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Abstract

Microbubbles are increasingly used in several fields, such as medical imaging for enhanced contrast ultra-
sound imaging. Theses microbubbles usually consist of a gas core stabilized by surfactants molecules. In this
study, a technique using Shirasu Porous Glass (SPG) membranes was used to produce perfluorocarbon mi-
crobubbles. The microbubbles obtained were characterized by their size, size distribution, and stability. The
effect of several parameters on the microbubble’s size was investigated related to the process (transmembrane
pressure, AP, bubble point pressure, Pgp, shear stress, 7,), membrane pore size, D, and formulation (gas,
surfactants in the aqueous phase). The transmembrane pressure nor the shear stress (7,,) had influence on
the microbubble’s size or size distribution for AP/Pgp < 1.5. The decrease of the membrane pore size from
1.1, 0.5, to 0.2 pum led to lower microbubble size 13.3, 6.36, and 4.42 um, respectively, which was associated
with higher size distribution 16%, 24% and 31%, respectively due to the higher Laplace pressure exerted on
smaller microbubbles leading to their destabilization. With the 1.1 um pore size membrane, perfluorocarbon
microbubbles were obtained with a diameter of 13.3 um and coefficient of variation (CV) of 16% when sta-
bilized by sodium dodecyl sulfate (SDS), 15.6 pm with CV% of 23% when stabilized by Tween20, and 16.5
pm with CV% of 26% when stabilized by Polyoxyethylene (40) stearate (PEG40S). These low CV were indi-
cation of monodispersity. Perfluorocarbon microbubbles had a smaller size than air microbubbles due to the
lower surface tension that decreased the retention force, keeping the microbubbles at the pore opening. The
stability study showed that the perfluorocarbon gas greatly increased the lifetime of the microbubbles with a
slight increase in size of 1.3 after 90 s compared to 2.2 for air microbubbles. Overall, the membrane technique
proved to be an effective, controlled and reproducible method to produce perfluorocarbon microbubbles at a
high rate ~ 0.6 — 1.5 x 1071% microbubbles/min. The key factor that determines the microbubbles formation
is the adsorption kinetics of the surfactant at the new gas-liquid interface at the pore opening.
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1. Introduction

Microbubbles have many potential applications in chemical and food industries, process engineering,
water treatment, pharmaceutical and medicine. Due to their small size (typically around some microns),
microbubbles have a very large gas-liquid interface area per unit volume. Microbubbles can thus increase
the efficiency of gas-liquid contacting devices, such as bubble columns, chemical reactors and fermenters [IJ.
In chemical industries, many gas-liquid reactions are based on the dispersion of gas bubbles in a continuous
liquid phase to improve both hydrodynamics and mass transfer [2]. In the food industry, the density and
texture of products such gel and cream-based foods can be improved by monodisperse gas microbubbles in
these materials [I]. In wastewater treatments, microbubble aeration can enhance ozone and oxygen gas-
liquid mass transfer [3]. In biomedical applications, microbubbles of 1-10 um in diameter (sized to flow safely
through a patients smallest capillaries) are used as ultrasound contrast agent for imaging, and are also studied
for drug, gene and metabolic gas delivery [4, 5] [6] [7]. For these applications, monodispersity can be essential
to improve echographic image quality [§], and also to limit Ostwald ripening effect by reducing effective
Laplace pressure difference between polydisperse microbubbles, leading to better microbubble stability.

To design these gas-liquid contacting devices, the control of the size and size distribution of microbub-
bles generated is very important. To improve the manufacturing process, gases with reduced solubility in
water, such as fluorocarbons can be used [9] 10}, [11]. Perfluorocarbons gases reduce the osmotic pressure [12],
allowing an increase in the microbubble stability [13| [14] and presenting a lower surface tension [I5]. The
shell composition is also a key determinant for microbubble’s physical properties as well as their acoustic
behavior and imaging time. The shell core serves to prevent gas escaping from the core and avoid microbub-
bles coalescence [16, I7]. While for biomedical applications, microbubbles are shelled with phospholipids
or albumin [I8], soluble surfactants are also advisable for the production of microbubbles with perfluoro-
carbon, as they are easy to implement due to a rapid adsorption at gas-liquid interface, such as mixture
of sorbitan monostearate Span 60 and polyoxyethylene 40 stearate (PEG40S) in aqueous media to produce
perfluorocarbon-filled microbubbles by sonication [I9]. Other possible shell materials include proteins, and
biocompatible polymers such as Pluronic F68 [20].

The main techniques used to generate microbubbles are mechanical agitation or sonication and microfluidic
technologies [7, 2], 22] 23], 24]. In mechanical agitation, the hydrophobic gas is dispersed within an aqueous
surfactant solution by disruption of the interface via high-shear mixing. Mechanical agitation is highly efficient
at generating microbubbles at a high production rate, however the size distribution is highly polydisperse
which requires further fractionation, for example by centrifugation [14], decantation [25] or flotation under
gravity [I1I]. These methods are not ideally adapted for physicochemical investigations [10]. Microfluidic
technologies include flow-focusing [26], 27, 28], T-junctions [29] B0] and electrodynamic atomization [31].
These techniques provide microbubbles with very low polydispersity by a precise control of their size, however,
microbubbles are produced at a very low rate and microchannels tend to clog when preparing microbubbles

smaller than 10 gm. The microfluidic methods are time-consuming [22], which requires new microfluidic
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strategies in order to improve the production yield.

