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Nanoemulsions: formation, properties
and applications

Ankur Gupta,® H. Burak Eral,°“ T. Alan Hatton® and Patrick S. Doyle*®

Nanoemulsions are kinetically stable liquid-in-liquid dispersions with droplet sizes on the order of
100 nm. Their small size leads to useful properties such as high surface area per unit volume, robust
stability, optically transparent appearance, and tunable rheology. Nanoemulsions are finding application
in diverse areas such as drug delivery, food, cosmetics, pharmaceuticals, and material synthesis.
Additionally, they serve as model systems to understand nanoscale colloidal dispersions. High and low
including high pressure homogenization,
ultrasonication, phase inversion temperature and emulsion inversion point, as well as recently developed
approaches such as bubble bursting method. In this review article, we summarize the major methods to
prepare nanoemulsions, theories to predict droplet size, physical conditions and chemical additives
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1 Introduction

Nanoemulsions are emulsions with droplet size on the order of
100 nm. A typical nanoemulsion contains oil, water and an
emulsifier. The addition of an emulsifier is critical for the
creation of small sized droplets as it decreases the interfacial
tension ie., the surface energy per unit area, between the oil

“ Massachusetts Institute of Technology, Cambridge, MA, USA.

E-mail: pdoyle@mit.edu; Fax: +1 617 324 0066; Tel: +1 617 253 4534
b Delft University of Technology, The Netherlands
¢ Utrecht University, The Netherlands

Ankur Gupta is a PhD candidate
at Massachusetts Institute of
Technology in the Chemical Engi-
neering department working with
Prof. Patrick S. Doyle and Prof.
T. Alan Hatton. He is currently
working on nanoemulsions and
their applications. His research
interests are interfacial science,
multiphase  fluid flow and
microfluidics.

Ankur Gupta

2826 | Soft Matter, 2016, 12, 2826-2841

which affect droplet stability, and recent applications.

and water phases of the emulsion. The emulsifier also plays a
role in stabilizing nanoemulsions through repulsive electro-
static interactions and steric hindrance." The emulsifier used is
generally a surfactant, but proteins and lipids have also been
effective in the preparation of nanoemulsions.>** Over the past
decade or more, the research focus has been on preparing nano-
emulsions through various methods, broadly classified into two
primary categories: high-energy and low-energy methods."**®
High energy methods such as high pressure homogenization
(HPH) and ultrasonication'® consume significant energy
(~10°%-10" W kg ") to make small droplets. On the other
hand, low energy methods exploit specific system properties
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to make small droplets without consuming significant energy
(~10° W kg™ ). Phase inversion temperature (PIT)'® and
emulsion inversion point (EIP)'" ' are two examples of low
energy approaches for the formation of nanoemulsions.
Recently, a few novel technologies such as bubble bursting
at oil/water interface®® and evaporative ripening>' have also
been developed for making nanoemulsions. The second section of
this article reviews the various methods to make nanoemulsions.
We also discuss the ways to control and predict droplet size based
on system properties and process parameters.

Nanoemulsions are kinetically stable, i.e., given sufficient
time, a nanoemulsion phase separates.””>® In Section 3,
we discuss the underlying physics behind destabilization
mechanisms such as flocculation, coalescence, Ostwald ripening
and creaming. We show that Ostwald ripening is the dominant
destabilization mechanism for nanoemulsions. We also review
the literature on the effect of parameters like nanoemulsion
composition and temperature on destabilization rates of nano-
emulsions.>'®*8242% A short discussion on the trapped species
method for making stable nanoemulsions is also presented.

