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Abstract: A protocol to load perfluoro-crown-ether (PFCE) nanoemulsion directly into yeast-derived glucan
particles (GPs) was developed. It was observed that the PFCE encapsulation did not affect the ""F-MRI
properties of the nanoemulsion that is currently in clinical trials. GPs loaded with PFCE nanoemulsion were
taken up avidly by murine macrophages in vitro, resulting in a cellular uptake 150 % higher than the not GPs-
entrapped nanoemulsion. Accordingly, a corresponding improvement in the ’F-MRI detection of the labelled
cells can be obtained. The high biotolerability and versatility of GPs, makes these microcarriers a promising
option for designing of improved in vivo cellular imaging protocols.

1. INTRODUCTION

The last two decades have witnessed a growing interest in cell-labeling procedures for pursuing the in vivo
visualization with imaging scanners. Among the the different avai%agle imaging modalities, Magnetic
Resonance Imaging (MRI) is the most suitable for cell tracking experiments.[1-3] This low-invasive
technique provides very high resolution images and the possibility to visualize the whole body without any
problems of tissue penetration. Cells can be labelled both in vitro and in vivo. In the former approach, the
imaging probe is introduced into cells in a controlled cell culture environment prior to cells
injection/transplantation. Differently, in vivo labelling consists of the systemic injection of the probe,
typically nanoparticles, which is recognized and internalized by specitic cell populations (e.g. blood
circulating monocytes/macrophages).

The relatively poor sensitivity of MRI requires the internalization of high amounts of these probes in the
cells, regardless of the selected labelling method.

The most used class of MRI probes for cellular imaging is represented by iron oxide nanoparticles
(IONPs).[4,5] Such particles, being negative contrast agents, generate a To/T>* weighted signal loss.
Therefore, the detection of labelled cells can be quite challenging in organs with an intrinsically low MRI
signal (e.g. lung, bones) or in the presence of haemorrhages (because of the paramagnetism of de-oxy
haemoglobin). Furthermore, the IONP-labelled cells generated contrast is linearly correlated to the cells
number only at low iron concentrations.[6,7]

The drawbacks associated with the signal loss can be overcome by using positive contrast T agents, and
several preclinical studies have demonstrated the potential of Gd-complexes in cellular imaging.[8,10]
However, the detection sensitivity of Gd-labelled cells is lower than IONPs, and also the quantitative
analysis is very challenging. Anotﬁer approach consists of labelling cells with CEST (Chemical Exchange
Saturation Transfer) contrast agents,[10,11] even if more work is still necessary to assess the real clinical
potential of this class of contrast media.

A new emerging approach for cellular MRI is based on the use of fluorine-containing agents ('°F, 100%
natural abundance).[12,13]

F-based MRI has gained great attention in the last 20 years, especially for the possibility to obtain
quantitative information (absence of background signal), which allows specific and selective detection of



the administered !°F-containing probes.[14,15] Moreover, the chemical shift of 19F is spread out over a wide

range, thus allowing the design of multiplex imaging protocols where different agents present in the same

anatomical region can be individually visualized.[16] Because of their high payload of F atoms and good

biotolerability, perfluorocarbons (PFCs) nanoemulsions are the most frequently used ""F-MRI contrast

agents in biomedical imaging. Several studies have demonstrated the potential of PFCs to label and image

cells (mostly phagocytic) either in vitro or in vivo.[17,18] Very important, the clinical relevance of cellular
F-MRI, espec1a%ly for quantification purposes, has been recently demonstrated on humans.[19]

The aim of this work was to improve the detection sensitivity in 'F-MRI cellular imaging experiments
through the entrapment into Glucan Particles (GPs) of a nanoemulsion made of perfluoro-crown-ether
(PFCE), which is the agent currently in clinical trials. GPs are hollow porous shells derived from
Saccharomyces cerevisiae. Up to now, they have been mainly investigated as innovative platform for oral
vaccines,[20] and for macrophage-directed drug delivery.[21-23] More recently, they have been
demonstrated to be highly biocompatible microcarriers with a good potential for in vivo celﬁﬂar imaging,
especially for the visualization of immune cells.[24-26]

2. MATERIALS AND METHOD

2.1 Chemicals
Rhodamine-DSPE was purchased from Avanti Polar Lipids (Alabaster, AL, USA).

All the other chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) and used without any
purification.

