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Controlled Generation of Ultrathin-Shell Double Emulsions

and Studies on Their Stability

Chun-Xia Zhao,* " Dong Chen,™ 9 Yue Hui,” David A. Weitz,” and Anton P. J. Middelberg™

Double emulsions with a hierarchical core-shell structure have
great potential in various applications, but their broad use is
limited by their instability. To improve stability, water-in-oil-in-
water (W/O/W) emulsions with an ultrathin oil layer of several
hundred nanometres were produced by using a microcapillary
device. The effects of various parameters on the generation of
ultrathin-shell double emulsions and their droplet size were in-
vestigated, including the proper combinations of inner, middle

1. Introduction

Double emulsions, a hierarchical structure of droplets encapsu-
lated in droplets, have attracted significant interest because of
their high encapsulation efficiency and controlled release in
various applications, including foods, cosmetics, pharmaceuti-
cals and agriculture™ Traditional methods of generating
double emulsions require a two-step process. For example, to
form water-in-oil-in-water (W/O/W) emulsions, primary water
emulsions are created in the oil phase, and then the primary
emulsion is further emulsified in an outer water phase."®? This
approach lacks control over the structure and size of the re-
sulting double emulsions, which limits their application in con-
trolled encapsulation and release of active components.

With the development of microfluidic technology, double,
triple, quadruple and even higher hierarchical emulsions with
precisely controlled monodispersity and complexity can now
be fabricated by precisely controlling their formation.”” Among
these approaches, the glass capillary device with 3D geometry
is one of the most widely used and robust techniques for
making complex emulsions."*3? This method has a number of
advantages, such as ease of fabrication, precise modification of
local surface and precise control over the internal structure of
complex emulsions. Unlike other two-step methods, the glass
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and outer phases, flow rates and surfactants. The surfactant in
the middle oil phase was found to be critical for the formation
of the ultrathin-shell double emulsions. Furthermore, the sta-
bility of these double emulsions can be notably improved by
increasing the concentration of the surfactant, and they can be
stable for months. This opens up new opportunities for their
future applications in cosmetics, foods and pharmaceuticals.

capillary device generates double and multiple emulsions in
a single step, and is able to precisely control the inner- and
outer-droplet sizes as well as the number of inner droplets en-
capsulated inside the outer droplets.®?

Double emulsions have great potential in a wide variety of
applications. However, the stability of double emulsions, which
is essential for practical applications, remains a big challenge
due to their inherent thermodynamic instability.”! For instance,
for W/O/W double emulsions, the inner water droplets may co-
alesce with the continuous aqueous phase and disrupt the
double-emulsion structure resulting in the formation of an O/
W single emulsion. Therefore, prevention of double-emulsion
coalescence and merging remains challenging. One potential
way to improve the stability of W/O/W double emulsions is
through reduction of the thickness of the middle oil phase; if
it is very thin, the lubrication effect significantly slows down
the migration of the inner droplet to the outer wall, which is
driven by density mismatch, and thus improves the stability.”’
Kim etal. recently developed a simple glass-capillary-based
method capable of producing ultrathin-shell double emulsions
with a shell thickness of several hundred nanometres.”” Biode-
gradable microcapsules of poly(lactic acid)® and giant unila-
mellar lipid vesicles” were fabricated by using these ultrathin-
shell double emulsions as templates with polymer or lipid dis-
solved in the middle, oil phase, respectively. Ultrathin-shell
double emulsions have a number of advantages, including
high loading capacity, improved stability and usability as tem-
plates for producing various materials (capsules, colloidal-
somes, polymersomes and liposomes). However, previous stud-
ies mainly focused on using ultrathin-shell double emulsions
as templates for preparing other materials, and the process
always involves toxic solvents (e.g. chloroform) to dissolve
polymers or lipids followed by raising the temperature to
evaporate the solvent.®” This might be detrimental to temper-
ature-sensitive drugs or biological components encapsulated
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in the double emulsions. Also, the residual toxic solvents in the
materials may also have negative effects on their biomedical
or food applications. Therefore, it is important to make stable
double emulsions. To the best of our knowledge, the con-
trolled generation and stability of ultrathin-shell double emul-
sions have not yet been widely studied.

