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ABSTRACT
There is currently intense interest in new methods for understanding the fate of therapeuticallyrelevant cells, such as mesenchymal stem cells (MSCs). The absence of a confounding background
signal and consequent unequivocal assignment makes 19F MRI one of the most attractive modalities
for the tracking of injected cells in vivo. We describe here the synthesis of novel partly-fluorinated
polymeric nanoparticles with small size and high fluorine content as MRI agents. The polymers,
constructed from perfluoropolyether methacrylate (PFPEMA) and oligo(ethylene glycol)
methacrylate (OEGMA) have favourable cell uptake profiles and excellent MRI performance. To
facilitate cell studies the polymer was further conjugated with a fluorescent dye creating a dualmodal imaging agent. The efficacy of labelling of MSCs was assessed using

19

F NMR, flow

cytometry and confocal microscopy. The labelling efficiency of 2.6 ± 0.1 x 1012 19F atoms per cell,
and viability of >90 % demonstrates high uptake and good tolerance by the cells. This loading
translates to a minimum

19

F MRI detection sensitivity of ~ 7.4 x 103 cells/voxel. Importantly,

preliminary in vivo data demonstrate that labelled cells can be readily detected within a short
acquisition scan period (12 minutes). Hence, these copolymers show outstanding potential for

19

F

MRI cellular tracking and for quantification of non-phagocytic and therapeutically-relevant cells in
vivo.
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1. INTRODUCTION
Mesenchymal stem/stromal cells (MSCs), a type of adult stem cell, have recently attracted
enormous interest for the treatment of a broad range of diseases, with almost 600 clinical trials
involving MSCs listed in the clinical trials database (http://clinicaltrials.gov/).1 In these studies,
MSCs have been exploited either as therapeutic agents or as delivery systems.2 The broad utility of
MSCs is now recognized as being due to a range of properties in addition to their capacity for
differentiation,3 including immunomodulation and immunosuppression,4 inherent tropism to injured
tissue/tumor microenvironments

5

and inhibitory effects on several tumor types.6 Despite this

promise, translation of MSC-based therapies to the clinic remains challenging and results have often
been discouraging.7 The full therapeutic potential of MSCs can only be attained if they migrate and
home to the sites of lesion, survive and engraft post implantation. The lack of tools to understand
the fate of transplanted cells, non-invasively and longitudinally, is in part responsible for conflicting
clinical trial results.8 Unfortunately, conventional imaging modalities for the tracking stem cells in
the laboratory such as fluorescence and bioluminescence imaging have limited potential for clinical
translation.1, 9
In vivo cell tracking is potentially a powerful tool to monitor non-invasively the distribution
and accumulation of therapeutic cells such as MSCs. Development of accurate imaging modalities
to track MSCs would allow clinicians to determine whether cell delivery has occurred at the
appropriate site and if cells remain at their targeted location.10 Consequently, non-invasive real-time
imaging techniques need to be developed to ascertain homing efficiency, dosing requirements,
optimal timing and route of delivery to allow success of cell-based therapies.10
In recent years an array of imaging modalities including magnetic resonance imaging
(MRI), positron emission tomography (PET), computed tomography (CT), single-photon emission
computed tomography (SPECT), ultrasound (US), fluorescence and bioluminescence imaging (BLI)
have become available for in vivo cell tracking, with each technique having advantages and
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limitations.11 MRI is a particularly promising imaging modality for serial tracking of MSCs12 as it
does not involve the use of ionizing radiation and is appropriate for deep tissue imaging at high
resolution.11 Tracking is achieved by pre-labelling MSCs prior to implantation with an imaging
agent (molecular or particulate) which provides a change in image intensity on an MRI scan.13 The
MRI signal can be generated and moderated in several ways including with positive contrast agents
containing paramagnetic metals (e.g. gadolinium), negative contrast agents comprised of
superparamagnetic iron oxides (SPIO) or partly-fluorinated molecules or particles for 19F MRI.14
In the early 1990’s Weissleder et al. observed that SPIOs and ultra-small superparamagnetic
iron oxides (USPIOs) accumulate in endosomes following endocytosis, resulting in an amplification
of their susceptibility effects and hence efficacy as MRI contrast agents.15 Since then, T2/T2*
contrast agents have been the most broadly utilized agents for tracking of stem cells using MRI.16 A
number of preclinical in vivo studies tracking MSCs using SPIOs has been reported in various
animal models.17,

18

However, the approach of labelling cells with superparamagnetic iron oxide

particles for cell tracking has limitations. While single cells can be distinguished in vivo under
certain conditions,19 the negative contrast produced by SPIO-labelled cells can be confounded by
other low signal media such as blood, bone and air.20 Therefore, it is often challenging to
unequivocally identify regions containing labelled cells in settings of traumatic injury with
haemorrhage.21 Moreover, quantification of iron-labelled cells is difficult as a consequence of
susceptibility artefacts. Indirect quantification of labelled cells involves the measure of “signal void
volume” or the “number of black pixels” and is determined by the change in image intensity relative
to the image before injection.22 Contrast generated by SPIO-labelled cells is attained indirectly
through observation of changes in relaxation properties of surrounding water molecules; all of these
factors make quantification of the number of labelled cells in vivo highly challenging.12
An alternative approach to cell quantification is through
with fluorinated molecules or nanoparticles.12

19

19

F MRI, where cells are labelled

F MRI provides high contrast-to-noise ratio and

excellent specificity due to the absence of a background signal. Therefore, the signal obtained is
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specific to labelled cells unlike metal ion-based cell labelling methodologies where false positive
cell detection is possible.23 The

19

F nucleus has 100% natural abundance, and is appropriate for

labelling as its MR sensitivity is just 17% less than that of 1H13 and the

19

F NMR resonance

frequency is 94% of that of 1H.23 However, the technique is potentially less sensitive in comparison
to labelling and tracking with metal-based agents for the detection of small cell numbers (e.g. single
cell detection has been demonstrated).11 Although the signal-to-noise ratio (SNR) of the

19

F MR

images may be lower in comparison to 1H MRI, a high 19F MRI SNR is not required since this atom
is largely absent from the body, and when present cannot be detected by conventional MRI
methods.10 Thus the apparent disadvantage of lower sensitivity is compensated for by the lack of
background signal in 19F MR images allowing cell detection to be unequivocal.14
19

F MRI does not however provide anatomical information and hence

19

F MR images are

overlaid on a 1H MRI anatomical image acquired concurrently with the same scanner, in order to
avoid image misregistration.24 As indicated above,

19

F MRI allows for quantification of injected

cells as the signal intensity is, in principle, directly proportional to the number of 19F nuclei present.
Therefore, the in vivo image can provide a quantitative measure of cell numbers when the average
content of

