Preparation of microemulsions and nanoemulsions by membrane emulsification
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ABSTRACT

This paper is an overview of the applications of microporous membranes for preparation of
micro/nano- emulsions. Membrane emulsification offers compact devices for preparation of
nanoemulsions with low energy consumption, tuneable droplet size, monomodal distribution,
and high encapsulation efficiency of entrapped functional components without shear or thermal
degradation. The properties and wettability modification of Shirasu Porous Glass (SPG)
membrane, track-etched polymeric sheets, syringe filters, anodic alumina membrane, and
nickel-based superalloy membranes were discussed, as well as the design and operation of
membrane devices. Particular emphasis was placed on the effect of formulation, operating
parameters, and membrane properties on the resulting droplet size in direct and premix
membrane emulsification with the examples of nano-sized emulsions produced using different
membranes. The application of microemulsions prepared using synthetic membranes for
production of solid self-microemulsifying drug delivery systems for enhanced solubility and
oral bioavailability of BSC Class II and III drugs was also reviewed, as well as production of
solid nanoparticles such as nanogels, solid lipid nanoparticles, synthetic biodegradable polymer
nanoparticles, silica and metal oxide nanoparticles from nanoemulsion templates prepared by

membrane emulsification.
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Nanoparticles; Drug Delivery Systems.



1. Introduction

Membrane emulsification has emerged as a new energy-efficient technique for preparation of
microemulsions and nanoemulsions with tuneable droplet size. Direct membrane emulsification
(direct ME, Figure 1a) involves formation of droplets from two separate immiscible liquids by
injecting the dispersed phase under pressure through a microporous membrane into the
continuous phase [1, 2]. Low shear rates between 10° s ' and 2 x 10° s™! can be applied at the
interface between the membrane surface and the continuous phase to overcome the capillary
force and facilitate detachment of droplets from the pore mouths. However, droplets can be
formed in dripping regime without external shear by exploiting Laplace pressure gradient
established due to curvature imbalance along the interface occurring when the forming droplets
squeeze each other on the membrane surface due to steric hindrance [3] or when they are

detached from pores of irregular shape [4, 5].

Premix ME (Figure 1b) or membrane homogenisation involves reduction of droplet size by
passing a pre-existing emulsion through the membrane [6] or a packed bed of microparticles [7,
8]. Droplets are disrupted by internal shear in the pores caused by transmembrane flow and the
external shear is not necessary. A recent study has shown that premix ME can be achieved by
pumping through the membrane a co-flow stream of the dispersed and continuous phase without

a pre-emulsification step [9].

Wetting the pore walls by the dispersed phase can lead to complete phase separation [10] or
phase inversion in the feed emulsion [11]. Therefore, hydrophobic membranes are used to inject
an aqueous solution or oil-in-water emulsion into the external oil phase [12, 13], and
hydrophilic membranes are used to inject an oil phase or water-in-oil emulsion into the external

aqueous phase (Figure 1).
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Figure 1. Emulsion types that can be produced using membrane emulsification and the required

wettability of the membrane.

ME is performed under mild shear conditions, leading to isothermal processing and high
entrapment efficiency of encapsulants [14]. Heat-sensitive ingredients can be damaged in

conventional homogenisers due to high energy inputs [15]. The shear rate in colloid mills is



(1-2)x10° s !, up to 107 s”! in high-pressure homogenisers, and below 10* s™! in premix ME.
Another potential advantage of ME is in higher stability of nanoemulsions because Ostwald
ripening is supressed with narrowing particle size distribution. A parenteral nanoemulsion
prepared by premix ME and stored under stressed conditions at 40 °C was found to be more

stable than the same emulsion prepared using Microfluidizer® [16].

This review aims to summarise the applications of microporous membranes for preparation of
micro/nanoemulsions. The review covers only processes in which the dispersed phase forms
droplets in the continuous phase and does not include membrane nanoprecipitation, in which
the dispersed phase solvent is miscible with the continuous phase liquid leading to solvent
displacement at the interface and precipitation of the material(s) initially dissolved in the

dispersed phase [17].

2. Nano/Micro-porous Membranes for Emulsification

Membranes for micro/nano-emulsification should have narrow pore size distribution, low
resistance to flow, excellent mechanical and chemical durability, high thermal resistance,
wettability that can easily be modified, and should be biocompatible, sterilisable and cheap.
SPG membrane allows easy surface modification but offers high resistance to flow due to high
thickness. The minimum pore size of SPG membrane (100 nm) is larger than that of track-
etched membranes (15 nm) and anodic alumina membrane (5 nm), but smaller than that of
stainless-steel membrane with laser drilled pores (2 um). Polymeric syringe filters have the
highest porosity (60-76%), followed by SPG membrane (50-60%), and track-etched
membrane (5-30%). Nickel membranes with electroformed pores have the lowest porosity of
0.05—-25 %. Polymeric syringe filters are the cheapest membranes and often used as disposable

filters [18].



Figure 2. SEM images of nanoporous membranes used for production of nanoemulsions: (a)
SPG membrane with a mean pore size of 260 nm [19]; (b) Track-etched polycarbonate (PC)
membrane with a pore size of 670 nm manufactured by irradiating nonporous PC film with
Cu?* [20]; (c) Hydrophilised polypropylene membrane filter with a pore size of 200 nm [21];
(d) Whatman® Anopore membrane with a pore size of 100 nm [22]; (e) Ni-based superalloy
load-free (LF)-coarsened y' membrane [23]; (f) Ni-based superalloy thermo-mechanically

(TM)-coarsened y' membrane [23].

SPG membranes. These membranes are manufactured from Shirasu (volcanic ash deposit),
CaCOs, and boric acid by spinodal phase separation at high temperature and subsequent acid
leaching of CaCQO3/B2Os-rich phase [24]. The pore size can be tuned by adjusting the
temperature and duration of phase separation [25]. SPG membrane has a thickness of 700-900
um and a pore density of 10°~10° cm™ [26]. The pores are highly interconnected (Fig. 2a) with
a tortuosity of 1.3. Durability of SPG at high pH values is limited but can be enhanced by adding
ZrO; during glass formation [25]. SPG membrane is negatively charged and inherently
hydrophilic [27] but can be turned to hydrophobic by treatment with organosilane coupling

agents or coating with silicon resins [28, 19].



