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Abstract

Although most phospholipid-shelled microbubbles (MBs) investigated for medical
applications are stabilized by a fluorocarbon (FC) gas, information on the interactions
between phospholipid and FC molecules at the gas/water interface remains scarce. We
report that the procedure of introduction of perfluorohexane (F-hexane), that is, either in the
gas phase above dimyristoylphosphatidylcholine (DMPC) or dipalmitoylphosphatidylcholine
(DPPC) Langmuir monolayers, or in the aqueous sub-phase, radically affects the
compression isotherms. When introduced in the gas phase, F-hexane is rapidly incorporated
in the interfacial film but is also readily desorbed upon compression and eventually totally
expelled from the phospholipid monolayers. By contrast, when introduced in the aqueous
phase, F-hexane remains trapped at the interface. These dissimilar outcomes demonstrate
that the phospholipid monolayer acts as a barrier that effectively hinders the transfer of the
FC across the interfacial film. F-hexane was also found to significantly accelerate the
adsorption kinetics of the phospholipids at the gas/water interface and to lower the interfacial
tension, as assessed by bubble profile analysis tensiometry. The extent of these effects is
more pronounced when F-hexane is provided from the gas phase. The size and stability
characteristics of DMPC- and DPPC-shelled microbubbles were also found to depend on
how the FC is introduced. As compared to reference MBs prepared under nitrogen only,
introduction of F-hexane always causes a decrease in MB mean radius. However, whilst for
DMPC this decrease depends on F-hexane introduction procedure, it is independent from
procedure and most pronounced (from ~2.0 ym to ~1.0 ym) for DPPC. Introducing the FC in
the gas phase has the strongest effect on MB half-life (t;, = ~1.8 and 6.8 h for DMPC and
DPPC, respectively), as compared to when it is delivered through the aqueous phase (~0.8
and ~1.7 h). Fluorocarbon-less reference DMPC and DPPC bubbles had a half-life of ~0.5
and 0.8 h, respectively. The effects of F-hexane on MB characteristics are discussed with
regards to the interactions between phospholipids and F-hexane and monolayer fluidization

effect as revealed by the Langmuir and tensiometric studies.



Introduction

Micrometer-size gas bubbles are being used and investigated as contrast agents for
ultrasound diagnostic imaging, molecular imaging, targeted drug and gene delivery systems,
and as mechanical intravascular devices."”'® When subjected to an ultrasound field,
microbubbles (MBs) alternatively shrink and expand in response to acoustic pressure. The
volume expansion of the MBs is maximal at a specific frequency, which is inversely related to
their size. The backscatter echo produced by an MB at resonance provides valuable images
of tissues and organs in their neighborhood. More powerful sound pulses can be used to
trigger bubble rupture and release of a drug cargo, which enables the use of MBs as
theranostic agents.

Fluorocarbon (FC) gases are commonly used to stabilize phospholipid-shelled air
microbubbles destined to medical applications. The MB-based contrast agents that are
commercially available contain SFs, CsFg or C4F10."""'? Other FCs, such as CsF1, and CeF14
have also been extensively investigated.’ Further examples of potential medical applications
of FC gases include injectable oxygen carriers,” lung surfactant replacement
compositions, "’

The stabilizing role of FCs on MBs was initially assigned to an osmotic effect, the poorly
soluble hydrophobic FC gas having a substantially lesser solubility and propensity to diffuse
into the continuous aqueous phase than O, and N,." The role of the FC in the bubble
stabilization mechanism was solely deemed to osmotically counteract the blood pressure and
Laplace pressure that operate on and tend to shrink the bubbles, thus opposing their
dissolution in the blood. Intravascular bubble stability was foretold to increase with
decreasing Ostwald coefficient of the gas. A lower limit was set for the FC’s vapor pressure
(~ 0.3 10° Pa) below which condensation of the FC into a liquid would occur under the action
of the combined external pressures, resulting in bubble collapse. The interfacial film, usually
a monolayer of phospholipids, and its possible interactions with the fluorocarbon, were not
taken into consideration. While the predicted general trend was confirmed experimentally

both in vitro and in vivo, the experimentally measured bubble half-life values were always



larger than the predicted ones by several orders of magnitude.” Convincingly, the fact that
small-sized bubbles can be stabilized by F-triglyme, for which no osmotic stabilization can be
expected due to its very low vapor pressure (0.01 10° Pa at 25°C), implied that the osmotic
mechanism is not the only one to at work.?> We subsequently established that the FC gas
also interacts with the shell of phospholipids, and actually acts as an effective co-
surfactant.”’