19

F spins per cell is known.25 Consequently,

19

F MRI provides a highly specific,

unambiguous and quantitative approach of tracking of labelled MSCs.
Recently, intense effort has been committed to the development of
including perfluorocarbon (PFC) emulsions,

19

19

F MRI agents,

F-containing small molecules and

19

F-containing

macromolecules.26-41 The richness of the chemistry of fluorinated organic compounds from small
molecules to macromolecules provides tremendous possibilities for the development of
agents. PFCs are some of the most common trackers used in

19

19

F MRI

F imaging. Moreover, PFCs have

distinctive characteristics such as high hydrophobicity, significant lipophobicity, extremely low
intermolecular cohesion, low surface tension and high biological stability.10
In recent years, particles containing perfluoropolyethers (PFPE) have been presented as
attractive 19F imaging agents due to their simple 19F NMR spectrum and relative ease of synthesis.42,
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PFPEs, in particular linear perfluorinated polymers, are not soluble in water and require

incorporation with hydrophilic segments or within an emulsion. The majority of

19

F MRI cell

labelling studies reported have employed the commercial product Celsense, which are PFC
emulsions (typical sizes from 100 to 300 nm) based on linear PFPE polymer mixtures.12, 44 Several
studies have demonstrated MR detection of

19

F labelled stem cells in vivo, and four studies have

reported longitudinal imaging of the fate of these cells post transplantation.12, 21, 45, 46 These studies
involved labelling of neural stem cells (NSCs) with PFC nanoemulsions, apart from a single report
which utilized labelled bone marrow derived MSCs in a healthy mouse model. However, a concern
with nanoemulsions is the inevitable process of Ostwald ripening which results in growth of larger
particles at the detriment of the smaller particles.47 Additionally, the chemical inertness of
nanoemulsions limits their potential application due to a lack of available sites for chemical
modification. Finally, the large size of nanoemulsions can cause the agents to be retained within the
organs of the animal for an extended period of time.10
In order to address these drawbacks, partially-fluorinated polymers (PFPs) have been
proposed as alternative

19

F MRI agents.26 Fluorine-containing polymers are readily prepared for

example via copolymerization of fluorinated monomers with hydrophilic monomers. A large range
of structures of PFPs can be envisaged, allowing attachment of various functional groups which
provide a combination of different imaging modalities, therapeutic agents and targeting moieties for
more specific and directed imaging in the body.48 Furthermore, PFPs are highly stable and their
generally smaller sizes lead to shorter, but controllable retention times in the body. Several groups
have introduced unique PFPs as

19

F MRI CAs via combination of fluorinated monomers with

hydrophilic or functional segments through chemical polymerizations.26 In a study from our group,
Thurecht et al. described the preparation of hyperbranched polymers (HBPs) with a fluorine content
of ~ 2.5 wt. %, with 2,2,2-trifluoroethyl acrylate (TFEA) as the fluorine monomer, ethylene glycol
dimethacrylate (EGDMA) as the crosslinking monomer and oligo(ethylene glycol) methyl ether
methacrylate (OEGMA) as the hydrophilic monomer. These HBP molecules have been imaged
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successfully in a mouse model following systemic injection, in a scan period of less than 10
minutes.27 However, despite considerable advances, the use of PFPs as MRI contrast agents is often
limited by low fluorine content (often below 5 wt. %) leading to low imaging sensitivity. The
monomers 2,2,2-trifluoroethyl acrylate (TFEA) or 2,2,2-trifluoroethyl methacrylate (TFEMA) are
commonly used as the fluorine-containing monomer for the synthesis of PFP contrast agents, but
these monomers possess a relatively low weight-fraction of fluorine. Therefore, to achieve higher
imaging sensitivity, novel monomers with a higher fluorine content should be investigated.
Here we describe the design and synthesis of novel fluorinated copolymers using a novel
perfluoropolyether methacrylate (PFPEMA) as the fluorinated monomer and oligo(ethylene glycol)
methacrylate (OEGMA) as the hydrophilic component necessary to impart solubility in aqueous
media. The poly(OEGMA-co-PFPEMA) was modified by conjugation with a fluorescent dye to
allow parallel validation studies (flow cytometry and microscopy), creating a dual-modal imaging
agent. The polymers were characterized by 1H, 19F NMR, size exclusion chromatography (SEC) and
dynamic light scattering (DLS) and loaded into human MSCs derived from term placenta (PMSCs)
as they are abundant, involve non-invasive donor procurement, do not elicit ethical concerns and
hence, are a therapeutically-relevant source of MSCs.49, 50 The efficacy of labelling of the PMSCs
was assessed using

19

F NMR and corroborated with flow cytometry and confocal fluorescence

microscopy. In vitro and in vivo

19

F MR imaging of labelled PMSCs were conducted at a field

strength of 9.4 T and showed high sensitivity allowing the acquisition of high resolution images in
short acquisition times. Importantly, we confirmed that these copolymers did not alter the
phenotypical and tri-lineage differentiation potential of MSCs. Our results suggest that this dualmodal 19F MRI probe is a particularly promising nanoparticle system for tracking and quantification
of non-phagocytic and therapeutically-relevant cells such as MSCs.
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2. EXPERIMENTAL METHODS
2.1 Materials
All chemicals were reagent grade and utilized without further purification unless specified.
Oligo(ethylene glycol) methyl ether methacrylate (OEGMA, MW = 475 g mol-1) was purchased
from Sigma-Aldrich and passed through basic alumina columns to remove inhibitors prior to use.
Monohydroxy-perfluoropolyether (PFPE-OH, ~1650 g mol-1) was supplied by Apollo Scientific
Ltd, UK. The RAFT agent, 4-cyanopentanoic acid dithiobenzoate (CPADB), was synthesized
according to a previously-reported method.51 Deuterated solvents (CDCl3 and D2O) were purchased
from Cambridge Isotope Laboratories.
Dulbecco’s modified Eagle medium (DMEM) with high glucose, phosphate-buffered saline (PBS),
Tryple Express, fetal bovine serum (FBS), antibiotic-antimycotic (AA), ActinRed™ 555 reagent,
StemPro Differentiation kits , CellTrace™ CFSE Cell Proliferation Kit and membranes for dialysis
(molecular weight cut-off of 3500 Da) were purchased from ThermoFisher Scientific. Gelatin was
obtained from VWR Chemicals. Paraformaldehyde (PFA), trifluoroacetic acid (TFA), methacryloyl
chloride,