The range of nanoemulsion applications spans diverse fields
including drug delivery,>*"®> where O/W nanoemulsions have
been used to deliver hydrophobic drugs; the food industry,
where flavored nanoemulsions with improved curcumin/
B-carotene and digestibility have been prepared;””°*">%7% and
in cosmetic industry where nanoemulsions have been tested for
skin hydration and ease of application.">”*”> Researchers have
also showed that many problems faced in current methods of
pharmaceutical crystallization processes can be avoided with
nanoemulsions.”®”” Nanoemulsions have also been used as
building blocks for complex material synthesis such as com-
partmentalized nanoparticles and encapsidated oil droplets.'>”% !
The fourth section of this paper discusses important properties
on nanoemulsions and discusses a wide range of nanoemulsion
applications.
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There is some confusion in the literature regarding a precise
definition of nanoemulsions which are often confused with
the thermodynamically stable microemulsions which form
spontaneously.?>** The major differences between classical
emulsions (or macroemulsions), nanoemulsions and micro-
emulsions is in droplet size range and stability characteristics,
as summarized in Fig. 1. Macroemulsions and nanoemulsions
are both thermodynamically unstable, i.e. given sufficient time,
phase separation occurs. However, because of the small size of
nanoemulsions (sometimes also referred as ‘miniemulsions’),
nanoemulsions can be kinetically stable over long time scales.
Nanoemulsion metastability has nothing to do with proximity
to an equilibrium state.? On the other hand, since microemulsions
are thermodynamically stable systems in equilibrium, they
are sensitive to changes in temperature and composition.
Therefore, nanoemulsions are attractive for aforementioned
applications because they are relatively the least sensitive to
physical and chemical changes. Two recent studies have clarified
the distinction between nanoemulsions and microemulsions,
and the interested readers are referred to these reports that
detail the differences between these two classes of liquid-in-
liquid dispersions.**>*?

2 Formation

An understanding of the physics of nanoemulsion formation
is critical for the control of nanoemulsion droplet size.
Nanoemulsions are typically prepared in a two-step process
where a macroemulsion is first prepared, and is then
converted to a nanoemulsion in a second step. In this section,
we describe various methods developed over the past decade
or so to prepare nanoemulsions, and indicate the progress
made on the prediction and control of nanoemulsion
droplet size.
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Fig. 1 Comparison of macroemulsions, nanoemulsions (also referred to as miniemulsions) and microemulsions with respect to size, shape, stability,
method of preparation, and polydispersity. Nanoemulsions and microemulsions have a larger surface area per unit volume than do macroemulsions
because of their size. In addition, due to a strong kinetic stability, nanoemulsions are less sensitive to physical and chemical changes. The nanoemulsion
TEM image has been reprinted with permission.! Copyright (2006) by IOP Publishing.

2.1 Nanoemulsion preparation

There are primarily two broad categories of techniques for the
preparation of nanoemulsions: high energy methods and low
energy methods.”*™®> The input energy density (¢) in high
energy methods is on the order of 10°-10'° W kg '.528
Assuming typical values of 10 mN m™" for interfacial tension
(0), 1 cP for continuous and dispersed phase viscosity (pic,uq),
and 1000 kg m~> for the densities of the continuous and
dispersed phases (p.,p4), Wwe can obtain a rough estimate of
nanoemulsion droplet size as d ~ 100 nm using the correlation
proposed by Gupta et al.:**

We = COh®* (1)

where We is the Weber number representing the ratio of applied
V/Peltced
VPR, Oh is the

o
Ohnesorge number representing the ratio of the viscocapillary

breakup time scale to the Rayleigh breakup time scale and is given
Hq
by

Vpaod

0(10'-10°). This correlation (eqn (1)) is a modified version of the
correlation proposed by Hinze® i.e. We = COh for Oh « 1. Gupta
et al.® argued that since typically the diameter of nanoemulsion
droplets is on the order of 100 nm, Oh > 1. Hence, researchers
derived a criterion for detachment of a filament coming out from
the deformed parent drop. The correlation is useful since one
is able to explain the variation of nanoemulsion droplet size for
a wide variety of experimental data available in the literature,

stress to the interfacial stress and is given by

s C is a constant which can assumed to be around

2828 | Soft Matter, 2016, 12, 2826-2841

especially the data for the two most widely used higher energy
methods of high pressure homogenization (HPH)*® and ultra-
sonication.>®” This correlation is explained in more detail in
Section 2.2.

In low energy methods, the smaller droplets are formed
when the system undergoes a phase inversion in response to
changes in composition or temperature, and passes through a
state of low interfacial tension. These methods require signifi-
cantly less input energy density (¢ ~ 10°-10°> W kg™ ') as energy
input can be achieved readily in a simple batch stirrer.'®** Near
the point of phase inversion, the system passes through a state
in which the interfacial tension maybe as low as 10 uN m™—"."*°
Assuming the values of ¢ ~ 10> Wkg™ ", 6 ~ 10 uN m ™", 1 cP
for continuous and dispersed phase viscosity (pc,uq), and
1000 kg m* for the densities of the continuous and dispersed
phases (pc,04), One obtains d ~ 100 nm from eqn (1). The two
most widely used low energy methods are emulsion inversion
point (EIP)'”"° and phase inversion temperature (PIT).'® EIP is
sometimes referred to as phase inversion composition (PIC).
Fig. 2 summarizes the preparation methods for O/W nano-
emulsions via the HPH, ultrasonication, EIP and PIT routes.
W/O nanoemulsions can also be prepared in a similar fashion
by reversing the dispersed and continuous phases.

