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Abstract

To optimize 19F MR tracking of stem cells, we compared cellular internalization of cationic and
anionic perfluoro-15-crown-5-ether (PFCE) nanoparticles using cell culture plates with different
surface coatings. The viability and proliferation of anionic and cationic PFCE-labeled neural stem
cells (NSCs) did not differ from unlabeled cells. Cationic PFCE nanoparticles (19F T1/T2=
580/536 ms at 9.4T) were superior to anionic particles for intracellular fluorination. Best results
were obtained with modified polystyrene culture dishes coated with both carboxylic and amino
groups rather than conventional carboxyl-coated dishes. After injecting PFCE-labeled NSCs into
the striatum of mouse brain, cells were readily identified in vivo by 1°F MRI without changes in
signal or viability over a 2-week period post-grafting. These results demonstrate that neural stem
cells can be efficiently fluorinated with cationic PFCE nanoparticles without using transfection
agents and visualized in vivo over prolonged periods with an MR sensitivity of approximately 140
pmol of PFCE/cell.
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Introduction

Magnetic resonance imaging (MRI) allows visualization of labeled cells in vivo in real time,
providing new insights into the biodynamics of cell trafficking and migration. This
technique has been used to track the efficacy of stem cell therapy, primarily with using cells
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labeled with (super)paramagnetic metal contrast agents (1,2). Recently, fluorine labeling has
emerged as an alternative method for MRI cell tracking (3-6). With either method, cells are
incubated with the contrast agent in vitro in order to pre-label cells before administration.

While still in its infancy, 19F MRI cell tracking may offer some unique advantages that have
generated considerable interest. There is, in principle, no barrier to the use of
perfluorocarbons in clinical applications. Fluorine emulsions of perfluorocarbons, and,
specifically, the perfluoro-15-crown-5-ether (PFCE), has been used in many other
applications, such as the measurement of the partial pressure of oxygen in tissue (7,8).
Among the advantages of 1°F-NMR is the fact that 19F is 100% naturally abundant, its NMR
sensitivity is comparable to that of protons (around 0.86), and there is a negligible 1°F
background signal, thus enabling “hot spot” MR imaging in an analogous fashion as nuclear
medicine applications (9). In PFCE, there are a large number of chemically equal fluorine
atoms present, resulting in a 1°F spectrum with a single narrow resonance (avoiding
chemical shift artifacts), thus making it an ideal 1°F tracer for cellular 1%F MR imaging.

So far, few studies on cellular 1°F pre-labeling in vitro have been reported. In order to
induce sufficient intracellular uptake, PFPE emulsions can be mixed with transfection
agents. i.e. lipofectamine (4) or FUGENE (6). In this study, we have investigated the labeling
effectiveness of PFCE nanoparticles with different surface charges without the use of
transfection agents. In addition, we evaluated the potential interference of coated (charged)
cell culture plates, that compete with cells for charged nanoparticle binding. It is shown that
the surface charge of both the nanoparticles and cell culture plates play an important role in
determining the efficacy of label uptake. We further show that PFCE-labeled neural stem
cells (NSCs) retain PFCE nanoparticles for at least 2 weeks following intrastriatal
transplantation, allowing sustained “hot spot” MR imaging of their cellular distribution in
vivo.

Materials and Methods

19 F nanoparticle formulations

Two different perfluorocarbon nanoparticles were synthesized. Nanoparticle preparations
were prepared by microfluidization as previously descibed (10). The nanoparticle emulsions
comprised 20% (v/v) perfluoro-15-crown-5 ether (PFCE, Exfluor Research, TX), 2.0% (w/
v) of a surfactant co-mixture, 1.7% (w/v) glycerin, and water for the balance. The surfactant
co-mixture for the cationic rhodamine nanoparticles included 0.1 mole% rhodamine-
phosphatidylethanolamine, 15 mole% phosphatidylcholine (PC), 5 mole% cholesterol, 59.9
mole% 1,2-dioleoyl-3-trimethylammonium propane (DOTAP), and 20 mole% 1,2-
dioleoylphosphatidylphosphoethanolamine (DOPE). For anionic rhodamine nanoparticles,
the surfactant co-mixture included 0.1 mole% rhodamine-phosphatidylethanolamine, 15
mole% PC, 5 mole% cholesterol, 59.9 mole% dipalmitoyl phosphatidylserine, and 20 mole
% DOPE. Nanoparticle size and zeta potential measurements were determined using a
Brookhaven ZetaPALS with 90Plus/BI-MAS particle sizing option (Brookhaven Intruments
Corporation, Holtsville, NY).