Cell culture medium components (Dulbecco Modified Eagle Medium — DMEM - and Fetal Bovine Serum
- FBS) were purchased from Lonza.

2.2 Preparation of PFCE-NE and Rho-PFCE-NE

The PFCE-based nanoemulsion was produced by emulsifying perfluoro-15-crown-5-ether (PFCE) with
Pluronic F-68 by a direct sonication with a Bandelin Electronic UW2070 sonicator tip. A 200 mM PFCE
mixture in Pluronic F-68 (2% v/v in water) was prepared and sonicated by employing two cycles of 30
seconds at 50% of power followed by two cycles of 30 seconds at 70% of power.[27] The fluorescent
nanoemulsion (Rho-GP-PFCE-NE) was prepared adding 0.1 mol% of the lipophilic fluorescent dye
Rhodamine-DSPE to PFCE before the emulsification with Pluronic F68.

The hydrodynamic diameter of the nanoemulsion and the polydispersion index (PDI) was determined by
dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern, UK).

2.3. Preparation of GPs

Glucan particles were prepared according to the procedure first described by Soto and Ostroff.[28] 100 g of
Saccharomyces cerevisiae were suspended in 1 L of 1 M NaOH and heated to 80°C for 1 h. The insoluble
material consisting of the yeast shells was collected by centrifugation at 2000 g/min for 10 min. It was then
suspended in 1 L of water, brought to pH 4-5 with HCI, and incubated at 55°C for 1 h. The insoluble residue
was again collected by centrifugation and washed once with 1 L of water, four times with 200 mL of
isopropanol, and twice with 200 mL of acetone. The resulting slurry was placed in a glass tray and dried at
room temperature to produce 12.4 g of a fine, slightly off-white powder.

2.4. Entrapment of PFCE-NE in GPs

50 mg of dry GPs were suspended in 200 pL of PFCE (or PFCE + Rhodamine-DSPE) and left under stirring
at RT overnight to allow the entrance of PFCE into the particles core. Next, 2.9 mL of a Pluronic F-68



solution (2% v/v in water) were added to the GPs suspension resulting in a biphasic system that was
emulsified by sonication (2 cycles of 30 sec, power 50%, followed by 2 additional cycles of 30 sec, power
70%). A final fluorine concentration of 4 M was obtained. Untrapped PFCE-NE was removed by washing
(10x) with isotonic HEPES buffer (pH = 7.4). Finally, the GP-loaded nanoemulsion was suspended in 1 mL
of isotonic HEPES buffer.

The loading efficiency (PFCE-NE entrapped/PFCE-NE incubated) was evaluated by F-NMR
spectrometry. A tube containing the GP-PFCE-NE suspension was added with a known amount of
trifluoroacetic acid (TFA) used as internal reference. After acquiring the NMR spectrum (Bruker Avance
300), the amount of fluorine entrapped in GPs was determined by integration with respect to the TFA signal.

2.5 Cellular uptake experiments

Macrophages J774.A1 were generated from Mus musculus ascites from reticulum cell sarcoma. The base
medium for this cell line is DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin and 5 mM of glutamine. Cells were grown at 37 °C in a humidified atmosphere containing
5% CO2.

About 2 million of J774.A1 cells were seeded in 6 cm culture dishes. One day after seeding, cells were
washed and incubated for two hours at 37 °C with PFCE-NE or with GP-PFCE-NE (or Rho-GP-PFCE-NE)
solutions, both at a fluorine concentration of 100 mM in DMEM. After incubation, cells were washed ten
times with PBS, detached with a manual scraper and transferred in glass capillaries, which were centrifuged
to obtain a cell pellet suitable for ’F-MRI experiments. The number of cells was evaluated by determining
the protein concentration of the cell lysates by commercial dye-binding Bradford assay (Biorad, Hercules,
CA, USA).