Although there are some reports about the interactions between highly amphiphilic
fluorinated surfactants and phospholipid membranes,??° the studies that seek a better
understanding of the interactions of fluorocarbons, which are non polar and non amphiphilic,
with phospholipid monolayers very limited.? In practice, gas MBs are generally prepared by
injecting a buffer solution in sealed vials that contain both the lyophilized phospholipid shell
components and the FC gas, and submitting this mixture to mechanical agitation.?” One
should remember that, although the solubility of FCs in water is very low, it is not null. The
concentration of F-hexane, F-pentane, F-butane, and F-propane in water are estimated to
2.7 10", 4.0 103, 0.021, and 0.19 mol m™, respectively." It is therefore legitimate to wonder
about the capacity for FCs to cross the interfacial phospholipid film and diffuse into the
aqueous phase. In particular, the impact of introducing the FC in the aqueous phase in which
the MBs are dispersed, rather than in the gas phase on their phospholipid shell was unknown.

We first present here a basic study of the impact of introducing a fluorocarbon, F-hexane,
in the aqueous sub-phase on the adsorption and behavior of phospholipids
(dimyristoylphosphatidylcholine DMPC and dipalmitoylphosphatidylcholine DPPC) at the
air/water interface. We therefore compared the effects on compression isotherms and
adsorption rates depending on whether the fluorocarbon is introduced in the gas phase, in
the aqueous phase, or in both, using both Langmuir film compression experiments and
bubble shape analysis tensiometry. In a second part, we test the consequences of the FC

introduction mode on the size and stability characteristics of DMPC- or DPPC-shelled MBs.



Experimental part

Materials. 1,2-Dimyristoylphosphatidylcholine (DMPC) and 1,2-
dipalmitoylphosphatidylcholine (DPPC) were purchased as dry powders (99% purity) from
Avanti Polar Lipids (Alabaster, AL) and used as received. Perfluorohexane (98% pure) was
from Fluorochem. Pluronic F-68 (a poly(ethylene oxide)-poly(propylene oxide) triblock
copolymer, MW = 8300, purity >99%) and HEPES (N-(2-hydroxyethyl)piperazine-N'-2-
ethanesulfonic acid) were from Sigma-Aldrich (Lyon, France). A HEPES buffer solution (20
mmol L™") in a 150 mmol L™" NaCl solution was prepared and its pH was adjusted to 7.4 with
1 N NaOH. Water was purified using a Millipore system (surface tension 71.4 mN m™" at

20 °C, resistivity 18.2 MQ cm).

Langmuir monolayers. The surface pressure («r) versus molecular area (A) isotherms were
recorded using a Langmuir minitrough (Riegler & Kirstein, Potsdam, Germany) equipped with
two movable barriers (initial area: 204 x 60 mm, compression speed: 36.5 mm? s™', which

corresponds to a reduction of the total area of ~18% min™"). 7 was measured using the
Wilhelmy plate (paper) method. The trough was enclosed in a Plexiglas box (volume ~9 L)

and maintained at 25 + 0.5 °C." 15 yL of a DMPC or DPPC solution (1 mmol L") in
chloroform were spread on the surface of the HEPES buffer solution (75 mL) and 15 min
were allowed for chloroform evaporation. For the experiments in which F-hexane was
introduced in the gas phase, saturation of air was achieved by depositing F-hexane (a liquid
at room temperature; 20 mL) in small aluminum dishes within the air-containing box. For the
experiments in which F-hexane was introduced in the aqueous sub-phase, saturation of the
HEPES solution with F-hexane was achieved by depositing 200 yL of F-hexane at the
bottom of the HEPES solution (100 mL). The mixture was stirred for 3—6 h at room

temperature and allowed to rest for 6 h before compression was initiated.

