4A demonstrate
that 50 pg ferumoxides/mL labeled cells are identical to the
control cells (microphotographs were taken 2 days after
staining). After 48 hours of labeling, more than 95% of the
hMSCs or rMSCs had internalized SAMN nanoparticles
(Figure 4C). Light microscopy images of SAMN-labeled
MSC:s after Prussian blue staining show the presence of iron
in the cell cytoplasm (Figure 4B).

SEM images showing cell morphology also demonstrate
the flattened shape of SAMN-labeled cells with lamellipodia
and their similarity to the normal native MSCs. It can be
seen clearly (Figure S2A) that the intracellular nanoparticles
are distributed around and close to the nucleus, where lyso-
somes should be largely and mostly situated. The image in
Figure S2B is created using backscattered electrons, which
improves the material contrast. In this case, we can see the

Figure 4 Light microscopy images.

Notes: (A) MSCs (top line — hMSC; bottom line — rMSC), (left) control nonlabeled cells, (middle) SAMN-labeled cells, and (right) Resovist-labeled cells. Incubation 48 hours,
50 ug ferumoxide/mL; objective 20x. (B) SAMN-labeled MSCs after Prussian blue staining showing the presence of iron (blue spots) in the cell cytoplasm. Red spots depict
the nuclei of cells. (C) Representative image of fully labeled hMSC with SAMNs. Objective 40x.

Abbreviations: MSCs, mesenchymal stromal cells; hMSC, human mesenchymal stromal cell; rMSC, rat mesenchymal stromal cell; SAMN, surface-active maghemite

nanoparticle.
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presence of iron oxide nanoparticles as black dots (as heavy
element here) whereas the rest of the cell body, grown on
the FTO film (soda-lime glass slides with a fluorine-doped
tin oxide [SnO,:F] layer) (methods in the Supplementary
materials), is almost colorless (due to tin from the FTO).
Moreover, the energy dispersive X-ray spectrum of this sam-
ple was also measured and the significant peaks were assigned
to the iron from the nanoparticles and tin from the FTO film
(detailed methods in the Supplementary materials).

The Figure S2C presents a detailed three-dimensional map
of the same stem cell body as was measured by SEM but con-
structed using AFM. There is a noticeable difference between
the fuzzy shaped SAMN internalized within the cell body and
those adsorbed on the cell surface membrane, for which the
bounds of the globular nanoparticles are sharply delineated.

Results of flow cytometry confirmed that a concentra-
tion of 50 ug/mL of SAMN labeling does not alter the CD
phenotype of hMSCs and rMSC (Figure S3). Cytometry
analysis also showed no increase of autofluorescence after
the nanoparticle uptake.

Determination of iron content in labeled hMSC cells
brought significantly higher Fe concentration in SAMN-
labeled cells (1139 pg Fe/cell) compared to Resovist
(3919 pg Fe/cell) after 48 hours of labeling (Table 2).
Measurements after 24, 36 and 48 hours show almost lin-
early increasing Fe content in SAMN-labeled hMSC (data
not shown). Another interesting point of view could be
the correlation between the results from AAS method and
flow cytometry. The ratio of higher Fe content in SAMN-
labeled cells correlates well with their higher side scatter in
comparison to lower side scatter of Resovist-labeled cells
(Figure S3).

Long-term labeling experiment

In the first long-term experiment, measured in situ by the
xCELLigence system, the cells were exposed to 50 and
100 pg/mL of ferumoxides for 110 hours. From the graph
in Figure S1A, we can see that during the standard 48-hours
incubation, all growth curves show negligible differences in

Table 2 Comparison of Fe concentration per cell for SAMNSs and
Resovist-labeled hMSCs (three donors, 48 hours of incubation)

Feg,un, (Pg/cell) Feg. ... (Pg/cell)
hMSC — donor | 101.4 27.9
hMSC - donor 2 104.9 39.6
hMSC — donor 3 135.3 50.3
Average = SD 113£15 3949

Abbreviations: SAMNS, surface-active maghemite nanoparticles; hMSC, human
mesenchymal stromal cell; SD, standard deviation.

comparison with nonlabeled control cells. After 48 hours,
only the shape of the SAMN-labeled MSCs (50 pg/mL) is
similar to the control curve (less than 20% difference). The
rest of the curves show statistically significant differences
compared to the control curve (30% and more).