Stem cell culture and labeling

Neural stem cell labeling experiments were performed with LacZ-transfected (B-
galactosidase*) C17.2 mouse NSCs (11,12) (courtesy of Drs. E.Y. Snyder and J.H. Wolfe).
C17.2 cells were cultured in standard culture media (DMEM, 10% FCS, 5% horse serum,
supplemented with 1% L-glutamine and 1.85 g/L sodium bicarbonate), either in
conventional polystyrene cell 10 cm diameter round culture dishes having a carboxylic acid
coating (Cat #353003 standard tissue-culture treated BD Biosciences, Rockville, MD), or in
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10 cm diameter round modified dishes coated with both carboxylic acid and amino groups
(Cat #353803 “Primaria”, BD Biosciences, Rockville, MD). The effect of two different
culture plate surface coatings was investigated for optimal cell labeling, that is, optimal cell
adherence to the culture plates (as assessed by cell counting using a hemocytometer) and
optimal intracellular fluorination of cells (as assessed by visual inspection of labeled cells
vs. non-specific sticking of free PFCE nanoparticles to the differentially charged culture
plates). Cells were grown until 50%-70% confluence (approximately 5x10% C17.2 cells per
plate) before labeling.

For cell labeling, 4 or 8 uL of either nanoparticle formulation was added per mL of culture
medium (corresponding to 2.4 or 4.8 mM final PFCE concentration). The diluted
nanoparticle cell culture medium was dispersed just before by 5 min sonication using a
digital sonifier (S450D; Branson Ultrasonics Corp., Danbury, CT) with 40% total power,
and then filtered through a Corning 0.22 um syringe filter (Corning Glass Works, Corning,
NY). After PFCE-incubation, dead cells were removed by triple washing of cell culture
dishes with PBS, and adherent cells were collected following trypsinization. Cells were then
washed again three times with PBS to remove residual trace amounts of PFCE.

Assessment of cellular labeling, viability and proliferation

After the end of the cell incubation period, cells were washed three times with PBS and cell
culture dishes were examined directly using a fluorescent microscope (see below) following
fixation for 10 min with PBS containing 4% paraformaldehyde. Cell viability following
labeling was assessed by trypan blue exclusion. For cell proliferation meaurements, 1x10%
cells were plated into 96-well plates. The metabolic assimilation rate was determined using a
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay (Promega, Madison, WI). Cells were incubated for 4h either with
cationic or anionic nanoparticles (2.4 and 4.8 mM final PFCE concentration). The label
medium was removed, cells were washed three times, and fresh culture medium (without
label) was added. The absorbance values for the different labeling conditions were
calculated as a percentage of the absorbance for unlabeled control cells. The MTS assay was
done immediately after 4 hours of labeling, and at 24 hours and 48 hours post-labeling.
Multi-way ANOVA was used to assess whether the cell viability was significantly different
between unlabeled cells and cells with cationic or anionic nanoparticles. Statistical analysis
was performed with use of the R software (R Development Core Team, 2008). Comparisons
between groups were performed with a two-way ANOVA and Scheffe’s F test to determine
significance using data from five independent experiments.

In vitro MRI and relaxation measurements

In order to determine the 1°F MR relaxation times of cationic PFCE particles, 5 mm NMR
glass tubes (New Era, Vineland, NJ) were filled with 500 pL of 60 mM PFCE particles in
4% wiv gelatin. To further determine the sensitivity of particle-bound PFCE as 1°F agent,
five 1 mm glass capillary tubes containing 60 pL of cationic PFCE particles (concentration
range 30-60 mM PFCE in culture medium and 4% w/v gelatin) were inserted ina 5 mm
NMR glass tube. The latter phantom setup was chosen as to represent the in vivo
experiments (see below), mimicking small injection volumes (2-10 uL cell suspensions).
For labeled cell phantoms, PFCE-labeled NSCs were suspended in 4% w/v gelatin at a
density of 1x106 cells/ml.