As Fig. 2(a) shows, the first step in preparing an O/W
nanoemulsion through a high energy method is to prepare an
O/W macroemulsion, which is usually accomplished by mixing
oil, water and surfactant in a simple batch stirrer system for a
sufficient period of time; in the second step, the macroemulsion
is converted into a nanoemulsion. In a homogenizer, a high

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Overview of high energy and low energy methods for preparing O/W nanoemulsions. (a) High energy such as high pressure homogenization
(HPH) and ultrasonication break macroemulsion drops into smaller droplets. (b) Low energy methods start with W/O macroemulsions and break coarse
emulsions into smaller droplets as they pass through a state of low interfacial tension during phase inversion. The emulsion inversion point (EIP)
technique induces a phase inversion by water dilution whereas the Phase Inversion Temperature (PIT) approach induces a phase inversion on cooling of
the mixture. To prepare W/O nanoemulsions, one can simply reverse the continuous and dispersed phases.

pressure pump pushes the macroemulsion through a narrow
gap (gap height is on the order of a few microns®®) where the
large droplets break into smaller droplets as they are subjected
to extreme elongational and shear stress.®®*® The homogeniza-
tion process is typically repeated multiple times (referred to
as the number of passes) until the droplet size becomes
constant.®® In an ultrasonicator, high energy shock waves create
turbulence (due to cavitation) which ruptures the droplets. As with
HPH, ultrasonication is continued until the droplet size becomes
constant.”

In contrast to high energy methods, low energy methods
begin with a W/O macroemulsion which is then transformed
into an O/W nanoemulsion following changes either in compo-
sition or temperature (see Fig. 2(b)). In EIP, a W/O macroemul-
sion is prepared at room temperature and is then diluted slowly
with water. During this dilution process, the system passes
through an inversion point where the transformation from W/O
to O/W emulsion takes place. At this inversion point, the
interfacial tension of the oil-water interface is very low and
thus small droplets can be formed without a significant energy
penalty.'® In PIT, on the other hand, the W/O macroemulsion is
prepared at a temperature higher than the phase inversion
temperature (Ty;) of the mixture. When the oil-water-surfactant
mixture is cooled down to room temperature, it passes through

This journal is © The Royal Society of Chemistry 2016

the inversion temperature at which the transformation of the
mixture from a W/O to an O/W emulsion takes place. As with EIP,
the interfacial tension of the oil-water interface near the inversion
point is very low, and small droplets with high specific surface
area can be generated with low energy requirements."®

Other nanoemulsion preparation methods, such as bubble
bursting at an oil/water interface, evaporative ripening and
microfluidization, all illustrated schematically in Fig. 3, have
also been demonstrated in the literature. In the bubble bursting
method, gas is bubbled through an aqueous phase containing
surfactant.”® Once the bubble reaches the interface (Fig. 3(a1)),
the oil film between the interface and water phase drains slowly
(Fig. 3(a2)), and a dimple in the water-air interface is created
(Fig. 3(a3)) which nucleates and generates a spray of oil droplets
in the water phase (Fig. 3(a4)). The original paper by Feng et al.*°
also discusses the dependence of nanoemulsion droplet size on
parameters such as oil layer thickness, bubble diameter etc.

In the evaporative ripening method proposed by Fryd and
Mason®! (Fig. 3(b)), small O/W nanoemulsion droplets can be
prepared with high viscosity oils. The initial droplets produced by
HPH are a mixture of volatile (low molecular weight) and non-
volatile (high molecular weight) oils; upon heating, the volatile
component in these droplets evaporates and the droplets shrink
and the oil phase becomes richer in the high molecular weight oil.

