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K. Astafyeva,®° L. Somaglino,*¢ S. Desgranges,® R. Berti,?* C. Patinote, % )
D. Langevin,” F. Lazeyras,® R. Salomir," A. Polidori,%® C. Contino-Pépin,%® W. Urbach’
and N. Taulier*a©

We aim to produce emulsions that can act as contrast agents and drug carriers for cancer imaging and
therapy. To increase tumor detection and decrease drug side effects, it is desirable to take advantage of
the enhanced permeability and retention effect that allows nanoparticles to accumulate in tumor tissues.
To do so, the emulsion droplets need to be small enough and stable over time in addition to enhancing
image contrast and carrying a drug payload. In the present study, we have investigated the properties
and potentiality as theranostic agents of perfluorocarbon emulsions stabilized by a biocompatible
fluorinated surfactant called FTAC. To obtain better control of our system, the synthesis of those
surfactants was studied and their physico-chemical properties were explored in different configurations
such as micelles, in the perfluorocarbon droplet shell and at water/air and water/perfluorocarbon
interfaces. The originality of this work lies in the determination of numerous characteristics of emulsions
and fluorinated surfactants including surface tension, interfacial tension, critical micelle concentration,
adiabatic compressibility, density, size distribution (aging studies), and ultrasonic echogenicity. These

characterization studies were conducted using different types of FTAC and several perfluorocarbons
Received 22nd September 2014

Accepted 10th January 2015 (perfluoropentane, perfluorohexane, and perfluorooctyl bromide). We have also shown that a

hydrophobic drug could be encapsulated in the FTAC-stabilized perfluorocarbon droplets thanks to
triacetin addition. Finally, the perfluorocarbon emulsions were detectable in vitro by a clinical 3 T MRI
scanner, equipped with a double frequency °F/*H transmit-receive coil.
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tumor vessels to large nanoparticles. Indeed, whereas normal
vessels are permeable only to small molecules (<12 nm), tumor

1 Introduction

Early detection of tumors and targeted drug delivery are two
main objectives in treatments against cancer. A recent
approach consists of using the well-known permeability of
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vessels present large inter-endothelial gaps (most tumors
exhibit a gap cut-off between 400 and 800 nm) allowing the
passage of nanoparticles.'* Nanoparticles with a mean
diameter of 100-300 nm have the best chance to use these gaps
whatever the tumor type. In addition, tumors exhibit a
dysfunctional lymphatic drainage system that induces the
retention of nanoparticles in the tumor tissues." These two
properties represent the so-called enhanced permeability and
retention (EPR) effect that allows passive tumor targeting by
nanoparticles that act as drug carriers or/and contrast
agents.>® The best imaging modalities, associated with
contrast agents and suited for tumor detection, appear to be
contrast echography and magnetic resonance imaging (MRI).
On the one hand, contrast echography has realtime imaging
ability, offers a cheaper imaging alternative, and is available in
most hospitals. On the other hand, MRI offers the best tissue
contrast. Unfortunately, commercial contrast agents currently
available for both techniques are not compatible with the EPR
effect. Indeed, commercial ultrasound contrast agents are
stabilized bubbles with a micrometer size (1-12 pm) that

This journal is © The Royal Society of Chemistry 2015
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prevent them from extravasating out of the vasculature into
the tumor tissue. Such bubbles also exhibit a rapid blood
clearance, representing a strong barrier for their use as
quantitative tracers or drug carriers. In contrast, commercial
MRI contrast agents, commonly based on gadolinium, leak
across even normal vessel walls. It may be possible to over-
come the limitations of both imaging modalities by using
perfluorocarbon (PFC) nanodroplets as contrast agents.
Indeed, several studies have shown that perfluorocarbon
droplets can be detected using '°F MRL’ Unfortunately, the
acoustic resonance frequency of such nanodroplets lies
outside the clinical range of echography (1-15 MHz). However,
they can still enhance ultrasound contrast when accumulated
in a specific region or bound to a targeted surface.'®'* But the
best approach to significantly improve their echogenicity is the
vaporization of the nanodroplets.*>**

Nevertheless, a major difficulty of the task lies in the
production of stable droplets with a sufficient lifetime to allow
an accumulation in tumor tissues using the EPR effect. Most
perfluorocarbon droplets produced for imaging purposes were
prepared as an emulsion and used lipids,*****>*¢ surfactants,'”*®
proteins,” or diblock polymers *° as emulsifier. Although
alkanes, a constituent part of emulsifiers, and fluoroalkanes are
both hydrophobic molecules, they are not miscible.** Thus the
above emulsifiers exhibit a very low affinity for per-
fluorocarbons. Droplets coated with these emulsifiers are not
very stable. To overcome this problem, the best way is to replace
the (lipophilic) hydrocarbon part of the emulsifier with a (lip-
ophobic and fluorophilic) perfluorocarbon part. A convenient
approach is to use fluorinated surfactants,” a few of them are
commercially available, mostly from Dupont like Zonyl®
(available up to 2010-2012), Capstone®, and Krytox®. These
commercial surfactants were designed for industrial purposes
but not for medical applications. Even if little is known about
their toxicity, several studies have used them in contrast agent
formulation.*®*** Another fluorinated surfactant, called FTAC,
was initially designed in the nineties as an oxygen carrier>>*
and a drug carrier.””*® It was later used for the solubilization of
membrane proteins.?® FTAC exhibits good biocompatibility (no
hemolytic activity, LDs, up to 4.5 g kg™ ' in rats after i.v.
administration) and ubiquitous distribution in rats after the i.v.
or per os. route, and displays a long half-life (30-50 h) without
any degradation in both plasma and tissues.”

Because of its biocompatibility, FTAC is an appealing
candidate for producing perfluorocarbon-based colloids for
theranostic purposes. However, the chemical and physical
properties of FTAC still remain to be understood. For these
reasons, we have characterized the properties of this fluori-
nated surfactant at interfaces, in solution as micelles, and as
an emulsifier to stabilize droplets made of different per-
fluorocarbon liquids. Next, we have evaluated the overall
characteristics of FTAC-perfluorocarbon nanoemulsions such
as density, size distributions, aging, and ultrasound back-
scattering. Finally, we have assessed the theranostic capability
of these emulsions as drug carriers and '°F MRI contrast
agents.

This journal is © The Royal Society of Chemistry 2015
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2 Materials and methods
2.1 Materials

Perfluoropentane (PFP), perfluorohexane (PFH), and per-
fluorooctyl bromide (PFOB) were purchased from ABCR GmbH
& Co (Germany). The purity is 90, 95, and 99% for PFP, PFH, and
PFOB, respectively. For tension measurements, PFOB was
further purified through a column of activated neutral alumina
(purchased from Sigma-Aldrich). Water was purified using a
Purelab Option Q system from ELGA Labwater. Fluorinated
surfactants were FTAC telomers (Fig. 1), the synthesis of which
was described in previous papers.*** We followed the pub-
lished protocol as summarized below. Surfactants were
obtained by free radical polymerization of an acrylamide
monomer derived from Tris, the tris(hydroxymethyl) acryl-
amidomethane (THAM), or from its peracetylated analogue
(tris(acetoxymethyl)acrylamidomethane) in the presence of a
perfluoroalkanethiol as a transfer reagent called “telogen”. The
physico-chemical parameters of these telomers (molecular
weight, hydrophilic lipophilic balance or HLB, critical micelle
concentration or CMC) can be adjusted through both the
starting material and the experimental conditions.**** Telome-
rization experiments were respectively performed in methanol
(MeOH), when the monomer THAM was used as the starting
material, and in tetrahydrofuran (THF) for peracetylated THAM.
The later monomer is required to obtain a Degree of Polymer-
ization (DPn) higher than 15 according to Giusti et al.** due to
the observed limited solubility of polyTris oligomers in meth-
anol. Telomerization experiments (Fig. 2) were carried out by
refluxing the monomer 1 or 2 in a dry and degassed appropriate
solvent, under an argon atmosphere, in the presence of
1H,1H,2H,2H-perfluorooctanethiol or 1H,1H,2H,2H-per-
fluorodecanethiol as transfer reagents and AIBN (o,a-azobisi-
sobutyronitrile) as a radical initiator. The AIBN concentration in
the reaction mixture was ten times lower than the telogen one.**
The reaction was monitored by thin layer chromatography and
pursued until complete disappearance of each monomer (12 to
24 h).

For telomers prepared from monomer 2, the solution was
concentrated and subsequently precipitated in diethylether.
The precipitate was dissolved in water and freeze-dried to give
surfactants with DPn < 15 as white powders.