During additional long-term monitoring (up to 96 hours)
of labeled cells by optical microscopy, it was illustrated that
the high ferumoxide concentration (visible dark dots under
light microscopy; probably lysozomes full of SAMNS) in
the cytoplasm was divided into the daughter cells. Another
very important aspect of SAMN uptake is the absence of
nanoparticles in the cell nucleus. Cell morphology was
depicted on all microphotos after the first 48 hours of label-
ing (Figure 4A) and also after 3 and 6 weeks (Figure S1C)
and shows that the exposed cells kept standard shape and
size as nonlabeled cells.

MRI phantom experiments

Nanoparticle concentration series (10 pg, 20 ug, 30 ug,
40 pg, 80 ug of ferumoxides per milliliter of agar in tubes)
were scanned simultaneously using a 1.5 T MRI instrument.
The value of gray inside the circles well correlates with the
concentration of iron oxide nanoparticles. With increasing
ferumoxide concentration, the signal intensity decreases.
These two curves (each point is the average from three
independent experiments) show that SAMNs display no
hypointensity of the signal intensity index (images of SAMN
display are less dark than Resovist) at lower concentrations
(0-30 pug/mL), but the degree of gray in the case of higher
ferumoxide concentrations of SAMNs and Resovist nano-
particles is almost identical (Figure 1A).

As can be seen in Figure 1B and C, 50-500x10° cells
labeled with both SAMNSs and Resovist (dispersed in 1 mL
of agar inside a tube of 1 cm diameter) provide very good
negative contrast. From the curves of signal intensities, it
is obvious that in both sequences (FRFSE and GRE) the
cells labeled with SAMNs give more hypointense signal in
comparison with Resovist-labeled cells. Consequently, we
compared T2 FRFSE sequences and GRE heme sequences
(GRE is historically established for detecting hemosiderin
in the brain)? for samples of labeled cells incorporated into
freshly extracted heart (Figure 1F). The signal intensity
of the labeled cells (especially in the 50x10° MSC tube)
scanned by FRFSE (Figure 1D) is comparable with that of
fresh heart tissue. On the contrary, GRE sequences display
the tube with 50x10° SAMN-labeled cells with a sufficient
contrast, similar to results of Smirnov et al*® enabling very
clear visualization of this amount of MSC cells (Figure 1E).
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Another detailed comparison of contrast properties of labeled
cells under different scanning modes and labeling methods
is part of Figure S4.

MSC implantation into in vitro

myocyte culture

Figure 5A shows the shape of MSCs immediately after
injection into myocardial culture. They have a globular
appearance, with ferumoxide complexes visible inside the
cells. MSCs attached very well to the beating myocardial
tissue (strong attachment was tested by moderate flushing
using a micropipette), changed to a flattened shape, and dis-
played strong adherence but also excellent elasticity in cases
where the surrounding tissue was contracting (Figure 5B and
Video S1). The MSCs survived in the myocardial culture
for at least 7 days (Figure 5C), still with strong adherence,
elasticity, and visible ferumoxide SPIO clusters inside their
cytoplasm. Our preliminary data show that the incorporated
MSC:s are recognizable in that contractile myocyte layer also
after 15 days and 30 days.

Discussion

The increasing demand for new MRI probes suitable for
clinical cell tracking, and the lack of commercial contrast
agents based on SP1O nanoparticles at the same time, has led
to intensive research in this field. Several traditional contrast
agents have been withdrawn from the market’ recently or
have displayed insufficient biocompatibility.**** Thus, the
quest to fabricate economically accessible and yet efficient
new contrast probes has taken on great importance. Our bare
stoichiometric maghemite (y-Fe,O,) nanoparticles are named
“SAMNSs” because their most prominent characteristic is their
ability to form stable colloidal suspensions in water without
any organic or inorganic coating. Moreover, SAMNSs reveal
unique spectroscopic properties and a well-defined crystal-
line structure.?

A B

Figure 5 Optical images of MSCs labeled with SAMNs.