We previously reported the generation of ultrathin-shell
double emulsions using viscous fish oil as the middle phase,
and their stability was significantly improved.”! However, the
fundamental understanding about which kinds of systems are
able to form stable double emulsions and the effect of differ-
ent parameters on the formation of ultrathin double emulsions
remains unclear. In this work, we investigated different param-
eters that control the formation of ultrathin-shell double emul-
sions, including the density and viscosity of the middle phase
and the interfacial tensions, and optimised the system and op-
eration conditions for the formation of ultrathin-shell double
emulsions. We fabricated different sizes of monodisperse
double emulsions in the dripping regime and showed that ul-
trathin-shell double emulsions are stable for a long period of
time, and this makes this new approach suitable for various
microencapsulation applications.

2. Results and Discussion
2.1. Formation of Thin-Shell Double Emulsions

The glass capillary device used to make ultrathin-shell double
emulsions is schematically shown in Figure 1. Three inlets
(inlets 1-3) are used to introduce the inner, middle and contin-
uous phases, respectively, and the outlet is used to collect the
product. In this work, we focused on W/O/W double emulsions

Inlet 3

Outlet

0000000
f\.—

Figure 1. Schematic illustration of the glass capillary device used to make ul-
trathin-shell double emulsions. Inlet 1: the inner phase, inlet 2: the middle
phase and inlet 3: the continuous phase.

Inlet 2

Inlet 1

and used a 10 wt% aqueous solution of poly(vinyl alcohol)
(PVA) as the inner and outer continuous phases. The inner
aqueous phase is introduced at inlet 1 and breaks into big
droplets, which are dispersed in the middle oil phase (inlet 2).
The inner wall of the glass capillary is modified to be hydro-
phobic, so the oil phase wets the surface. When the big water
droplets travel to the tip, the oil phase is squeezed into a thin
film, which wraps around the inner phase. Then the biphasic
stream of inner aqueous phase and the middle oil phase
enters the continuous aqueous flow, and a spherical bulb
forms at the tip of the tapered capillary. Different from the for-
mation of single emulsions, the bulb containing a water core
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and an oil shell may burst before it forms a double emulsion.
As the inner phase is the same as the outer phase (both are
aqueous phases), they have the same contrast, but the middle
oil phase has pronounced contrast with the inner and outer
aqueous phases and appears dark (Figure 2a), whereas the ul-
trathin-shell double emulsions only show a dark outline (Fig-
ure 2¢).

Figure 2. Formation of thin-shell double emulsions. Different middle oil
phases were used to test the effect of surfactant in the oil phase. a) 10%
PVA/hexane/10% PVA (convention: inner phase/middle phase/outer phase),
b) 10% PVA/hexadecane/10% PVA, c) 10% PVA/hexadecane containing 1%
Span 80/10% PVA and d) 10% PVA/hexadecane containing 2% Span 80/
10% PVA. a), b) No double emulsion was formed when the surfactant was
absent from the middle phase. ¢) Double emulsions were only formed in the
jetting regime when 1% Span 80 was added to in the oil phase. d) With in-
creasing concentration of the surfactant in the oil phase, double emulsions
were formed in the dripping regime.

Generally, four different cases were observed depending on
the property of the middle oil phase, as shown in Figure 2.
When pure hexane was used as the middle phase (Figure 2a),
an oil bulb was first formed at the tip, followed by the water
droplet growing inside the bulb. When the inner water droplet
became too big, it broke through the oil layer with formation
of single oil droplets. A slightly different scenario was observed
when the middle phase was hexadecane. A thin layer of oil
wrapping the inner water phase was formed, and it burst
before a neck formed (Figure 2b). When a small amount of sur-
factant (1 wt% Span 80) was added to hexadecane, ultrathin-
shell double emulsions were formed, but only in the jetting
regime under certain flow conditions. We further increased the
concentration of Span 80 to 2 wt%, and a stable biphasic flow
was formed, followed by the formation of a neck and the
breakup of the ultrathin-shell double emulsions (Figure 2d).