Bubble profile analysis tensiometry. Axisymmetric bubble shape analysis was applied to a
rising bubble of gas (air or F-hexane-saturated air) formed in a dispersion of DMPC or DPPC

vesicles in an aqueous phase (HEPES buffer or F-hexane-saturated HEPES buffer). The



vesicles were prepared by sonication of DMPC and DPPC dispersions (102 mol L) in
HEPES buffer (50 mL) for 30 min at 30°C and 50°C, respectively. Care was taken to only
use vesicle dispersions having mean diameters of 70-80 nm and narrowly dispersed size
distributions (Supporting information, Fig. S1). The time dependence of the interfacial tension
during adsorption of the phospholipid at the gas/liquid interface was measured using a
Tracker® tensiometer (Teclis, Civrieux d’Azergues, France). The bubble (5 pL) was formed
at the end of a steel capillary with a tip diameter of 1 mm. Saturation of the rising bubble with
F-hexane was achieved by purging a 1 mL syringe three times with F-hexane-saturated air
(taken above liquid F-hexane) according to?" ?%. This syringe was immediately mounted on
the injection cell of the tensiometer and the rising bubble formed. Saturation of the aqueous
phase with F-hexane was achieved by depositing 500 uL of the fluorocarbon at the bottom of
the measuring glass cell (10 mL, closed by a lid) that contains the vesicle dispersions. 90 min
were allowed before forming the rising bubble. F-hexane-saturated vapor pressure and
concentration at 25°C are 2.9 10* Pa and 11.66 mol m?, respectively, and water solubility at
25°C is 2.7 10 mol m™. The characteristic adsorption time v was calculated by fitting the

adsorption profiles with an exponential decay function.

Preparation of the microbubble dispersions. Four series of MB dispersions were
prepared for each phospholipid in a non-degassed buffer solution. The first one was obtained
by dispersing DMPC or DPPC and Pluronic F-68 (10:1 molar ratio) in the HEPES buffer
under nitrogen, and constitutes the reference MB dispersions. In the second series, the
buffered aqueous phase was saturated with F-hexane droplets deposited at the bottom of the
vial. In the third series, the gas phase (N;) from which the bubbles were prepared was
saturated by vapors of F-hexane (see protocol below). In the fourth series, F-hexane was
introduced in both the aqueous and gaseous phases.

Microbubbles having a gas phase of N, (series 1) or of N, saturated with F-hexane
(series 2). DMPC or DPPC (50 mmol L") and Pluronic F-68 (DMPC/F-68 molar ratio 10:1)

were dispersed in a HEPES buffer (1 mL) in a glass tube (inner diam. 18 mm, length 63 mm)



by magnetic stirring for 3-6 h at room temperature. Pluronic F-68 was added to facilitate
phospholipid dispersion and foam formation. The dispersions were pre-sonicated under air at
low power (setting 2) for 30 s at 25°C. The sonicator (Vibracell, Bioblock Scientific, lllkirch,
France) was equipped with a 3 mm titanium probe and operated at 20 kHz with an output
power of ~600 W (duty cycle 40%). The resulting dispersions were sonicated for 15 s
(setting 5, duty cycle 40%) at 25°C under N, (series 1) or under F-hexane-saturated N,
(series 2) at 30°C for DMPC and 50°C for DPPC (i.e. above the transition phase
temperatures of the phospholipids). For series 2, N, was allowed to bubble through three
vials containing F-hexane before being flushed into the glass tube. The probe was
consistently positioned 5 mm below the surface of the dispersion. The resulting foam was
immediately diluted with 14 mL of HEPES buffer. Size fractionation of the microbubbles was
achieved by flotation for 30 and 60 min for DMPC and DPPC, respectively.”

Microbubbles dispersed in an aqueous phase saturated with F-hexane (series 3).
Saturation of the HEPES solution with F-hexane was achieved by depositing 200 pL of F-
hexane at the bottom of a vial containing the HEPES solution (100 mL), stirring (3—6 h) at
room temperature and allowing the resulting dispersion to equilibrate for 6 h. DMPC or DPPC
(50 mmol L™") and Pluronic F-68 (5 mmol L™") were dispersed in aliquots (1 mL) sampled from
the supernatant of the F-hexane-saturated buffer by stirring for one night at room
temperature in a closed glass tube (inner diam. 18 mm, length 63 mm). Pre-sonication and
sonication of the dispersions were achieved as described above. The resulting foam was
diluted with 14 mL of the F-hexane-saturated HEPES buffer and size fractionation was
achieved as above.

Microbubbles with F-hexane introduced in both the gaseous and aqueous phases
(series 4). Preparation and pre-sonication of 1 mL of the DMPC or DPPC/Pluronic F-68
(molar ratio 10:1) dispersions in F-hexane-saturated HEPES buffer were achieved by
applying the same procedure as for series 3. Sonication involved saturation of the gas phase
with F-hexane as for series 2. The resulting foam was diluted with 14 mL of the F-hexane-

saturated HEPES buffer. Size fractionation was achieved as above.