2.6 F-MRI measurements

YF-MRI experiments were performed on a Bruker Avance300 working at 7 T and equipped with
microimaging probes. The pulse sequence providing the highest S/N ratio for the herein reported systems
was a fast spin echo (RARE) with the following parameters: TR=1500.00 ms, TE= 5.64 ms, RARE factor
= 32, Field of view = 25 mm, slice thickness = 1.5 mm, matrix size 32x32. As far as quantification of the
fluorine content was concerned, a capillary containing a known amount of PFCE was inserted into the
phantom as reference. The signal to noise ratio (SNR) has been determined as follows:

-1,
STD,

where / is the intensity of the '°F signal in the region of interest, /5 is the intensity of the background signal
and STDg is the standard deviation of the background signal.

SNR =

2.7 Fluorescence confocal microscopy

After 24 hours from seeding, cells were incubated at different times (1, 2 and 3 hours) with Rho-GP-PFCE-
NE 100 mM in fluorine. Confocal microscopy analysis was performed using Laser Scanning Confocal
Microscopy (Leica TCS SP5, Leica Microsystem Srl.). Experiments were carried out using a 20x dry lens
and a 63x oil-wet lens. The rhodamine-based dye was visualized in the red channel ([lex/[ lem 561nm/583
nm).



4. RESULTS AND DISCUSSION

The aim of this work is the design and testing of GPs loaded with a fluorinated nanoemulsion made of
per-fluoro-15-crown-5-ether (GP-PFCE-NE) to increase the cell uptake efficiency and, consequently, the
detection sensitivity for the '’F-MRI visualization of phagocytic cells.

The experimental procedure to entrap the nanoemulsion in GPs is described in detail in Subsection 2.4.
Glucan particles are very stable and insoluble in any solvent and their shell is highly porous, thus allowing
the free passage of smalfisized molecules.[29] The method for entrapping PFCE nanoemulsion (PFCE-NE)
in GPs started with suspending the glucan particles in neat PFCE to pursue a non specific distribution of the
fluorinated compound between the particle cavity and the bulk. Then, PFCE-NE was formed (both inside
and outside the particles) following a sudden change of polarity of the suspending medium caused by the
addition of an aqueous solution of the surfactant Pluronic F68. Finally, centrifugation and exhaustive
washing allowed for the separation of the GP-entrapped and the non-entrapped nanoemulsion.

The hydrodynamic diameter of PFCE-NE (determined by DLS) was 199.4 nm with a polydispersion index
of 0.11, in good agreement with those reported in literature for similar formulations.[27]

The ""F-NMR spectrum of GP-PFCE-NE was characterized by a single resonance at -16.5 ppm (using TFA
as reference, Figure 1), exactly as observed for the not entrapped PFCE-NE. The isochronicity of all the
twenty fluorine atoms per molecule in the emulsion is certainly an important advantage for the intended
imaging applications, because it improves sensitivity detection.

GP-PFCE-NE

[ e iture) of GP-PFCE-NE. (trifluoroacetic acid, TFA, was

The loadin% efficiency of the fluorinated compound (GP-entrapped vs. incubated PFCE) was evaluated by
integrating ’F-NMR ‘spectra using a stock solution of TFA as internal reference. A total fluorine amount
of 0.52 millimoles was estimated for the GP-PFCE-NE suspension. As the amount of fluorine in the solution
used for the incubation with empty GPs was 12.3 millimoles, a loading efficiency of 4.2% was obtained.
This number is lower than the corresponding value obtained for amphiphilic Gd-complexes (even
considering the different amount of GPs used in the preparation).[29] Most likely, the co-entrapment of the
surfactant (not necessary for the Gd-complex) accounts for this difference. Conversely, the loading
efficiency reported for fluorescent dyes is much higher (60-70%), but in that case very small amounts of
material (< 100 nanomoles) were dissolved in the suspension of GPs.[26]

On the other hand, the loading content (i.e. mass of GP-entrapped PFCE vs. mass GPs) of the final
suspension was 30%, which is much higher than the GPs formulations with Gd-complexes (1-2%) or
fluorescent dyes (< 0.1 %). The loading content is directly correlated to the absolute concentration of the
material to be entrapped, thus justifying the large number obtained.