To systematically investigate the parameters of the middle
oil phase that affect the formation of ultrathin-shell double
emulsions, we tested and compared different systems, as sum-
marized in Table 1. Double emulsions were not generated
when pure solvent was used as the middle phase, and the
result was independent of the density and viscosity of the
middle phase. In the presence of surfactant (Span 80) in the
middle oil phase at a low concentration of 1%, the systems
were able to form thin-shell double emulsions only at certain
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- - - kept at 4000 uLh~'. At low flow rates of both the
Table 1. Effects of various parameters on the formation of double emulsions. . . .
inner and middle phases, double emulsions were
Parameter Inner (1) Middle (2) Outer (3)  Double formed in the dripping regime (circles in Figure 3a
emulsion? | and an example in Figure 3b1). In this regime, drop-
density of 10% PVA  hexane (0=0.655 gmL™") 10% PVA  no lets break up at the tip of the glass capillary, forming
the middle 10% PVA  hexadecane (p=077gmL™")  10%PVA no monodisperse double emulsions. There were two
0 0 0 0
phase 10% PVA azxﬁ::lgifgrg;;if:f 10%PVA ~ no cases in which the system shifted to jetting.”’ In the
viscosity of the  10% PVA  hexane (©«=0.3 MPas) 10% PVA no first case, the flow rate of the middle phase in-
middle phase ~ 10% PVA  hexadecane («=3.474 MPas)  10% PVA  no creased, and the shear stress on the droplet was
Interfacial 10% PVA  hexane +19% Span 80 10% PVA Yesi large enough to overcome the interfacial tension and
tension 10% PVA  hexadecane + 1% Span 80 10% PVA  yes® | —_—
ing. In th n , the flow r f th
10% PVA  hexadecane + 2% Span 80 10% PVA  yes .Ed to Jetting . the second case t_ € c_) ate of the
10% PVA  hexadecane + 5% Span 80 10% PVA  yes inner phase increased, and the inertial force was
- large enough to overcome the interfacial tension and
[a] At certain flow rates. o A
resulted in jetting, as shown in Figure 3b2. These re-

flow rates in the jetting regime, which agrees with a previous
study by Kim et al.,” as shown in Figure 2c. When the concen-
tration of Span 80 was increased to 2%, double emulsions
could be generated in both the jetting and dripping regimes,
as shown in Figure 3. The flow rate of the outer phase was
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Figure 3. Dependence of the jetting and dripping regimes on the flow rates
of the inner and middle phases. a) Regime of double-emulsion formation as
a function of the flow rates of middle and inner phases. The flow rate of the
continuous phase was maintained at 4000 uLh™". Circles and triangles
denote stable dripping regime and unstable jetting regime, respectively.

b) Formation of double emulsions in the dripping regime (1) and jetting
regime (2). The three-phase system was 10% PVA/hexadecane with 2%
Span 80/10% PVA.

sults suggest that the presence of surfactant in the

middle oil phase, which lowers the interfacial tension,
is crucial to make thin-shell double emulsions, and that the op-
erating regime depends on the flow rates of the inner and
middle phases. In the following study, double emulsions were
produced in the dripping mode. This regime generates single
oil droplets and ultrathin-shell double emulsions intermittently.
Separation of the double emulsion from the single oil droplets
can be achieved by their density difference, as single oil drop-
lets are much lighter.