A membrane technique is an alternative to generate monodisperse microbubbles. This method was first
proposed by Kukizaki et al. [I} 32, B3] [34] 35]. With this technique, monodisperse microbubble are produced
by pushing air through a Shirasu porous glass (SPG) membrane (Figure[[). Air microbubbles were formed
at the pore outlets and detached from the membrane by the shear force exerted by the continuous phase con-
taining surfactant(s) flowing along the surface. The size and size distribution of the microbubbles depended
on several parameters related to the membrane pore size [34], surface wettability of the SPG membrane [I],
symmetry/asymmetry [33], process parameters such as shear stress [32] 34], transmembrane pressure [34],
and surfactants in the aqueous phase [35]. SPG membranes have also been used for microbubble aeration in a
biofilm reactor for wastewater treatment [3]. Other membranes were used such as ceramic tubular membranes
(PALL, France) to generate air or nitrogen microbubbles in aqueous or organic phase (water or heptane) for
gas-liquid reactors [2]. Other advantages of using the membrane technique are low energy consumption,

simplicity of design, easy scale-up, and reproducibility [36].
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Figure 1: Schematic diagram of the membrane process principle where a gaseous phase is injected into the continuous phase

composed of surfactants which stabilized the new interface

In this study, we considered the membrane technique to produce perfluorocarbon microbubbles. The
microbubbles obtained with three different types of surfactants were characterized by their mean size and
size distribution. The influence of the dispersed gaseous phase on microbubble formation was investigated.
In addition, the microbubbles stability with each surfactant was observed. Surface tensions were also mea-
sured. The effect of several parameters on microbubbles characteristics were investigated such as shear stress,
transmembrane pressure as well as surfactant types in the aqueous phase. In addition, perfluorocarbon mi-

crobubbles produced by the membrane technique versus sonication were compared.

2. Materials and methods

2.1. Materials

The gas-liquid dispersion system was composed of perfluorocarbon or air as the dispersed gaseous phase

and a continuous aqueous phase. Octafluoropropane (C3Fg) is a hydrophobic gas (vapor pressure of 792
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kPa and water solubility at 25 °C of 0.19 mol.m~?) [37] purchased from F2 Chemicals Ltd (Preston, United
Kingdom).

Three surfactants were used in this study: an anionic surfactant, sodium dodecyl sulfate (SDS), and
two non-ionic surfactants, Polyoxyethylene (20) sorbitan monolaurate (Tween 20) and Polyoxyethylene (40)
stearate (PEG40S) purchased from Sigma Aldrich (France). Ultrapure water was obtained using a Synergy
unit system (Millipore, France) to prepare the aqueous solutions. The continuous phase was composed
of 1.0 wt% surfactant in saline solution at 0.9% of NaCl for parenteral solution, since the microbubble
preparation was found to be improved with the addition of NaCl [38]. Microbubble diameter was found to
decrease when surfactant concentration increased, to achieve a minimum diameter for a concentration above
the critical micelle concentration (CMC). Surfactants were therefore used at concentration above CMC to

achieve maximum effect [39].

2.2. SPG membranes and membrane module

Hydrophilic tubular SPG membranes were provided by SPG Technology Co. Ltd (Miyazaki, Japan).
The SPG membranes had a length of 125 mm and an inner diameter of 8.3 mm. These membranes are
manufactured by a phase separation process of calcium aluminum borosilicate glass and subsequent acid
leaching [32], [40], and have been widely used for production of emulsions and particles [4I], [42]. Membrane
with a mean pore size of 1.1, 0.8 and 0.5 pm were used. The mean pore size data was provided by the
manufacturer.

The microstructure of the membranes was observed by scanning electron microscopy (SEM) using a FEI
Quanta 250 FEG microscope at the Centre Technologique des Microstructures at the University of Lyon
(Villeurbanne, France). A fragment of SPG membrane was deposited on a flat steel holder. The sample was
coated under vacuum by cathodic sputtering with copper. The samples were observed by SEM under an
accelerating voltage of 10 kV. SPG membranes have cylindrical tortuous pores that form a three-dimensional
network (figure . The membrane porosity is in the range of 0.53-0.60 [43]. SPG membranes are negatively
charged and hydrophilic due to the presence of hydroxyl groups such as silanol groups on their surface. The

dissociation of the silanol groups gives the negative charge of the SPG membrane surface [35].

2.83. Surface tension measurements

The surface tension of surfactant solutions was measured by the pendant drop method using a Drop Shape
Analysis tensiometer model DSA-10 Mk2 (Kriiss). A rising bubble (volume approximately of 6 ul) of air or
C3Fs was formed at the extremity of a needle using a syringe inside a quartz cell (10 ml) containing 1.0 wt%
of surfactant solution at room temperature. The formation time of the bubble was about 1s. The system
was calibrated using the outer diameter of the needle (outer diameter of 1.507 mm). The bubble was imaged
with a CMOS camera, and its shape was then extracted by image analysis, and the surface tension, -, was

obtained as the best fit of the theoretical drop shape to the experimental profile [44].
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Figure 2: Scanning electron micrograph of the surface of the hydrophilic SPG membrane with a mean pore diameter of 0.2 um

2.4. Preparation of microbubbles

2.4.1. Probe-type sonication method

Sonication is the most commonly used method for producing microbubbles which involves dispersing
gas or liquid in a suspension of a suitable coating material using a high intensity ultrasound probe. The
microbubble samples were prepared according to the method described by Ando et al. [20] by submitting a
1.0 wt% surfactant solution to brief sonication. The sonicator (Qsonica Q55 Sonicator, Newtown, USA) was
equipped with a 3.2 mm probe and operated at 20 kHz. A surfactant solution of 6 ml was added to a 10 ml
vial, and the atmosphere above the solution in the vial was filled with C3Fg for 5 min. Then, microbubbles
were formed by bringing the probe sonifier tip at around 5 mm below the gas-liquid interface of the solution

and sonicating (amplitude 100%) for 15 s keeping a C3Fg atmosphere above the solution.