As regards peracetylated telomers, after the total disappear-
ance of monomer 1, a final treatment under Zemplén
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Fig. 1 The chemical structure of fluorinated surfactants F,TAC,, is
composed of a polar head made of n repeating Tris units (n = DPn is
the degree of polymerization) and of a hydrophobic moiety made of
fluorine atoms (C,‘:6F13C2H4 or C,':8F17CZH4).
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Fig. 2 Synthesis of fluorinated surfactants. Reagents and conditions:
(a) AIBN/THF, reflux (62-66%); (b) AIBN/CH3zOH, reflux (62-73%); (c)
MeONa cat./MeOH, room temperature (100%).

conditions yielded the telomers with DPn > 15 in satisfactory
yields and NMR analysis confirmed the total disappearance of
acetyl groups. These telomers were all purified by precipitation
in MeOH/diethylether. The resulting precipitate was dissolved
in water, then dialyzed overnight (cut off of 1000 Da). The
solution was eventually freeze dried to obtain telomers as white
powders.

Monoadduct (DPn = 1) derivatives of each telogen were also
synthesized. These compounds were easily obtained from
Michael addition reaction of the perfluoroalkylated thiol on
monomer 2 according to the previously described conditions.*

2.2 Degree of polymerization determined by °’F NMR

All spectra were recorded on a 250 MHz Bruker Avance I or II
spectrometer with a resonance frequency of 235.3 MHz for '°F.
All data collection was performed without spinning the
samples. ""F-NMR spectra were acquired using the inverse-
gated decoupling technique, each spectrum was the result of
256 scans with 131 072 data points using a relaxation delay of 4
s. Peak areas were integrated using manufacturer's standard
software (1D WinNMR). A coaxial capillary was filled with a
known solution of trifluoroacetic acid (TFA) sodium salt in
D,O (50 mg ml~") and put into a 5 mm diameter NMR tube in
order to use as an external reference. 500 pl of solution was
used in deuterated dimethyl sulfoxide (DMSO-ds) for each
sample (telomer or monoadduct) and the coaxial capillary was
kept the same for all experiments. The TFA salt was chosen
because of the proximity of the signal ascribed to its CF; group
compared to that of the monoadduct's fluorinated tail (i.e. its
telogen part), respectively at —75.96 and —80.15 ppm, thus
avoiding the problem of keeping a uniform field over a long
range. The ratio of the integration of the external standard
(ICF; of TFA) over the integration of the monoadduct (ICF; of
telogen) was plotted against the monoadduct molar concen-
tration value to create a calibration curve. This molar
concentration of monoadduct can be referred to as the molar
concentration of its fluorinated telogen part. This calibration
curve allows finding the molar concentration, Mcjogen, Of the
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telogen moiety of each telomer. All measurements were per-
formed on triplicate samples, where each sample contained a
precise mass of telomer dissolved in DMSO-dg. The specific
concentration of telomer, Wicjomer, ranged from 3 to 12 g 1.
Given that each telomer backbone contains a single telogen
moiety, the average molecular mass of the telomer (Mcijomer)
can be calculated using:

<Mlelomer> = I/Vtelomer/nltelogen (1)
The average degree of polymerization (DPn) can thus be
deducted through:

<Mtelomer> - MI-‘
M,

DPn = (2)
where My and M,, are respectively the molecular mass of the
perfluoroalkyl chain and of the monomer.

2.3 Emulsion preparation

About 10-50 mM of fluorinated surfactant FTAC was first
solubilized in 2 ml of an aqueous solution made of deionized
water and 2 mM of NaCl. The surfactant concentration was
higher than its critical micellar concentration (CMC), as given
in Table 1. A volume of 0.6 ml of perfluorocarbon liquid was
added to the surfactant solution so that the molar ratio, N;, of
fluorinated surfactant molecules to perfluorocarbon molecules
was known. Since the two liquids are immiscible, a two-phase
solution was obtained, where the micelle aqueous solution was
on the top and the perfluorocarbon liquid was at the bottom
due to its higher density (see Table 2). The two-phase solution
was prepared in a 15 ml centrifuge plastic tube that was placed
in ice water. The tip end of an ultrasound cell disruptor
(Branson Digital Sonifier, model 450) was put inside the solu-
tion at the interface between the micellar and perfluorocarbon
liquids. Ultrasound was applied twice during 30 s using 0.5 s
cycles at 20 kHz frequency with a waiting time of 10 min
between the two insonification experiments. The newly
prepared emulsion was eventually stored at 4 °C. Any volume of
liquid perfluorocarbons that could not get encapsulated as a
droplet would sediment after a few hours. If that was the case,
only the top emulsion made of surfactant-stabilized per-
fluorocarbon droplets was retrieved and stored for further
investigations.

2.4 Surface tension measurements

The surfactant surface activity at the air/water interface was
determined by the Wilhelmy plate technique using a Kriiss
K100 tensiometer controlled by Labdesk software (Kriiss, Ger-
many). The platinum plate was cleaned by flaming before
experiments. All solutions were prepared a night prior to
measurements in purified water, the surface tension of which
was yg = 72.8 mN m ™. A 20 ml initial volume of a surfactant
solution was placed in a glass trough and surface tensions were
determined by diluting the solution. All measurements were
carried out at 25 °C and repeated 3 times. The surface excess I's
at the air/water interface was calculated using the Gibbs

This journal is © The Royal Society of Chemistry 2015
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Table 1 Properties measured for several F,;TAC, at room temperature. It includes the surfactant critical micelle concentration (CMC), the
surfactant micelle diameter Dypicere, the surfactant partial adiabatic compressibility in a micelle K2 nicele, the surface tension ys between air and
water in the presence of the surfactant at the CMC, and the interfacial tension vy, between water and PFOB in the presence of the surfactant. A
comparison is given for surfactants: sodium laurate (Nal) and sodium dodecyl sulfate (SDS), and several lipids: 1,2-diacyl-sn-glycero-3-phos-
phocholines (C,),PC, dipalmitoylphosphatidylcholine (DPPC), and decaglyceroldioleate (12-2-O)

CMC Dicelle K(S),micelle Vs Y1
Molecule (mM) + 0.005 (nm) £+ 0.5 (m*kg ' Pa )+ 0.2 x 107" (mMNm™") £ 0.4 (mNm™) + 0.4
F¢TAC, 0.36 7.9 1.4 x 1075 26 9.1

0.35%

0.38°
FeTAC;, 0.614 8.3 07 x 1078 27.8 12.1

0.32°
F¢TAC,; 0.621 8.2 0.8 x 107 31 12.1
FeTAC, 0.006 10.6 1.2 x 1075 10.7

0.031° 11.8%
FsTAC;, 0.020 31

0.035°
FeTAC;3 0.017 10.8 1.0 x 107 31 10.4
NaL 7.1° 7.5?
SDS 18° 10°

167

(Ce)2PC 314 9.87
(Cy)PC 28¢ 7.3%
(Cs),PC 25.5¢ 5.8¢
(Cs)PC 24.8¢ 5.3¢
(C11),PC 247 4.47
(Cy2)2PC 244 44
DPPC 1¢
12-2-0 6°

“ Values extracted from Pavia et al.'® ® From Trevino et al.* © From Boyer et al.** ¢ From Kabalnov et al.*° ° From Habif et al.**

1 dys

RTdInC
the surface tension (N m™') at the surfactant concentration

C (mol 1I'H).

adsorption isotherm equation I's = —

where vyg is

2.5 Interfacial tension

The interfacial tension between water and perfluorocarbon
liquid was measured with an error of 0.4 mN m™ ' using a

Tracker tensiometer (Teclis, France) at 25 °C. The tensiometer
analyzes the shape of a reverse pendant water drop in per-
fluorocarbon liquid and fits it using the Young-Laplace equa-
tion to derive the interfacial tension. During the experiment, the
water drop volume was kept constant at 6 mm? in the absence of
a surfactant and at 2 mm?® when the drop contained ~6 mM
surfactant (above its CMC). We waited until the interfacial
tension reached an equilibrium value to extract the interfacial

Table 2 The table displays molecular weight, M,,, boiling point, By, solubility in water S, diffusion coefficient in water, D, density p, sound velocity
U. and adiabatic compressibility KS prc of three perfluorocarbon liquids. In addition there is adiabatic compressibility KS gropiet Of @ PFC droplet in
water and the interfacial tension v, between PFC and water. Values without a footnote have been measured or calculated by us