Soft Matter, 2016, 12, 2826-2841 | 2829
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Fig. 3 Overview of novel methods for nanoemulsion preparation. (a) Nanoemulsion preparation through the bursting of a bubble at an oil-water
interface. When a rising air bubble gets trapped at an oil-water interface (al), the oil film drains out (a2) prior to bubble bursting. Once the bubble bursts
(a3), a dimple forms, with the erruption of small (<100 nm) emulsion droplets into the water phase (a4). Reprinted by permission.® Copyright (2014) by
Macmillan Publishers Limited: Nature Physics. (b) Nanoemulsion preparation through an evaporative ripening process. Nanoemulsion prepared with a
mixture of a volatile and a non-volatile oil as the dispersed phase by conventional methods like HPH are heated to evaporate the volatile oil and shrink the
droplets. Reprinted with permission.?* Copyright (2010) by American Chemical Society. (c) Nanoemulsion preparation through microfluidization method.
In the narrower regions of microchannel, droplets experience extreme shear and rupture. This concept is similar to that of a high pressure homogenizer.

Copyright (2011) by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Microfluidization, for the preparation of nanoemulsions
(Fig. 3(c)) is similar to high pressure homogenization (HPH),
and the terms are sometimes used interchangeably.”® The
microfluidizer has a well-defined axially-varying microchannel
geometry through which macroemulsions are pumped. In the
narrow throats spaced along the length of the microchannel,
the drops experience high shear rates and break® to form
smaller droplets. As in HPH, microfluidization requires multiple
passes for the droplet to attain a constant final size.

2.2 Droplet size control

An important aspect of nanoemulsion preparation through
the above-mentioned techniques is control of the final droplet
size (d), which can be influenced by residence time, relative
viscosity (ua/uc), surfactant concentration ([S]) and surfactant
length (L). In their recent work, Gupta et al.®** proposed a new
scaling relation which builds upon the classical expression
proposed by Hinze,® We. ~ C(1 + f(Oh)). Hinze®*® argued
that We and Oh are the two most important dimensionless
numbers that are important for understanding droplet breakup.
However, Hinze only discussed the limiting case of Oh « 1
where f(Oh) vanishes from the expression. Modern nano-
emulsion literature has relied heavily on the correlation developed
by Hinze or its modifications.">*”*® Gupta et al®* argued,
however, that for nanoemulsions, Oh ~ 1-100 due to the small
droplet sizes, and proposed the physical model of droplet

2830 | Soft Matter, 2016, 12, 2826-2841

breakup shown in Fig. 4(a). The authors argue that the important
dimensionless quantity is the Weber number of the filament trying
to detach from the droplet, and showed that We,;, will reduce to
the parent droplet Weber number (We) in the case of Oh « 1, as
predicted by Hinze.*> However, in the other limit of Oh > 1,
Werit, is dependent on Oh such that Weic o ~ C is equivalent to
We ~ COh®*. The authors further argued that We should be
carefully defined because though the Re of the continuous phase
will suggest that the flow is turbulent in bulk, Req will be of the
order of unity, suggesting that the flow is viscous around droplets.
In other words, the droplets will be smaller than the smallest eddy
size ie. Kolmogorov’'s eddy size as predicted by the classical
turbulence theory (Fig. 4(b)). For instance, Kolmogorov’s length

3\ 0.25

scale, A ~ ( p‘;) is about 300 nm for typical high energy
He

methods. Hence, We should be based on the stress inside a

VHePcEO
d
the proposed scaling is able to validate a large range of experi-

mental data for both homogenizer and ultrasonicator (Fig. 4(c)
and (d)) spanning a large range of Oh. The experimental data
clearly shows an increase in droplet size for higher values of pq
which is then manifested in a higher value of Oh.

The results of Delmas et al.®> shown in Fig. 5(a) give the
transient evolution of nanoemulsion droplet size during ultra-
sonication as affected by surfactant concentration and length.

Kolmogorov’s eddy or We ~ . Gupta et al. showed that

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Physical model for nanoemulsion formation. (a) Typical droplet deformation process in which a droplet deforms such that a filament starts to
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equivalent relation expressed in the dimensions of parent droplet is We ~

showed below a critical Weber number, Weita o the filament is unable to detach from the droplet. The

Oh%“ . (b) The flow around nanoemulsions is viscous whereas the flow in the

continuous phase is turbulent. This happens because the droplet size of nanoemulsions (d) is smaller than the smallest eddy given by the Kolmogorov's

length scale (4). (c and d) Validation of the proposed scaling for a wide rang
line represents the theoretical prediction.