To further elucidate the role of surfactant, interfacial tensions
of the inner and outer interfaces were measured and com-
pared (Figure 4). The interfacial tension of an oil droplet dis-
persed in an aqueous phase (O/W interface), representing the
interface between the middle oil and outer water phases, is
shown in Figure 4a. Though an aqueous solution with a high
concentration of PVA (10 wt%) was used as the outer phase,
the interfacial tension was high (52 mNm™), and was very
close to that between hexadecane and pure water
(53 mNm™); this was attributed to the slow adsorption of PVA
onto the interface. The interfacial tension then slowly de-
creased to an equilibrium value of 37 mNm™". Therefore, when
the O/W interface formed, there was not enough surfactant on
the interface and the outer O/W interface was unable to en-
capsulate the inner droplet due to its high tension, as ob-
served in Figures 2a and b. In contrast, the interfacial tension
of 10% PVA in hexadecane started from 17 mNm™' and drop-
ped to approximately 13 mNm™". In the presence of a low con-
centration of surfactant (1 wt% Span 80), the interfacial tension
was substantially reduced, but not low enough to keep the in-
terface stable. As a result, double emulsions can only be pro-
duced in the jetting regime at certain flow rates. When the
concentration of Span 80 is increased to 2 wt% or even higher,
the interfacial tensions of both the inner W/O and outer O/W
interfaces are very low. Therefore, interfacial tension plays an
important role in producing thin-shell double emulsions and
can be controlled by adding surfactants to the middle, oil
phase.
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Figure 4. Profiles of dynamic interfacial tension. a) The interfacial tension be-
tween the middle and outer phases: hexadecane containing different con-
centrations of Span 80 in 10% PVA. b) The interfacial tension between the
inner and middle phases: 10% PVA in hexadecane containing 1, 2 and 5%
of Span 80.

2.2. Effect of Flow Rates on the Size and Shell Thickness of
Double Emulsions

To produce monodisperse thin-shell double emulsions, the
system was operated in the dripping regime. In this regime,
the formation of double emulsions is dominated by two com-
peting forces: the shear force that drags the drop and the ca-
pillary force that holds the drop to the tip. The relative ratio of
shear force to capillary force is usually expressed as the capilla-
ry number Ca, one of the most important parameters in micro-
fluidics [Eq. (1)]:"”
u-u

CG:T (1)

where u is the dynamic viscosity [Pas], u the characteristic ve-
locity of the continuous phase [ms™'] and o the interfacial ten-
sion [Nm™']. Therefore, we can control the size of the double
emulsions by tuning the flow rate of the outer phase (shear
force) or the interfacial tension (capillary force). Figure 5a and
b show that when the flow rate of the continuous phase in-
creases, the size of the double emulsions decreases. If we keep

ChemPhysChem 2017, 18, 1393 - 1399 www.chemphyschem.org

1396

CHEMPHYSCHEM
Articles

the flow rates the same, the size decreases with increasing
concentration of the surfactant (Figure 5¢), that is, the lower
the interfacial tension the smaller the droplet size. In contrast,
the size of double emulsions is independent of the flow rates
of the inner and middle phases. We calculated the capillary
number for our systems using =10 MPas and 0=23.3, 16
and 10.22 mNm™' for the three systems with different concen-
trations of Span 80 (1, 2 and 5%). The interfacial tension data
we used here are the starting point (0 s for Figure 4a), because
the dynamic interfacial tension matters more than the equilib-
rium interfacial tension, since droplet formation normally takes
place on a timescale of tens of milliseconds. At the lower sur-
factant concentrations (1 and 2% Span 80), the starting interfa-
cial tensions are much higher than the equilibrium values. The
dependences of the emulsion size on the outer flow rate and
the interfacial tension indicate an inverse correlation between
the size and the capillary number [Figure 5d and Eq. (2)]:

1
_ 2
docca (2)

which is analogous to the behaviour of single-emulsion forma-
tion in co-flows and T-junctions."V This validates the effects of
shear force and capillary force on the size of ultrathin-shell
double emulsions.