PFOB PFH PFP
Formula CgFy,Br CeF14 CsFy,
M,, (g mol™*) 498.99° 338.06° 88.05°
B, (°C) 141-143°¢ 57° 29°
S (mol m™?) 5x 107, 5.1 x 107 2.7 x 107* 4 x 1073
D (m?s™ ) 52 x 107" 6.4 x 107" 7.0 x 107
p (kg m™?) 1920, 1930%, 1918° 1670, 1682 1603, 1600°
U(ms™) 631.8/, 623.7° 548°% 477%
KSprc (m kg ® Pa ™) 6.9 x 10" 1.2 x 102 1.7 x 102
K8 dropler (m kg™ Pa™") 6.7 x 107 1.3 x 107*? 1.9 x 107 *?

vr (MN m™1) 48.7,50.7", 51.8', 50/

38% 57.2!, 55¢ 56.1" 56™, 55°

“ Are given by ABCR.  From Riess.* © From Kabalnov et al.** ¢ From Kabalnov et al.”® ¢ Measured at 25 °C by Marsh et al.**/ Measured at 21.3 °C by
Hall et al.”” & Measured at 25 °C by Cusco et al.** " From Pavia et al."* ' From Kabalnov et al.**/ From Habif et al.** ¥ From LeGrand et al.*  From

Nishikido et al.° ™ From Clasohm et al.* " From Halper et al.®

This journal is © The Royal Society of Chemistry 2015
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tension value, v;. As a test, we have also measured the interfacial
tension of a sessile air bubble in water: a value of 72.5 & 0.4
mN m~ ' was measured.

2.6 Measurement of size by dynamic light scattering
experiments

Mean hydrodynamic diameters and size distributions were
measured at room temperature using an ALV-Correlator Goni-
ometer System (ALV-CGS) from ALV Company. This device is
equipped with a 22 mW He-Ne laser (A = 632.8 nm) and a
goniometer with an angular range from 17 to 152°. Samples
were measured for angles varying from 60 to 120° at every 10°
with a running time of 60 s for each angle. Measurements were
performed in triplicate and the diameters were estimated with a
precision of 0.5 nm. For emulsion samples, the droplet volume
fraction, ®, was in the range of (0.1-0.2) x 10~ (i.e. 0.1-0.2%) to
avoid multiple scattering effects. Micelle samples were prepared
within a concentration range of 3-6 mM, higher than the
surfactant CMC.

2.7 Size by Scanning Ion Occlusion Spectroscopy (SIOS)

The size distribution of droplets was measured using a Scan-
ning Ion Occlusion Spectroscopy (qNano model from Izon
Company, New Zealand).*® The device principle is based on the
Coulter effect.’”*® For the measurement we used an elastomeric
and resizable nanopore (NP) that covered a size range of either
70-200 nm (NP100), 100-400 nm (NP200), 200-800 nm (NP400),
or 400-1600 nm (NP800). These ranges can be shifted by
stretching the nanopore, in our case the applied stretching
values were 45-48 mm. The voltage was set between 0.2 and 0.56
mV to keep the current baseline equal to approximately 120 nA.
For each nanopore a calibration was made using calibrated
plain polystyrene particles (purchased from Izon Company).
Each sample was measured at two pressures: 3 and 5 cm of H,O
(1 cm = 100 Pa), applied by a vapor pressure module. Samples
were prepared in triplicate, and separately measured. For each
sample a minimum of 500 counting events were collected and
analyzed using Izon Control Suite 2.1 software. The analysis
extracts the droplet size distribution, which in turn provides the
droplet mean diameter and the polydispersity index, that is the
ratio dqo/d,o, Where do, and d;, are diameter values for which 90
and 10% of the distribution, respectively, has a diameter below
these values. The closer to unity this index is, the more mono-
disperse the droplet size is. An error of less than 3% was
obtained for the mean diameter and of 5-10% for the mode
diameter.

2.8 Density and concentration

Density measurements were carried out at 25 °C using a digital
density meter from Anton Paar (model DMA 5000 M). The
device uses an oscillating U-tube sensor to derive densities with
an accuracy of 5 x 10°¢ [ em 3, Density measurements were
first used to estimate the specific concentration C (in mg ml™?)
of droplets in the emulsion. To do so, the droplet volume
fraction, @, was derived from the mass conservation principle:

2896 | J. Mater. Chem. B, 2015, 3, 2892-2907
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o—_P P 3)
Pdroplet — Po
where p is the density of the emulsion, p, is the density of the
solvent used for the emulsion, and pgropiee is the density of a
droplet. Measurements of the two first densities (i.e., p and p,)
were straightforward, but the measurement of pqropier Was not
possible without knowing the droplet concentration. However,
it could be derived using the equation:

pdroplet = pcoreécore + pshell(l - ®core) (4)

where peore and pgpen are respectively the densities of the per-
fluorocarbon core and of the fluorinated surfactant shell of a
droplet. @core and (1 — Peore) are respectively the volume frac-
tions of the perfluorocarbon core and of the surfactant shell.
The value of p.ore Was taken as the density pprc measured for the
corresponding bulk perfluorocarbon liquid (values are reported
in Table 2), i.e. peore = pprc- We assumed that the density of a
fluorinated surfactant located in the droplet shell was close to
the density of the same surfactant when it formed a micelle:
Pshell = Pmicelle- AN average value of pricene = 1440 + 30 kg m 3
was measured for all surfactants. The shell volume fraction (1 —
@Peore) could be calculated using an estimated value of the
surfactant length and the value of the droplet mean radius. All
estimations led to a value of (1 — @.ore) smaller than 0.12. We
stated that taking paropiet = pprc instead of eqn (4) gave rise to a
difference smaller than 3%. As this difference was reasonably
small, we made the approximation pgropiec = pprc in all calcu-
lations. Thus, the mass concentration, C, is given by:

PP 5)

C= pdroplet¢ = pPFCpPFC — Py

Finally, at a low concentration of droplets the partial volume
V° of a droplet was equal to the droplet apparent volume ¢y
calculated using:*

1 P =P
S 6
57 (6)

2.9 Ultrasound velocity measurements

Sound velocities of solutions were measured at 25 °C using a
previously described differential resonator method,**** at a
frequency of 7.5 MHz. The solution filled a thermostated cell of
a minimal volume of 0.8 ml where two lithium niobate piezo-
transducers faced each other. The analysis of the frequency-
amplitude characteristic of the resonator was performed using
an Agilent (model E5100A) network/spectrum analyzer. From
this analysis we calculated variations in sound velocities with a
precision of 0.15 cm s~'. We eventually derived the specific
sound velocity increment, [u], due to the presence of a
concentration C of droplets:

=g

U, xC

(7)

where U and U, are the sound velocities in the solution and in
its solvent, respectively.

This journal is © The Royal Society of Chemistry 2015
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2.10 Adiabatic compressibility

Adiabatic compressibility 8 of a solution was obtained using
Newton-Laplace's equation:

8 =1(pl? (®)

where U is the speed of sound in the solution that possesses a
density p. The partial adiabatic compressibility of a solution was
then calculated from:

Ks=8xV° ©)

The apparent adiabatic compressibility ¢y of a droplet could
be calculated using eqn (6)-(8):****

o= o x (200200~ ) (10)
pO
where (3, is the coefficient of adiabatic compressibility of the
solvent. In our measurements, concentrations (in the 2-7 mM
range) were low enough so that the apparent adiabatic
compressibility of a droplet was equal to its partial adiabatic
compressibility, i.e. ¢ = Kg.