Characterization of microbubble dispersions

Optical microscopy. Three to four droplets of bubble dispersion were placed into a concave
glass slide and covered with a glass slide. The samples were observed with a Nikon Eclipse
90i microscope (transmission mode). Rapid image acquisition was achieved using a
Lumenera Infinity 2 charge-coupled device (CCD) camera (Lumenera, Ottawa, Canada).

Bubble radii were measured using the ImageJ software on 5-10 slides.

Acoustic size determination. The method exploits the sound attenuation undergone by
multi-frequencies ultrasound waves that propagate through the aqueous bubble dispersion.
Standard simple-harmonic resonator curves are fitted to measured attenuations in order to
infer the size of the bubbles. A low-power emitter is used so as to avoid alteration of the
bubble characteristics and stability. For experimental details see®. Each measurement was
repeated three times on different bubble preparations. The volume of microbubble dispersion

injected in the acoustic cell was 2 mL.

Results
Comparing compression isotherms of Langmuir monolayers of phospholipids while F-
hexane is introduced above or beneath the monolayer, or both

The compression isotherms of DMPC and DPPC monolayers were investigated while F-
hexane was introduced in the gas phase above the monolayer, or in the aqueous sub-phase,
or in both, and compared to the isotherms of the phospholipid measured in the absence of
fluorocarbon (Fig. 1). For both phospholipids, the introduction of F-hexane always leads to an
increase of the surface pressure s at large molecular areas A, reflecting the insertion of the
FC into the phospholipid monolayers. However, one observes that, when introduced in the
gas phase, F-hexane is progressively desorbed upon compression and eventually totally
expelled, since the isotherm rejoins that measured in the absence of FC (A=45+2 A%at 1
=46 mN m'1). On the contrary, the FC remains trapped at the interface when introduced in
the aqueous sub-phase, as evidenced by the larger molecular area (A = 60 + 2 A? for DMPC

and 52 + 2 A%for DPPC at m = 46 mN m™). In addition, F-hexane has a strong influence on



the liquid-expanded (LE) to liquid-condensed (LC) phase transition of the DPPC monolayer.
When the FC is delivered from the gas phase, the LE/LC transition is shifted towards larger
pressures but occurs at the same molecular area (~80 A?). By contrast, when the FC is
provided via the aqueous phase, the transition is shifted towards larger areas, while the
pressure remains unchanged (~10 mN m™). This behavior strongly supports the view that the
interaction of F-hexane with the phospholipid is relatively weak when the former comes from
the gas phase; the FC is indeed readily expelled towards the gas phase. By contrast, when
the FC is provided from the aqueous phase, its interaction with the phospholipid interface is
stronger, which enables the FC to be trapped at the interface. When present in both gaseous
and aqueous phases, the FC causes as well an increase of surface pressure 1 at large
molecular area, as the immobilization of the FC at small molecular area and the inhibition of

the LE/LC transition.
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Figure 1. Compression isotherms of a) DMPC and b) DPPC monolayers (25°C). The
monolayers were spread on a buffered aqueous sub-phase under air (black) and under air
saturated with F-hexane (green); or they were spread under air on a sub-phase saturated
with F-hexane (blue); finally F-hexane was introduced both in the air and aqueous phases
(red).



Changes in adsorption kinetics of phospholipids when F-hexane is introduced above
or beneath the monolayer, or both

First, we measured the effect of F-hexane on the interfacial tension o between the
aqueous and gas phases, the fluorocarbon being introduced in either one or the other phase,
using bubble shape analysis tensiometry. Figure 2 shows that F-hexane decreases
significantly o (from ~72 to 67 mN m™) at equilibrium, both when provided via the gaseous or
the aqueous phase. The FC adsorption kinetics are however markedly different. When in the
gas phase F-hexane adsorbs rapidly at the interface (the adsorption is actually too fast to be

t.28 On the other hand, when

monitored by our tensiometer), as shown in an earlier repor
provided via the aqueous phase, the FC adsorption is strongly slowed down (adsorption

characteristic time 7~1.8 h).
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Figure 2. Variation of the interfacial tension o of the gas/aqueous phase interface as a
function of time under air (black); when F-hexane is provided from the gas phase (green);

and from the aqueous phase (blue). Temperature was 25°C.