The droplet size becomes roughly constant upon increase in
ultrasonication time. A similar dependence of droplet size in
HPH was reported by Mason et al.,** and our group,®®* where
the droplet size was observed to approach a constant value with
an increased number of passes. In all cases, the droplet size
decayed exponentially with increasing ultrasonication time or,
in the case of HPH, with the number of passes, a clear sign that
droplet breakage dominates over coalescence during nano-
emulsion formation.®*®' As Fig. 5(a) shows, the final droplet
size attained after 20 minutes processing time decreases with
an increase in surfactant concentration, attributed to the
decreasing interfacial tension, which makes it easier to break
the droplets (see eqn (1)).> The increase in droplet size due to
increased surfactant length has also been attributed to a
change in interfacial tension.” Similar results have been
obtained by Mao et al.®*** Fig. 5(b) shows the work by Wooster
et al.¥” where the effect of the relative viscosity (ua/u., the ratio
of the viscosity of the dispersed phase relative to that of the
continuous phase) on the droplet size was observed. They
prepared the O/W nanoemulsions by microfluidization and
systematically added polyethylene glycol (PEG) to increase the
continuous phase viscosity. As Fig. 5(b) shows, the size of
the nanoemulsion droplets increased with an increase in the
viscosity ratio. This effect can be explained by eqn (1) since the
We number increases when one increases . whereas Oh
number remains constant. However, increase in the length of
the surfactant suppressed the effect of relative viscosity. This
effect has not been captured in the scaling relation proposed by
Gupta et al. because the analysis currently assumes that the
surfactant length is much smaller than the diameter of the

This journal is © The Royal Society of Chemistry 2016

e of We and Oh. The different colors represent different systems and the solid

drops.®* Qian and McClements® also observed similar results.
In high energy methods, few studies have also focused on
understanding the effect of homogenizer geometry on the
droplet size distribution.’”**** These studies concluded that
the droplet size distribution can be better controlled by tuning
the geometry of the homogenizer/microfluidizer.

There also exists a vast literature on controlling the size of
nanoemulsion droplets prepared through low energy methods.
Fig. 5(c) shows the result of work by Pey et al®! where
researchers prepared nanoemulsions through EIP and system-
atically varied a large number of parameters. As Fig. 5(c) shows,
the ratio of oil to surfactant concentration ([O]/[S]), and the ratio
of additive to surfactant concentration ([A]/[S]), both affect the
droplet size. Several other studies report the dependence of nano-
emulsion droplet size on a large number of parameters.'” %>
However, the results are mainly empirical, and little theoretical
understanding is presented to explain these variations. Another
section of literature focused on discerning the mechanism
of formation of nanoemulsions prepared through low energy
methods."®****?® These studies concluded that nanoemulsions
form when (i) the system passes through the region of bicontin-
uous microemulsions upon dilution in EIP, or (ii) the starting
phase is a bicontinuous microemulsion in PIT. Fig. 5(d) shows
the work of Rao and McClements® who compared nanoemulsions
prepared through EIP and HPH. As Fig. 5(d) indicates, HPH
produces small droplets at a significantly lower surfactant concen-
tration than does EIP. This is one of the downsides of nano-
emulsions prepared through low energy methods. This behavior
could be due to the absence of a low interfacial tension region
for a low surfactant concentration. Some studies’"*”**° have

Soft Matter, 2016, 12, 2826-2841 | 2831
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Fig. 5 Results from the literature on the control of the droplet size in high and low energy methods. (a) Droplet size of nanoemulsions prepared by
ultrasonication for different ultrasonication time, surfactant concentrations ([S1] and [S2]) and surfactant lengths (L1 and L2). Results indicate that
breakage mechanism dominates over coalescence as droplet size decays exponentially with ultrasonication time. Also, due to changes in interfacial
tension, droplet size decreases with (i) an increase in surfactant concentration and (i) a decrease in surfactant length. Data from Delmas et al.2
(b) Nanoemulsion prepared by ultrasonication for different relative viscosity ratio and surfactant lengths. The diameter increases with an increase in
viscosity ratio but with an increase in the surfactant length, the effect of relative viscosity decreases. Data from Wooster et al.®” (c) Nanoemulsions
prepared by EIP with different oil, surfactant and additive concentrations. Results show that size depends strongly on the composition of the
nanoemulsions. Data from Pey et al.>* (d) Effect of surfactant-to-oil concentration on droplet size of emulsions prepared by EIP and microfluidization.
Results show that relatively less surfactant is required in high energy methods to produce droplets in the nano-size range. Data from Ostertag et al.®

also compared the droplet size of nanoemulsions prepared
through ultrasonication and homogenization/microfluidization,
and concluded that for the same power density input, the droplet
size obtained is similar.