2.11 Ultrasound backscattering measurements

The ultrasonic echogenicity of emulsions was determined from
ultrasound backscattering measurements performed on a
dedicated setup. Sample solutions were placed in a hollow
cylindrical stainless steel chamber (30 mm in diameter and 3
mm in depth) maintained at 25 °C by a water circulation bath.
The chamber was sealed with a cellophane membrane out-
stretched on a transparent tube. An ultrasonic focused trans-
ducer (model PI 50-2, Panametrics Inc., USA) was immersed in a
water-filled tube. Its focal spot was positioned in the sample
solution using a micro-control translation stage (VT-80, PI
miCos, Eschbach, Germany). An optimized distance of 1.25 mm
between the membrane and the center of the focal spot was
used to minimize the influence of both sample solution atten-
uation and membrane vibrations on backscattered signals. The
transducer was a 41 MHz PVDF transducer (34.25-47.75 MHz,
—3 dB frequency bandwidth) with a 13 mm focal length and a
0.07 x 1 mm? (—3 dB) focal zone. Single short negative pulses (1
uJ energy) were generated in the sample at a 200 Hz repetition
rate using a 200 MHz pulser-receiver (Panametrics Sofranel
5900 PR). Backscattered signals from the sample were received
by the transducer/receiver set and digitized at a sampling rate of
2 GHz on a digital oscilloscope with a 8 bits vertical resolution
(model WS424, Lecroy, USA). For each sample 100 signals were
acquired and transferred to a personal computer for signal
processing using MATLAB®. To select the zone of interest
inside the sample, the signal processing consisted of the
multiplication of each acquired signal by a Hann window of
2671 points (corresponding to the 1 mm length of the focal
zone). The Power Spectrum density (PSD) of each resulting
signal s(¢) was calculated. Both operations were made at once
using the modified periodogram method of MATLAB. This
method is almost equivalent of calculating PSD as follows: PSD
= |S(v)|> where S(v) is the Fast Fourier Transform of s(t). The
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difference lies in the use of a normalization factor that
compensates for energy losses due to windowing.

The echogenicity of an emulsion was finally evaluated in
comparison to control measurements in water by calculating
the Signal-to-Noise Ratio (SNR):

. PSDs
SNR(f)= 10><log(PSDW) (11)
where PSDg and PSDy, are the mean Power Spectrum Densities
over 100 PSD obtained in emulsion and in water, respectively.
The calculation of an average PSD over many signals makes the
SNR independent of particle configurations and, therefore, is
representative of the so-called incoherent backscattered
intensity.*®

Finally, the mean value of SNR(f) over the transducer —3 dB
frequency bandwidth, SNR,ean, Was extracted to characterize
the echogenicity of an emulsion using a single quantity.

2.12 In vitro MRI

F MR spectroscopy and 3D imaging were performed on
emulsions filling the bulb of a plastic Pasteur pipette. A trans-
mitter-receiver, double frequency '°F/'H, saddle-type surface
coil of 6 cm diameter (Clinical MR Solutions, Brookfield, WI,
USA) was used with a 3 T MR scanner (Siemens Trio, Erlangen,
Germany). Fourier Transform was applied to the FID signal
acquired from the whole sample (BW 15 kHz corresponding to
125 ppm, sampling size of 4096 points, flip angle range 20 to
90°, NEX = 200, TR = 205 ms, TE = 0.35 ms). 3D imaging was
performed with a nonselective pulse RF-spoiled GRE sequence,
of main parameters: TR = 10 ms, TE = 3.25 ms, FA = 45°, voxel
size 1.1 x 1.1 x 3 or 3 x 3 x 3 mm?>, NSA = 8, and acquisition
time = 2 min 44 s.

2.13 Spectrofluorimetry

Fluorescence spectra were performed at 25 °C on samples filling
a 1 cm quartz cuvette using a JASCO FP-6200 spectrofluorim-
eter. An excitation wavelength of A, = 363 nm was used and
spectra were recorded from 365 to 650 nm.

3 Results

3.1 Characterization of fluorinated surfactants

Taking into account published results about THAM telome-
rization,*®*° we choose the values 5, 10, 15, 20, and 25 for the
monomer over telogen ratio in order to obtain FTAC surfac-
tants with a DPn (average number of repeating units on the
polymeric backbone + 1 telogen moiety, Fig. 1) equal to 7, 13,
18, 22, and 27, respectively. The DPn value was assessed after
FTAC surfactant synthesis by quantifying the fluorine on the
hydrophobic tail using a "’F-NMR methodology.***” These
measurements confirmed the expected DPn values with an
error of £1, in agreement with the literature. However, to
further validate these results we also performed high-
performance liquid chromatography (HPLC) measurements.
HPLC data showed the presence of impurities along
with FTAC surfactants. Their amount was small (<6%) for
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DPn = 7-13, but significantly large (25-50%) for DPn > 13.
After purification on a reverse-phase column, the impurities
identified as poly-Tris (without a fluorinated tail) were
completely removed. DPn measurements were performed
again on purified samples. Surfactants that were previously
tagged as having DPn values of 18, 22, and 27 were found after
purification to possess a DPn no larger than 13 + 0.5. The
surfactants were noted F,TAC, where n is the degree of poly-
merization, DPn, and i reflects the number of carbons
bearing fluorine atoms. The above syntheses were performed
for surfactants having CgFi3C,H,; or CgF,;C,H, as the
hydrophobic moiety, i.e. i = 6 or 8. Eventually, we obtained
the following surfactants: FsTAC,, FsTAC, FTAC;,, FsTACy3,
FgTAC,, FgTAC,, FgTAC;,, and FgTACy,.

All these surfactants, except F¢TAC; and FgTAC,, could be
solubilized in aqueous solutions up to a concentration of 100
mg ml~'. A critical micellar concentration (CMC) had been
determined for all solubilized surfactants (second column of
Table 1). There is an order of magnitude of difference in CMC
values between surfactants containing 6 and 8 carbons bearing
fluorine atoms. The hydrodynamic diameters of FTAC micelles
were measured using light scattering and above the CMC.
Diameters of ~8 nm were measured for F;TAC, and ~11 nm for
F¢TAC,, (third column of Table 1). The micelle density was
derived from the micelle partial volume: pmiceile = 1/@v micelle-
Whatever the surfactant, we obtained pmjcene = 1440 £ 30 kg
m>. The measurements of the specific increment of sound
velocity gave slightly different values depending on the surfac-
tant. That is 35, 115, 105, 64, and 78 x 10 ° m® kg™ for FsTAC,,
F¢TAC1,, FeTAC;3, FsTAC,, and FgTAC, ;. Using these values we
have derived the partial adiabatic compressibilities of the
micelles (Table 1, fourth column). In addition, we measured
surface tensions at the water/air interface in the presence of
surfactants at their CMC (Table 1, fifth column) as well as the
interfacial tensions at the water/PFOB interface (Table 1, sixth
column) in the presence of 7 mM surfactant. Finally, none of the
FTAC surfactants could be solubilized in perfluorocarbon
liquids.

3.2 Characterization of perfluorocarbons

Various properties of PFOB, PFH, and PFP are reported in Table
2. Among these properties we measured the densities of per-
fluorocarbon liquids as well as the partial adiabatic compress-
ibilities of perfluorocarbon droplets stabilized by the various
FTAC surfactants using eqn (9). The compressibility value of
such droplets did not significantly depend on the surfactant
structure as well on the droplet size. The average compress-
ibility values are reported in Table 2 for each perfluorocarbon.
For comparison, we calculated the partial adiabatic compress-
ibility of a bulk perfluorocarbon liquid using eqn (8). For each
perfluorocarbon, the compressibility of a droplet is close to the
compressibility of the corresponding bulk perfluorocarbon.
Finally, we calculated the diffusion coefficient, D, of a per-
fluorocarbon molecule in water at 25 °C as predicted by the
Wilke-Chang equation:*
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(12)

where 7 is the water viscosity, T is the temperature of water, M,,
is the water molar mass, x = 2.6 is the association parameter of
water, and v = 1/p is the perfluorocarbon molar volume at the
boiling point.

3.3 Optimization of the emulsion preparation

Emulsions were prepared in a 15 ml centrifuge tube using an
ultrasonic homogenizer. We tested several tapered tips (with
diameters of 3 mm, 5 mm, and 6.5 mm) and a 3 mm double
stepped tip. Under our experimental conditions, only the use of
a double stepped 3 mm tip gives rise to a homogeneous one-
phase emulsion (as long as enough surfactant is added). Both
the light scattering technique and scanning ion occlusion
spectroscopy showed that such emulsions were made of drop-
lets of mainly nanometer size (a typical example is shown in
Fig. 3). In addition, emulsions with the smallest droplet average
diameter and the narrowest size distribution of droplets were
obtained when: the tip was positioned right at the interface
between the aqueous and perfluorocarbon liquids, the ultra-
sonic power has reached 160 W (output power value given by the
manufacturer), and the total sonication time was more than 60
s. Consequently, all samples were prepared using these optimal
conditions.

3.4 Characterization of the stabilized droplets in emulsion

Emulsions were successfully produced with three per-
fluorocarbon liquids: perfluoropentane (PFP), perfluorohexane
(PFH), and perfluorooctyl bromide (PFOB). After preparation
the emulsions were stored at 4 °C to reduce the aging process.
Then, we regularly monitored at room temperature the change
in their size distribution and mean diameter using a scanning
ion occlusion technique. Before any measurements, the emul-
sion was gently agitated. After a few minutes, a sample was
taken from the upper part of the solution. In order to pinpoint
which chemical and physical parameters affect droplet aging,
we studied the size variation as a function of either the type of
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Fig. 3 Size distributions measured by SIOS (histogram) and DLS (solid
line) of an emulsion made of FgTAC, and PFOB in water.
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liquid core, the type of surfactant, the ratio of surfactant to
fluorocarbon, or the temperature.