The shell thickness L of the double emulsion was calculated
by using the method reported in the literature.® The rupture
of a W/O/W double emulsion results in a single O/W droplet.
The volume of the single O/W droplet is equal to the volume
of oil in the shell of the double emulsion. Therefore, the rela-
tion between the size of double emulsion drops Ry, the size of
the resulted single emulsion drops R, and the shell thickness L
is [Eq. 3)I:

4 . 4
§R53 +3 (Ry— L) 3)

that is, [Eq. (4)]:

L=Rs— (R’ —R>)" (4)

For double emulsions generated from the system of 10%
PVA/hexadecane with 2% Span 80/10% PVA at flow rates of
800/400/4000 puLh~", the size of double emulsions is approxi-
mately 202 um and the size of the oil drop is around 37 um, as
shown in Figure 5e. From Equation (4), the shell thickness L is
about 208 nm, which is much smaller than that of double
emulsions made by other methods. In this discontinuous drip-
ping regime, the shell thickness is independent of the flow
rates and remains around 200 nm. This is mainly because most
of the oil phase forms single oil droplets, and only a small
volume of oil is used for forming the ultrathin-shell double
emulsions.”
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Figure 5. Size control of ultrathin-shell double emulsions. a) Size dependence of the double emulsions with 1% Span 80 in hexadecane. The size is independ-
ent of the flow rate of the inner (flow rates of the middle and outer phases fixed at 2000 and 4000 uLh™", respectively) and middle phases (flow rates of the
inner and outer phases fixed at 400 and 4000 pL h™, respectively). The size decreases with increasing flow rate of the outer phase (flow rates of the inner and
middle phases fixed at 400 and 1600 pL h, respectively). b) A similar trend is observed in double emulsions with 2% Span 80 in hexadecane. Flow rate of
inner phase: the middle- and outer-phase flow rates were 800 and 4000 uLh™", respectively. Flow rate of middle phase: the inner- and outer-phase flow rates
were 600 and 4000 uLh ", respectively. Flow rate of continuous phase: the inner- and middle-phase flow rates were 400 uLh~' and 400 uLh ', respectively.

¢) Effect of surfactant concentration on the size (flow rates were fixed at 400/1000/4000 pLh"). d) Correlation between the size of double emulsions and Ca.

e) Optical images of ultrathin-shell double emulsions. Rupture of a double emulsion results in a small oil droplet, as highlighted by the dotted circle.

2.3. Stability of Thin-Shell Double Emulsions

Generally, macroemulsions with a diameter greater than
0.1 um are not thermodynamically stable and are only kineti-
cally metastable, as they undergo breakage or coalescence
over time, which is driven by the Laplace pressure or density
mismatch.®®'? However, the current ultrathin-shell double
emulsions are stable for a long period of time. The system of
10% PVA/hexadecane/10% PVA was systematically studied to
explore different parameters that affect the stability of double
emulsions. In the absence of surfactant in the middle oil
phase, no double emulsion can be made. When a small
amount of surfactant is added to hexadecane, thin-shell
double emulsions can be produced in the jetting regime at
certain flow rates; however, they are unstable due to the high
interfacial tension of the inner W/O interface. After 1h, all
these double emulsions broke (Figure 6a). When the concen-
tration of Span 80 was increased to 2% or even 5%, double
emulsions could be produced at a broad range of flow rates,
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and they remained stable for more than ten weeks. The struc-
ture of the thin-shell double emulsions remained intact, as ob-
served by microscopy (Figure 6b).

We have thus demonstrated that ultrathin-shell double
emulsions can be stable for an extended time. The presence of
surfactant (Span 80) in the middle oil (hexadecane) phase plays
an important role in stabilizing the double emulsions. By con-
sidering the inner W/O and outer O/W interfaces separately, it
is easy to understand that the presence of PVA in the outer
aqueous phase stabilises the outer O/W interface, while
Span 80 in the middle oil phase is responsible for the stability
of the inner W/O interface. However, selection of surfactants
that match the middle oil phase is also important. We tested
some other systems with different oils as the middle phase,
and we found that no double emulsions could be generated
when olive oil or fish oil containing Span 80 was used at the
middle oil phase,”” because the interfacial tension is extremely
low (e.g., 0.8 mNm™" for fish oil containing 2 wt% Span 80 in
10 wt% PVA). Such low interfacial tension resulted in an unsta-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Stability of ultrathin-shell double emulsions. a) Double emulsions
containing 2% or more surfactant in the middle oil phase show long-term
stability. b) Optical images of the double emulsions over time (hexane with
2% Span 80). The scale bar is 200 pm.

ble jetting regime, whereas the other surfactant, ABIL EM 90,
gives an interfacial tension of 5 mNm™', which is capable of
forming double emulsions. Therefore, different surfactant may
be required for different oil phases to make and stabilize ultra-
thin-shell double emulsions.