Next, we investigated spontaneously adsorbed (Gibbs) films of DMPC and DPPC at the
gas/buffer interface in the presence of F-hexane, the latter being introduced either in the
gaseous or in the aqueous phase (Fig. 3). The two phospholipids were provided in the form

of similarly sized vesicles.
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Figure 3. Adsorption kinetics of a) DMPC and b) DPPC at the gas/buffer interface (25°C); Air
only (black); F-hexane introduced in the gas phase (green); and F-hexane deposited in the

aqueous phase (blue).
F-hexane is observed to strongly accelerate the adsorption of both phospholipids and
decrease their interfacial tension at equilibrium (oeq) (Table 1).

Table 1. Characteristic adsorption times t for DMPC and DPPC vesicles depending on F-

hexane introduction mode.

T (h) F-hexane
Air _ F-hexahne in aqueous
G (TN in gas phase phase
DMPC 0.90 0.10 0.30
547 47.0 511
DPPC 0.12 0.04 0.1
61.0 47.8 57.8

The extent of these effects depends however on the phospholipid and on how the FC is

introduced. DPPC adsorbs faster than DMPC, which likely reflects more numerous
topological defects present in the gel-phase bilayer of DPPC vesicles.*' The adsorption of
phospholipid vesicles at the air/water interface has indeed been described to occur via a first
slow irreversible transformation of the water-dispersible vesicles into adsorbed vesicles
containing bilayer defects, followed by a fast spreading of the phospholipid molecules at the

interface.** For both phospholipids, the adsorption was the fastest and o. values the lowest
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when the FC was introduced in the gas phase. These results are in line with the compression
isotherm study that indicated that the phospholipids acted as a barrier that opposes the

transfer of the FC from the aqueous phase to the gaseous phase.

Preparation and characterization of fluorocarbon gas-stabilized microbubbles

The size and stability characteristics of a series of microbubbles were investigated by
optical microscopy and by ultrasound wave attenuation analysis. DMPC was selected as the
bubble’s shell component because this phospholipid does normally not yield very stable MBs,
and therefore facilitates the assessment of any stabilization or destabilization effect. DPPC
was selected because it is the prominent component of most practical MB formulations. A
series of experiments was achieved that aimed at evaluating the impact of F-hexane on MB
characteristics, depending on whether the FC is provided through the gas phase, by
saturating N, with vapors of F-hexane (Scheme 1b), or through the continuous aqueous
phase by saturating it with the FC (Scheme 1c), or both (Scheme 1d). MBs prepared without

fluorocarbon were prepared as a reference.

C
F-hexane F-hexane
saturated water saturated water

Scheme 1. Experiments designed for assessing the effect of the mode of introduction of F-
hexane on the size and stability characteristics of DMPC- or DPPC-shelled MBs. N, MBs (a
and c), or F-hexane-saturated N, MBs (b and d) prepared in the aqueous buffer solution (a
and b), or in an F-hexane-saturated aqueous solution (c and d). The cartoon reflects the
relative size of the bubbles. In b), the solid and dotted lines correspond to DMPC and DPPC

microbubbles, respectively.
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The stability of the MBs was monitored by the acoustical attenuation method. The
variation of the attenuation coefficient, a, of the ultrasound wave as a function of the
ultrasound frequency, f, was determined at the initial measuring time, t, (i.e. 32 s after
injection of the microbubbles in the acoustical measuring cell. The evolution of the radius
distributions with time was determined from the attenuation curves (see an example in Fig. 4
for DMPC; for DPPC microbubbles prepared in other conditions see Supporting Information,
Fig. S2-5). In all cases, the mean bubble radius remained essentially constant over time,
while their number decreased. The bubble fraction was then plotted as a function of time,

allowing determination of the microbubbles’ half-life.*
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Figure 4. Time evolution at 25°C of the size distributions of DMPC-shelled microbubbles
when F-hexane was introduced in the gas phase (black: immediately after preparation; blue:
after 0.44 h; red: 1 h and green: 3 h).