α,α,α-trifluorotoluene

(TFT),

N-(5-fluoresceinyl)

maleimide,

n-hexyl

amine,

dimethylphenyl phosphine (DMPP), cell counting kit-8 (CCK-8) were obtained from Sigma
Aldrich. Mounting media with DAPI was purchased from Vector Laboratories.
2.2 Characterization of copolymer
1

H NMR,

19

F NMR and

19

F T1 and T2 relaxation times of the poly(OEGMA-co-PFPEMA)

copolymers were measured at 9.4 T using a Bruker Avance III 400 MHz spectrometer fitted with a
broadband BBFO probe with

19

F acquisition on the X channel. Cells in three T175 flasks were

cultured in a solution containing the poly(OEGMA-co-PFPEMA) at a concentration of 20 mg mL-1
for 24 h and then fixed with 4 % paraformaldehyde (PFA) for 30 min. The samples were transferred
into 3 mm NMR tubes and inserted into 5 mm NMR tubes filled with D2O. The volume of the cells
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was sufficient to fill the detector region of the NMR coil, typically ~ 4 cm in length from the bottom
of the NMR tube. Acquisition of 19F NMR spectra and measurements of T1 and T2 relaxation times
were carried out at 310 K. 19F NMR spectra of labelled cells were obtained using a relaxation delay
of 1 s, acquisition time of 1.26 s and the number of scans was 1024. The

19

F spin-spin (T2)

relaxation times were measured using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence at
310 K. The relaxation delay was 1 s, the acquisition time was 0.16 s and 64 scans were acquired.
For each measurement, the echo times were varied from 2 to 770 ms and 16 points were collected.
19

F spin-lattice (T1) relaxation times were measured using the standard inversion-recovery pulse

sequence. The relaxation delay was 2 s, the acquisition time was 0.16 s and the number of scans
was 32. For each measurement, the recovery times were varied from 2 ms to 3 s and 16 points were
collected.
DLS measurements were acquired using a Nanoseries Zetasizer (Malvern, UK) with a 2 mW He-Ne
laser functioning at wavelength of 633 nm and a scattering angle of 173°. Hydrodynamic diameter
was measured twice to obtain an average value. The concentration of the copolymer was 1 mg mL-1.
SEC was performed on a Waters Alliance 2690 separations module equipped with an RI detector.
The polymer was dissolved in tetrahydrofuran (THF), passed through 0.45 µm filter, and eluted at 1
mg mL-1 in THF.
2.3 Synthesis of perfluoropolyether methacrylate and poly(OEGMA-co-PFPEMA)
Into a two-neck flask fitted with a dropping funnel, stirrer bar and purged with N2, monohydroxyterminated perfluoropolyether (PFPE-ol) (1.65 kDa, 2.0 g, 1.21 mmol), triethylamine (211 µL,
0.153 g, 1.52 mmol), 2,6-di-t-butyl-4-methylphenol (20 mg) in α,α,α-trifluorotoluene (2 mL) (TFT)
were added. Methacryloyl chloride (142 µL, 0.152 g, 1.45 mmol) was added dropwise at 0 °C,
stirred for 1 h at this temperature, and then allowed to warm to room temperature overnight. The
mixture was then diluted with TFT (20 mL), poured into water (50 mL) and the organic phase
was washed with HCl (5%, 2 x 50 mL), NaOH (2 x 50 mL) and water to neutrality followed by
drying over MgSO4. The product was collected by filtration through a sintered glass funnel, before

Nanoscale

being reduced to dryness under vacuum (0.1 mmHg). The perfluoropolyether methacrylate
(PFPEMA), a colorless oil, was treated with another portion of 2,6-di-t-butyl-4-methylphenol (20
mg), sealed under N2 and stored below 5 °C.
The copolymerization of OEGMA and PFPEMA was conducted as follows. In a typical experiment,
OEGMA (1.2 g, 5 mmol), PFPEMA (1.73 g, 1 mmol), V40 (4.89 mg, 0.02 mmol), and CPADB
(27.9 mg, 0.1 mmol) were dissolved in 5 mL TFT and sealed in a 25 mL flask fitted with a
magnetic stirrer bar. The solution was then deoxygenated by purging thoroughly with nitrogen for
15 min, heated to 90 °C in an oil bath, and allowed to react for 24 h. The resulting solution was
centrifuged for 5 min at 4000 rpm and the supernatant was precipitated into hexane and dissolved in
THF three times. The precipitate was then dissolved in water and purified by dialysis, yielding a
pink viscous solid after freeze drying.
2.4 Reduction of the polymer end groups to free thiol groups
Polymers with the terminal RAFT groups were reduced to the thiol by aminolysis in the presence of
n-hexyl amine using a 4:1 molar ratio to the poly(OEGMA-co-PFPEMA) copolymer and catalytic
amount of dimethylphenyl phosphine (DMPP) to prevent the formation of disulfides (1 mol %).
2.5 Conjugation of poly(OEGMA-co-PFPEMA) with N-(5-fluoresceinyl)maleimide dye
The procedure for attachment of the fluorescent dye was as follows: an aqueous solution of
poly(OEGMA-co-PFPEMA) (100 mg, 0.005 mmol) was gradually titrated into a DMSO solution
containing N-(5-fluoresceinyl)maleimide (2.3 mg, 0.0054 mmol). The pH was adjusted to ~ 6 and
the mixture was allowed to react at room temperature in the dark for 24 h. A yellow product was
obtained after dialysis against water and freeze drying. The wavelengths of the maxima in
excitation and emission of the dye were 492 nm and 518 nm, respectively.
2.6 Cell culture of human mesenchymal stem cells
Third trimester placentas were acquired from healthy mothers with uncomplicated pregnancies at
term during elective caesarean section (CS), as approved by The Human Research Ethics
Committee of the Royal Brisbane and Women’s Hospital. Informed consent was obtained from the
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human subjects. MSCs were isolated from the maternal side of the placenta (decidua). Deciduaderived MSCs were cultured in Dulbecco’s modified Eagle medium (DMEM, Invitrogen),
supplemented with 10% fetal bovine serum (FBS), 1% antibiotic-antimycotic (AA), at 37 °C in a
humidified atmosphere, with 5% CO2. Cells were passaged at 90% confluency at a ratio of 1:2 or
1:3.52 The PMSCs were characterized and fulfilled the minimal criteria established by the
International Society of Cellular Therapy (ISCT).53
2.7 19F NMR analysis of cellular uptake
The extent of internalization of the polymers by PMSCs was quantified using 19F NMR. Cells were
grown to 90% confluency in T175 flasks, and then incubated with media containing polymer at
different concentrations (1, 3, 5, 10, 15 and 20 mg mL-1) for 24 hours to determine the optimal
labelling concentration. The total cell number was determined using a hemocytometer with Trypan
blue exclusion. An average of 2 x 106 cells was required per condition. Labelled cells were assayed
for 19F content by NMR as previously described.10, 46 A known number of cells was placed in lysis
buffer and mixed with D2O and trifluoroacetic acid (TFA) as the 19F NMR standard compound. 19F
NMR spectra of the cell pellets were acquired with a delay time of 10 s and 128 scans. The mean
number of 19F nuclei per cell (Fc) was calculated using Equation (1).
Fc =