There are several unanswered questions that need to be
addressed for understanding nanoemulsion formation in greater
depth. For instance, what are the process parameters and material
properties that control the droplet size distribution? What is the
role of the kinetics of surfactant diffusion and adsorption during
the rapid droplet formation? Experimental as well as modeling
studies should be performed in the future to answer the above
questions. Direct visualization of nanoemulsion droplets could be
investigated through advanced microscopy techniques'® which
would lead to a better understanding of intradroplet interactions.
Future efforts should also focus on ways to scale up the low energy
methods through millifluidics and microfluidics, akin to recent
approaches for larger-sized emulsions.'**

3 Stability

This section describes the fundamentals behind emulsion
destabilization mechanisms and systematically presents the
reasons for robust stability of nanoemulsions. This section also

2832 | Soft Matter, 2016, 12, 2826-2841

details the research conducted on understanding and controlling
nanoemulsion stability.

3.1 Destabilization mechanisms

Nanoemulsions are kinetically stable and given sufficient time,
will separate into different phases. Fig. 6 summarizes the
different destabilization mechanisms of nanoemulsions namely
flocculation, coalescence, Ostwald ripening and creaming/
sedimentation.

In flocculation, droplets come closer to each other because
of attractive interactions and move as a single entity. In contrast,
during coalescence, the droplets merge into each other to
become a bigger drop'® (Fig. 6). The DLVO theory predicts
that when the repulsive maximum of the droplet-droplet
interaction potential is low (~ 0kgT), droplets come close to
each other and fall into the primary minimum ie., the irreversibly
flocculated state. During this process, when the droplets come
into ‘primary’ contact, they tend to coalesce.'® Therefore, it is
hard to distinguish between flocculation and coalescence in
emulsions. Typically, due to the adsorbed layer of emulsifier on
the droplet, steric interactions increase the repulsive maximum
which in turn stabilize the emulsions against flocculation and
coalescence. The steric stabilization is stronger in nanoemulsions

This journal is © The Royal Society of Chemistry 2016
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initial growth of droplets generally occurs through Ostwald ripening. However, coalescence and flocculation become more important as the droplet size

increases.

as the thickness of the adsorbed emulsifier layer (~10 nm) is
comparable to the droplet size."®

Ostwald ripening occurs due to the difference in chemical
potential of solute within droplets of different sizes. Due to
Laplace pressure <PL :%7), the chemical potential of the
dispersed phase is higher in smaller droplets than in larger
ones, providing the driving force for mass transfer from the
smaller to the larger droplets. Thus the smaller droplets
become smaller and the larger droplets grow (Fig. 6). As the
mass transfer occurs when the dispersed phase molecule
travels through the continuous phase, solubility of the dispersed
phase in the continuous phase is a critical factor affecting
Ostwald ripening rate." In a classical paper, Lifshitz and
Slyozov'® derived the following rate equation for Ostwald
ripening from first principles:

640C 1/3@t

73 _ 73
d’ =dy + ORT

2)
where, d, is the initial number average diameter, ¢ is the
interfacial tension, C,, is the solubility of the dispersed phase
in the continuous phase, v is the molar volume of the dispersed
phase, & is the diffusivity of the dispersed phase in the
continuous phase, R is the ideal gas constant and T is the
temperature of the system. The derivative of eqn (2) gives
the following expression:

(3)
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where wo is the Ostwald ripening rate constant and has the
646Co D
27R, T
ripening scales as 1/d”. Hence, this destabilization mechanism
is more prevalent in nanoemulsions as compared to macro-
emulsions. As discussed later, researchers have also observed
this experimentally.>'® Delmas et al® reported that other
destabilization mechanisms like flocculation and coalescence
become more important at later times.”