Proton and 19F MRI was performed using a 9.4 T Bruker Biospec spectrometer using multi-
slice (10 x 1 mm slices, no gap), and FOV=2.5x2.5 cm for all sequences. For 1H, a spin
echo (SE) sequence (TR/TE 1000/15 ms) with 128x128 matrix size, was used; for 19F, a fast
spin echo sequence with TR/TE: 1080/47 ms, 64 averages, echo train length = 8,

Magn Reson Med. Author manuscript; available in PMC 2009 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ruiz-Cabello et al.

Neural stem

Page 4

matrix=64x32 was used. For T1 acquisition, SE saturation recovery images were acquired
with TE=15 ms and variable TR (100-5000 ms). T2 values were obtained using a CPMG
sequence with 20 echoes, TE=50 ms, and TR=5000 ms. The 1°F T1 and T2 values were
calculated on a pixel-by-pixel basis using a monoexponential decay.

cell transplantation

Animal experiments were performed in accordance to a protocol approved by our
institutional Animal Care and Use Committee. PFCE-labeled NSCs were suspended in PBS
at a concentration of 4x104 cells/ul. Six C15/BL6 male mice (weighing 20 g) were
anesthetized with ketamine/xylazine (100/15 mg/kg), and positioned in a stereotaxic device
(Stoelting, Wood Dale, IL). A small skin incision was made in the midline to expose the
skull. Using a motorized nanoinjector (Stoelting) and a 10 pl Hamilton syringe (Hamilton,
Reno, NV) with an attached 33G needle, single or multiple doses of 4x10%-3x10° cells were
injected into the striatum according to the following coordinates: AP=0.0, ML=2.0, DV=3.0.
Cells were injected slowly over 4 min, and the needle was left in place for 1 min before
being withdrawn. The incision was suture-closed, and post-operative analgesia was provided
with Ketofen at 5 mg/kg for 72 h.

In vivo MRI and histology

In vivo MRI of mice injected with cationic PFCE particle-labeled NSCs was performed for
up two weeks after cell transplantation using a 9.4 T Bruker horizontal bore magnet. Mice
were anesthetized with ketamine/acepromazine (100/5 mg/kg) to circumvent 19F
background signal arising from conventional gas (isoflurane) anesthesia. Animals were
immobilized in a custom-built slotted tube RF resonator (9.4 T) tunable between 1H and 1°F
frequencies and operating in the transmitter-receiver mode. The body temperature was
maintained at 37 °C, and animals were monitored using a respiratory sensory pad (SA
Instruments, Stony Brook, NY) throughout the entire experiment. Serial in vivo IH and 1°F
MRI was performed up to 2 weeks after injection on a 9.4 T Bruker Biospec spectrometer
(Bruker Biospin MRI, Billerica, MA, USA). 19F MR images were obtained using a multi-
slice (10x1 mm slices) fast spin echo sequence with TE=47 ms; TR=1079 ms; NA=64;
FOV=2.5x2.5 cm and matrix=64x32. The fluorine images were overlaid on 1H MR images
obtained with a multi-slice SE sequence (TR=1000 ms, TE=15 ms, matrix=128x128, 1 mm
slice thickness).

Fluorescence microscopy and immunohistochemistry

Results

For tissue immunohistochemistry, following the last MR scan, animals were transcardially
perfused with PBS containing 4% paraformaldehyde. The brains were removed,
cryopreserved in 20% w/v sucrose for 24 h, and cryosectioned a 20 um throughout the area
of injection. Every two other sections were processed for fluorescence microscopy and
immunohistochemistry. A mouse monoclonal antibody (#MAB16377, Chemicon, Temecula,
CA, 1:500) was used as the primary antibody against beta-galactosidase (Cappel, Aurora,
OH, USA), and Alexa Fluor® goat anti-mouse 488 (#A21125, Molecular Probes Inc.
Eugene, OR, 1:1000) as secondary antibody. Microscopy was performed using Olympus
BX51 and 1X71 epifluorescence microscopes equipped with an Olympus DP-70 digital
acquisition system.