The size and stability characteristics of the various DMPC- and DPPC-shelled MBs
prepared are provided in Table 2 and Figures 5-6. For DMPC, the mean radius of reference
MBs prepared without addition of F-hexane is ~2.0 ym, as assessed by both optical
microscopy and the acoustical attenuation method. Their half-life is ~0.5 h. These

characteristics are in agreement with a previous report.?
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Table 2. Physical characteristics of DMPC- and DPPC-shelled microbubbles depending on
F-hexane exposure mode

N, F-hexane F-hexane F-hexane
in gas phase in aqueous in both aqueous
phase and gas phases

DMPC

Rmean (Optical, pm) 20+03 1503 1.0+£0.2 1.0+£0.1
Rmean (acoustical, pm) 24+01 18 x0.2 1.1+£01 1.0+£0.2
Half-life (t1,2, h) 0501 1.8%0.1 0.8+0.1 1.8+0.2
DPPC

Rmean (Optical, pm) 20+0.2 09zx0.1 1.0+£0.2 0.8+0.1
Rmean (acoustical, pm) 16+0.1 0.8 +£0.2 1.0+0.1 0.9+0.2
Half-life (t1,2, h) 0.8+0.2 6.8%x05 1.7+£0.2 72205

When F-hexane is introduced in the gas phase, the mean radius of DMPC-shelled MBs

decreases (to ~1.5 ym) and the half-life (1.8 h) increases as compared to the reference MBs.

Introduction of F-hexane in the aqueous phase leads to a further decrease in mean radius (to

~1.0 ym) with a half-life of 0.8 h, which is significantly longer than for reference MBs. Finally,

when F-hexane is introduced in both gaseous and aqueous phases, one observes both a

decrease in mean radius (to ~1.0 ym) and an increase of the half-life (to ~ 1.8 h).
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Figure 5. Size distributions of A) DMPC-shelled and B) DPPC-shelled microbubbles (red
line: fit with a Gaussian function of the size histograms obtained from optical microscopy;
black line: distributions obtained from the acoustical method). The MBs were prepared a)
under Nj; b) under F-hexane-saturated N, phase; c) with F-hexane in the aqueous phase;

and d) with F-hexane both present in the gaseous and aqueous phases.
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Figure 6. Time evolution of the volumes of a) DMPC and b) DPPC microbubbles prepared
without F-hexane present (black); when F-hexane is introduced in the aqueous phase (blue),
in the gas phase (green) and in both aqueous and gas phases (red). The arrows indicate the

half-lives.

For DPPC, the mean radius of reference air microbubbles prepared without F-hexane is
~2.0 ym and their half-life is ~0.8 h. The presence of F-hexane, whether introduced in the
aqueous or in the gas phase results in a significant decrease in bubble mean radius (to ~1.0
pgm) and in an increase of their half-life, the extent of this increase being more pronounced
when the FC is in the gas phase (6.8 h vs. 1.7 h). When F-hexane is introduced in both the
gaseous and aqueous phases, one observes both a decrease in mean MB radius (to < 1.0

pm) and an increase in MB half-life (to 7.2 h).

Discussion

We observed that the procedure of introduction of F-hexane, that is, either in the gas
phase above, or in the aqueous phase below Langmuir monolayers, strongly impacts the
compression isotherms of the latter. When the FC is delivered in the gas phase, the LE to LC
phase transition of the DPPC monolayer is shifted towards larger pressures but occurs at the
same molecular area, while it is shifted towards larger areas at unchanged pressure when
the FC is provided via the aqueous phase. When introduced in the gas phase, F-hexane is
rapidly incorporated in the phospholipid film but is also readily desorbed when the monolayer
is compressed and finally completely expelled from the monolayers. On the contrary, when

introduced in the aqueous phase, F-hexane remains trapped in the interfacial film. These
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unlike outcomes demonstrate that the phospholipid monolayer constitutes an effective barrier
to the transfer of the fluorocarbon across the interfacial film.