As Fig. 6 shows, in creaming, droplets rise due to buoyancy,
eventually leading to phase separation (similarly, in sedimenta-
tion, droplets settle down). Creaming occurs when the buoyant
force dominates over the thermal fluctuations. The ratio of
viscous stress to thermal stress is given by the Peclet number,
Pe ~ u.Ud*/kgT, where U represents the velocity of the rising
droplet and kg represents the Boltzmann constant.'”® For a
typical droplet of d ~ 1 um in an aqueous system at ambient
temperature, terminal velocity U ~ 1 um s~ ! and hence, Pe ~ 1.
However, for a nanoemulsion of d ~ 100 nm, U ~ 10 nm s~
(U o« d*) and hence, Pe ~ 10~*. Therefore, creaming is insigni-
ficant in nanoemulsions until the droplet size increases to the
order of a few microns due to Ostwald ripening, flocculation and
coalescence.

value . Eqn (3) shows that the rate of Ostwald

3.2 Controlling stability of nanoemulsions

Fig. 7 shows the summary of the work done on controlling
nanoemulsion destabilization. Fig. 7(a) lists various para-
meters that affect the destabilization rate of nanoemulsions.

Soft Matter, 2016, 12, 2826-2841 | 2833
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Fig. 7 Literature results on the stability of nanoemulsions. (a) List of various factors that control the stability of nanoemulsions (b) changes in stability of
nanoemulsions (prepared using PIT) with changes in surfactant concentration. The stability decreases with an increase in surfactant concentration. Data
from Izquierdo et al*® (c) Effect of changes in concentration of an insoluble emulsifier ([A]) on the stability of nanoemulsions prepared using
ultrasonication. The stability improves with increase in [A]l, much like in the trapped species method. Also, the stability decreases at higher temperature
due to changes in solubility and diffusivity. Data from Delmas et al.? (d) Comparison of stability profile of nanoemulsions prepared through PIT and HPH.

Nanoemulsions are more stable when prepared by HPH due to lower polydispersity. Data from Tadros et a

Delmas et al.®> showed that the Ostwald ripening rate w,
follows an Arrhenius behavior with w, oc exp(—E/kgT). This
happens because both solubility and diffusivity are temperature
dependent. The ionic strength of the continuous phase signifi-
cantly affects the repulsive barrier between the two droplets.'*>'%”
Increase in the ionic strength of the continuous phase signifi-
cantly reduces the Debye screening length and hence a lower
repulsive barrier is observed. Thus, the emulsions have a much
higher probability of flocculating/coalescing. Polydispersity affects
the Ostwald ripening rate significantly as higher polydispersity
represents a higher difference in chemical potential between
droplets. As mentioned, solubility of the dispersed phase in the
continuous phase affects the Ostwald ripening because a higher
solubility makes it easier for dispersed phase molecules to travel
through the continuous phase. Other listed parameters such
as component chemistry, emulsifier concentration, and additive
concentration alter destabilization rates due to changes in properties
like interfacial tension (o), droplet elasticity, and interaction
potential between droplets.

Fig. 7(b) shows the work by Izquierdo et al.'® who measured
the droplet size evolution of nanoemulsions prepared through
PIT with different surfactant concentrations. As Fig. 7(b) shows,
the plot of 7 vs. t is a straight line, indicating that Ostwald
ripening is the dominant mechanism. One observes that
the rate of destabilization increases with an increase in the

2834 | Soft Matter, 2016, 12, 2826-2841
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surfactant concentration. It has been argued that this effect is
attributed to an enhanced diffusion of oil due to micelle
formation and lowering of Gibbs elasticity.'® Other researchers
have also studied the effect of oil and surfactant concentration
on nanoemulsion stability.>*¢72>°*1%8 The results do not show
a consistent trend because the inter-droplet interactions are
different for different systems.

Delmas et al.> and Wooster et al.®” have tested the trapped
species method in which an insoluble additive was introduced
in the dispersed phase of nanoemulsions prepared by ultra-
sonication. This approach relies on the effect of dissolved
species on the osmotic pressure (Pp). If the small droplets were
to shrink and the large ones to grow because of Ostwald
ripening, then the concentration of the trapped species in the
small droplets would increase, and so would the osmotic
pressure; the concentration in the large droplets would
decrease, with a concomitant decrease in osmotic pressure.
The driving force for transport from the small to the large
droplets is A(P, — Po), so the osmotic pressure effect counteracts

l. 87

1 1
the Laplace pressure driving force. APL ~( ——>
dsmal] dlarge

increases as Ostwald ripening progresses (dsman decreases, diarge
1 1
dsmall3 dlarge3