Due to the relatively large dimensions of GPs, the number of particles in the suspension was counted by

optical microscopy and resulted to be 4.2x10° ml™!. Thus, the estimated number of fluorine atoms per

11‘)1article corresponded to 5.7x10'!. It is worth mentioning that this number is ca. two-order of magnitude
igher than the number of paramagnetic Gd ions that were entrapped in GPs.[29]

The comparison between longitudinal (T1) and transverse (T2) '°F relaxation times (7 T, 25°C) of PFCE-
NE and GP-PFCE-NE suspensions (Table 1) indicated that, in analogy to the chemical shift values, also the



relaxation times of the nanoemulsion was unaffected by the entrapment in GPs. Furthermore, the values are
in good agreement with the data reported in literature for PFCE-based nanoemulsions.[16]

Table 1. Longitudinal (T1) and transverse (T2) relaxation times of ’F-PFCE-NE (25°C, 7 T).

Sample Ti (s) T2 (s)
PFCE-NE 0.80 0.29
GP-PFCE-NE 0.83 0.32

In order to compare the '’F-MRI detection sensitivity between PFCE-NE and GP-PFCE-NE, phantoms of
the two samples containing different fluorine concentrations (from 10 to 40 mM) were prepared, suspended
in agarose gel, and imaged at 7 T and room temperature.

Figure 2 (top) reports the ’F-MR image of the GP-PFCE-NE phantoms. The F-MR signal, expressed as
SNR (Figure 2, bottom) indicates that the detection sensitivity 1n this experimental setting (see section 2.5)
was somewhere between 10 mM and 20 mM of fluorine. The same result was obtained for the PFCE-NE
phantom (data not shown).

The obtained result confirmed the good quantification capability of the technique.

Next, the relative cell labelling efficiency of the two '°F-agents was measured in vitro. To this purpose, an
immortalized cell line of murine macrophages (J774.A1) was chosen. About 2 millions of cells, suspended
in 3 ml of culture medium, were incubated for 2 hours at 37 °C in presence of PFCE-NE or GP-PFCE at a
fixed concentration of fluorine (100 mM). Then, labelled cells were washed and pelleted in glass capillaries
(2 mm of diameter) and subjected to '’F-MRI. To quantify the amount of cell-internalized %uorine in each
sample, a capillary containing PFCE-NE at 1 mM was used as external standard.

A

10 20 30 40
[F] - mM

Figure 2: Top: '"F-MR image of a phantom containing different amount of GP-PFCE-NE. Bottom:
corresponding signal-to-noise ratio values.



The obtained images (Figure 3) clearly indicated that the '’F-MRI signal of GP-PFCE-NE was higher than
the one observed for PFCE-NE, thus suggesting an increase of the amount of fluorine internalized in the
cells when the nanoemulsion is entrapped in GPs.

An estimation of the number of fluorine atoms per cell was calculated from the intensity of the signal of the
reference sample.

The amount of fluorine internalized in J774.A1 cells via GPs was more than doubled Wlth respect to the
number obtained using the free nanoemulsion as labelling agent (1x10'? vs. 4x10'" F atoms/cell,
respectlvely) Considering that the number of fluorine atoms entrapped in a single glucan particle is
5.7x10'°, it can be concluded that an average of 20 GPs were internalized in the macrophages.

Although the amount of fluorine internalized in a single cell can be largely affected by a vast array of factors
(e.g. agent type and concentration in the incubation medium, mcubatlon time, cell type), the number
obtained in this work falls among the upper values in the range (10 -10F atoms/cell) generally pursued
in the labelling of different cell types (stem cells, phagocytic or non-phagocytic cells, with human or murine
origin) using perfluorinated nanoemulsions.[12,l9,30]

The excellent uptake observed using fluorinated GPs is most likely the result of the active targeting
displayed by [1-1,3-D glucan moieties towards specific receptors like dectin-1 (D1) and complement-
receptor 3 (CR3) that are expressed by macrophages.[31,32] Such receptors are not recognized by PFCE-
NE.