Track-etched polymeric membranes. Membranes with track-etched pores can be fabricated
by exposing a nonporous polymer sheet to alpha particles or accelerated heavy ion beams,
followed by wet etching of latent tracks to form holes [29]. Track-etched membranes are usually
manufactured from polycarbonate (PC), polyimide (PI), and polyesters (PEs), e.g. polyethylene
terephthalate (PET). The pore density (10°~10% cm™) depends on the irradiation time and the
pore size (0.015—-12 pm) depends on the etching time. Due to their smaller thickness (less than
30 um) and straight pores (Fig. 2b), track-etched membranes are less prone to fouling than SPG
membranes. However, pores are randomly spaced which can lead to very small distance
between some adjacent pores and potential steric hindrance between droplets. PC membranes

are hydrophobic but can be rendered hydrophilic by treatment with oxygen plasma [30].

Polymeric syringe filters can be prepared by phase inversion process [31] in polymers such as
polytetrafluoroethylene (PTFE), polyethersulfone (PES), polyvinylidene fluoride (PVDEF),
nylon, cellulose acetate (CA), mixed cellulose ester (MCE), and polyesters (PEs) [32]. Syringe
filters have highly porous sponge-like structure (Fig. 2c) with a broad pore size distribution and

a thickness of 20—-200 um [30].

Microsieve membranes. Microsieve membranes have uniform pores arranged in regular arrays
which can be made by electroplating [33, 34], ion etching [35, 36], laser ablation [14, 37], and
anodic oxidation [38—40]. Anodic alumina membrane (AAM) has a pore size of 5400 nm and
a distance between the pores of 20—600 nm [41]. This membrane is hydrophilic due to Al,Os
film on the surface but can be put in contact with [(CH3)3Si1]oNH vapor to become hydrophobic
[42]. Commercial Anopore™ AAMs have densely-packed honeycomb pore structure (Fig. 2d)

with a pore size of 20—200 nm.

Ni-based Superalloy Membranes. These membranes are manufactured by precipitating NizAl
(the y'-phase) out of a Ni-rich solid phase (the y-phase) through thermo-mechanical or load-
free thermal treatment and subsequent electrochemical leaching of either y’ or y phase [23].
The resulting membranes have irregular and interconnected pores, in the case of load-free
thermal treatment (Fig. 2e) or channel-like pores, in the case of thermo-mechanical treatment

(Fig. 2f). The Ni-based superalloy membranes have superior mechanical properties, high



chemical and thermal resistance. The membrane thickness is about 300 nm and the pore size

ranges from several hundred nanometres to several microns.

3. Microemulsions vs. Nanoemulsions

Microemulsions are thermodynamically stable systems consisting of droplets that do not have
to be spherical due to extremely low interfacial tension. They are formed spontaneously through
thermodynamic self-assembly [43, 44]. Nanoemulsions are thermodynamically unstable system
consisting of spherical droplets formed usually by applying high external shear although low
energy methods (phase inversion temperature and phase inversion composition) can also be
used. The average droplet diameter in both systems is below 200 nm [43] which make them
optically transparent. The optical transparency contributed to widespread applications of both
systems in production of clear food products and beverages. However, this review will cover
all emulsions with submicron droplet sizes produced using porous membranes. Microemulsions
are formed by mixing oil, water, surfactant and possibly a co-surfactant using very low energy
input needed to exceed a moderate energy barrier known as the activation energy, AG™. In direct
ME, low energy is supplied in the form of transmembrane pressure which is typically below
100 kPa or 1 kJ m™ and providing gentle shearing on the membrane surface [45]. It should be
noted that a microemulsion can only be formed within a specific range of concentrations of
water, oil, and surfactants. A ternary phase diagram for an O/W emulsion composed of
dichloromethane (DCM), water, and an equivolume mixture of Tween 20 and Tween 80 is

shown in Figure 3.
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Figure 3. The ternary phase diagram for the dispersed system composed of dichloromethane
(DCM), water and 1:1 (vol/vol) blend of Tween 80 and Tween 20 [45]. Within the grey
microemulsion region, the drop size in direct ME is much smaller than the membrane pore size
and independent on the pore size. Within the macro/nano -emulsion region, the drop size in

direct ME is larger than the pore size.

Microemulsions can only be formed within a grey-shaded area, i.e. for high surfactant
concentrations (5—25%) and low DCM concentrations. Depending on the amount of energy
used to disperse DCM in the aqueous solution, either O/W macroemulsions or nanoemulsions

will be formed outside the zone of microemulsion stability.

4. Preparation of Microemulsions using Membranes
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Figure 4. Oil nanodroplets prepared using different membrane emulsification techniques: (a)

Microemulsion droplets prepared by direct ME; (b) Nanoemulsion droplets prepared by direct
ME; (c) Nanoemulsion droplets prepared by premix ME.



Figure 4a shows schematically preparation of microemulsions using a microporous membrane.
Membrane pores provide numerous micromixing points, which help to achieve uniform
introduction of small pockets of the dispersed phase directly into the continuous phase. A
droplet detaching from the pore outlet disintegrates into tiny droplets either at the membrane
surface or within a bulk of the continuous phase. The final droplet size is typically 2—50 times
smaller than the pore size (Fig. 4a, Table 1) and depends on formulation parameters and local
distribution of concentration and velocity during microemulsion formation, which can be
precisely controlled in membrane emulsification systems. There are many evidences showing
that microemulsions prepared by ME can be prepared with tuneable droplet sizes. Also, they
tend to show narrower size distributions than those prepared by stirring without membrane. For
example, when a fenofibrate-loaded microemulsion was prepared via a 1.1-um SPG membrane,
a polydispersity index (PDI) of 0.07 was achieved, while PDI was 0.29 when the same emulsion
was prepared by simple stirring at the same conditions [47]. However. more investigations are

needed to support this hypothesis.