Zeta potential measurements revealed a surface charge of +62.8 mV for the cationic and
-68.7 mV for the anionic nanoparticle formulations. The mean diameters/polydispersity
were 158 nm/0.119 and 207 nm/0.09, respectively. Cationic nanoparticles labeled cells with
high efficiency already at 4 hours of incubation (Fig. 1A). This was in contrast to the anionic
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nanoparticles at this early timepoint (Fig. 1B). An efficient intracellular accumulation with
redistribution of label was apparent after longer incubation times (Figs. 1C, D). Optimal
labeling results were always observed for plates coated with amino-carboxylic groups (Fig.
2A,B).

Following PFCE-labeling, the proliferation of labeled C17.2 cells was not significantly
different from unlabeled cells (p=0.961, 2-way ANOVA) (Fig. 3). Trypan blue staining
revealed that the ratio of live:dead cells after 4-18 hours of either cationic or anionic PFCE
incubation (2.4 and 4.8 mM) was >95%.

Sensitivity measurements for 19F detection were made for cationic PFCE nanoparticle
suspensions (Fig. 4A) and cationic PFCE particle-labeled cells (Fig. 4B). The measured
relaxation times of the cationic PFCE in gelled culture medium at room temperature and 9.4
T were 580+32 (T1) and 53645 ms (T2) ms for 30-60 mM PFCE samples (n=3). From Fig.
4A, it can be seen that, under the used conditions (i.e., a voxel of 20 uL and 8 min of
acquisition time), the sensitivity of 1°F detection is approximately 30 mM. For PFCE-
labeled cells, incubation with anionic particles did not lead to any detectable 1°F signal (Fig.
4B). In contrast, cationic particles induced signal at incubation concentrations as low as 0.6
mM.

Cationic PFCE particle-labeled C17.2 NSCs were then implanted in the striata of mice at
two different doses, i.e., 4x10% and 3x10° cells (Fig. 5). Cells could be readily detected in
vivo for both injected doses. The observable 1°F signal remained constant over a period of 1
week (Fig. 5B,C), and was visible for at least 14 days (Fig. 5D). Immunohistochemistry
confirmed that a large number of cells were still present in both hemispheres after 1 week
(Fig. 5E-G). Cells remained viable, as they continued to express p—galactosidase (Fig. 5F),
and started to migrate into the brain parenchyma from the periphery of the injection site (see
arrow in Fig 5F). No leakage or transfer of PFCE particles to the surrounding tissue could be
observed (Fig. 5G).

Discussion

Although 19F-containing compounds were first described in 1977 as an MR “tracer”
molecule (13), its introduction in molecular (14,15) and cellular (4-6,9) MR imaging is
much more recent. Given its increasing interest, we decided to investigate the suitability of
cationic and anionic PFCE nanoparticles for fluorination of neural stem cells and have
grafted these cells directly into mouse brain for investigating its detection by 19F MR
imaging. We incorporated rhodamin as fluorescent label in order to determine the label
efficiency at different time points by fluorescence microscopy. We found that the cationic
nanoparticles were superior over anionic particles in terms of intracellular uptake (Fig. 1),
which resulted in distinct differences of MR detectability of labeled cells (Fig. 4).

A cationic surface charge of nanoparticle MR contrast agents has previously been employed
to label cells with iron oxide nanoparticles; in order to achieve this, the particles are first
coated with cationic transfection agents such as poly-L-lysine (16) or SuperFect (17).
Ahrens et al. have translated this approach for coating PFPE particles in order to give them a
positive charge, which resulted in a successful and sustained intracellular 19F labeling (4,6).
By endowing the particles directly with a cationic surface charge the use of transfection
agents appears obsolete; this may facilitate future approval for clinical use as only one agent
would need to be regulated.

However, the cationic nanoparticle preparation showed a strong electrostatic binding to the
negative monolayer coating of traditional tissue culture dishes, and thus, were difficult to
remove by washing steps. For this reason, we tested two types of commercially available
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culture dishes having different surface chemistry: one with the traditional surface coating of
carboxylic acid groups, and thus, a slightly negative charge at pH=7, and a second with a
surface coating of both amino and carboxylic groups, thus having both positive and negative
charges. The latter dishes largely prevented non-specific binding of the cationic particles to
the culture dish surface and were found to be optimal for fluorination of cells.