3.Is .Mr .Na
Ir Nc

(1)

Where (Is/Ir) is the ratio of the integrated intensities of the PFPE peak in the cell pellet divided by
that of the trifluoroacetic acid (TFA) reference peak, Nc is the number of cells in the pellet, Mr is the
number of moles of the TFA reference, Na is Avogadro’s number.
2.8 Confocal microscopy
Imaging was conducted to ascertain if the copolymers were internalized by the cells. Cells were
seeded onto coverslips and 3 mg mL-1 of poly(OEGMA-co-PFPEMA) conjugated with N-(5fluoresceinyl)maleimide was added and incubated for several hours. The cells were fixed for 15 min
in 4% paraformaldehyde (PFA), before being rinsed 3×5 min in phosphate-buffered saline (PBS).
Subsequently, ActinRed™ 555 reagent (ThermoFisher) which selectively labels F-actin was added
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to the fixed cells and incubated for 30 minutes, before being rinsed 3×5 min in (PBS) and mounted
with DAPI in Vectashield. ActinRed™ 555 dye is excited at a wavelength of 540 nm and has an
emission maximum at 565 nm. Images were acquired using a Zeiss LSM 710 inverted confocal
microscope and were analyzed using ZEN software (Zeiss).
2.9 Quantifying cell labelling using flow cytometry
Cells labelled with polymer were seeded at a density of 100,000 cells/well in a 24 well plate.
Different concentrations (0, 1, 3, 5, 10, 15 mg mL-1) of the copolymer were added to the media.
After incubation for 24 hours, cells were trypsinized and suspended in (PBS) for analysis using a
BD LSR II Flow Cytometer. The relative fluorescence intensity per condition was obtained.
2.10 Retention of copolymer in PMSCs
Cells were stained with Trypan Blue and counted using a haemocytometer to measure cell
proliferation, at specific time points. Dilution and retention of copolymers were assessed by seeding
cells at a density of 100,000 cells/well in a 24 well plate. Cells were incubated with copolymers for
24 hours and copolymer that was not internalized were washed off with PBS. Subsequently, cells
were trypsinized and suspended in PBS at specific time points for analysis whereby the
fluorescence intensity was measured using flow cytometry. Exocytosis of copolymer was evaluated
by seeding cells at a very low density/well in a 24 well plate. Cells were incubated with copolymer
for 24 hours and any copolymer that was not internalized was washed off with PBS. Fluorescence
intensity of cell culture media was measured at specific time points using a plate reader. To
establish if there is a transfer of the copolymer from labelled to resident cells, 2 ×104 cells labelled
with the bimodal copolymer were co-cultured with 2 ×104 cells labelled with the green fluorescent
Cell Tracker (10 µM for 20 minutes at 37°C). Images were acquired 1, 3 and 7 days using a Zeiss
LSM 710 inverted confocal microscope and were analyzed using ZEN software (Zeiss). The
number of red, green and yellow cells were counted to determine transfer of the copolymer (red)
into “unlabelled” (green) cells.
2.11 Cytotoxicity and viability assay
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To measure the effect of the polymer on cell viability, the Trypan Blue exclusion test (Invitrogen)
was conducted immediately after labelling with varying concentrations of polymer. To quantify
whether the polymer affects the mitochondrial function of the cells, CCK-8 assays were conducted
on 19F-labelled and control cells, as described previously.54 The CCK-8 assay measures the amount
of formazan dye that is reduced by intracellular dehydrogenase. The number of living cells is
proportional to the concentration of the formazan dye. Briefly, the CCK-8 solution (10 µl) was
added to cells seeded in a 96-well plate and incubated for four hours. Absorbance was read on a
Tecan plate reader at a wavelength of 450 nm.
2.12 Tri-lineage differentiation assay
To assess the effect of uptake of the copolymers on tri-lineage differentiation, MSCs were grown in
twelve well plates for adipogenic, osteogenic and chondrogenic assays. Three wells were incubated
with the copolymers for 24 hours and another three wells were utilized for the unlabelled PMSCs
(control).

After

24

hours,

the

wells

were

washed

with

PBS

and

adipogenic/osteogenic/chondrogonenic media (Thermofisher StemProR differentiation kit) were
added according to manufacturer’s instructions. The media was replaced every 3-4 days. After 21
days, the cells were fixed with 4% PFA and stained with Alizarin Red S to detect calcification, Oil
Red O for identification of lipid vesicles and Toluidine Blue for staining of the chondrogenic pellet.
Images were captured on a Nikon inverted microscope equipped with a Phantom V9 high speed
color camera. The images were post processed in ImageJ software.
2.13 Expression of MSC markers
To determine the potential effect of labelling with the copolymers on the phenotypical
characteristics, MSCs were cultured in a flask till confluency. PMSCs were incubated with
copolymers for 24 hours and flask was washed with PBS before detachment and suspended
according to manufacturer’s guide (BD Human MSC Analysis Kit) in staining solution. Cells were
incubated with antibodies as per instructions and analyzed on a flow cytometer, Accuri C6. Flow Jo
Software was used for data processing.
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2.14 Standard protocol for labelling MSCs with poly(OEGMA-co-PFPEMA)
Based on the results of measurement of cellular uptake and viability, a concentration of polymer
solution of 10 mg mL-1 and incubation time of 24 hours were determined to be optimal conditions
for uptake of the polymer by human derived PMSCs. Cells were seeded into a T75 culture flask and
grown to 90% confluency prior to labelling with the polymer using the conditions immediately
above. PBS was added to the flask and decanted (washing step) to remove excess copolymers and
Tryple Express was added to dissociate the cells from the flask. Cell suspensions with PBS were
centrifuged at 400 g for 5 minutes (three times) and the cell pellet was resuspended in PBS to
remove excess copolymers. Cells were resuspended for all subsequent experiments.
2.15 Preparation of cell phantoms
19

F MRI phantoms consisting of 0.4x106, 0.8x106, 1.6x106, and 3.2x106 cells labelled with 10 mg

mL-1 of copolymers were suspended in a (50 µl) volume of 6% gelatin in Eppendorf tubes. A
control consisting of unlabelled PMSCs in a (50 µl) volume of 6% gelatin in a tube was imaged
together with the