4.1 Critical Surfactant Concentration for Microemulsion Formation

The minimum amount of surfactant needed to create a microemulsion can be determined by
preparing emulsions with increasing concentration of surfactant using direct ME and detecting
the surfactant concentration at which the droplet size will suddenly decrease below the pore
size of the membrane. Fig. 5 shows droplet sizes of squalene emulsions prepared with different
amounts of docusate sodium (AOT) added to squalene as a surfactant [49]. Macroemulsions
were produced for the AOT concentrations in the dispersed phase below 0.01 M. In this region,
the droplet size (2—5 pum) was at least 5 times larger than the pore size of 0.4 um and could be
accurately predicted by a force balance model, as shown by the dashed line in Figure 5. Smaller
droplets were formed at higher AOT concentrations due to the lower interfacial tension leading
to the lower capillary force at the pore openings. Microemulsions were formed at the AOT
concentrations above 0.01 M. In this region, the mean droplet size was 2—5 times smaller than
the pore size and could not be predicted by the force balance model, because this model is valid
only for the interfacial-tension driven drop generation process. Therefore, the critical surfactant

concentration to produce microemulsions was 0.01 M.
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Figure 5. The effect of concentration of AOT (docusate sodium) in the dispersed phase on the
mean size of squalene droplets formed by direct ME in a stirred cell using ceramic membrane
with a pore size of 0.4 um [49]. In the macroemulsion region, the average drop size was several
times larger than the membrane pore size, while in the microemulsion region, the average drop
size was 2-5 times smaller than the membrane pore size. The dispersed phase was AOT solution

in squalene and the continuous phase was 100 ppm PAH dissolved in 0.015 M NaCl solution.

4.2 Surfactants Suitable for Microemulsion Formation

To screen surfactants for microemulsion formation, multiple emulsions were prepared using 7
different hydrophilic surfactants (Table 2B [52]). A rotor/stator homogeniser was used to obtain
a W1/O emulsion and a 100-nm SPG membrane was used to produce a W1/O/W> emulsion. If
the outer aqueous phase was pure water or 1 wt% solution of Gelucire 44/14, L-7D or Labrasol,
the droplet size was ~320 nm. The droplet to pore size ratio of 3.2 suggests that the interfacial
tension was too high to form a microemulsion. If the outer aqueous phase was 1 wt% HS-11, a

mixture of 1 wt% HS-11 and 1 wt% PVA, or a mixture of 1 wt% Gelucire 44/14 and 1 wt%
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PVA, the droplet size was 105—-143 nm pointing out to the formation of a microemulsion. If the
other aqueous phase was 1 wt% S-24D, 1 wt % S-28D or 1 wt% HS-9, the droplet size was
790—-1750 nm, indicating that these surfactants were not suitable for the preparation of neither

nanoemulsions nor microemulsions using SPG membrane.

5. Preparation of Nanoemulsions using Membranes

Nanoemulsion droplets prepared by direct ME are approximately 2—9 times larger than the
pores (Fig. 4b) (Table 2). Due to much smaller pore sizes (typically 50-200 nm), higher
transmembrane pressures are needed to make nanoemulsions than microemulsions (up to 50
bar for SPG membrane and up to 350 bar for polymeric syringe filters). Nanoemulsion droplets
prepared by premix ME are often 2—3 times smaller than the pore size of the membrane after
multiple extrusion cycles (Fig. 4c and Table 3). However, depending on the formulations and

operating conditions, the droplet to pore size ratio in premix ME can be as high as 3 [18].

6. Membrane Emulsification Equipment for Preparation of Micro/Nano — Emulsions

6.1 Equipment for Direct ME

Micro/nano-emulsions can be prepared by direct ME using cross-flow modules with long
tubular membranes (usually 100-500 mm in length), SPG micro kits with short tubular

membranes (usually 7-20 mm in length), and stirred cells with flat membrane discs.

Cross-flow devices. In this setup, the continuous phase is continuously recirculated between a
vessel and a membrane module (Fig. 6a). The dispersed phase is injected from the outer side of
the membrane tube into the continuous phase stream inside the membrane tube until the desired
concentration of the dispersed phase is reached in the emulsion. A droplet throughput can be
increased by adding additional membrane tubes or by increasing the length of the tube. To
decrease recirculation rate through the device while maintaining high shear at the membrane
surface, membrane tube can be equipped with static turbulence promoters [55] or back-and-
forth pulsations of the continuous phase stream can be superimposed on cross flow [56, 57].

Due to long operation times, droplets formed by the membrane pores can be broken up into
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smaller droplets inside the pump, which leads to a reduction in the average droplet size [58,

59]. The phenomenon can be avoided using low-shear pumps, such as a “Mohno” pump [60].
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Figure 6. Typical membrane devices for preparation of micro/nanoemulsions: (a) Cross-flow
system; (b) External pressure type SPG micro kit for direct ME; (c) Internal pressure type SPG
micro kit for direct ME; (d) Stirred cell for direct ME [53]; (e) External pressure type SPG
micro kit for premix ME; (f) Extrusion through syringe filter: (i) formation of premix by
pushing pure oil and pure aqueous phase back and forth multiple times between two syringes
and (i1) homogenisation of premix by pushing it back and forth multiple times through a syringe
filter placed between two syringes [54]. The dispersed phase location is shown in red, whilst

the continuous phase position is shown in turquoise.
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SPG Micro Kits. The amount of continuous phase in SPG micro kits (Figs. 6b-c) could be very
small, just enough to submerge a 20-mm long SPG tube. The dispersed phase consumption is
very low due to small volume of the continuous phase, which is useful for testing emulsions
containing expensive drug candidates [61]. In the external pressure kit (Fig. 6b), the dispersed
phase is injected from outside the membrane tube to the inside and the droplets are formed at
the inner membrane surface. The continuous phase flows downwards through the membrane
tube sucked by a stirring bar rotating at the bottom of the beaker. To emulsify melted lipids, the

beaker must be placed on a hotplate and a vessel for the dispersed phase must be heated [51].

In the internal pressure kit (Fig. 6¢), the dispersed phase is injected from inside the membrane
tube and droplets are formed at the external surface of the membrane [46]. A disadvantage of
this kit is the lower maximum pressure that can be applied (300 kPa), as compared to 1000 kPa
that can be used in the external pressure kit [51]. SPG filter kit is a special type of internal
pressure kit in which the dispersed phase is injected using a built-in stainless steel syringe. The

membrane tube is immersed in a vial loaded with less than 10 mL of the continuous phase [52].