Concerning the microbubbles, our results show that in all the cases investigated the FC
has a beneficial effect on their characteristics, leading to smaller bubbles of highest stability.
However, the extent of these benefits depends noticeably on the FC introduction procedure.
When introduced in the aqueous phase, the FC causes a small but significant decrease in
MB mean radius, whilst when introduced in the gaseous phase, it strongly enhances their
half-life, with a significant but less pronounced effect on their mean radius. Why is that so? It
is quite remarkable that within each series investigated in this study all the phospholipid-
shelled microbubbles investigated in this study were found to reach a same mean radius of
~1 to 2 ym with a similar narrow size distribution within a few minutes after preparation. After
reaching this “critical” size the MBs of each four series were observed to persist for long
periods of time (from ~0.5 to 7 h) without any significant change in size. This is in agreement
with several experimental investigations that reported that MBs having various initial sizes
eventually stabilize around a uniform size range (~2—4 uym in radius), provided they have a
rigid lipid shell.** For example, microbubbles subjected to acoustic pulsing were found to
resist dissolution regardless of both initial diameter and shell composition.?* Reaching their
critical size can cause small phospholipid-coated MBs (~1.5 ym) to have an order of
magnitude longer half-lives than larger microbubbles (~5 um) of similar shell composition.?®
MBs (5 um in diameter) produced in microfluidic channels were also seen to remain stable
(for over 9 h) at 1.5 um.* Microbubbles prepared by sonication typically have a mean
diameter around 1-2 pm, and those with larger initial size distributions shrink to this size
range over time.*® This stabilization of MBs at a certain critical size is at odds with various
mathematical models, such as that described by Epstein and Plesset,*’* or more recent
ones,**' which all predict that bubble dissolution is a catastrophic event during which the
MBs are expected to disappear within minutes (or tens of minutes) once dissolution has
begun. The process of dissolution of MBs coated with long-chain phospholipids was

subsequently found to be non continuous, by contrast with what happens to bubbles coated
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with soluble surfactants, but to occur through discrete MB shell collapse events. Long-chain
phospholipid-shelled MB collapse was shown to occur via the nucleation of microscopic folds,
which leads to macroscopic folding events.®® 3% %2 This process, which results in cyclic
wrinkle-to-smooth transitions of the microbubble shell can be modulated by adjusting the

composition and microstructure of the lipid shell*®

and strongly influences the rate of
microbubble dissolution.** It is reminiscent of the morphology transitions observed in lipid
vesicles that are due in part to topological defects.*’

We show that the fluorocarbon gas introduced either in the gas or the aqueous phase can
help control the critical size reached by phospholipid-shelled microbubbles. This likely occurs
by FC-fostered fluidization of the shell, as reflected, in particular, by the shift of the LE/LC
transition to higher pressures observed in the isotherms of DPPC when F-hexane is present.
This FC-driven fluidizing effect of phospholipid monolayers was previously reported for other
volatile fluorocarbons.™"® This supports the proposition that the FC hinders the formation of
the micro-folds in the shell during bubble deflating. The consequences of the fluidizing effect
of FCs on phospholipid monolayers have been discussed in view of developing lung
surfactant substitutes,” but have never been taken into consideration in the context of
medical microbubbles. Understandably, the effect of the FC on critical bubble size is more
pronounced with DPPC than with DMPC, since the latter is already in the fluid state at 25°C.
The smaller MB size reached when F-hexane is introduced in the aqueous phase (1.0 ym vs.
1.5 um when introduced in the gas phase) may be explained by the fact that the adsorption
kinetics of the FC to the interface is much slower, thus allowing more time for the MBs to
deflate before the stabilizing effect of the FC can operate. The higher MB longevity observed

when the FC comes from the gas phase is logically related to its much higher concentration

in the gas phase as compared to the aqueous phase.

Conclusions and perspectives
The mode of exposure to a fluorocarbon has a considerable impact on Langmuir and

Gibbs monolayer behavior, and consequently on microbubble properties. We show that the
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phospholipid monolayer constitutes an efficacious barrier to the transfer of a fluorocarbon
between the aqueous sub-phase and the supernatant gaseous phase. The FC gas can
significantly decrease the critical size at which microbubbles stabilize. Its presence markedly
increases their persistence. The extent of these effects depends substantially and
unexpectedly on the fluorocarbon introduction mode. When introduced in the gas phase, the
FC rapidly interacts with the phospholipid hydrophobic chains and hinders the collapse of the
phospholipid shell, likely by fluidizing it. When introduced in the aqueous phase, the diffusion
of the FC to the interface is considerably slower, which allows reaching smaller critical MB
sizes. The highest microbubble stability is achieved when the FC is introduced via the gas
phase. These results support the view that fluorocarbons, which are frequently used in the
formulation of medical microbubbles, and are often considered as simple osmotic agents,
definitely play a more complex role by interacting with the phospholipid monolayer and
modifying its behavior. Moreover, this interaction in a non-equilibrium system, depends
strongly on the experimental protocol of introduction of the FC. All this suggests the
possibility of tailoring the fluorocarbon structure in order to better control its interactions with
the phospholipid shell components towards the preparation of smaller and more stable

microbubbles.
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