19

F phantoms. Samples were loaded with increasing cell numbers in order to

determine the threshold for cell detection. This procedure yields an estimate of the concentration of
cells that can be detected upon transplantation given the particular hardware configuration, imaging
methods employed, and the time constraints of in vivo imaging.46
2.16 19F MRI and measurement of NMR relaxation times
In vitro MRI - All MR images were acquired on a 9.4 T Bruker system using a 1H/19F dual
resonator 40 mm volume coil. Co-localization and positioning of slices for the

19

F scan was

achieved using an 1H MR scan that was acquired using a rapid acquisition with relaxation
enhancement (RARE) sequence (RARE factor = 16, TE = 88 ms, TR = 1500 ms, FOV = 80 × 80
mm, matrix = 128 × 128), 4 slices at 2 mm thickness. The 19F images were acquired using a RARE
sequence (TR = 1500 ms, TE = 44 ms, RARE factor = 8, averages = 256, FOV = 80 × 80 mm,
matrix size = 64 × 64, single slice at 20 mm thickness, 51 mins scan time). 1H/19F images were
analyzed using Image J software.
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In vivo MRI - Experiments were carried out in accordance with the national guidelines provided and
approved by the institutional animal care and ethics committees of the University of Queensland.
Labelled human PMSCs (~ 1 x 106) were injected subcutaneously into the right flank of a 12-week
old female non-obese diabetic/severe combined immunodeficient (NOD SCID) mouse. 24 hours
post injection of labelled PMSCs, the mouse was anesthetized with an intraperitoneal (IP) injection
of ketamine/xylazine in water and placed in the scanner. 1H images were acquired using a RARE
sequence (TR = 1500 ms, TE = 10 ms, RARE factor = 4, FOV = 58 × 58 mm, matrix = 128 × 128,
12 slices at 2 mm thickness). The

19

F images were acquired using a RARE sequence (TR = 1500

ms, TE = 10 ms, slice thickness = 2 mm, RARE factor = 4, Matrix = 64 x 64, in-plane resolution =
0.9 mm). 1H/19F images were analyzed using Osirix software.
2.17 Quantification of MRI
The intensity of the signal in a particular voxel of a

19

F MR image is proportional to the total

number of 19F nuclei within that volume. To calculate the signal-to-noise ratio (SNR) in the 19F MR
images, the average signal was obtained in a region of interest (ROI) consisting of 49 voxels for
each phantom (0, 0.4, 0.8, 1.6, and 3.2 x 106 PMSCs). The SNR was determined based on Equation
(2):
SNR=

Mean Signal ሺlabelled cellsሻ - Mean Background Signal
Standard deviation of background

(2)

The measured phantom SNR was plotted as a function of cell number. The minimum cell per voxel
detection threshold was established by extrapolating the SNR to a value of 1.5 for unequivocal
detection of labelled cells.
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3. RESULTS AND DISCUSSION
3.1 Characterization of Poly(OEGMA-co-PFPEMA) Copolymer

Scheme 1. Schematic diagram illustrating the synthesis of poly(OEGMA-co-PFPEMA) copolymers
via RAFT polymerization and the labelling with green fluorescence dye MalNFlu.

The synthetic approach for the preparation of functionalized PFPE-based polymers is illustrated in
(Scheme 1). A polymerizable methacrylate of PFPE (PFPEMA) was first synthesized by a standard
elimination reaction between methacryloyl chloride and the monohydroxy-terminated PFPE.
Typical 1H NMR spectra in CDCl3 and the assignments to the spectra of the PFPE and PFPEMA
are shown in Figure S1. The peak located at ~4.7 ppm in the NMR spectrum of PFPEMA can be
assigned to the methylene protons of PFPE segments adjacent to the ester, confirming the
successful attachment of the PFPE to the polymerizable methacrylate unit.
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Figure 1. (a) 1H and (b) 19F NMR spectra in CDCl3 and assignments to the spectra of the
poly(OEGMA-co-PFPEMA). (c) The chemical structure of the poly(OEGMA-co-PFPEMA)
showing labels for assignment of the NMR spectra.

Statistical copolymers of PFPEMA and OEGMA were synthesized through RAFT polymerization.
As shown in Figure S2, the conversion of OEGMA and PFPEMA monomers to polymer during the
polymerization could be determined from the integrated intensities in the 1H NMR spectrum of the
crude sample (85 % and 78 %, respectively). Typical

1

H and

19

F NMR spectra of the

poly(OEGMA-co-PFPEMA) copolymer after purification and the relevant assignments are shown
in Figure 1. The molecular weight and composition of the copolymer can be calculated from the
integrals of the peaks arising from protons H3, H4 and the RAFT agent proton H7 as shown in
Figure 1a. It can be concluded that the number-average molecular weight of the poly(OEGMA-coPFPEMA) copolymer is ~75000 g mol-1 and the ratio of OEGMA to PFPEMA repeat units within
the copolymer is approximately equal to seven. The observation of a value of Mn,NMR larger than the
theoretical value (Mn,th) may indicate the loss of RAFT end groups during polymerization. The
fluorine content was calculated to be 21.4 wt %, which is significantly higher than for previously
reported fluorinated polymers for MRI applications (typically below 5 wt %).27, 30-33 The peaks in
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the
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F NMR spectrum (Figure 1b) were assigned successfully based on previous reports and the

integrated intensities of each peak correspond to the number of fluorine atoms in the chemical
structure (Figure 1c).55,

56

It should be noted that the most intense peak, due to the fluorinated

methyl and methylene groups (ca. -80 ppm, F1 in the spectrum), dominates the spectrum and will
predominantly contribute to the subsequent

19

F MRI signal. The hydrodynamic diameter of the

copolymer was approximately 12 nm as measured using DLS, indicating the molecules were
present as unimers in solution. To achieve conjugation with a fluorescent dye, the RAFT end group
of the copolymer was reduced to free thiol in the presence of n-hexyl amine. N-(5fluoresceinyl)maleimide, a green fluorescent dye, was directly conjugated to the copolymer,
creating a dual modality imaging agent. The properties of the polymers deduced from the detailed
characterization are summarized in Table S1 in the Supporting Information.
The 19F NMR T1 and T2 relaxation times of the copolymers, important for MRI applications, were
measured by dissolving the polymer in PBS/D2O (90/10, v/v) at a concentration of 20 mg mL-1 at
310 K. The values of