Stirred cells with flat membrane. The schematic view of a batch stirred cell for production of
nanoemulsions was shown in Fig. 6d [53]. The cell consists of a cylindrical tank filled with the
dispersed phase, which is fitted to the membrane holder where a flat anodic alumina membrane
was placed. The dispersed phase was pushed through the membrane with a syringe pump and
the shear was provided via an overhead stirrer rotated above the membrane surface. This cell
can be modified to allow a semi-continuous operation with a continuous introduction of fresh
continuous phase and a continuous withdrawal of the emulsion [62]. A disadvantage of stirred
systems is a non-uniform shear on the membrane surface ranging from zero at the axis of
rotation to the maximum value corresponding to one-third of the distance between the axis of
rotation and the tank wall [63]. More uniform shear distribution can be achieved using a ring-
shaped membrane in which the pores are only located in a narrow annulus encompassing the

maximum shear region [62].
Scale-up for industrial scale processes. Industrial scale ME devices should allow a continuous

operation and reasonable throughputs. The main restriction for continuous operation is a low

dispersed phase concentration that can be achieved in a single pass of the continuous phase over
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the membrane in conventional cross flow modules. However, by using pulsed (oscillatory) flow
of the continuous phase in cross flow modules, it was possible to provide dispersed phase
concentrations of up to 45% v/v in a single pass over the membrane [57]. Cross flow modules
with pulsed flow of the continuous phase can be interfaced with a reactor downstream of the
droplet generation unit to integrate droplet generation and reaction into a single continuous flow
process. Another method of achieving high dispersed phase concentrations in a single pass is
to apply oscillating membrane emulsification (OME) systems based on using a nonstationary
cylindrical membrane rotating fully in the same direction [64] or periodically clockwise and
counterclockwise [65]. It should be noted that ME systems with pulsed flow and oscillating

membrane have not yet been used for generation of nanoemulsions.

6.2 Equipment for Premix ME

External pressure SPG Micro Kit. In this kit, a 20-mm long SPG tube is installed in a
stainless-steel module and suspended above a collection beaker (Fig. 6e). The premix is injected
through the membrane from the external side and the product emulsion is formed inside the
tube and flows into the beaker underneath the membrane. To increase the throughput, an
adapted cross-flow module with a 125-mm long SPG tube can be used instead of the short tube

[66]. The extrusion process can be repeated multiple times ([67—-68].

Syringe filters. Syringe filters have been widely used for homogenisation of liposomes [70]
but can be also used for preparation of nanoemulsions (Fig. 6f). Commercial membrane
extruders consist of two syringes mounted on each side of a stainless-steel holder, which holds
a syringe filter [18]. The extrusion process consists of two steps: (i) Mixing together an oil and
aqueous phase by transferring the liquids several times between the two syringes, and (ii)
Homogenising the mixture formed in the previous step by pushing it back and forth through a
syringe filter installed between the two syringes [32]. The advantages of commercial membrane
extruders are in extremely small emulsion volumes that can be produced (as small as 0.2 mL),
short extrusion times, and possible automation of the extrusion process [54]. The sample
volume can be increased up to 1 litre using commercial homogenisers in which a standard

homogenising valve was replaced with a membrane extruder unit [32].
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7. Tuning Droplet Size in Direct ME

Transmembrane Pressure. The applied pressure difference to form a microemulsion is less
than 1 bar, due to very low capillary pressure and large pore size (typically above 1 um). In
most cases, higher transmembrane pressure led to larger droplets and higher polydispersity of
droplet sizes [46, 48]. For example, an increase in droplet size from 410 nm to 550 nm was

observed when the pressure across a 2.5-um SPG membrane increased by 25 kPa [46].

The transmembrane pressure needed to produce a nanoemulsion is much higher than that for a
microemulsion due to higher interfacial tension and smaller pore size. For example, to prepare
soybean oil nanoemulsions using a 0.1-um SPG membrane, the driving pressure was 800 kPa
[51]. The optimum pressure in dripping regime is 5 kPa above the capillary pressure (for a 0.3-
pum SPG membrane) and 20 kPa above the critical pressure (for a 0.1-um SPG membrane) [51].
Larger droplets are formed at higher pressures due to a finite necking time [71] but uniform
droplets persist within the dripping regime [72]. The transition from dripping to continuous
outflow occurs at the critical velocity in the pores which does not depend on the pore size [36]

and increases with increasing the dispersed to continuous phase viscosity ratio [73].

Membrane pore size. Membrane pore size does not have a significant impact on the size of
microemulsion droplets up to the pore size of several microns, but too large pore sizes should
be avoided. Laouini et al. [48] prepared O/W microemulsions loaded with vitamin E using SPG
membranes with a pore size of 0.4 um, 0.9 um and 10.2 um. The droplet size was similar for
the 0.4-pum and 0.9-pum membranes (150—160 nm), but when the 10.2-um membrane was used,
the droplet size distribution was very broad with the droplet size of several microns. In most

cases, the pore size of SPG membrane was 2.5 um or less to prepare a microemulsion with ds

<200 nm (Table 1).

To prepare O/W nanoemulsions by direct ME, the maximum pore size of SPG membrane was
0.2—0.3 um [51] and the droplet size was often two orders of magnitude larger than that of
microemulsions prepared using the same pore size. For example. the size of dichloromethane
(DCM) droplets stabilised by a mixture of 5% (w/v) Tween surfactants and 1% (w/v) PVA
produced using a 2.5-um SPG membrane was below 100 nm [45]. The size of DCM droplets
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formed outside the microemulsion region with the same membrane using smaller amount of

surfactant (1-2 % w/v) and without PVA would be ~8 um.