2.4.2. Membrane process using a cross-flow system

The experimental set-up used for the microbubble formation experiments is shown in Figure |3| In this
cross-flow system, the gas was used as the dispersed phase and a solution containing 1.0 wt% surfactant
was used as the continuous phase and circulated to create a shear stress at the membrane surface to detach
microbubbles. Before each experiments, the SPG membrane was placed in the beaker containing the contin-
uous water phase and sonicated for 5 minutes to ensure complete membrane wettability. Indeed, Kukizaki
et Wada [I] have reported the influence of the surface wettability on the microbubble formation, and only
monodispersed microbubbles are created with a totally wet membrane characterized by a contact angle, 6,
smaller than 45°. The membrane was installed inside a cross-flow module of stainless steel supplied by SPG
Technology. The effective length of the membrane was reduced to 105 mm due to sealing rings placed at
both ends of the membrane tube. The new effective membrane area was then 27.4 cm?. Then, the membrane
module was placed horizontally and the continuous phase was circulated inside the membrane tube using
a pump (Quattroflow 150S, Pall, France). Two conditions of shear stress were tested, corresponding to a

fluid pressure of 0.73 Pa (with no rod inside the membrane) and 34.8 Pa (when a rod was inserted inside
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the tubular membrane). The shear stress at the membrane wall, 7,,, for a tubular membrane with a circular

section was calculated using the equation:

o 4,qu

- 1)

Tw

where R is the inner radius of the membrane tube (m), p is the dynamic viscosity (Pa.s) and Vj is the

mean velocity of the continuous phase in the tube (m.s™1).
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Figure 3: Experimental set-up to produce microbubbles using a tubular SPG membrane and to measure their size distribution

by laser diffraction particle size analysis

To obtain a high shear stress, a PTFE (polytetrafluorethylene) rod with a diameter of 6.35 mm was
introduced inside the tubular membrane. In this case, the shear stress at the membrane wall, 7., was

calculated using the following equation:

Ry— R
T =4uVy 2 R; — (2)
R}+RE— 2L
ln(Rg/Rl)

where R; is the rod radius (m) and R is the inner membrane radius (m) [45]. Under these conditions,

! (with no rod inside the membrane) and 5.18 m.s~!

the mean velocity of the aqueous phase was 0.75 m.s™
when a rod was inserted inside the tubular membrane.

The gas was introduced on the external side and forced through the microporous membrane. At a pressure
higher than the bubble point pressure, the gas that passed through the membrane generated microbubbles
at the internal surface of the membrane. A pressure regulator (KPR1FRL412A20000, Swagelok), flowmeter
(Model SLA5850S, Brooks instrument) and manometer (PGI-63B-BG2.5-LASX, Swagelok) were added to
the set-up to control the gas pressure. The bubble point pressure was defined as the minimum transmembrane

pressure, AP, needed to generate the first microbubbles appearing at the membrane surface. The bubble

point pressure, Pgp, can be estimated from Young-Laplace equation:

4ycosf
Dy

Ppp =
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where v is the equilibrium surface tension at the gas-liquid interface, 6 is the contact angle, and D, is
the mean pore diameter. From this equation, Pgp can be estimated assuming that the contact angle is zero,
due to the large number of hydroxyl groups on the membrane surface, which can be perfectly wetted by
the aqueous phase [32]. The theoretical and measured bubble point pressures for the SPG membranes as
function of pore diameter are listed in Table 1. For all experiments, the transmembrane pressure applied was
such that the ratio between transmembrane pressure and bubble point pressure, AP/Ppp, was in the range
of 1.1-1.5. The dispersed gas phase flux, J, was calculated from the volumic flowrate, Q, measured using the

flowmeter:

Q
T=4

where A is the effective membrane area (27.4 cm?).

2.5. Characterization of microbubbles

2.5.1. Laser diffraction measurement

The size and size distribution of microbubbles were measured using laser diffraction particle size analysis
(Mastersizer 3000, Malvern Instrumentation, France) of a microbubbles sample diluted in a beaker of 500 ml
under agitation at 1500 rpm. The technique is based on the measurement of the intensity of light scattered as
a laser beam passes through a dispersed particulate sample. The Mie-scattering theory was used to convert
light scattering data to microbubble size distribution. The refractive index was 1.0 for the gas phase [46] and
1.33 for the continuous phase. The microbubble size measurement was the average of three successive laser
diffraction runs. The results were expressed by Dsg, the median diameter.

Two parameters were used to characterize the width of the size distribution, first the span of the mi-

crobubble size distribution, expressed as:

Doy — D1
Span = D (5)
where Dgg, Dsg and Dig are the diameters corresponding to 90, 50, and 10 nb% on the relative cumu-
lative microbubble size distribution curve, respectively. Then, the polydispersity was characterized by CV
(coeflicient variation) which is a measure of the standard deviation to Dsg expressed in %, using the equation

[22, 29, 47, [48):

>-ni | Dso — D; | o
Dso ) n;

where D;, is the mean diameter of the class i and n; corresponds to the number of microbubbles of the

CV =

100 (6)

class i.
To study stability, the microbubbles were collected at the membrane outlet and diluted into a beaker

under agitation by a propeller to disperse homogeneously the MBs suspension. The microbubble suspension
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was the circulated in the measurement cell of the Mastersizer instrument during 90 s and the size measured

every 10 s.

2.5.2. Optical microscopy

Immediate observation and recording are important for accurately measuring the size and size distribution
of microbubbles. After producing microbubbles, an aliquot of the dispersion was immediately diluted and
added to a Malassez counting chamber (Marienfeld-Superior). The observations were carried out with a mi-
croscope (Leica DM LM, France). A CCD video camera (Leica MC120 HD) was connected to the microscope

to capture images, which were visualized with Leica Application Suite (LAS EZ) software (Version 3.4.0).