19

F NMR T1 and T2 at 9.4 T were 410 ms and 60 ms, respectively. The

19

F

NMR T1 and T2 relaxation times in labelled cells, i.e. of the polymer within PMSCs, were 420 ms
and 62 ms, respectively. It can be concluded from these values that the copolymer after uptake by
PMSCs is suitable for MR imaging with a high signal-to-noise ratio in vitro. Furthermore the values
of NMR T1 and T2 did not change after cell uptake, indicating the absence of large changes in the
spectral density of high (MHz) and low (kHz) frequencies of motion of the polymer.
3.2 Efficiency of labelling of human PMSCs with poly(OEGMA-co-PFPEMA)
To assess the efficiency of labelling human PMSCs with poly(OEGMA-co-PFPEMA), the cells
were incubated with cell culture media containing polymer at a range of concentrations. Cell uptake
was assessed by 19F NMR, and corroborated by flow cytometry and confocal microscopy.
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3.2.1. 19F NMR analysis to quantify fluorine content per cell

Figure 2. a) 19F NMR spectrum of 2 x 106 cells labelled with 20 mg mL-1 of copolymer. Peak F1 of
the copolymer, see Figure 1 b), is centered at ~82 ppm. TFA was used as a reference and gives a
peak at -75.5 ppm. 2b) Plot of number of 19F nuclei per cell against concentration of poly(OEGMAco-PFPEMA) in the incubation medium. MSCs were incubated at different concentrations for 24
hours. All values are presented as mean ± standard deviation.

A quantitative measure of the intracellular fluorine content was obtained by comparison of the
intensity in the 19F NMR spectrum to that of a reference standard (trifluoroacetic acid, TFA). Welldefined peaks in the 19F NMR spectra are observed at −76 ppm for TFA and major peaks between
−80 to -85 ppm for the labelled cells Figure 2a. Integration of the peaks allowed the extent of cell
uptake to be calculated, and this was found to increase in proportion to the concentration of the
copolymer in the incubation media (Figure 2a). The content of observable fluorine nuclei (Figure
2b) is comparable or superior to results reported for MSCs12,

21, 46, 57

and other therapeutically-

relevant cells58-60 labelled with PFPE nanoemulsions. Hence, cell uptake achieved with our
copolymers, without addition of transfection agent, is within suitable limits and comparable with
other published reports.
Recently, a number of researchers have studied the effects of size, shape and surface chemistry (for
e.g. surface hydrophobic/hydrophilic balance, surface charge, zeta potential) on cellular uptake and
toxicity of nanoparticles. In brief, smaller sized and more hydrophobic molecules are internalized
and leave cells more rapidly.61, 62 The high level of uptake of poly(OEGMA-co-PFPEMA) by the
PMSCs, without the assistance of transfection agents or electroporation, is likely a consequence of
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the small size of the copolymer (hydrodynamic diameter of ~12 nm) and partial hydrophobic nature
resulting from its high fluorine content (21.4 wt %). We suggest that the conformational flexibility
inherent in the polymeric structure allows the hydrophobic groups to be presented to the cell
membrane, thus facilitating passage across the membrane.
The ability to load the cells without the use of transfection agents is a major advantage as
transfection agents may not be suitable for clinical use. Transfection techniques can be utilized to
potentially increase the uptake of agents in cells but these may adversely affect cellular functions,
for instance inducing a down-regulation of surface marker expression.43 Furthermore,
comprehensive studies of the effects of transfection techniques on the function, phenotype and
proliferation in different cell types have not been reported. 63 Hence, it is highly attractive that nonphagocytic cells such as MSCs are able to be labelled efficiently with MR trackers by simple coincubation in the culture media.
3.2.2 Confocal microscopic study of cellular uptake

Figure 3. Confocal fluorescence images of MSCs labelled with 3 mg mL-1of Poly(OEGMA-coPFPEMA) with N-(5-fluoresceinyl)maleimide for 3 hours. The nuclei were stained with DAPI
(blue), copolymer (green) and actin was stained red a) 40x magnification, size bar = 20 µm. b)
Ortho projection of 3D image. 20x magnification. All experiments were performed at least three
times and representative images are shown. Excitation wavelengths were 358 nm, 492 nm and 540
nm, respectively. Results of flow cytometry of PMSCs incubated with increasing concentrations of
Poly(OEGMA-co-PFPEMA) with N-(5-fluoresceinyl)maleimide c) Relative fluorescence intensity
(measure of efficiency of cell labelling) measured by flow cytometry as a function of concentration
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of copolymer in solution. Output provides values for 10 000 cells for each condition. d)
Fluorescence histograms.

Cell labelling studies were carried out using poly(OEGMA-co-PFPEMA) conjugated with N-(5fluoresceinyl)maleimide dye to act as a fluorescent reporter. Figure 3a shows confocal fluorescence
microscopy images of the PMSCs incubated with 3 mg mL-1 of poly(OEGMA-co-PFPEMA)-DYE
for three hours. Note that the boundaries of the PMSCs were labelled with ActinRed™ 555 reagent.
The ortho-projection of the 3D image indicates that the copolymers have been taken up and reside
within the cells (Figure 3b & Video S1). Therefore, the confocal fluorescence images confirm
internalization of the copolymers within the cytoplasm and more precisely into vesicles of the cells
(Figure 3a-b). Importantly no differences in morphology between labelled and unlabelled PMSCs
were observable.
3.2.3 Quantifying cell labelling using flow cytometry
Flow cytometry of PMSCs incubated with poly(OEGMA-co-PFPEMA) with attached N-(5fluoresceinyl)maleimide in solutions of varying concentrations confirms that the extent of cell
uptake is directly proportional to polymer concentration in the incubation media (Figure 3c and d).
These results are in line with measurements of fluorine content by 19F NMR (Figure 2b).
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3.3 Proliferation of PMSCs and Cytotoxicity of copolymers

Figure 4. a) Proliferation of PMSCs at specific time points. b) Relative fluorescence intensity
(measure of fluorescence dilution of copolymers) measured by flow cytometry as a function of time
after incubation with the copolymers in solution. The output provides values for 10 000 cells for
each condition. c) and d) Viability of PMSCs evaluated by CCK-assay and MTS assay as a function
of concentration of poly(OEGMA-co-PFPEMA) solution. All values are presented as mean ±
standard deviation based on triplicated samples.