Under optimum conditions, the droplet size of nanoemulsions linearly increases with the pore
size: dgropier = K'dpore, Where K' is 2.8-3.5 for SPG membrane [5, 69, 74] and 1.8-3.5 for
AAM at dyore > 50 nm [53, 38]. For SPG membrane K' was 3.3 even at zero shear [5]. For
anodic alumina membrane K’ was 4.9 at low shear stress [53]. The minimum pore size of AAM
is about 5 nm and the droplet size corresponding to that pore size is less than 100 nm. K’ for

AAM was found to increase with decreasing the pore size [40].

Shear rate. Laouini et al. [48] observed smaller droplets with narrower size distribution when
microemulsions were prepared at higher cross flow velocities. Similarly, the size of silymarin-
loaded droplets prepared with a 2.5-um SPG membrane decreased from 650 nm to 160 nm
when the stirring rate was changed from 300 to 700 nm [75]. In some cases, microemulsions

with larger droplets were formed at higher stirring rate due to increased coalescence probability.

During formation of nanoemulsions, droplets grow at the pore openings until the droplet-size-
dependant drag force exceeds the pore-size-dependant capillary force. In most cases, dgrop
asymptotically decreases when the shear rate increases and stabilizes at high shear, which was
broadly confirmed in different studies. Preparing nanoemulsions using AAM with a pore size
of 25—-60 nm smaller droplets were obtained at higher cross flow velocities [40, 66]. Compared
with dead-end condition, crossflow velocity of 0.01 m s! provided a droplet size reduction of
25-50%. The effect of shear stress was negligible at high cross-flow velocities (between 0.04

and 0.10 ms™1).

Temperature. Smaller droplets with more uniform size distribution were obtained at lower
temperatures [48]. Temperature has a significant impact on the viscosity of bulk phases,
interfacial tension, and the hydrophilic-lipophilic balance (HLB) of the surfactant used to
stabilise droplets. Temperatures below the phase inversion temperature (PIT) favour the

stability of O/W emulsions.
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Surfactant type/concentration. A sufficiently high concentration of surfactant(s) is critically
important to form an O/W microemulsion, as shown in Fig. 4. The higher the surfactant
concentration the higher the amount of oil that can be incorporated in a microemulsion. Oil
molecules can be incorporated into surfactant micelles in the form of microemulsion droplets
until the micelles become fully saturated with oil [43]. Any further addition of oil through the
membrane will lead to the formation of a separate oil phase with much larger droplets [43]. On
the other hand, too high surfactant to oil ratio can lead to bimodal particle size distribution due
to presence of both swollen micelles (microemulsion droplets) and oil-free micelles [48]. Mixed
surfactant systems consisting of a surfactant and co-surfactant were used in most studies, with
the total surfactant concentration in the emulsion of 2.25-5 wt% [76]. Co-surfactant molecules
have the ability to penetrate between the surfactant chains and change their molecular packing

and mobility, thereby affecting the interfacial tension and emulsion stability [43].

Surfactants used to stabilise nanoemulsions should have a low molecular weight to diffuse fast
to the liquid interface [53, 77, 78] but should not stick to the membrane surface to alter the
contact angle or block the membrane pores [79, 80]. In addition to the adsorption kinetics of
surfactants and their possible interactions with the membrane wall, the equilibrium interfacial
tension plays a significant role with smaller nanodroplets being formed at lower equilibrium

interfacial tensions [51].

Stabilisers and encapsulants. The addition of stabilisers such as polyvinyl alcohol (PVA)
could be crucial to form a stable microemulsion. The droplet to pore size ratio (K') can be used
as a criterion to confirm whether a microemulsion was formed. For example, the size of multiple
emulsion droplets produced with a 0.1-um SPG membrane was 316 nm when the outer aqueous
phase was 1 wt% Gelucire 44/14 solution [52]. Therefore, K’ was 3.16, which is within the
expected range for SPG membrane indicating formation of a nanoemulsion. On the other hand,
the droplet size was 143 nm when 1 wt% PVA was added to the outer phase. In this case, K’
was 1.43 indicating self-emulsifying formulation. The presence of stabiliser is also important
for storage stability of emulsions. When 1 wt% PV A was added to the outer phase of multiple
emulsions stabilised by 1 wt% HS-11, after one week, the size of outer droplets was one-half

of the size of droplets stabilised with 1 HS-11 only [52].
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The addition of pharmaceutical active ingredients to the oil phase usually led to bigger droplets
of O/W microemulsions and broader droplet size distributions [48], due to possible effects on
the dispersed phase viscosity and the interfacial tension. The size of dichloromethane droplets
increased from 98 nm to 360 nm when 20 wt% flurbiprofen was added to the dispersed phase
[45]. On the other hand, the droplet size of trimyristin nanoemulsions was not affected when 5

wt% ubidecarenone was added to the dispersed phase [51].

8. Tuning Droplet Size in Premix ME

Preparation of nanoemulsions by direct ME suffers from low throughputs and droplet size is
relatively large compared to the pore size. Premix ME allows smaller droplet sizes than direct
ME and has been widely used to prepare nanoemulsions (Table 3). However, premix ME often
leads to broader droplet size distribution than direct ME due to less controllable mechanism of
droplet disruption based on shear and impact forces in the pores that cause compression,

stretching, and deformation of the droplets prior to their break up [81, 82].

Pore size. The droplet size can be reduced by decreasing the pore size, but the effect is less
pronounced than in direct ME ([18, 51]. For single pass at constant shear in the pores:
Aaropret = K"(dpore)™, where n < 1. The K" value is higher at lower flux and higher interfacial
tension. For medium-chain triglyceride (MCT) emulsions stabilised with sodium dodecyl
sulphate, after single pass through an SPG membrane at 9 bar, dg,opiet/dpore Was 0.4-1.1
depending on the dispersed phase concentration (2.5—-10 wt%) and the pore size (100-300 nm)

[54]. Therefore, dgropiet/Apore Was 3—9 times smaller than in direct ME.