An increase in the surfactant-to-fluorocarbon ratio N, value
from 0 up to 0.005 induced a dramatic decrease in droplet
diameter whatever the perfluorocarbon used but did not alter
the polydispersity. An example is given in Fig. 4 for PFOB
droplets stabilized with the FcTAC, surfactant, where the
droplet mean diameter was reduced from 600 to 240 nm, while
doo/d1o remains equal to 2.3 £ 0.1. For larger ratios, no signifi-
cant reduction in diameter was observed until a critical molar
ratio, equal to 0.01 for PFOB and 0.006 for both PFH and PFP,
where a stable foam was produced in addition to the emulsion
droplets.

Next, to draw a comparison between emulsions, an identical
surfactant-to-perfluorocarbon molar ratio N, (=0.005) was used.
Typical size distributions are displayed in Fig. 5 for droplets
made of PFOB (black), PFH (gray), and PFP (light gray) stabilized
with the F¢TAC, surfactant at day 0 (i.e. the day emulsions were
prepared) and ninety days after the emulsion preparation. At
day 0, a similar right skewed size distribution was observed for
the three perfluorocarbons. As time passed, the size distribu-
tion widened, still keeping a right skewed shape. This broad-
ening was always larger for PFP where a substantial number of
droplets gained micrometer size. This process was slower for
PFOB where most particles remained of nanometer size.
Droplets’ mean diameters were extracted from these size
distributions and plotted as a function of time (see Fig. 6). The
initial diameters ranged from 230 to 320 nm between the three
perfluorocarbons. All the emulsions exhibited an increase in
their droplet mean diameter and a broadening in their size
distribution over time with a rate depending on per-
fluorocarbon. This rate was always the smallest for PFOB and
the largest for PFP. Despite the increase in droplet size, all
emulsions remained stable, at least up to 100 days. Indeed, all
perfluorocarbon liquid was still in the form of a colloidal
suspension as no phase transition was observed in the emul-
sions and no changes in sample density were detected.
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Fig. 4 Droplet mean diameter as a function of the surfactant to per-
fluorocarbon molar ratio N, for FgTAC;,—PFOB emulsion made of PFP
(A), PFH (O), and PFOB (O).
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Fig. 5 Size distribution at day O (top) and day 90 (bottom) of droplets
made of PFOB (black), PFH (gray), and PFP (light gray) and stabilized
with the FgTAC,3 surfactant.

To study the effect of surfactant chemical structure on
droplet size distribution, we used only PFOB emulsions as they
exhibited the slowest change in size variation. Emulsions
freshly prepared with FsTAC, and FgTAC, produced stable
droplets with a similar mean diameter and size polydispersity
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Fig. 6 Time variation of the droplet mean diameter when the droplet
core was composed of perfluoropentane (A), perfluorohexane (1),
and perfluoro-octyl bromide (O). For all emulsions, the volume frac-
tion of droplets was @ = 24 x 1072, The surfactant used was FeTACy, at
an identical ratio N, = 0.005. The lines represents the fit of the data
using eqn (13): the derived Ostwald rates were wf(®) =179 + 0.1, 4.5 +
0.3,and 14.1 + 0.5 nm® s for PFOB, PFH, and PFP respectively.
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Fig. 7 Time-dependence of the droplet mean diameter of emulsions
containing a volume fraction of PFOB droplets equal to @ = 24 x 1072
For these emulsions N, = 0.005 and the surfactants are FgTAC; (O),
FeTAC,; (), and FeTACy3 (A). The behavior of triacetin-loaded
nanodroplets made of the FgTAC; surfactant is also displayed (ll). The
lines represents the fit of the data using egn (13) and gives Ostwald rate
values: Wf(®) = 8.9 + 0.7 nm* s~ for FgTAC, 7.5 + 0.7 nm® s™* for
FeTAC5, 4.0 + 0.3 nm* s~ for FgTAC; in the presence of triacetin, and
2.0 + 0.1 nm® s for FgTACs.

whatever the DPn value (see Fig. 7 at day 0). However, increasing
the length of the surfactant hydrophilic head diminished the
droplet size growth (see Fig. 7).

We also monitored the change in droplet size distribution
when emulsions made of PFOB and F,TAC,; were stored at
several temperatures (4, 25, and 37 °C). As shown in Fig. 8, a
small difference was observed between emulsions stored at 4
and 25 °C. However, the emulsions stored at 37 °C exhibited a
faster growth in droplet mean size.

Finally, the aging process can be halted by freezing the
freshly prepared emulsion, but the droplet coarsening is
accelerated after thawing. Thus, the mean droplet diameter
reaches 420 nm a day after thawing, whatever the time over
which the emulsion was frozen.
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Fig.8 Change in the mean diameter of PFOB droplets stabilized using
FeTAC13 (@ = 24 x 1072), when the emulsions were stored at 4 (1), 25
(O), and 37 °C (A). The lines represents the fit of the data using eqn
(13) and gives Ostwald rate values: wf(®) = 1.3 + 0.1 nm? s~ for 4 °C,
15+ 0.1nm* st for 25°C, 2.8 + 0.1 nm? s~* for 35 °C.
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3.5 Encapsulation

Encapsulation studies were performed using a thalidomide
derivative. Thalidomide is a drug world-wide known for tragic
teratogenic effects reintroduced as a promising anticancer and
anti-inflammatory agent.®® Although the overall mechanisms by
which thalidomide exerts its anti-tumor activity still remain to
be elucidated, it is clearly demonstrated that it reduces the
levels of proangiogenic factors such as VEGF, bFGF, HGF, as
well as TNF-o. and several interleukins, the latter being key
drivers of inflammation. In this way, thalidomide appears as a
“multi-target drug” with promising therapeutic potency in
various disorders.** In 2010 we reported on the therapeutic
potency of a 5-aminoalkylamino thalidomide analogue (called
APA-thalidomide) in decreasing the clinical and pathological
scores of experimental autoimmune encephalomyelitis (EAE).*
A series of APA-thalidomides were prepared and evaluated on
several biological targets for inhibition of angiogenesis and/or
inflammation.*® Among them, we recently developed a hydro-
phobic prodrug of APA-thalidomide, the N-benzyloxycarbonyl-
glycine analogue of APA-thalidomide (called Z-Gly-Apathd), and
used it as a model drug to investigate the capability of FTAC-
stabilized perfluorocarbon nanodroplets for drug encapsula-
tion. Actually, this derivative is a yellow fluorochrome the
localization and release of which from droplets can be easily
studied by spectrofluorimetry (Fig. 9 and 10).

The solubilization in liquid perfluorocarbons of Z-Gly-
Apathd was not possible. However, we determined that up to 15
g 17" of Z-Gly-Apathd could be solubilized in triacetin. Conse-
quently, during the emulsion preparation, a part of the PFOB
volume was replaced by a triacetin solution containing 5 g1 " of
the drug. Three triacetin-to-fluorocarbon molar ratios were
investigated, that were 0.137, 0.272, and 1.37. For the last two
ratios, a second phase with a yellow color was visible after
emulsion preparation at the bottom of the sample. This sug-
gested that the volume of triacetin containing the solubilized Z-
Gly-Apathd could not be entirely encapsulated in the emulsion.
Whereas the emulsion having a ratio of 0.137 was composed of
only one phase homogeneously tinged with a yellow color,
indicating that Z-Gly-Apathd was homogeneously distributed in
the sample. For the latter ratio, 0.06 ml of PFOB was replaced by
a triacetin/Z-Gly-Apathd solution during emulsion preparation,
i.e. 10% of the droplet core volume was occupied by triacetin/Z-
Gly-Apathd. By using the same molar ratio of triacetin-to-fluo-
rocarbon (i.e. 0.137) we could also encapsulate Z-Gly-Apathd in
emulsions made of PFH and PFP (data not shown).