3. Results and discussion

8.1. Comparison of sonication and membrane technique

Microbubbles were prepared by sonication and the membrane technique using a membrane with pore
size of 1.1 pm, AP/Pgp = 1.1 and 1.0 wt% SDS. The bubble size distributions are shown in figure
The microbubbles obtained had a mean size and span of Dsg: 13.3 pm and span: 0.527, Dsg: 14.3 pum
and span: 1.11 using the membrane technique and sonication, respectively. The microbubble sizes were
in the micrometric range size for both techniques, however, a narrower size distribution was obtained with
the membrane than by sonication, which produced both smaller and larger bubbles. Figure [5| shows MBs

obtained by the membrane technique and observed by optical microscopy just after their preparation.

----- Sonication method Membrane process

30

Dso:13.3 um
Span:0.527
25

1 10 100
Size Class (um)

Figure 4: Comparison of the size of microbubbles generated by sonication and membrane with a mean pore diameter of 1.1 pum.

For both experiments, the continuous phase used was 1.0 wt% SDS in water and the dispersed phase was C3F3

Several techniques have also been compared by Stride [22] to produce microbubbles stabilized with L - «
- phosphatidylcholine, Tween 80 and Polyethyleneglycol (PEG) 40 stearate: sonication, coaxial electrohydro-
dynamic atomisation (CEHDA) and T-junction microfluidic. The CV% of microbubbles obtained were 150%,
38%, and 1%, for sonication, CEHDA and microfluidic, respectively. The CV% of microbubbles obtained
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by the membrane technique was around 17% and therefore was between the one obtained with CEHDA and
microfluidic device as reported by Stride [22].

Indeed, the membrane technique can produce microbubbles with a span close to the span of the SPG mem-
brane pore size distribution, in the range of 0.4-0.6. A similar observation was reported for the preparation of
emulsions with droplet size of several microns by Vladisavljevié et al. [49]. Monodispersed microbubbles can
be produced with a membrane of narrow pore size distribution. However, the microbubbles size distribution
depends on several other parameters, like the aqueous phase composition. Without surfactant, large poly-
disperse microbubbles were obtained due to microbubble coalescence at the pore opening by the membrane
technique as shown by Kukizaki [35] or microchannel technique [48].

The yield of microbubbles obtained with the membrane was measured in the range 0.6-1.5x107% MBs/min
while the one reported by microfluidic techniques was around 2-6x10%7 MBs/min. Our results are in agree-
ment with previous studies reporting yields obtained by sonication [21].

Sonication has to be performed carefully in particular by considering the probe size compared to the
vessel size, the position of the probe into the liquid, the frequency, the intensity and the time of sonication
[TT]. The membrane technique (~10%® MBs/s) may give a better reproducibility between different operators
due to fewer parameters involved. These differences between these two techniques are due to the mechanisms
involved in microbubble formation. Sonication involves using high intensity ultrasound to produce a suspen-
sion of gas microbubbles in a liquid containing a suitable surfactant or polymer solution which adsorbs on the
surfaces of the microbubbles to form a stabilizing coating. With the membrane technique, microbubbles are
formed at the pore openings and can be detached by the continuous flowing aqueous phase. This technique

involves much less energy, and the microbubbles size is controlled in part by the membrane pore size.

50 um

=]

Figure 5: Immediate observation by optical microscopy of the size distribution of microbubbles generated by the membrane with

a mean pore diameter of 1.1 pm. The continuous phase used was 1.0 wt% SDS in water and the dispersed phase was C3Fg
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3.2. Influence of process parameters

Microbubbles are formed in two steps, first microbubbles grow at the pore opening and then detach. The
main forces that act on the microbubbles are the surface tension of the continuous phase, which is responsible
for retaining the growing bubble at the pore opening, the static pressure difference force due to the pressure
difference between the dispersed phase and the continuous phase at the membrane surface, and the drag force
created by the continuous phase which detaches the microbubble from the membrane surface [42], [50]. The
microbubble size is determined by the balance between these main forces. The surface tension force and the
pressure difference force are opposite to each other.

During microbubble formation, the new interface created must be stabilized by surfactant molecules.
Surfactants play two main roles: first, surfactant molecules adsorb at the new gas-liquid interface to reduce
the surface tension and facilitate microbubble formation. Secondly, surfactants limit microbubble coalescence
by stabilizing the newly created interface [50]. The adsorption kinetics of the surfactant at the gas-liquid
interface is therefore a key factor which determines the microbubble size and size distribution [5I]. To
characterize the effect of the parameters that influence the microbubbles characteristics, we used SDS as the
surfactant in the aqueous phase. This surfactant has a fast adsorption kinetics at the gas-liquid interface

with a surface tension at t=0 s, 79, equal to the surface tension at the equilibrium, .4, (Table 1).

Surfactants | Gas | vo (mN.m™') | veq (mMN.m™') | Pgp(Theo) (Bar) | Pgp(Exp) (Bar)
Air 30.2 30.2 1.10 1.05
SDS
CsFy 29.5 29.5 1.07 0.98
Air 42.0 37.5 1.36 1.35
Tween 20
CsFg 40.2 36.1 1.31 1.25
Air 49.4 47.3 1.72 1.55
PEG40S
CsF 48.4 46.0 1.67 1.33

Table 1: Measured values of surface tensions, v, at t=0 s, and at the equilibrium, veq, between gas-liquid interface for surfactant
solutions, and the calculated Pgp(Theo) and the observed Ppp(Exp) values of pression of bubble point with a mean pore size

of 1.1 um (theo: Theoretical and Exp: Experimental)

3.2.1. Influence of the transmembrane pressure

For the three surfactants (SDS, Tween 20, and PEG40S) and the two gases (air and C3Fg), Ppp was
calculated from the Young-Laplace equation and the results are presented in Table 1. For all systems,
the measured Ppp values were close to the calculated values which assumed the contact angle between the
membrane and the aqueous continuous phase was equal to zero. This indicates that the membranes used in
this study were wetted correctly by the continuous aqueous solution. However, we noted a larger difference

between theoretical and experimental Pgp values for the two non-ionic surfactants (Tween 20 and PEG408S).