Membrane wettability. A good wettability of the membrane wall by the continuous phase was
essential to produce droplets of medium-chain triglycerides in water with dsy < 500 nm using
hydrophilic membranes with a pore size of 200 nm [83]. After 21 passes, ds, varied between
0.15 pm and 11 pm depending on the membrane and surfactant used (Fig. 7). The most
important parameter affecting dsq of the extruded emulsions was the contact angle 6 between
the surfactant solution and the membrane surface, which was in the range from 17° to 77°. A
low 6 value was found to favour small droplets irrespective of the pore morphology and the

viscosity of the dispersed phase.
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Figure 7. Median droplet sizes of emulsions obtained by extrusion through different syringe
filters with a pore size of 200 nm (21 cycles, transmembrane flow rate: 0.25 mL/s, dispersed
phase: MCT oil; continuous phase: 6.25 wt% surfactant solution) as a function of the contact
angle between the surfactant solution and membrane surface. Each point is a mean of 3 repeated

experiments [30].

Based on ds, of emulsions containing 20 wt% of the dispersed phase (medium-chain
triglycerides) achieved after 21 extrusions at 25 cm® s}, polymeric membranes were classified
into three categories [83]. The first category (polyamide and cellulose acetate) produced
monomodal emulsions with dsy < 500 nm using all surfactants (sodium dodecyl sulphate,
poloxamer 188, Tween 80, tyloxapol, and sucrose laurate) at 6.25 wt%. The second category
(polysulfone, polycarbonate, and polyvinylidene fluoride) produced monomodal emulsions
with dsy < 500 nm using sodium dodecyl sulphate only. The third group (polyethersulfone and
polyethylene) demonstrated intermediate behaviour. Emulsions with dsq < 0.5 pum were

produced with all membranes and surfactants for 8 <49°, while 8 > 55° resulted in dsy > 3 um
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for all membranes and surfactants. To confirm that ds critically depends on wetting properties
of the membrane, polyethylene and polycarbonate membranes were surface modified with Oz
gas plasma to decrease 8 without affecting the pore morphology and smaller droplet sizes were
obtained for plasma treated membranes. After 21 passes through a commercial AAM with a
pore size of 200 nm, emulsions with ds, < 250 nm were obtained with all surfactants, due to
superior hydrophilic properties of this membrane. The smallest ds, value of 77 nm was
achieved with sodium dodecyl sulphate [30], but emulsions with even smaller droplet sizes

were produced using AAM with a pore size of 100 nm [83].

Membrane structure. Membrane thickness, porosity, pore interconnectivity, and pore size
uniformity are highly relevant in premix ME. At the same transmembrane flux, smaller droplets
can be achieved using thicker membrane with more uniform pore sizes. Interconnected and
branched pores are often more effective than straight non-interconnected pores, but membranes
with high porosity are inefficient even if they contain highly interconnected pores. For example,
track-etched polymeric membranes produced emulsions with smaller droplets than polymeric
syringe filters with sponge-like morphology [54], probably due to broad size distribution and
high porosity (&) of syringe filters leading to low and non-uniform shear in their pores. The

mean shear stress at the pore walls is given by:

Tw,pore = 877614,/(8 dpore) (D

where 77, is the emulsion viscosity, £ is membrane porosity, ¢'the pore tortuosity, and J the
transmembrane flux. Therefore, high membrane porosity leads to small shear stress in the pores.
However, track-etched membranes are less effective in droplet disruption than SPG membranes
due to their much smaller thickness and shorter residence time of emulsion within the pores
[51]. A higher efficiency of SPG membrane at the same pore size in the range of 0.1-0.3 um is
so pronounced that smaller droplets were produced after single pass through an SPG membrane
than after 21 passes through a tracked-etched polycarbonate membrane. Therefore, irrespective
of porosity, thick membranes with highly interconnected and tortuous pores are more effective

than thin membranes with straight parallel pores [84].
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In the case of nickel superalloy membranes, y' membranes manufactured by leaching the y
phase are more suitable than y membranes to produce emulsions with smaller droplets (~150

nm) and monomodal distributions [23].

Pore size uniformity. Highly uniform pore size distribution is not crucial in repeated premix
ME due to random pathways of droplets through the membrane [30]. Therefore, a broader pore
size distribution of syringe filters can be compensated by larger number of extrusions to produce

similar droplet size distributions as with SPG or track-etched membranes.

Number of extrusions. Smaller droplet sizes can be achieved by implementing larger number
of extrusions through the membrane [85]. The droplet size and extrusion pressure (AP) reach
constant values after sufficient number of passes at constant flux [8, 67] with first extrusion
leading to the highest reduction in droplet size and pressure drop compared to subsequent
extrusions. The number of extrusions required to reach a steady-state droplet size and
monomodal droplet size distribution depends on the membrane thickness, pore size uniformity
and membrane morphology. Thicker membranes with narrower pore size distribution and
branched pores require smaller number of extrusions than thin membranes with broader pore
size distribution and non-interconnected pores or highly open porous structure. The smallest
number of extrusions is needed for SPG membrane, followed by track-etched membranes, and
then syringe filters and nickel superalloy membranes: At constant flux, steady-state droplet size
can be achieved after smaller number of passes using track-etched membranes than syringe
filters [30] and nickel-based superalloy membranes [23] due to a broad pore size distribution
and highly open porous structure in the latter case. For example, a monomodal droplet size
distribution of SDS-stabilised emulsions with a median droplet diameter of 320 nm was
achieved after only two passes through a 200-nm track-etched polyethylene membrane [54],
while at least 11 extrusions through nickel superalloy membranes were needed to achieve a

monomodal size distribution [23].

Premix volume and quality. The pressure drop during injection of premix at 200 mL/min
through an SPG membrane with a pore size of 0.5 um was found to be constant up to the premix
volume of 500 mL [66], indicating negligible membrane fouling and insignificant accumulation

of droplets at the membrane surface. In addition, the resulting droplet size was independent of
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the volume of premix injected [18, 66]. The droplet size distribution of the final emulsion was
independent of the droplet size distribution of the premix after 5 extrusions through polymeric
membranes [83]. However, the minimum droplet size of the premix must be larger than the

maximum pore size of the membrane.