After preparation, emulsions were carefully centrifuged (at
885 G, for a total time of 450 s), then washed (at every 90 s of
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Fig. 9 Structure of the hydrophobic drug Z-Gly-Apathd that exhibits a
high anti-angiogenic efficacy.
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centrifugation) from the stock solution. The fluorescence
spectra at A.x = 363 nm were measured for the washed triacetin-
loaded emulsions in the absence and in the presence of Z-Gly-
Apathd as well as for the filtered stock solution. No fluorescence
signal was detected from the stock solution. The emulsion
spectra were compared to the spectra obtained from triacetin
solution (containing 5 mg ml~" of Z-Gly-Apathd) and from pure
PFOB liquid (see Fig. 10). The triacetin-loaded emulsion with no
drug exhibited a single peak located at 412 nm as found for bulk
PFOB. In the presence of Z-Gly-Apathd, the emulsion spectrum
exhibited a second peak at 519 nm that was obviously charac-
teristic of the drug signal. When the drug was solubilized in
triacetin, a single peak was also observed but at 480 nm.
Moreover, there was a negligible difference between the fluo-
rescence spectra of the initial emulsion and the centrifuged and
washed emulsion.

Additional emulsions were prepared by decreasing the ratio
N; in order to obtain suspensions mainly made of microdroplets
where a fluorescent probe, fluorescein isothiocyanate (FITC),
was solubilized in triacetin. Fluorescence microscopy showed
that triacetin did not mix with PFOB but formed a corona
between the PFOB core and the surfactant shell (data not
shown).

Finally, the size growth rate was considerably reduced in the
presence of triacetin. By following the time-dependence of the
size of these triacetin-loaded PFOB droplets (see Fig. 7), we
observed that they had grown from an initial mean diameter of
240 £+ 10 nm to 430 + 20 nm after 60 days (the addition of Z-Gly-
Apathd did not modify these results). Whereas the mean
diameter of triacetin-free droplets reached 700 £ 25 nm over the
same period.

3.6 Ultrasound backscattering measurements

All backscattering measurements presented herein were per-
formed on F¢TAC;3-PFOB emulsions. The impact of volume
fraction on SNR;,c., Was evaluated on an emulsion prepared 7
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Fig. 10 Fluorescence spectra of Z-Gly-Apathd are displayed for Z-
Gly-Apathd solubilized in bulk triacetin (circles) and when Z-Gly-
Apathd is encapsulated in the FsTAC,—PFOB-triacetin droplets of an
emulsion (continuous line). As controls, the spectra of bulk PFOB (dash
line) and of the emulsion (FgTAC;,—PFOB-triacetin) devoid of the drug
(dotted line) are also displayed. All spectra were obtained at Aoy, = 363.
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Fig. 11 SNRean as a function of droplet volume fraction extracted
from backscattering measurements on FgTAC;3—PFOB nanoemulsion
(mean diameter: 290 + 10 nm, mode diameter: 200 £+ 20 nm).

days before experiments (mean diameter = 290 + 10 nm, mode
diameter = 200 + 20 nm). For this purpose, dilutions were
prepared from the initial emulsion solution to obtain several
droplet volume fractions ranging from 0.1 x 1072 to 2 x 10~ 2.
Each point in Fig. 11 represents a SNRea, value obtained from
a backscattering measurement performed on one sample. A
good reproducibility in SNR,..n values was achieved for all
volume fractions. Our data clearly show an increase in the
SNR,can Value as the volume fraction increases, and this
increase is steeper for diluted suspensions (¢ = 0.1 to 0.5 x
10~?) than for concentrated ones (¢ = 0.5 to 2 x 10~ ?). It should
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Fig. 12 Size distributions compared to backscattering measurements
for a FsTAC;3—PFOB nanoemulsion at @ = 0.5 x 1072 before (black
line) and after centrifugation at 885 g during 45 s (gray line). Mean and
mode diameters were similar (within the error margin of the device):
235 4+ 10 nm and 174 + 20 nm, respectively, before centrifugation and
246 + 10 nm and 175 + 20 nm, respectively, after centrifugation.
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be noted that the conditions of sonication did not alter the
stability of emulsions, as we did not observe significant changes
in both size distribution and density after backscattering
measurements.

Secondly, the impact of larger droplets on the SNRyean Was
evaluated by measuring ultrasound backscattering before and
after gentle centrifugation (885 G, 45 s) of a fresh F¢TAC,3;-PFOB
emulsion (3 measurements for each solution). The droplet
volume fraction @ was kept at 0.5 x 10> for all backscattering
measurements. Size distributions were monitored by SIOS
before and after centrifugation as displayed in Fig. 12 along
with SNRean values. We observed little differences in size
distributions in the nanometer range as stated by the almost
unchanged values of mean and mode diameters. However, a
strong decrease in backscattered signals has been measured
from the emulsion after centrifugation: the SNRy,can value was

Fig. 13 Results of 1°F MRI measurements performed on an emulsion
made of PFOB—-FgTAC;3 droplets having a mean diameter of 400 nm
and at a volume fraction of ® =5 x 1072. (a) and (b) Relative magnitude
spectra, using a low (20°) and high (90°) flip angle respectively, TR =
205 ms. (c) Non-selective excitation heavily T1-weighted image of the
same sample (TR = 10 ms, FA = 45°).
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divided by 2.7. Looking more precisely at size distributions, we
can see that even using a small nanopore (NP200), a few
microdroplets could be detected before centrifugation but not
anymore after centrifugation. Optical measurements using a
microscope allowed detection of the presence of microdroplets
before centrifugation but only a few of them remained after
centrifugation.

3.7 Potentiality of the emulsion as a '°F MRI contrast agent

F MRI data were acquired on emulsions made of PFOB
droplets stabilized with the FsTAC,; surfactant, with a mean
diameter of 400 nm and at droplet volume fractions ranging
from 102 to 5 x 102 All MRI spectra of emulsions exhibited
five peaks (see Fig. 13) that are characteristic of pure PFOB since
they were also observed in the spectra of pure PFOB. They
possess different longitudinal relaxation rates and, within the
current precision of measurement, these relaxation rates are
not modified between emulsion and pure PFOB. In addition,
measurements were performed on triacetin-loaded emulsions
and triacetin/Z-Gly-Apathd-loaded emulsions of similar droplet
sizes and at @ = 5 x 10~ > The absence of either triacetin or Z-
Gly-Apathd in triacetin did not affect the peak location in the "°F
MRI spectra. Measurements were also carried out with pure
micelles of FsTAC;; in water.

4 Discussion
4.1 FTAC surfactant in aqueous solutions

By convention, the named F;TAC,, used here signifies that there
are i carbons bearing fluorine atoms. It differs from some other
publications'®®” where i represents the total number of carbon
atoms in the surfactant hydrophobic tail, in this case i includes
two additional carbons. Initially, we wished to produce FTAC
surfactants with a polar head of increasing length, from n (or
DPn) = 1 to 30, by following a published protocol on FTAC
synthesis. We believed that the expected DPn values were ach-
ieved according to '°F-NMR measurements. However, a HPLC
analysis revealed that these results were biased due to the
formation of the polyTris oligomer or polymer (without a fluo-
rinated tail) as a side product in the synthesis of telomers with
expected DPn over 12-13. The formation of this polyTris deriv-
ative can be ascribed to the faster consumption of the telogen
compared to the monomer one, leading to a mixture made of
low DPn (less than 13) fluorinated telomers and non-fluorinated
oligomers or polymers. This side-reaction is probably due to the
conditions of telomerization experiments applied for the
synthesis of peracetylated telomers (see Fig. 2 conditions (a))
Indeed, the kinetic behavior of both monomer 1 (peracetylated
THAM) and telogen reactants (perfluoroalkylthiol) seems to be
strongly dependent on the nature of the solvent, as previously
described by Loubat and Boutevin.®® These authors reported an
increase of the monomer consumption (resulting in high DPn
values) when telomerization was performed in water rather than
in organic media. In the future, mixtures of THF and water will
be explored as reaction intermediates in order to reach a similar
consumption of both monomer and telogen corresponding to
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the ideal case of telomerization (i.e. transfer constant CT = 1).
For now, we obtained FTAC with DPn = 1, 7, 12, and 13, but
larger values could not be reached.