3. Conclusions

We explored the formation and stability of W/O/W ultrathin-
shell double emulsions. We showed that for systems of 10%
PVA/hexadecane/10% PVA, the presence of surfactant Span 80
in the middle oil phase facilitates the formation of double
emulsions and stabilizes the core-shell structures. Both drip-
ping and jetting regimes were observed, depending on the
flow rates of the inner and middle phases. In the dripping
regime, the size of double emulsions was independent of the
flow rates of the inner and middle phases, but decreased as
the flow rate of the outer phase increased. The decrease in in-
terfacial tension also made the double emulsions smaller, with
an inverse relation between the droplet size and the capillary
number. The stability of thin-shell double emulsions can be
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significantly improved by increasing the concentration of
Span 80 in the middle oil phase, and they were stable up to
more than ten weeks. This study provides an example of
stable double emulsions and paves the way for their future ap-
plications in various fields, such as foods, cosmetics, pharma-
ceuticals and so forth.

Experimental Section

A 10 wt% aqueous solution of PVA (M,,=13000-23000) was used
as the continuous and inner phases. A number of solvents were
used as the middle phase, including hexane, hexadecane and
chloroform/hexane (36:64, v/v). Different concentrations of Span 0
(1, 2 and 5 wt %) were dissolved in the middle phase to reduce in-
terfacial tension. A 100 mm aqueous solution of sucrose (VWR) was
prepared to collect the emulsion droplets.

Glass microcapillary devices used in this work were fabricated by
a standard procedure published previously.®® Briefly, two circular
capillaries (ID 0.58 mm, OD 1.00 mm) were tapered to 20 um with
a P-97 micropipette puller (Sutter Instrument, Inc.) and sanded to
100 and 200 pum in diameter. The capillary with the tapered end of
100 um was surface-modified with n-octadecyltrimethoxysilane to
make it hydrophobic, and the other (200 um) was treated with 2-
[methoxy(polyethyleneoxy)propylltrimethoxysilane to make it hy-
drophilic. We then stretched a third cylindrical capillary to make it
thinner (OD 150 um). We assembled the device by inserting the
two tapered capillaries into the two ends of a square capillary (ID
1.05 mm) with the smaller one on the left. They were then aligned
to maintain a separation of about 100 um. Then the stretched ca-
pillary was inserted into the left capillary. Finally, dispensing nee-
dles were placed and fixed.

The inner, middle and outer phases were filled into 5, 5 and 30 mL
plastic syringes (BD), respectively. The needles of the syringes were
connected with the dispensing needles of the microcapillary
device by using polyethylene tubing of inner diameter 0.86 mm
(Scientific Commaodities, Inc.). Harvard pumps (Harvard Apparatus)
were used to pump the liquid phases at constant flow rates. Differ-
ent combinations of flow rates were investigated for different sys-
tems to form ultrathin-shell double emulsions. For stability studies,
3 mL of single or double emulsions was collected in 100 mm su-
crose solutions.

The production of double emulsions in microcapillary devices was
recorded with a high speed camera (Phantom V7.3). The double-
emulsion droplets were observed by bright-field microscopy
(Leica).

A Kruss Drop Shape Analysis System DSA10 (Krliss GmbH, Ham-
burg, Germany) was used to measure interfacial tensions. For oil-
in-water systems, the water phase was filled into an 8 mL quartz
cuvette, and an oil droplet was generated from a U-shaped needle
if the density of the oil phase was lower than that of the aqueous
phase, and otherwise by using a straight needle. The dynamic in-
terfacial tension was measured by analysing the droplet shape
every 2 s over a period of 1000 s.
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