Proliferation of the PMSCs resulted in dilution of the copolymers and a steady reduction in the
amount of copolymer present in the cells (Figure 4a-b). Nonetheless, a significant fluorescence
signal was observed even after 7 days of cell proliferation. This decline in copolymers signal
intensity was also observed in our longitudinal in vivo

19

F MR imaging studies. This decrease is

most likely due to the dilution of copolymers resulting from proliferation of cells or cell death. Cell
division and consequent dilution of intracellular trackers are a challenge for long-term in vivo cell
tracking, irrespective of the type of cell tracker.11 Cell death can result in dispersion of tracer and
loss of MRI detectability. In addition, it is possible that some copolymer chains will be exocytosed
from the MSCs and internalized by bystander cells such as resident macrophages. This may produce
false positive signals if a large number of these macrophages accumulates in an area of interest.43
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Successful translation of materials to clinical applications depends on favorable cytocompatibility.
Hence, CCK-8 assays were performed on PMSCs incubated with solutions of copolymers from 24
hours to 7 days post incubation to examine cytotoxicity and proliferation of the cells. The results in
Figure 4c indicate that there was a slight increase (~13%) in viability and mitochondrial activity of
PMSCs exposed to solutions of poly(OEGMA-co-PFPEMA) at 20 mg mL-1 for 24 hours.
Nonetheless, cell viability was more than 80% at all time-points and concentrations except at the
highest concentration of 20 mg mL-1, 7 days after copolymer exposure (~78% cell viability).
Viability of the cells was also confirmed by the MTS assay (Figure 4d) and the Trypan blue
exclusion assay (Figure S3). The assays indicate that the copolymers did not have a significant
effect on the viability and mitochondrial function of the PMSCs. Based on the measurements of
labelling efficiency and viability, a protocol of labelling of PMSCs with 10 mg mL-1 of
poly(OEGMA-co-PFPEMA) for 24 hours was adopted as the standard procedure.
3.4 Effects of copolymer uptake on typical PMSC characteristics

Figure 5. a) Expression of MSC markers (CD44, CD73, CD90 and CD105) and lack of specific
markers (CD34, CD11b, CD45 and HLA-DR) in PMSCs after labelling with copolymers b) Bright
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field microscopy images of osteogenic, adipogenic and chondrogenic differentiation of PMSCs after
labelling with copolymers (bottom panel), PMSCs with no copolymers (upper panel). Scale bars:
200 µm (adipogenic and chondrogenic) 50 µm (adipogenic). No differences between labelled and
unlabelled cells were observed for tri-lineage differentiation. All experiments were performed at
least three times and representative images are shown.

It is important that MRI cell trackers do not affect the phenotype, differentiation potential and
function of the MSCs as any alterations after labelling could impact upon the efficacy of the MSC
therapy. Therefore, the PMSCs labelled with copolymers were comprehensively assessed according
to the criteria established for MSCs by the International Society for Cellular Therapy (ISCT) for i)
plastic adherence ii) expression of specific MSCs markers and lack of HSC markers, and iii) trilineage differentiation potential. The results presented in Figure 5a demonstrate that more than 98%
of cell populations expressed MSC markers (CD44, CD73, CD90 and CD105) with negligible
(0.32%) expression of HSC markers (CD11b, CD19, CD34, CD45 and HLA-DR). Additionally,
after 21 days of treatment with osteogenic differentiation medium, osteoblasts were observed by
staining with Alizarin Red which binds to calcium matrix deposits (Figure 5b bottom left panel).
PMSCs labelled with the copolymers were also able to differentiate into adipocytes, demonstrated
by the presence of lipid droplets (Figure 5b bottom panel). Additionally, labelled MSCs displayed
chondrogenic capability, exhibited by the toluidine blue stained chondrogenic pellet (Figure 5b
bottom right panel). Finally, MSCs labelled with the copolymers maintained plastic adherence
under standard cell culture conditions.
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3.5 Establishing a threshold for cell detection by 19F MRI

Figure 6. a) 1H and 19F MRI of phantoms containing 0 = Unlabelled control, 0.4 x 106, 0.8 x 106,
1.6 x 106 and 3.2 x 106 labelled pMSCs suspended in 6% gelatin. Images are shown using different
colourimetric scales to allow clear visualization. b) 19F MRI SNR plotted against the number of
cells labelled with copolymer. Error bars are over n=3 technical replicates.

For any MRI application it is important to establish the detection limit for labelled cells. To achieve
this,

19

F MRI scans of a set of phantoms were prepared containing 0.4 x 106 to 3.2 x 106 PMSCs

labelled with 10 mg mL-1 of poly(OEGMA-co-PFPEMA) by incubation for 24 hours, and 19F MRI
images were acquired. This allowed determination of the signal threshold for cell detection. T2weighted images were acquired, using a scan time of 50 minutes, for both labelled and control
unlabelled cells (2 x 106 cells). Signals from all phantoms containing cells were readily detected in
this time period, and significantly the phantom with the smallest number of cells (0.4 x 106) also
had a detectable 19F MRI signal (Figure 6a). As anticipated, the 19F MR signal intensity (and hence
signal-to-noise ratio, SNR) increased linearly with the number of cells (Figure 6b). If we propose a
target SNR of 1.5 to permit unequivocal detection of labelled cells, we find that a minimum of 3.6 x
105 cells labelled with copolymer in this manner is required for cell detection. Considering the cell
pellet and voxel size, this results in a detection limit of ~ 7.4 × 103 cells/voxel. To put this into
perspective, a typical MSC based clinical therapy requires multiple intravenous infusion of cell
numbers in the range of millions.64, 65 It is very clear therefore that the cell detection limit of less
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than 104 cells/voxel attained with PMSCs labelled with poly(OEGMA-co-PFPEMA) is within the
required range for tracking of stem cells. Previous studies involving tracking of PFPE labelled cells
using MRI have reported minimum cell detection sensitivity in the order of 104 to 105 cells/voxel
with clinical MRI scanners and 103 to 104 for high field animal scanners. Therefore, the cell
detection limit achieved here with PMSCs labelled with these unique copolymers is comparable to
data reported with high field animal scanners.14, 43, 45, 66 We conclude that MSCs labelled with these
copolymers have potential to enhance efficacy of stem cell therapies by informing on suitable
injection sites, and confirming routes of migration and accumulation cell numbers at the
engraftment site.

3.6 Retention of the Copolymers in PMSCs

Proliferation of the PMSCs resulted in a steady reduction in the amount of copolymers present in
the cells (Figure 7a-c). Nonetheless, a significant fluorescence signal was observed via flow
cytometry even after 7 days following incubation with the copolymer (Figure 7b, black bars). The
confocal microscopy z-stack images (Figure S4 & S5) also confirm retention of the copolymers
until the endpoint of the experiment. A decrease in signal intensity was also observed in our in vivo
19

F MR longitudinal imaging studies, and is most likely due to the dilution of the copolymers

resulting from proliferation of cells or cell death. Cell division and consequent dilution of
intracellular trackers are a challenge in long term in vivo cell tracking, for all approaches to cell
tracking.11 In addition, cell death can result in dispersion of tracer and loss of detectable MRI
signal.