Flux and pressure. At constant flow rate through the membrane, the extrusion pressure was
reduced after each pass until a constant pressure difference was reached [54]. It can be explained
by the fact that smaller droplets are less deformed and disrupted as they flow through the pores
which leads to smaller energy dissipation. Pressure drop in premix ME is a consequence of flow
resistances in the membrane system and droplet disruption [66, 67]. Higher pressures are
needed for extrusions through thicker membranes and at higher flow rates. Ni superalloy
membranes required higher extrusion pressures than track-etched polyethylene membrane due
to 15-30 times higher thickness [23]. Emulsions with smaller droplets were produced at higher
extrusion pressures, due to higher flux, according to Eq. (1) [66, 67]. The extrusion pressure of
3 bar was enough to produce SDS-stabilised emulsion droplets with a median diameter of ~200
nm after 21 passes through track-etched polycarbonate membrane with a pore size of 200 nm
[54]. The extrusion pressures up to 60 bar were needed to produce an O/W nanoemulsion
stabilised with ethylhexyl palmitate, Tween 20, and Span 80, with a median droplet diameter

of ~280 nm using an SPG membranes with a pore size of 200 nm [66].

Viscosities of bulk phases and interfacial tension. As droplets are moving along the pores
driven by the pressure difference, they are stretched into cylinders of radius Ry, surrounded
by a thin “lubricating layer” of the continuous phase. The thickness of this lubricating layer is
Rpore(1,Udarop/ 7)?/3, where 1., 1s the viscosity of the continuous phase and Uy the velocity
of liquid cylinders. Droplets are disintegrated into two pieces if the thickness of the lubricating
layer is sufficiently large that R.,,; < A/(27), where A is the the Plateau-Rayleigh wavelength.
Therefore, the resulting droplet size decreases with decreasing the interfacial tension and with
increasing the viscosity of the continuous phase [85]. The effect of the dispersed phase viscosity

on the final droplet size was found to be negligible [85].

Surfactant concentration. The effect of surfactant concentration on droplet size distribution

was investigated for both SPG and polymeric membranes [18, 66]. In both cases, a decrease in
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droplet size was observed when the surfactant concentration was reduced, but the effect was
much more pronounced for smaller membrane pore sizes [18]. The surfactant concentration
affects the pressure drop across the membrane due to effects on the viscosity of the continuous
phase and interfacial tension. Using SPG membrane with a pore size of 500 nm, a decrease in
pressure was observed at constant flux when the total surfactant concentration was increased
from 2.5 wt% to 15 wt% in spite of significant increase in the emulsion viscosity, due to smaller
amount of energy needed for droplet disruption [66]. Using polycarbonate membrane with a
pore size of 50-200 nm, a decrease in pressure was observed at constant flux with a decreasing
concentration of surfactant [18]. Here, surfactant concentration predominantly affected the
viscosity of the continuous phase. The amount of surfactant required to achieve a monomodal
distribution is related to the interfacial area, which depends on the particle size distribution and

the dispersed phase concentration.

9. Preparation of Drug Delivery Systems from Microemulsions

Due to gentle processing and small sample volumes, microemulsions produced by ME were
used to encapsulate lipophilic drugs (Table 1A-E). Solid formulations were prepared using
dichloromethane in the dispersed phase as a volatile solvent with high drug solubility and
hydrophilic excipients such as dextran, calcium silicate or polyvinylpyrrolidone in the aqueous
phase [46, 86, 87]. The emulsions were spray dried to evaporate water and dichloromethane
and produce solid drug delivery systems for Class II drugs. Hydrophilic (Class III) drugs were

encapsulated within inner water phase of W1/O/W> micro/nano-emulsions [50, 52].

10. Production of Nanoparticles from Nanoemulsions

Transformation of liquid droplets into solid nanoparticles (NPs) allows to minimise leakage of
encapsulated active ingredients (due to lower diffusion rates in solids than in liquids) and
increase size stability of the dispersed phase [88, 89]. Solid nanostructures can be formed by
ionic or covalent crosslinking [90, 91], solvent evaporation [92], melt solidification [18], UV-

curing [38], and implementation of redox reactions inside droplets [62].
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Nanogels were produced by crosslinking hydrophilic polymers within aqueous nanodroplets
produced via hydrophobic SPG membrane. Crosslinking of chitosan chains was achieved with
glutaraldehyde [90, 91, 93], while alginate was crosslinked with calcium ions [94]. Nanogels
are useful drug delivery systems because they can adsorb large amount of aqueous phase [95,

96] and sense changes in environmental conditions to release their cargos [97].

Solid Lipid NPs were prepared by ME at the temperatures which are at least several °C higher
than the melting point of the lipids and the resulting droplets were solidified by rapid cooling.
In most cases, emulsification temperature was between 65 and 80 °C and the membranes used

were SPG membranes [51, 98] and polycarbonate track-etched membranes [18].

Synthetic Biodegradable Polymeric NPs loaded with Class II drugs were produced from O/W
nanoemulsions using ME and solvent evaporation [99]. Typically, droplets are composed of a
volatile organic solvent and a drug and the continuous phase is an aqueous solution of polyvinyl
alcohol [89, 100, 101]. Antigen-coated PLA NPs were produced by immersing the produced
PLA NPs in an antigen solution [101]. Polymeric NPs loaded with Class III drugs were prepared
from W1/O/W> nanoemulsions using two-step emulsification procedure (ultrasonication and
ME) followed by solvent evaporation [102, 103]. W1/O/W2 nanoemulsions produced by ME
can be used to encapsulate simultaneously a Class III drug (in aqueous cores) and a Class II
drug (in hydrophobic polymer shells) [104]. The fabrication process is explained in more details

elsewhere [99, 104].

Metallic NPs. Magnetite NPs were prepared by dispersing a solution of iron (III) 2-
ethylhexanoate in hexane via an anodic alumina membrane and adding a NH4OH solution into
the produced emulsion [62]. Nanoclusters composed of magnetite NPs coated with a thin silica

layer were produced by ME, solvent evaporation and sol-gel processing [105].