The water solubility of FTAC is directly correlated with their
average degree of polymerization DPn. For FTACs having
Ce¢F13C,H, and CgF4,C,H, fluorinated chains, it has been shown
that their hydrosolubility occurs at DPn > 4.%° Indeed, we could
solubilize all of our FTAC surfactants in aqueous solutions,
except for monoadduct ones (i.e. for DPn = 1). When solubilized
in water, FTAC forms micelles above a critical micelle concen-
tration (see Table 1) to shield their perfluorocarbon chain from
water.*® These micelles possess a diameter of ~8 and ~11 nm
for F¢TAC,, and FgTAC, surfactants, that does not seem to
depend on DPn values. Because fluoroalkanes are more hydro-
phobic than their hydrogenated counterparts, fluorosurfactants
are less soluble in water and their CMC is much lower.” Pavia
et al. did not observe a significant variation in CMC for DPn
ranging from 4-5 to 12, whereas we observed a difference. Our
CMC value almost doubled from DPn = 7 to 13. We also
observed that the addition of a CF, group decreases the CMC by
a factor of 30-60, while a decrease by a factor of 5-10 in the CMC
is obtained by the addition of a CH, group to the hydrophobic
tail of regular surfactants.”™

4.2 FTAC surfactant at water/air and water/PFC interfaces

A characteristic feature of surfactants is to decrease the tension
of an interface between an aqueous and hydrophobic environ-
ment like air or oil. Most of the data about surfactants concern
the surface tension at the water/air interface. For comparison
we performed such measurements and surface tensions of
about 26-31 mN m ™' were obtained for FTAC surfactants. These
values are close to what can be measured for non-fluorinated
surfactants, that is in the range of 24-54 mN m

The measurement of the interfacial tension between water
and perfluorocarbon liquid is more relevant for per-
fluorocarbon emulsions since this parameter will dictate the
stability of the droplet as well as its temperature of vapor-
ization. Unfortunately, data are scarce in this domain. Most
published measurements were performed at the PFOB/water
interface, their values are reported in Table 1. In the absence of
surfactants, our value of interfacial tension at the water/PFOB
interface is about y; = 48.7 mN m ™', close to the values (51 & 1
mN m™ ') reported in the literature. The addition of FTAC
logically decreased the interfacial tension. While there is no
difference in vy; values between F¢TAC, and FgTAC.;, we
measured a significant difference between F¢sTAC; and
FeTAC;, or F¢TAC;3. Surprisingly, the order of magnitude of
these values is similar to what has been measured for non-
fluorinated surfactants (7-16 mN m™~" for NaL and SDS) and
even larger than for lipids (1-10 mN m ™" for (C,),PC, 12-2-0,
and DPPC) (see Table 1). Bertilla et al”> showed that the
interfacial tension in the presence of lipids can be further
decreased by adding semi-fluorinated surfactants to the per-
fluorocarbon liquid: from ~24 mN m ™' for DMPC, DLPC, and

PLC8 down to ~2 mN m 1.
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4.3 FTAC as emulsifier for perfluorocarbon/water emulsions

Various approaches exist for emulsion preparation, among
them are stirring,” high-pressure microfluidizing,” ultrasonic
homogenizing,”*”> and microfluidics.”® Ultrasonic homoge-
nizing was chosen because it is a technique that is more easily
found in laboratories. On the downside, it has been shown that
the characteristics of an emulsion prepared by sonication
depend on various parameters.” These parameters include the
type of vessel containing the emulsion, the quantities of added
solvent, the type of ultrasonic tip, the power applied on this tip,
the time of sonication, and the position of the tip in the sample.
We have optimized our ultrasonic parameters by using a plastic
centrifuge tube of 15 ml and keeping the volumes of per-
fluorocarbon and aqueous solutions always the same, i.e. 0.6
and 2 ml respectively.

Our DLS and SIOS measurements showed that the prepared
samples were a suspension of perfluorocarbon droplets as
confirmed by our compressibility measurements. Indeed, the
value of the droplet partial compressibility was similar to the
value of bulk perfluorocarbon liquid. In addition, it was
possible to predict the emulsion density with a good accuracy
based on the added volumes of bulk perfluorocarbon and
aqueous liquids, the densities of which were separately
measured. Thus, the surfactant contribution to density and
compressibility appears to be negligible. At the day of prepa-
ration (i.e. day 0), the droplet exhibited a size that was mainly in
the nanometer range but with a significant polydispersity (doo/
dip = 2.3 £ 0.1). If the initial mean diameter was 230 nm for
PFOB, 280 nm for PFH, and 320 nm for PFP (Fig. 6), particles up
to 700 nm (Fig. 5) were easily detected on SIOS using a
stretchable nanopore NP200 the initial (i.e. barely stretched)
covered size range of which is 100-400 nm. Larger microscopic
droplets were also visible under a microscope. Additional SIOS
investigations using larger nanopores allowed us to estimate
that these large particles (>700 nm) represent less than 1% of
the total droplet volume fraction. It was possible to remove
these microparticles using centrifugation, while filtering led to
a destabilization of the emulsion.

In the absence of a surfactant, droplets are expected to coa-
lesce, exhibiting an exponential increase in mean diameter
according to the van den Tempel theory.”””® The presence of
FTAC surfactants should prevent coalescence through steric
interactions if the whole droplet surface is coated by a surfac-
tant.” However, after sonication, the newly formed droplets are
not immediately fully coated by surfactants, leaving some time
for droplet coalescence. Once all the surfactant present is
located on the droplet surface, coalescence may still continue to
take place until the droplet surface has reduced enough (i.e.
increase in the volume and decrease in the number) to obtain a
full coating. This process explains why adding less surfactant
leads to larger droplets as shown in Fig. 4. Whereas, if more
surfactant is added than that could be borne by all droplet
surfaces, the surfactant will form micelles. At high concentra-
tion (N; > 0.006), this additional surfactant will lead to stabili-
zation of the bubbles created by the sonication process and be
responsible for the foam formation observed in our samples.
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However, even if the coalescence is suppressed by surfac-
tants, an increase in droplet mean diameter will still be
observed over time. This behavior can be ascribed to the Ost-
wald ripening (OR) or molecular diffusion, that has been shown
to occur for perfluorocarbon emulsions stabilized with phos-
pholipids® and fluorinated surfactants.®® This process is
described by the Lifshitz-Slyozov-Wagner (LSW) model,**-*>
which predicts a linear relationship between the cubic mean
radius R® and time ¢

3 2

D ()= wr(a) (13)
where in our case, vy is the interfacial tension at the water/
perfluorocarbon interface (in the presence of a surfactant), S
and D are respectively the solubility and the diffusion coefficient
of perfluorocarbon in water, V, is the perfluorocarbon volume,
R is the gas constant, T is the absolute temperature, f{®) is a
correction factor taking into account the droplet volume frac-
tion (=1 at low dilution), and w is the rate of the molecular
diffusion of a perfluorocarbon molecule. We used eqn (13) to fit
all our aging curves involving mean diameters and values of
wf(®) are reported in the figure legends. In these fits, we
systematically discarded the first points (i.e. at day 0 and day 1)
to obtain an acceptable fit for PFOB and PFH, but we did not
observe this problem for PFP. The problem is also reduced by
increasing the temperature, indeed for emulsions kept at 37 °C
only the measurements made at day 0 were discarded. This
reflects the fact that Ostwald ripening started to be dominant
after a few days. From our fits, we observe that the “corrected”
Ostwald rate wf{®) increases when DPn decreases (Fig. 7) or
temperature (Fig. 8) increases. These results are understandable
as surfactants with longer polar heads provide a better barrier
against the passage of perfluorocarbons and higher tempera-
ture increases the perfluorocarbon solubility in water. wf{®)
naturally depends on the perfluorocarbon liquid used in drop-
lets (see Fig. 6) since PFC possesses different properties.

It was possible to directly derive w since all parameters in
eqn (13) have been determined. Several models provide an
estimation of the value of f{®).* For a volume fraction of ¢ =24
x 1072, fl®) is equal to =2.2 + 0.3 in most models. However, it
should be emphasized that during emulsion storage droplets
sediment. This may locally induce a higher fraction volume,
hence the value of f{®) can be much larger. When taking wf®)
~ 2.2, we obtain wf{®) = 1.7 nm® s~ for F¢TAC;, and F¢TAC,3,
in good agreement with the values derived from the fits in
Fig. 6-8. For PFOB, the calculation of wf{®) slightly varies, from
1.2 to 1.7 nm® s~ ', depending on FTAC. Whereas fits of Fig. 7
show a variation from 2 to 9 nm® s ™. As the properties of PFOB
should be the same between the various FTAC and the error
measured in vy is small, this disagreement probably comes
from differences in the values of f{®). Indeed, a larger droplet
size induces a faster sedimentation and hence a larger local
volume fraction. Besides, still keeping f{®) = 2.2, we obtain for
F¢TAC, the values wf{®) = 67 nm® s~ and wfi®) = 862 nm> s *
for PFH and PFP, respectively. These values are too different
from the values derived from Fig. 6 only due to a variation in
f(®) values. This disagreement is probably due to a wrong
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estimation of the perfluorocarbon solubilities in water. These
values were, indeed, derived by Kabalnov et al. using eqn (13) to
fit experimental data recorded for several hours (up to a few
days).**** In their case the extracted Ostwald rate is much higher
than our rate measured over several months.