10
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An electrostatic repulsive interaction exists between the anionic polar groups of the SDS molecules and
the membrane surface (negatively charged). While for non-ionic surfactants, although no strong repulsion
exists between the hydrophilic groups of the molecules and the membrane surface, a surfactant layer covers
the hydrophilic groups of the membrane. It could be explained by a hydrophilic interaction between the
hydrophilic groups of the surfactant and the surface maintaining the surfactant at the membrane. This
interaction may affect the hydrophilicity of the membrane surface and thus the contact angle formed between
the membrane surface and the water phase. This results in a higher contact angle value, and therefore
to higher theoretical Pgp values than experimental ones. Experimental values were slightly lower than
theoretical values, probably due the presence of larger pores than the mean pore size of 1.1 um which was
used in the calculations. Indeed, a lower transmembrane pressure is needed to produce microbubbles through
larger pores which is present due to the span pore size distribution around 0.4-0.6.

We studied the influence of transmembrane pressure on the perfluorocarbon microbubbles formation. For
a concentration of 1.0 wt% SDS and with the 1.1 um pore size membrane, the variations of microbubbles size,
size distribution and dispersed phase flux versus the ratio of AP/Ppp are shown in Figure @ At AP/Pgp
< 1, no microbubbles were observed. Perfluorocarbon monodispersed microbubbles were generated with the
SPG membrane at transmembrane/bubble-point pressure ratio in the range of 1 < AP/Pgp < 1.5.

For a transmembrane/bubble point pressure ratio of AP/Pgp < 1.5, the gaseous phase flux increased
linearly with the ratio AP/Pgp, while both mean microbubble size and size distribution were nearly constant
(figure @ This observed increase in gaseous phase influx is in agreement with Darcys law, which suggests
that the dispersed phase flux increases proportionally to the transmembrane pressure. Microbubbles grow
until they reach a certain size and then detach at the pore opening. At these low pressures, the surface
tension force dominates other forces and the microbubble size and size distribution are independent of the
transmembrane pressure.

For AP/Ppp > 1.5, the flux, microbubbles size and size distribution increased sharply, indicating the
formation of larger microbubbles with a broad size distribution. This result can be explained by the static
pressure difference force which dominates at these higher pressures.

The range of pressure for which no effect on droplet characteristics was observed was called the ”size-
stable zone” [51]. The size-stable zone was already observed by Kukizaki et Goto [34] for air bubbles, for a
ratio AP/Ppp < 2. For the same surfactant used in our experiments, SDS, Kukizaki et Goto [34] found that
the size-stable zone existed at higher pressure. This can be explained by the comparison of the difference
in surface tension at the equilibrium. Indeed, the surface tension was 36.5 mN.m~! in Kukizaki et Goto’s
article [34], while in our study, the surface tension was 29.5 mN.m~! which implies a lower surface tension
force for keeping the microbubble at the pore opening and a thus a faster microbubble detachment. This
result was also reported by Kukizaki et al. [51] for droplets formed with two different concentrations of SDS,
for which the lower interfacial tension presented a size-stable zone which ends at lower pressure.

The dispersed phase flux was 1.28-2.55 x107> m3m=2s7! at AP/Pgp < 1.5 and for the 1.1 ym for
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Figure 6: Influence of transmembrane/bubble point pressure ratio, AP/Pp p, on the gaseous phase flux, J, microbubble diameter,
Dso, and span of the distribution. Experimental conditions: gaseous phase was C3Fg, mean pore of 1.1 um, with 1.0 wt% of

SDS and a low shear stress

pore size membrane. These values are in agreement with the results of Kukizaki [33] who found 6-15 x10~°

3

m3m 2

s~! for a symmetric SPG membrane with a size pore of 1.58 um. The authors also showed that the
use of asymmetric SPG membranes significantly increased the air flux (around 40 times) when compared to
symmetric SPG membranes. The use of asymmetric SPG membranes could be also an alternative to increase
the production rate of perfluorocarbon microbubbles.

The AP/Pgp = 1.1 seems to be the best ratio to control the microbubble formation. Indeed, a ratio of 1
would be not necessary to activate a sufficient number of pores to obtain a great yield of microbubbles and
a ratio around 1.4 or 1.5 produced a much higher gaseous flux which could lead to the loss of control of the

microbubble formation.

3.2.2. Influence of the wall shear stress
The influence of shear stress of the continuous phase on microbubbles size and size distribution was

measured for membranes with a mean pore size of 1.1 ym and AP/Pgp: 1.1 (Figure @ Perfluorocarbon
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microbubbles were prepared at two different shear stresses: 0.73 Pa (low shear stress) with a classical tubular
module and 34.8 Pa (high shear stress) with an annular device. The low shear stress was used to recover
the microbubbles at the membrane surface. With the 1.1 pym pore size membrane, when increasing the wall
shear stress from 0.73 to 34.8 Pa, the microbubble size distribution was the same at 13.3 pm and 13.1 pm,
respectively. For both conditions, monodispersed microbubbles were produced with a CV% of 16% at low
shear stress and 17% at high shear stress. However, we observed a better size repeatability at a high shear
stress as shown by the error bars in Figure[7]

The influence of shear stress depends on other parameters like transmembrane pressure and interfacial
tension. Vladisavljevié¢ [4I] reported that two mechanisms of drop formation are possible: (1) a shear-
controlled detachment as a result of shear stress on the membrane surface and (2) a spontaneous detachment
driven by interfacial tension. For example, Kukizaki [33, [34] observed that when increasing the shear stress,
the bubble size decreased to a limit value beyond which the size was independent of the applied shear
stress. Generally, variation in size occurred at very low stress values and at high transmembrane pressures.
When preparing emulsions, Vladisavljevié et Schubert [43] showed that at high transmembrane pressures, the
droplet size decreased when increasing the wall shear stress from 0.6 to 47 Pa, while at smaller transmembrane
pressures, the size decreased very slightly, from 3.5 to 3.4 pm, for wall shear stress of 0.55 Pa and 91 Pa,
respectively.