Inorganic and metal oxide NPs. SiO> NPs were produced by solidification of nanodroplets of
sodium silicate solution prepared using anodic alumina membrane [42]. Nanoclusters
composed of SiO2, NbO, SeO, or TiO> NPs were produced by emulsifying various aqueous
dispersions of inorganic oxide NPs into the organic phase via a 130-nm anodic alumina

membrane, followed by drying the prepared W/O nanoemulsions [106].
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11. Conclusions

Membrane emulsification is a viable method to produce micro/nano- emulsions and solid
nanoparticles with a monomodal distribution and tuneable particle size. Due to extremely low
interfacial tension, microemulsions can be prepared using membranes with micron-sized pores.
There is no benefit of using membranes with ds, < 0.3 um (which are indispensable to prepare
nanoemulsions), but the pore size should not be above 2.5 pum. In spite of the common notion
that microemulsions are formed by spontaneous emulsification, there are many experimental
evidences suggesting that a certain degree of control over the droplet size and size distribution

can be achieved by emulsifying liquids through a membrane.

Nanoemulsions (submicron emulsions for the purpose of this review) can be prepared by direct
ME using membranes with a pore size at least several times smaller than 1 um. The maximum

pore size of SPG membrane for this purpose is about 0.2 um and dso/dpore 18 usually between

2.8 and 3.5. The minimum pore size of SPG membrane is 0.1 pum, which is a significant limiting
factor to prepare nanoemulsions with very small droplet sizes by direct ME. The most suitable
membrane for preparation of nanoemulsions by direct ME is anodic alumina membrane (AAM),
because it can be manufactured with a pore size of 5 nm and with a thickness of few tens of

nanometres enabling ds, values below 100 nm.

Premix ME allows up to 10 times smaller droplets than direct ME but usually on the account
of broader droplet size distribution. Track-etched polymeric membranes are less efficient in
disrupting droplets than SPG membranes, due to their non-interconnected straight pores and
short residence time of emulsion due to small membrane thickness. In most cases, a single pass
through SPG membrane was enough to obtain sufficiently small droplet size, while in the case
of tracked-etched polycarbonate membranes multiple extrusions were needed in most cases.
The droplet size in premix ME critically depends on wettability of the membrane surface by the
continuous phase. The better the wettability of the membrane wall by the continuous phase
liquid, the smaller the droplet size that can be acheived. The contact angle between the aqueous

surfactant solution and a membrane surface must be less than 49° to safely produce O/W
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nanoemulsions with dsg < 500 nm by repeated extrusions through polymeric membrane filters.

The contact angle can be tailored by plasma treatment.

O/W and W/O/W microemulsions prepared by ME were used as nanocarriers for enhancement
of solubility and membrane permeability of BCS class II and class III drugs, respectively. The

prepared microemulsions were transformed into solid drug delivery systems by spray drying.

Nanodroplets prepared by ME can be solidified by crosslinking, solvent evaporation, melt
cooling, UV-curing and via redox and sol-gel reactions. The advantages of ME over
conventional emulsification techniques are: (1) tuneable droplet / particle sizes with narrow size
distributions which allows predictable release patterns and properties of emulsions; (ii) high
encapsulation efficiency of entrapped materials; (iv) low energy input with minimal thermal
and shear degradation of materials; and (v) small sample volumes (which could be also a
limiting factor). New developments in the fabrication of nanoporous membranes, new
membrane emulsification techniques, and public attitudes towards sustainable processing and
energy-efficient technologies will likely lead to increased utilisation of membranes for the

production of solid/liquid nanodispersions.

Abbreviations

Chemicals/materials: AOT, docusate sodium salt; Brij® 35, polyethylene glycol dodecyl
ether; CA, cellulose acetate; CATO, glyceryl behenate; CR-310, condensed ricinoleic acid
tetraglycerin ester; DCM, dichloromethane; DOX, doxorubicin; Gelucire 44/14, lauroyl
polyoxylglycerides; HS-9, HS-11, stearyl hexaglycerides; L-7D, lauric acid decaglycerol
ester; Labrasol®, lauroyl polyoxylglycerides; Lipoid S100, soybean phospholipids
manufactured by Lipoid GmbH; MCE, mixed cellulose ester; MCT, medium-chain
triglycerides; PBS, phosphate-buffered saline; PC, polycarbonate; PE, polyester; PES,
polyethersulfone; PGPR, polyglycerol polyricinoleate; PG10-L, polyglyceryl-10-laurate;
PLA, polylactic acid; PLGA, poly(lactic-co-glycolic acid); Pol, poloxamer 188 (Pluronic® F-
68); PS, polysulfone; PTFE, polytetrafluoroethylene; PVA, polyvinyl alcohol; PVDF,
polyvinylidene fluoride; SBO, soybean oil; SDS, sodium dodecyl sulphate; SL, sucrose

laurate; Span 20, sorbitan monolaurate; Span 80, sorbitan monooleate; SPG, Shirasu porous
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glass; S-24D, S-28D, stearic acid decaglycerol esters; TEOS, tetraethylorthosilicate; TGPR,
tetraglycerol polyricinoleate; TM, trimyristin; Transcutol HP, highly purified diethylene
glycol monoethyl ether; Tween 20, polyoxyethylene (20) sorbitan monolaurate; Tween 80,

polyoxyethylene (20) sorbitan monooleate; Tyl, tyloxapol.

Emulsions/dispersions: O/W, oil-in-water; O/W/O, oil-in-water-in-oil; W/O, water-in-oil,

W/O/W, water-in-oil-in-water.

Acronyms: HLB, hydrophile-lipophile balance; ME, membrane emulsification; NP,

nanoparticle; SEM, scanning electron microscopy.

Symbols
dso Diameter of the drop that 50% of a sample's volume is smaller than, m
daroplet Droplet diameter, m
dpore Pore diameter, m
Ji Transmembrane flux, m> m? s
K’ Proportionality constant between pore size and droplet size in direct ME, /
K" Constant in the equation for droplet size in premix ME, m™
n Exponent in the equation for droplet size in premix ME, /
P Pressure, Pa
Rey Radius of droplet cylinder
Rpore Pore radius, m
U Fluid velocity, m s™!
A Plateau—Rayleigh wavelength, m
y Interfacial tension between water and oil phase, N m’!
£ Membrane porosity, /
) Volume fraction of dispersed phase, /
n Viscosity, Pa s
Pore tortuosity, /
Ty Shear stress on membrane surface, Pa
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Subscripts
c

d
drop

Continuous phase
Dispersed phase
Droplet

Emulsion
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