Exocytosis (leakage) of copolymers can also contribute to the reduction in fluorescence intensity,
and was assessed by measuring the fluorescence of the cell culture media at specific time points
using a microplate reader. Fluorescence of the cell culture media increased gradually over time,
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indicating that a small portion of the copolymers was released across this period (Figure 7b, red
bars). The cells were confirmed to be viable (Trypan blue exclusion, data not shown) and therefore
the fluorescence in the media does not arise from copolymers released by dead cells. Nonetheless,
the intensity of fluorescence arising from exocytosis is relatively low in comparison to the
significant fluorescence retained within the MSCs (Figure 7b). It is also possible that copolymers
may be exocytosed by cells and internalized by bystander cells such as resident macrophages. This
may produce false positive signals if a large number of macrophages accumulates in an area of
interest.43 To assess this probability, cells labelled with copolymer (red fluorescence) were cocultured with cells labelled green (Cell Tracker, Figure 7c). DAPI-positive cells with both red and
green signals were observed as yellow via confocal imaging. At day one post co-culture,
approximately 25% of the cells were yellow indicating that some exocytosis and transfer of
copolymers to neighboring cells had occurred. As pointed out by Bible et al.,46 some of this
fluorescence may arise from dead cells or from residual unwashed copolymer. Those authors
observed similar levels of label transfer in cells labelled with Celsense. After three and seven days
of co-culture, 27% and 21% of the DAPI positive cells were yellow, respectively, demonstrating
that exocytosis and transfer of the copolymer to the bystander cells remains constant up to seven
days after in vitro labelling. It is clear that the potential for transfer of label to bystander cells needs
to be critically evaluated for clinical applications. However, the observation that the level of label
transfer remains close to constant up to seven days means that this level of transfer can be
subtracted from observed levels to allow in vivo quantification of labelled SMCs after topical
injection. In addition, the observed level of label transfer is only clinically significant if a large
number of these cells accumulates in the region of interest. In line with this, the majority of animal
studies of injected cells labelled with SPIOs have demonstrated negligible transfer from labelled
cells to macrophages.18,

67-70

Hence, we contend that concern about phagocytic engulfment of

labelled cells should not hamper future research in this field.
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As anticipated, the number of cells retaining copolymers (red cells) visualized by confocal
microscopy decreased by approximately half at day seven. This decrease is predominantly due to
dilution of the copolymers on proliferation of the cells. In conclusion, despite the ready uptake of
the copolymers by the PMSCs, leakage of copolymer is minimal and there is sufficient retention to
allow excellent in vivo imaging.

Figure 7. a) Proliferation of PMSCs at specific time points b) Fluorescence intensity (measure of
retention of copolymers in PMSCs) measured by flow cytometry as a function of time after
incubation with copolymers (black bars). The fluorescence is for 10,000 cells at each time point.
The fluorescence intensity of cell culture media due to exocytosed copolymer (red bars). c) Coculturing of cells labelled either with the bimodal copolymers (red fluorescence) and with bystander
cells (labelled with green cell tracker). All values are the mean ± standard deviation based on
measurements in triplicate.
3.7 Tracking of cell fate with in vivo 19F MRI
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Figure 8. In vivo detection of labelled human PMSCs injected subcutaneously in a NOD-SCID
mouse. Images shown are 1, 24 hours and 7 days post injection and anatomical overlay of 19F/1H
images, whereby the 19F is rendered in false color and 1H is in grayscale. MSCs are visible as a “hot
spot” in the flank of mouse. a) Images acquired from 1 and 24 hours post injection, 51 minutes
scan. Slice thickness = 20 mm b) Images acquired from 7 days post injection, 12 minutes scan.
Slice thickness = 2 mm. The arrow denotes slices containing 19F signal.

The feasibility of detecting cells in vivo has been demonstrated by subcutaneous injection of cells
into a murine model. 19F MRI was performed at 1 hour, 24 hours and 7 days post injection of ~ 1 x
106 labelled human PMSCs into the right subcutaneous flank of a NOD SCID mouse. Strong and
unequivocal signals from labelled cells were clearly detected in 19F MR images acquired at 9.4 T, 1
hour and 24 hours post injection (Figure 8a). Moreover, distinct signals from labelled cells at the
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site of injection were observed 7 days post injection within a short acquisition time of 12 minutes
(Figure 8b). However, we noted a slight reduction in 19F MR signal intensity between days 1 and 7
post injection of the labelled MSCs. Previously Bible et al. used

19

F MRI to measure neural stem

cells (NSCs) labelled with Celsense and suspended in a bioscaffold implanted into the lesion cavity
of a rat stroke model. As in the current study, they observed a decrease in 19F MRI signal between
days 1 and 7 post implantation.46 Our results with labelled MSCs are therefore in accordance with
other longitudinal imaging studies which established a decrease in signal from the tracker over
time.21, 44, 45 The decline in 19F MR signal is expected and is probably due to cell proliferation or cell
death which results in dilution of the copolymers as demonstrated in the in vitro studies (Figure 4ab). Importantly, the animals did not appear to suffer deleterious effects throughout the experiments.
The mice were observed twice daily throughout the 7 days following injection of the labelled cells.
The mice appeared healthy and did not exhibit any characteristic signs and symptoms of illness.
Note that to strictly avoid false positive 19F MR signals from gaseous anesthesia such as isoflurane,
IP injection of ketamine/xylazine was utilized for anesthesia for in vivo imaging.
4. CONCLUSIONS
In summary, we have reported the successful synthesis of a unique partially-fluorinated polymer as
a dual MR/fluorescence imaging agent. The copolymer with a hydrodynamic diameter of 12 nm has
a high fluorine content of >20 %, substantially higher than previously reported partially-fluorinated
polymers (< 5 wt. %) intended for MRI applications. Furthermore, the polymer can be
functionalized in a facile manner, as demonstrated by the development of a dual-mode
fluorescence-MRI imaging agent by conjugation of a dye molecule to the copolymer. Our results
demonstrate that PMSCs can be efficiently labelled with these new fluorinated copolymers, without
the use of transfection agents, and with negligible deleterious effects on the viability, mitochondrial
and phenotypic function of the cells. Additionally, we were able to measure

19

F MR images of

labelled cell phantoms, and show that the imaging performance is equal or superior to previously
developed materials. Preliminary in vivo

19

F MRI data showed that labelled PMSCs could be
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readily detected up to seven days post injection within a short MRI acquisition scan period (12
minutes). We conclude that the copolymers reported here show outstanding potential to be utilized
as imaging agents for

19

F MRI-based tracking and quantification of non-phagocytic and

therapeutically-relevant cells such as MSCs.
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