19F- SNR

GP-PFCE-NE PFCE-NE Ref

Figure 3. Top: 'F-MR image of a phantom containing J774.A1 cells labelled with GP-PFCE-NE (A),
PFCE-NE (B). A ¢ 1plllary containing 1 mM of PFCE-NE was used as internal reference (Ref). Bottom:
corresponding signal-to-noise ratio values.

To assess the detection threshold for the cells labelled with GP-PFCE-NE, a phantom consisting of five
capillaries filled with the same total number of J774.A1 cells, but contalmng a different fraction of labelled
macrophages, was subjected to a ’F-MRI session.

The results reported in Figure 4 indicated that, in the used imaging setup, the presence of 5% of labelled
cells in a pellet is still detectable. That sample contained 2500 labelled cells/[ L.



To visualize the intracellular localization of the fluorine-rich GPs, a formulation of PFCE-NE loaded with
0.1 % (in moles) of the lipophilic fluorescent dye Rhodamine-DSPE (Rho-PFCE-NE) was prepared (see
subsections 2.2 and 2.4).

The fluorescent particles were incubated for different times (1 h, 2 h, and 3 h) with J774.A1 macrophages
following the same procedures described in subsection 2.5. Then, the labelled cells were observed by
fluorescence confocal microscopy. The images reported in Figure 5 indicated that already after 1 h of
incubation, most of the cells internalized the particles. Although the cellular uptake significantly increased
over time, the fluorescent signal did not show diffusion, thus suggesting that the particles did not release
their payload after 3 hours. Interestingly, the number of internalized particles can be counted, and the result
agrees well with the number calculated from '’F-MRI analysis.

o 0 2 3 4 50 e
% GP-PFCE-NE labelled cells
Figure 4. Top: 'F-MR image of a phantom of capillaries containing different amounts of J774.A1 cells

labelled with GP-PFCE. Bottom: corresponding 51%nal-to-noise ratio values. The line indicates the good
linearity between 19F-MRI signal and number of labelled cells.

Figure 5. Confocal fluorescence microscopy images of J774.A1 cells labeled with GP-Rho-PFCE-NE. Cells
were observed after 1h (A), 2h (B) and 3h (C) of incubation time.



S. CONCLUSION

In summary, in this work we presented a novel ’F-MRI contrast agent specifically suitable for labeling and
tracking phagocytic cells. The probe is represented by microsized yeast-derived glucan shells loaded with
nanoemulsion made of a fluorinated molecule already tested on humans. The fluorine uptake and, consequently,
the ’F-MRI detection sensitivity of macrophages labeled with the fluorinated glucan particles, was more than
two-fold higher than the PFCE agent currently in clinical development. Furthermore, it has been reported that
glucan particles are very well tolerated by cells,[24] and can be successfully used for both in vitro or in vivo
cellular imaging experiments.[26]

LIST OF ABBREVIATIONS

PFCE: Perfluoro-15 Crown-5 Ether

GPs: Glucan Particles

MRI: Magnetic Resonance Imaging

IONPs: Iron Oxide NanoParticles

CEST: Chemical Exchange Saturation Transfer

PFCs: PerFluoroCarbons

DSPE: Di-Stearoyl-Phosphatidyl-Ethanolamine
DMEM: Dulbecco Modified Eagle Medium

FBS: Fetal Bovine Serum

Rho: Rhodamine

DLS: Dynamic Light Scattering

PDI: PolyDispersity Index

PFCE-NE: Perfluoro-15 Crown-5 Ether NanoEmulsion
GP-PFCE-NE: Glucan Particle loaded Perfluoro-15 Crown-5 Ether NanoEmulsion
TFA: TriFluoro Acetic acid

NIRF: Near InfraRed Fluorescence

D1: Dectin-1 receptor

CR3: Complement Receptor 3
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