We were unable to observe any negative effects of PFCE labeling on the viability and
proliferation of cells, both in vitro and in vivo (Figs. 3,5), consistent with previous reports
(4,5). Cells remained viable and continued to produce the histological reporter gene, while
peripherally located cells started to migrate into the brain parenchyma at one week post
transplantation (Fig. 5F). Moreover, the MRI signal appeared to remain constant during that
time, enabling serial tracking of cells over time. Ahrens et al. have reported a lower
sensitivity threshold of about 7.5%103 cells/voxel (6) that may potentially be further
improved with optimized 19F labels and hardware instrumentation (i.e., coils). From the in
vitro sensitivity measurements (Fig. 4), the in vivo MR images (Fig. 5), the number of cells
injected (4x10% and 4x10° cells in each hemisphere), the number of voxels containing 1°F
signal, and the spatial resolution of the images, we estimate that the minimum detectable
concentration per cell is about 140 pmol of PFCE/cell (at 5 mins of acquisition).

Thus, the detection sensitivity we observed at 9.4T is sufficient to detect injected cell doses
that are currently used for cell therapy of neurodegenerative diseases in the central nervous
system, which are in the order of 1x10° cells or more. Therefore, 19F MRI-based stem cell
tracking appears to be a viable alternative method to iron oxide-based stem cell tracking.
Although its sensitivity is significantly lower than that with the use of T2*-based
superparamagnetic agents, it may be particularly useful in scenarios where the use of SPIO-
labeled cells is difficult to implement, such as in traumatic injury and other pathological
conditions where hemorrhage may be present.
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Figure 1.
Fluorescence microscopy of cationic (A,C) and anionic (B,D) PFCE-labeled C17.2 mouse

NSCs after 4 hours of incubation with 2.4 mM PFCE. (A,B) Rhodamin (red) on and phase
contrast overlay image of cells immediately after 4 hours of incubation. (C,D) Rhodamin
fluorescent images of cells cultured for an additional 18 hours following removal of PFCE at
4 hours of incubation. Note the transport and intracellular redistribution of label between the
two time points. Size bar=100 pym in (A,B) and 50 um in (C,D).
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Figure 2.
Effect of culture dish surface treatment on cell labeling and cell adherence. (A) NSCs grown

and incubated in amino-carboxylic coated dishes (red: rhodamin-PFCE; blue: DAPI/cell
nuclei, overlaid with phase contrast image). (B). NSCs grown and incubated in carboxylic
coated dishes. Cells were incubated with 4.8 mM PFCE for 18h. Size bar=200 pum.
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Figure 3.
Proliferation index of PFCE-labeled C17.2 cells. Cells were incubated for 4 hours with 4.8

mM cationic (black filled bars) or anionic (gray filled bars) nanoparticles. There was no
significant difference in proliferation as compared to unlabeled control cells (open bars).
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Figure 4. In vitro 19 MR imaging and detection threshold of cationic free (unbound) PFCE
nanoparticles
(A) and cationic PFCE-labeled C17.2 cells (B). (A) Each capillary tube (1 mm internal

diameter) contains a 4% gelatin suspension containing decreasing amounts of cationic PFCE
particles from top to bottom, corresponding to 60.7 (a), 48.5 (b), 42.5 (c), 36.4 (d), and 30.3
mM (e). (B) C17.2 cells were labeled with (from left to right) 0.6, 1.2, 1.8, and 2.4 mM
anionic (top row) or cationic (bottom row) PFCE particles.
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Figure 5. In vivo MR imaging of transplanted C17.2 NSCs, with the 1°F signal superimposed on
the 1H MR images. Shown are MR images at 1 hr

(A), 3 days (B), and 7 days (C) after injection of 4x10* (left hemisphere, arrowhead in A) or
3x10° (right hemisphere, arrow in A) cationic PFCE-labeled cells. Corresponding
histopathology at day 7 with phase contrast (E) and anti-p-gal immunohistochemistry (F)
demonstrates that implanted cells remain viable and continue to produce the marker enzyme.
In F, the right arrow indicates cells migrating from the injection site into the brain
parenchyma (D) MR image of a different animal at 14 days after injection of equal amounts
of 4x10° C17.2 cells in both hemispheres, demonstrating persistence of 1°F signal for 2
weeks. (G) Corresponding histopathology showing rhodamin fluorescence from PFCE-
labeled cells, co-localizing with the 1°F signal. Size bars are 500 pm.
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