In our study, the main principle to MBs formation at the tortuous and non-circular pores openings
are driven by the second mechanism where the surface tension force dominates other forces (shear stress
force, transmembrane pressure). In our case, the MBs size is independent on shear stress as we fixed a
low transmembrane flux (AP/Ppp: 1.1). The effect of the wall shear stress depends on the surface tension
value. For example, Lepercq-Bost et al. [52] showed that at lower interfacial tension, the shear stress had a
lower effect on the droplet diameter of emulsions generated by ceramic membranes. Indeed, at a lower surface
tension, the force retaining the MBs or droplets at the pore opening is lower and the microbubble detachment
is easier; this could explain the lower effect of shear stress on the droplet formation. In addition, our results
show the same trend at a lower surface tension (1.0 wt% SDS ; v: 29.5 mN.m~1) compared with the higher
surface tension used by Kukizaki et Goto [34] (0.3 wt% SDS ; «: 36.5 mN.m~1) who reported that the size
was dependent on the shear stress. Indeed, the surfactant concentration influences considerably the surfactant
adsorption kinetics and thus the dynamic surface tension [50]. At the higher surfactant concentration used
in our study, the surface tension force dominated and the drag force created by the shear stress could not
modify the microbubble size.

The mechanisms of microbubble production at low shear stress (0.73 Pa) may be compared to the ones
suggested for spontaneous detachment of air MBs [32]. This detachment is governed by the surface tension
at a low dispersed phase flux as explained above. The adsorption kinetics of surfactant from bulk to the new
gas-liquid interface is a key parameter in the spontaneous detachment due to the absence of continuous phase

flux. In this case, the tortuous pores and irregular cross-section of the SPG membrane (Figure [2)) facilitates
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the generation of the microbubbles. In addition, the dispersed phase deformation by the non-circular pores
leads to the formation of a neck which may facilitate the MBs detachment, as observed for droplet production

[53].
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Figure 7: Influence of shear stress, 7w, (a) on the microbubble diameter and (b) on the CV% for membrane mean pore size 1.1

pm at experimental conditions: continuous phase 1.0 wt% SDS in water, gaseous phase C3Fg, and ratio AP/Pgp: 1.1

3.2.3. Influence of the pore size

Perfluorocarbon microbubbles were prepared with the 0.2, 0.5 and 1.1 um pore size membranes. The
three experiments were realized with a continuous phase containing 1.0 wt% SDS, AP/Pgp: 1.1 and at
a low shear stress (0.73 Pa). The mean diameter of the microbubbles obtained is shown in Figure As
expected, the microbubble mean size decreased when the membrane pore size was decreased. We observed
a relationship between MBs size and pore size that seems exponential, but this would have to be confirmed
with other pore size membranes. Other studies have reported linear relations with pore sizes in the range of
1 to 10 um, where the Dysps/Dpore ratio was between 7 and 10 depending of the surfactant used [33] [35].
In our study, we found a ratio of Dy;ps/Dpore around 12 for the 0.5 and 1.1 pum pore size membranes, in
agreement with a possible linear relationship. But for the smallest pore size used of 0.2 um, we found a ratio
of 22. This result may be explained by an initial growth period due to the influx of air dissolved (N and
0) in water diffusing into the PFC MB [54]. Also the growth caused a decrease of the Laplace pressure,
which is inversely proportional to the MBs radius. The Laplace pressure, § P, is the main mechanism which

is responsible of the disappearance of a MB, given by the equation:

_ 2
_T

5P (7)

where v is the surface tension and r is the radius of the microbubble. The Laplace pressure is very high
for microbubbles with small size. As a result, the microbubble size distribution changes over time, with the
larger bubbles growing in size and the smaller microbubbles shrinking and then finally disappearing. This
explains the polydisperse distribution, characterized by a coefficient of variation of 31%, of microbubbles

obtained with the 0.2 pm pore size.
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For comparison, when preparing droplets by membrane emulsification, the Dpropiets/Dpore ratio was
found lower, in the range of 3.1-3.7 [43]. Indeed, the oil droplet diameter decreased when increasing the
dispersed phase viscosity [51]. Therefore, for the same membrane, the oil droplets size is expected to be lower

than the microbubbles size. This results in a Dpyopiets/Dpore ratio lower than the Dysps/Dpore ratio.
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Figure 8: Influence of mean pore size (0.2, 0.5 and 1.1 pum) on the microbubble diameter, Dsg, at experimental conditions:

continuous phase 1.0 wt% SDS in water and ratio AP/Pgp: 1.1

8.3. Influence of the surfactant type

Perfluorocarbon microbubbles were prepared with different surfactants: SDS, Tween 20, PEG40S in
the continuous phase at 1.0 wt%. The 1.1 pum pore size membrane was used, at a low shear stress (0.75
m.s~1), and AP/Pgp: 1.1. Uniform size distributions were obtained with the various surfactants as shown
in Figure [0] The smallest size and narrower dispersity were obtained with SDS, followed by Tween 20 and
PEG40S. These results can be related to the equilibrium and dynamic surface tension of the various solutions
measured by the pendant drop method (Figure [10). The three surfactants showed different equilibrium
surface tension, the lowest being obtained with SDS (29.5 mN.m™1!), then Tween 20 (36.1 mN.m™!), and
the highest with PEG40S (46.0 mN.m™1). As explained previously, at a lower surface tension, the force
retaining the microbubble at the pore opening is lower and the microbubble detachment is easier, resulting
in microbubbles with smaller size and better monodispersity with SDS.