The usual way to incorporate nanoparticles with size
smaller than 100 nm into the cell in vitro is through their
direct addition to the cultivation medium. The incorporation
process of the SPIO nanoparticles involves adsorption to cell
membrane, which is followed by active/passive transport
across the cell membrane.?’? Cationic particles are taken into
cells through clathrin- or caveolin-mediated endocytosis, but
anionic particles enter by mediator-independent endocytosis.*
We can assume that our anionic SAMNSs enter the MSCs in
the same way. Numerous publications describe nanoparticles
with positive surface charge which are internalized into cells
more efficiently than those with negative surfaces.’'* Some
studies, however, show an uptake behavior that is just the
opposite.**3 Despite the fact that the cellular membrane is in
general negatively charged, it does have some areas with cat-
ionic sites which allow the binding of anionic nanoparticles.*
We also must have in mind that, although bare SAMNSs sur-
face characteristics confer the ability to form stable colloidal
suspensions, suggesting a network of interactions with water
molecules and repulsive forces inhibiting nanoparticle aggre-
gation, the nanoparticle surface is able to interact with organic
molecules in solution.’®3” SAMN’s ability to bind molecules
could lead to a fast opsonization in the cell culture media and,
subsequently, the resulting protein shell could make SAMN5s
anontoxic biomimetic nanosystem recognizable by stem cells
and stimulate the nanoparticle uptake. As we can see from
time-lapse microscopy movies, SAMN clusters are efficiently
internalized into the cells followed by their dynamic reordering
among cells during cell life and cell division (Figure S1B).

It is very promising that all hMSC and rMSC prolifera-
tion experiments together lead to the conclusion that toxicity
induced by 48 hours of incubation in 50 pg/mL of SAMN is
minimal and without statistical significance during the first
2 days of staining and minimal during the next 2 days after
cultivation in complete medium. Our 48-hours SPIO labeling
process with precise cell washing yields well-labeled cells

Cc

Notes: (A) Immediately after trypsinization and injection into myocardial culture (highlighted by red arrows). (B) After 24 hours of cocultivation with myocytes (highlighted
by blue border). The flattened shape of MSCs is clearly visible. (C) MSCs in myocardial culture after 7 days.
Abbreviations: MSC, mesenchymal stromal cell; SAMNS, surface-active maghemite nanoparticles.
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where most of the ferrous complexes are actually inside the
cells and not on the cell surface.

We also demonstrate this excellent SAMN intracellular
integration by advanced microscopy techniques such as
SEM and AFM with unique cell sample preparation using
an FTO substrate for cell fixing. This novel universal cell
fixing method provides two- or three-dimensional mapping
of the same MSC sample under AFM and SEM.

Quantification and comparison of magnetic response
of 50, 100, 250, and 500x10° cells containing SAMN
or Resovist show significant advantages of SAMN over
Resovist (Figure 1B, C and Figure S4). Additionally, the
better parameters of SAMN-labeled cells were also proved
under the 7 T scanner (Figure S4). The quantified higher
MRI contrast correlates well with the higher Fe content
in SAMN-labeled cells. Following the physical theory of
magnetic resonance, we can identify only two possible
reasons that can explain this more hypointense signal: 1)
a higher content of ferumoxide inside the cell (within the
given volume); and/or 2) a higher relaxivity index of the
SAMN sample over Resovist having the same Fe concentra-
tion (pg/mL) within the same volume (1 cm?). Nevertheless,
the SAMN sample (phantom solution without cells) does
not show a higher contrast effect than Resovist (as proved
by the experiments featured in Figure 1 A and by relaxivity
measurements). Thus, the latter reason is not relevant. The
higher contrast effect (hypointensity) of SAMN-labeled
cells can therefore be explained in terms of the higher
content of ferumoxide per cell compared to that in Reso-
vist. This higher content was also confirmed by the AAS
measurements (Table 2).

This deduction brings the secondary question, namely
how to explain better SAMN uptake over Resovist. We
hypothesized that SAMNSs have a more suitable size and their
nanoparticle surface provides better biomolecule opsoniza-
tion for the following internalization process into the cells;
SAMN could also exhibit higher saturation limit for the
storage of nanoparticles in internal organelles (probably in
lysozomes), but the confirmatory confocal analysis is now
at the beginning stage.

This higher ferumoxide content definitely stems from a
more efficient uptake of the SAMNSs compared to Resovist
during the 48-hours incubation period. From the quantitative
analysis of Fe concentration per cell (measured by AAS), it
was confirmed that the amount of Fe in cells labeled with
SAMNSs incubated for 48 hours is more than two times that
in 48-hours incubated Resovist-labeled cells. Nevertheless,
it did not show any higher toxicity over Resovist (as shown
in the complex viability analysis results).

Another important result is that labeled MSCs survived
very well in in vitro monoculture and also in the heterogeneous
cocultures, for example, in coculture with myocytes for at least
7 days (Figure 5C). Our preliminary data show that the incorpo-
rated MSCs are viable and recognizable in the contractile myo-
cyte layer also after 15 days and 30 days (data not shown).