Taking Fig. 8, we observed that the Ostwald ripening process
takes place for 100 days, as a fit by eqn (13) was only possible
during this period. After this period the droplet mean diameter
remained constant for a longer time but there is no satisfactory
explanation for this behavior.

Finally, for an emulsion made of F¢TAC;; and PFOB, the
replacement of the solvent by a saline 99, NaCl solution (for
intravenous injection purposes) did not change the aging
behavior for at least 30 days.

Our data show that despite the fact that our emulsions are
not thermodynamically stable systems, they exhibit a lifetime of
a few months. Indeed, after droplet sedimentation, a homoge-
neous sample is easily recovered after gentle stirring. Conse-
quently, the emulsions can be either simply stored in a fridge or
put in a freezer for a longer storage time, depending on the
maximum droplet mean size we wish not to exceed.

4.4 Ultrasound backscattering measurements

The two-step increase behavior of SNRy,e., observed with
droplet volume fraction is well known. Many experimental and
simulation studies, including those dealing with per-
fluorocarbon particles,*** have reported such a result. In all
these studies, the incoherent backscattered signal intensity also
increases dramatically with volume fraction for dilute suspen-
sions. Indeed, theoretical models (Morse and Ingard,®
Faran®...) predict that for diluted small spherical particle
solutions, the incoherent scattered intensity by N particles is the
sum of the scattered intensity by each particle. Those models
are valid only if: (1) the incident wavelength A > 27R (R is the
particle radius), (2) the region F containing the scatterers is
considerably larger than A, and (3) the region F is far from the
transducer. As all those criteria are met in the present study, it
can be assumed that the first part of the curve is representative
of such behavior, also often referred to as Rayleigh linear scat-
tering. In the present study, SNRy,ean does also include atten-
uation mechanisms that prevent the curve from being fully
linear.*” Those mechanisms can be taken in account by applying
some appropriate correction factors to the measured signals. In
that case, only the incoherent backscattered waves are repre-
sented and a linear curve can be obtained.” For concentrated
suspensions, the SNRy.., reaches a plateau which is repre-
sentative of multiple scattering as well as attenuation effects.
Briefly, in concentrated suspensions, backscattering from
region F cannot be considered anymore as a simple sum of the
contribution of every particles as the short distance between
particles leads to strong interactions (re-scattering and
absorption of scattered waves).*

Thus, the concentration has a significant impact on back-
scattering intensity, but the droplet size has even a higher
impact on it. Indeed, Morse and Ingard predicted that the
scattering cross-section for a particle is directly proportional to
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the sixth power of its radius as well as to the fourth power of its
incident wave frequency (see Born approximation eqn (8.2.19)
(ref. 85)). Then, in a given frequency range, it is critical to check
for the presence of microparticles in the emulsion, even if their
concentration is very low. Our centrifugation experiment clearly
illustrates that point with a SNRy,e.n divided by almost 3 after
centrifugation which means that the Power Spectral Density was
reduced by nearly a cube root. A more detailed quantification of
these microparticles with a SIOS technique as well as their
precise impact on the backscattered signal will be investigated
in a future study.

In summary, the present study shows that backscattering
measurement is a very sensitive tool for the detection of small
amounts of liquid PFC microparticles in heterogeneous micro/
nano-particle suspensions. Those microparticles can totally
change the ultrasonic properties of solutions and are usually
formed in emulsions. Thus, a special care should be given to
remove those microparticles. Finally our results show that the
weak echogenicity of liquid perfluorocarbon nanoparticles
prevents their use as ultrasound contrast agents in agreement
with the investigation of Couture et al.*

4.5 Potentiality of the FTAC stabilized nanodroplets as
theranostic agents

Both hydrophilic and hydrophobic drugs cannot be solubilized
in liquid perfluorocarbons. Consequently, to help drug solubi-
lization in perfluorocarbon droplets, an additive solvent is
required. In our case, we were interested in the encapsulation of
a fluorescent thalidomide derivative (Z-Gly-Apathd). This
hydrophobic prodrug has recently exhibited an interesting and
unexpected anti-apoptotic effect in a photodynamic therapy
(PDT) induced apoptosis model (unpublished result). Since
liposoluble drugs, like thalidomide derivatives or paclitaxel, can
be solubilized in oil, the more convenient way would be to use
oil as a drug solvent. In the past, vegetable oils such as soya
bean oil, olive oil, and canola oil have been mostly used in
perfluorocarbon drug carriers.”*** Unfortunately, Z-Gly-Apathd
exhibited a poor solubility in these oils (less than 0.1 g 17%).
Instead, we used triacetin, a simple and biocompatible triglyc-
eride, which could dissolve up to 15 g 17" of Z-Gly-Apathd. Our
fluorescence results show, indeed, that the addition of a volume
of solubilized drug in triacetin during emulsion preparation led
to the drug encapsulation. However, the triacetin solution did
not get solubilized in perfluorocarbon, instead it formed a
corona between the perfluorocarbon droplet and the surfactant
shell. Since 5 g 17" of triacetin was occupying 10% of droplet
volume, a total of 3 mg of drug was encapsulated in the 2.6 ml of
emulsion. Interestingly, the presence of triacetin reduced the
growth rates of the droplet size (as well as its polydispersity
from dyo/d1o = 2.3 to 1.9 + 0.1). A similar result was described
for perfluorocarbon emulsions prepared by the addition of
hexadecane in the droplets.”®

In addition, our preliminary data show that PFOB nano-
emulsions could be detected in vitro at a volume fraction of 1 x
102 by '°F MR spectroscopy and imaging at 3 T, with isotropic 3
x 3 x 3 mm?® voxel size. In our measurements, a 3D matrix sized
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128 x 64 x 40 was acquired in 6 m with an average SNR value of
3.35 for the highest signal peak, determined after reduction of
bias in GRE magnitude data according to Gudbjartsson and
Patz.** Note that the '°F detection coil used in this study can be
further optimized, for instance, by upgrading to a bird-cage
quadrature type which should improve both the sensitivity and
spatial homogeneity of the signal. The detected '°F MRI signal
of the FTAC-PFOB nanoemulsion has mainly the characteristics
of pure PFOB, even with the addition of triacetin. It is inter-
esting to note that samples made of only fluorinated surfactant
micelles in water can be detected and present a specific spec-
trum. However, in the spectra of FTAC-PFOB nanoemulsion
samples, the characteristic peak of the FTAC surfactant is
buried in the noise.

The benefit of having stable nano-agents with both imaging
and therapeutic ability would be an asset in the evaluation of
cancer treatment. Indeed, currently commercialized nanodrug
carriers such as liposomes (for example Doxil®/Caelyx®) cannot
be imaged. Consequently, it is not possible to assess if these
carriers have extravasated into tumor tissues (i.e. especially for
tumors with neovascularization that is not developed enough or
that exhibits too small inter-endothelial gaps). The treatment
fails if the carrier accumulation in such tissues is not sufficient,
and precious time that could have been used for an alternate
treatment is lost.

5 Conclusion

It was possible to prepare emulsions with PFOB, PFH, and PFP,
where FTAC surfactants form the droplet shell and help to
prevent droplet coalescence. The droplet mean diameter of an
emulsion could be as small as 230 nm for PFOB but constantly
increased for the first 100 days due to Ostwald ripening. All size
distributions were right skewed with a small amount of
microdroplets (<1%) that can be removed by centrifugation. In
addition, these microdroplets appeared to be the main
contributor to the signal backscattered by emulsions in our
ultrasonic measurements. In their absence, the signal-to-noise
ratio is small that prevents any use of a suspension of nano-
droplets as ultrasound contrast agents, unless they could be
vaporized. However, the suspensions of nanodroplets could be
detected in vitro in a clinical 3 T MRI scanner, which opens the
door for their further in vivo investigations as '°’F MRI contrast
agents. Furthermore, we succeeded in encapsulating a hydro-
phobic drug in the perfluorocarbon droplets by adding tri-
acetin, which is a first step toward the study of the localized
therapeutic ability of such agents. In the next step we will study
the toxicity and therapeutic effect of our emulsions on tumor
cells in vitro and assess their potential as theranostic agents in
small animals.
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