In addition, the three surfactants showed different adsorption kinetics, the fastest adsorption kinetics
being obtained with SDS and the lowest with PEG40S. When a microbubble is formed, the equilibrium
surface tension, 7.q, of the surfactant solution is not reached instantaneously. The surfactant molecules
must diffuse at the new interface from the bulk solution, their hydrophobic tails directed toward the gaseous
phase. For a surfactant with a fast adsorption kinetic, such as SDS, the surface tension at t=0 s is close to the
equilibrium surface tension and the microbubbles detach faster from the membrane surface. This results in

microbubbles with smaller size and better uniformity. Therefore, larger and more polydisperse microbubbles
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were obtained with surfactants having the slowest kinetics (Tween 20 and PEG40S). This result was also
observed for oil droplets produced by membrane emulsification, as reported by Schréder et al. [50]: the
faster a surfactant adsorbs at the new interface, the smaller the droplets produced. In addition, surfactants
with faster adsorption kinetics help to reduce the probability of microbubbles coalescing at the pore opening,
which also results in microbubbles with smaller size and better monodispersity.

Another parameter that can influence coalescence is the interaction between the hydrophilic head groups
of the surfactant and the membrane surface [35]. The surfactant molecules must not interact with the
membrane surface by electrostatic interactions or Van der Waals forces, as this could result in a change of
the membrane hydrophobicity. In the case of SDS, the presence of negative charges on the head groups of the
SDS molecules and the membrane surface facilitates the microbubbles detachment by electrostatic repulsion
and improves the size distribution compared to Tween 20 and PEG40S which do not present negative charges

on their head groups. Overall, surfactants play an important role to produce monodisperse microbubbles by

the membrane technique.
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Figure 9: Influence of the surfactants at a concentration of 1.0 wt% on the microbubble size distribution. Experimental

conditions: gaseous phase was C3Fg, membrane mean pore size 1.1 pm and ratio AP/Pgp: 1.1

3.4. Influence of the gaseous phase

Figure [I0] shows the dynamic surface tension of the bubbles as a function of time for the three surfac-
tants at 1.0wt%. The decrease of the surface tension corresponds to the progressive adsorption of surfactant
molecules at the gas-water interface until equilibrium. The initial surface tension value, g, is around 72
mN.m™! at the air-water interface and 70.1 mN.m ™! at the perfluorocarbon-water interface in the absence
of surfactant. These values at t=0 s were not measurable in presence of 1.0wt% surfactant due to rapid ad-
sorption kinetics. The presence of perfluorocarbon in the microbubbles significantly decreased the interfacial
tension at equilibrium, 7.4, compared with air. A higher decrease of the surface tension at equilibrium was

observed from 37.5 to 36.1 mN.m~! for Tween 20 and 47.3 to 46.3 mN.m~! for PEG40S after 4 min. For
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Figure 10: Surface tension at the gaseous/liquid interface for various surfactants at 1.0 wt% and air or C's Fg at room temperature

(PFC: Perfluorocarbon)

SDS, this effect was less pronounced due to the fast adsorption of the surfactant at the gas-liquid interface.
As reported by Nguyen [I5] for phospholipids, the perfluorocarbon gas increased the adsorption kinetic of
the surfactant and decreased the equilibrium surface tension. These authors concluded that perfluorocarbon
acts as a cosurfactant at the gas-liquid interface, despite the absence of any amphiphilic character.

As explained in the previous sections, a lower surface tension allows obtaining smaller microbubbles, by
decreasing the retention force which keeps the microbubble at the pore opening and thus facilitating the
microbubble detachment. Indeed, we observed a decrease of the microbubble size with the use of perfluoro-
carbon gas compared with air for three surfactants (Figure . The decrease of microbubble size was less
pronounced with SDS than for the two other surfactants, due to a smaller decrease of the equilibrium surface

tension.

3.5. Microbubbles stability

Stability of perfluorocarbon microbubbles stabilized by the three surfactants at 1.0 wt% was measured
during 90 s. The perfluorocarbon microbubbles were prepared with the membrane of pore size 1.1 ym and
AP/Pgp: 1.1 (Figure . Air microbubbles stabilized with SDS and prepared at the same experimental
conditions were also tested. In all cases, the mean size of the microbubbles increased with time. This increase
was less pronounced for perfluorocarbon microbubbles (1.2 for microbubbles stabilized with SDS between t=0
s and t=90 s) compared with air microbubbles (2.2 times size increase). For the three surfactants tested,
the size of the perfluorocarbon microbubbles increased in a similar way, the increase being equal to 1.29 for
Tween 20 and 1.33 for PEG40S. Figures [12] and [13] show two main trends: an increase in microbubble size
associated to a decrease in microbubbles concentration. This is the result of the disappearance of the smaller
microbubbles while the larger microbubbles grow in size.

The variation of microbubbles diameter over time presents two main stages: (1) an initial growth period,
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Figure 11: Influence of the gaseous phase on the microbubble size distribution stabilized with 1.0 wt% (a) SDS, (b) Tween 20
and (c) PEG40S. Experimental conditions: membrane mean pore size 1.1 pm and ratio AP/Pgp: 1.1 (PFC: Perfluorocarbon)

(2) followed by microbubble dissolution. The fast initial growth of the microbubble is due to the influx of air
dissolved in water diffusing into the PFC microbubble [54]. The microbubble dissolution is mainly related to
the Laplace pressure experienced by a gas microbubble, given by equation [7] As gas leaves the microbubble,
due to the pressure gradient, the bubble shrinks and the Laplace pressure increases, which accelerates the
ws rate of gas dissolution and the resulting bubble shrinkage. The surfactant at the gas/water interface reduces
the gas/water surface tension and thus decreases the Laplace pressure, but does not eliminate it. The rate
of bubble shrinkage as a function of time (¢) resulting from the dissolution of the gas into the bloodstream

is predicted by the equation |8 [12] [55]:

. 2y
U p gl L (s)
dt w dy Dotr

Patm+37

where L is the Ostwald coefficient, D,, is the gas diffusivity in water, v is the surface tension, P, is

a0 the atmospheric pressure, and P* is the excess pressure [12] [37]. Equation [8] predicts that the inclusion of
perfluorocarbon gas with low solubility in water (which gives a low Ostwald coefficient) increases the lifetime

of a microbubble. The Ostwald coefficient is defined as the partition coefficient of the gas between the

gaseous phase and aqueous phase (ratio of the solubility of the gas in the liquid to the density of the gas).
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The lower the Ostwald coefficient, the longer the lifetime of the microbubbles since perfluorocarbon gases
(Loyry: 583x1016 ;5 25°C) are less water-soluble than the air (Lo,: 31 110x10%% and Ly,: 15 880x 1076 ;
25°C)[40]. The gas diffusion coefficient, D,,, is inversely proportional to the gas molecules size, which results
in a decrease in diffusivity for C3Fg (188 g.mol™!) compared to air (28.9 g.mol™1).

The concentration of perfluorocarbon microbubbles stabilized with SDS was constant during 60 s, before
decreasing, while the air microbubbles concentration decreased from t=0 s (Figure . The mechanism by
which larger microbubbles grow in size at the expense of smaller bubbles is called Ostwald ripening. The
dissolution of the gas in the aqueous phase increases as the interfacial curvature increases and then the bubble
size decreases quickly. Thus, perfluorocarbon microbubbles showed a better stability than air microbubbles.

Another phenomenon occurs at the gas-liquid interface, where the dynamic adsorption and desorption
of the surfactant molecules creates short spaces between molecules, facilitating the gas transfer [56]. In the
case of perfluorocarbon microbubbles stabilized with PEG40S, the gas transfer into the aqueous phase could
be increased, due to the low cohesive shell created by steric repulsion between the hydrophilic heads of the
PEG40S macromolecules. This could explain the faster decrease of PEG40S perfluorocarbon microbubble

concentration.
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Figure 12: Variation of microbubble diameter, Dsp, as a function of time for various surfactants with C3 Fg or air. Experimental

conditions: membrane mean pore size 1.1 ym and ratio AP/Pgp: 1.1 (PFC: Perfluorocarbon)

However, the lifetime of the microbubbles obtained with the surfactants was low compared with microbub-
bles stabilized by lipids [14]. These microbubbles could then be used as transiently stable microbubbles as
shown by Dhanaliwala et al. [27], as large microbubbles (19 pm) produced by microfluidic process were
administered in vivo in a mouse and shown to generate a large acoustic response in both the right and left

ventricles.
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Figure 13: Variation of concentration MBs/ml as a function of time for various surfactants with C3Fg or air. Experimental

conditions: membrane mean pore size 1.1 um and ratio AP/Pgp: 1.1 (PFC: Perfluorocarbon)

4. Conclusion

In this study, we produced successfully perfluorocarbon microbubbles with the use of tubular SPG mem-
branes with a 1.1 gum pore size and AP/Pgp: 1.1. The microbubbles were generated with a mean diameter of
13.3, 15.6 and 16.5 pm with a narrow size distribution for the three surfactants SDS, Tween20 and PEG40S,
respectively. The effect of transmembrane pressure, shear stress at the membrane surface due to the water
phase flow, and pore size on the microbubbles size was investigated. The transmembrane pressure, until a
threshold of AP/Pgp < 1.5, and shear stress did not affect the size of the microbubbles which were produced
at a high yield (~ 1071% MBs/min). As expected, the decrease of the pore size led to a decrease of the mi-
crobubble size, but the dilution of microbubbles into a beaker before the size measurement by laser diffraction
increased their dissolution which impacted their size and size distribution. This study also showed that the
perfluorocarbon gas decreased the surface tension at the gas-water interface to produce smaller microbubbles
compared with air microbubbles and that the hydrophobicity properties of the perfluorocarbon gas increased
the microbubbles stability. The main phenomenon governing the formation of monodispersed microbubbles
by the membrane technique is the adsorption kinetics of the surfactant at the new gas-liquid interface at the

pore opening.
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Nomenclature

A Effective membrane area (m?)

D; Mean diameter in the class i (pm)

D, Microbubble diameter at n% of the cumulative number (pm)
D, Pore diameter (pum)

D, Gas diffusivity in water (m?.s—1)

J Phase flux of the gaseous phase (m3.m™2.s—1)
L Ostwald’s coeflicient

n; Number of microbubbles in the class i

Piim Atmospheric pressure (Pa)

pr* Excess pressure (Pa)

Ppp Bubble point pressure (Bar)

AP Transmembrane pressure (Bar)

0P Laplace pressure (Pa)

Q Volumic flowrate of the gaseous phase (m?.s—1)
r Radius of the microbubble

R and Ry Inner radius of the membrane tube (m)

Ry Rod radius (m)
t Time (s)
Va Mean velocity of the continuous phase in the tube (m.s™1)

Greek Symbols

70 Surface tension at t=0s (mN.m™1!)

Yeq Surface tension at the equilibrium (mN.m™1)
I Dynamic viscosity (Pa.s)

Tw  Shear stress at the membrane surface (Pa)

©  Contact angle
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Abreviations

CsFy Octafluoropropane

CEHDA  Coaxial electrohydrodynamic atomisation
CMC Critical micelle concentration

Cv Coefficient variation

PEG40S  Polyoxyethylene (40) stearate

PTFE Polytetrafluorethylene

Tween20 Polyoxyethylene (20) sorbitan monolaurate

SDS Sodium dodecyl sulfate
SPG Shirasu Porous Glass
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