The next crucial point for future in vivo MRI monitoring
of SAMN-labeled cells is also the choice of suitable scan-
ning sequences. We compared FRFSE sequences and GRE
heme sequences for several phantom samples. As seen in
Figure 1D and E and Figure S4, our SPIO-labeled stem cells
in tissue phantoms are more visible in GRE than in FRFSE
sequences. This GRE experiment shows that the detection
limit for SAMN-labeled cells in heart tissue is minimally
50x10°, which is better than limit of Resovist under the same
staining conditions (ferumoxide concentration and time) and
scanning conditions.

Results of this study confirm our assumed hypothesis
described in the introduction, that bare SAMNSs could become
favorable contrast agent for noninvasive MRI stem cell track-
ing. From the clinical perspective, there are, however, some
additional aspects that should be clarified in the near future
such as the kinetics of the nanoparticle elimination from
the cell cytoplasm, nanoparticle storage, and degradation in
internal organelles.

Conclusion

The newly and easily synthesized maghemite nanoparticles,
called SAMNSs, with their peculiar surface colloidal proper-
ties, show a high efficiency in labeling rat and human MSCs.
A concentration of 50 ug/mL and 48 hours of labeling were
found to be optimal for hMSC and rMSC labeling. The uptake
efficiency under these conditions is significantly higher than
that of commercial Resovist. Moreover, the viability and
proliferation profile of both human and rat SAMN-labeled
MSCs were not affected. These SAMN-labeled MSCs pro-
vide excellent contrast in T2-weighted 1.5- and 7 T MRI
measurements. Phantom cell samples with concentration
of 50-500x10> SAMN-labeled cells/mL offer significantly
higher contrast than Resovist-labeled cell samples. Thus,
SAMNS can be a promising contrast agent for future nonin-
vasive in vivo MSC tracking by MRI.
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Supplementary materials were used. The human mesenchymal stromal cells (hMSCs)
Pr'epar'ation of stem cells for SEM were incubated for 48 hours with surface-active maghemite
and AFM microscopy nanoparticles (SAMNSs) (50 pg Fe/mL) in 24-well plates,

For microscopy imaging of superparamagnetic iron oxide =~ Where a special matrix consisting of the FTO slides was
(SP1O)-labeled stem cells, soda-lime glass slides with a  inserted. Adherent SPIO-labeled cells were fixed on this
fluorine-doped tin oxide (SnO,:F) layer (FTO glass slides)  surface in 3% glutaraldehyde (dissolved in phosphate
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Figure S| Additional long-term experiments.

Notes: (A) Growth curve generated by the xCELLigence setup. MSCs are exposed to ferumoxide for an extra long time (in contrast with standard exposure of 48 hours). The
medium contained 50 g or |10 ug ferumoxides per mL. The table shows the statistical difference between SAMN and CTRL and SAMN and Resovist. (B) Example of MSC
dividing after labeling with SAMN 48 hours incubation. (C) Morphology of MSC labeled by SAMN after 3 and 6 weeks of cultivation (left and right, respectively). No atypical
cell growth or malformation of cells is visible; viability is similar to that of control cells without labeling. SAMNSs are concentrated at the brown visible areas inside the cells.
Abbreviations: MSC, mesenchymal stromal cell; SAMN, surface-active maghemite nanoparticle; CTRL, control; RES50, Resovist 50 pg/mL; RES100, Resovist 100 pg/mL;
h, hours; min, minutes.
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buffer) and washed two times with 0.2 M phosphate buffer
(pH 7.2). The cells were then dehydrated using an ethanol
series and dried overnight at room temperature. Samples
were observed using scanning electron and atomic force
microscopy.

Scanning electron microscopy

The distribution and localization of nanoparticles adsorbed
or internalized within the stem cells were observed using
a scanning electron microscope (Hitachi SU6600) at an
acceleration voltage of 15 kV. The presence of iron oxide
nanoparticles was confirmed by energy dispersive X-ray
spectroscopy.

Atomic force microscopy

The morphology, shape, and visualization of individual
nanoparticles on the cellular surface of the fixed and labeled

Cellsen-09 15.0 kV 15.7 mm x600 SE

Cellsen-09

.0 kV 15.7 mm x600 BSE

Figure S2 SEM and AFM images of cells incubated with SAMN nanoparticles.

cells on FTO were observed by using an AFM (INTEGRA
Aura). The measurements were taken in semicontact mode
with a scanning range of 100 um.

Relaxivity measurement

Measurements were performed with a clinical 3T whole-body
magnetic resonance (MR) scanner (Siemens Skyra, Erlangen,
Germany). For all measurements, a circularly polarized coil
(animal coil) with an inner diameter of 7.5 cm (RAPID,
Biomedical GmbH, Rimpar, Germany) was used to obtain
a high signal-to-noise ratio.

All complexes were diluted in agarose. A dilution series
starting from 0.5 mM Fe to 0.031 mM Fe was filled into
2 mL Eppendorf tubes.

R2 relaxometry measurements were realized with a
two-dimensional Carr—Purcell-Meiboom—Gill (CPMG)
sequence with an echo spacing of 8 ms and 20 echoes.
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Notes: (A) Nanoparticles (white dots) on the surface, later internalized to the cell as depicted by using secondary electrons (SE). The zoomed figure shows nanoparticle
aggregates situated around the nucleus, where lysosomes should be largely and mostly situated. (B) The same cell imaged by the backscattered electron mode (iron
nanoparticles are shown as black dots). (C) AFM image of labeled MSCs. Fuzzy shaped SAMNSs (arrow 1) internalized within the cell body (arrow 2).

Abbreviations: SEM, scanning electron microscopy; AFM, atomic force microscopy; MSC, mesenchymal stromal cell; SAMN, surface-active maghemite nanoparticle;

BSE, backscatter electron mode.
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TR =6,000 ms; FOV =120x49 mm; matrix =192x156;
single 5 mm slice.

R2* was measured based on a unipolar multiecho two-
dimensional gradient-echo (GRE) sequence with an inter
echo spacing of 3.31 ms and 12 echoes; TR =500 ms; 0=30°;
NEX =4; FOV =120x71 mm; matrix =192x114; slice thick-
ness =1.5 mm.

R1 was measured by employing an inversion—recovery
fast spin echo (IRFSE) and six different inversion times
(50, 100, 200, 400, 800, 1,600, 3,200 ms), at a temperature
of 23.2°C, a turbo factor of 3, TR =5,000 ms, TE =7.7 ms,

MSC without nanoparticle staining

MSC standard gate:

FOV =115%x93 mm, matrix =192x156 at 5 mm slice thickness.
Transverse and longitudinal relaxation times were calculated
using a self-written program (IDL, Exelis Inc., McLean, VA,
USA). T2 and T2* were determined with a linear fit of the
logarithmized signal intensity over echo time (for all used
TEs the SNR was >5), whereas the first echo of the T2 dataset
was ignored. T1 was calculated using a three-parameter fit of
the IR-FSE dataset according to the signal equation.

Finally, 7, r,, and r,* were computed as the slope of
the linear regression between R1, R2, and R2* and the Fe
concentration in mM.

MSC with SAMN staining

MSC gate include cell with higher side scatter:
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Figure S3 (Continued)
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B MSC with resovist staining

MSC standard gate: MSC gate include cell with higher side scatter:
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Figure S3 Flow-cytometry analysis of hMSC: side scatter, forward scatter, CD90 positivity, CD73 positivity, CD 105 positivity, and CD34 negativity.

Notes: (A) MSC without nanoparticle staining and MSC with SAMN staining. MSC standard gate: MSC gate includes cell with higher side scatter: Part of the cells displays
higher side scatter than cells without SAMN labeling. It is the sign of higher granularity. (B) MSC with Resovist staining. MSC standard gate: MSC gate includes cell with
higher side scatter.

Abbreviations: SAMN, surface-active maghemite nanoparticle; MSC, mesenchymal stromal cell; h, human; SSC-A, side scatter; FSC-A, forward scatter; FITC-A, relative
intensity of fluorescein fluorescence; PE-A, relative intensity of phycoerythrin fluorescence; APC-A, relative intensity of allophycocyanin fluorescence; PerCP-Cy5-5-A,
relative intensity of peridinin chlorophyll protein — Cy5 conjugate fluorescence.
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Figure S4 Contrast of SAMN and Resovist cell samples under different scanning modes.
Notes: Intensity signal index is significantly different for SAMN and Resovist when the cell concentration is >50x10? in all scanning modes. 1.5 T machine was used in A-C
and a 7 T machine (Magneton 7 T Siemens) was used in D.
Abbreviations: SAMN, surface-active maghemite nanoparticle; MSC, mesenchymal stromal cell; FRFSE, fast-recovery fast spin echo; GRE, gradient echo.
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Video S|

Labeled MSCs by ferrous nanoparticles display very good
contrast under light microscopy. Nanoparticle clusters are
visible as brown dots inside the cytoplasm.
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