At some point the two cancel each other out and the driving force

increases), as does APg ~ ( ), but at a faster rate.
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for transport becomes negligible. Researchers have observed the
suppression of Ostwald ripening rates for nanoemulsions using
the trapped species method.>®” In a variation of this approach,
instead of adding an additive to the dispersed phase, an insoluble
emulsifier is introduced into the continuous phase. Fig. 7(c)
shows the work of Delmas et al.> where «, decreases upon an
increase in the concentration of an insoluble emulsifier ([A]). This
effect is similar to the trapped species method as the insoluble
emulsifier introduces an additional penalty to the chemical
potential description. However, this method was less effective
for later times as the addition of an insoluble emulsifier, increased
the flocculation/coalescence rate due to reduction in steric repulsion
between droplets. Fig. 7(c) also shows an increase in the ripening
rate with an increase in the temperature due to change in dispersed
phase solubility and diffusivity. Other investigators have also
reported similar dependence of stability on temperature.'”*®
Fig. 7(d) which compares the stability of nanoemulsions prepared
through PIT and HPH, shows that the rate of destabilization is
lower in nanoemulsions prepared by HPH relative to the ones
prepared by PIT. This effect has been attributed to the higher
polydispersity of nanoemulsions prepared through PIT.

The emulsifier plays a critical role in both the formation and
stability of a nanoemulsion. The emulsifier choice (be it surfactant,

slowly
viscous relaxing elastic

mi| | B

optically
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protein or lipid) is often limited by commercial availability.
Custom synthesized polymeric emulsifiers will offer more flexibility
with tailored size, hydrophobicity, light (e.g. azobenzene modified)
or salt (e.g. zwitterionic) responsive groups, multiblock polymers,
and topology. This will enable the preparation of nanoemulsions
with ability to stabilize/destabilize in response to physical or
chemical changes. These polymer-stabilized nanoemulsions
would be also an interesting model system since the thickness
of the polymeric emulsifier can be comparable to the droplet
size - a relatively unexplored regime in soft-colloidal physics.

4 Properties and applications

Nanoemulsions have unique properties such as small droplet
size, exceptional stability, transparent appearance and tunable
rheology. These properties make nanoemulsions an attractive
candidate for applications in the food, cosmetic, pharma-
ceutical industries and in drug delivery applications (Fig. 8).
Furthermore, they can serve as the building blocks for designer
advanced materials with unique properties. In this section,
we review the literature on nanoemulsion properties and
applications.

B
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Fig. 8 Schematic of various properties and applications of nanoemulsions. Nanoemulsions have attractive properties such as small size, low
polydispersity, kinetic stability and tunable rheology. Nanoemulsions find applications in cosmetics, the food and pharmaceutical industry,”® drug
delivery, and as building blocks for material synthesis.’°® Image of tunable rheology adapted with permission.'®> Copyright (2012) by Annual Reviews.
Image of cosmetics has been adapted with permission.”* Copyright (2004) by Elsevier. Image of food adapted with permission.> Copyright (2011) by
Royal Society of Chemistry. Image of pharamaceuticals adapted with permission.”® Copyright (2014) by American Chemical Society. Image of building
blocks for synthesis adapted with permission.’> Copyright (2012) by Annual Reviews. Image of drug delivery adapted with permission.8® Copyright (2014)
by Royal Society of Chemistry.
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4.1 Droplet size and stability

Nanoemulsions have droplets with diameter on the order of
100 nm. As the droplet size is significantly smaller than the
wavelength of visible light, nanoemulsions are often transparent
in appearance (Fig. 8). However, by controlling the droplet size of
nanoemulsions, one can easily tune the appearance of nano-
emulsions to range from transparent to milky white.” As discussed
in Section 3.1, nanoemulsions can also be tuned to have robust
stability with shelf life ranging from months to years. They have
an added advantage of being relatively less sensitivity towards
dilution, temperature and pH changes than are microemulsions.
These properties make nanoemulsions attractive in various indus-
tries, including in the food and cosmetic sectors.

4.2 Tunable rheology

The rheological properties of nanoemulsions can be tuned by
controlling the dispersed phase volume fraction and droplet
size, and by the addition of salt and depletion agents. Nano-
emulsions are particularly interesting from a rheological point
of view as they can exhibit significantly stronger elasticity than
macroemulsions as the elasticity is roughly on the order of

the Laplace pressure of an undeformed droplet i.e. P; ~ 3. The

tuning of the rheology of an emulsion often dictates the
consumer’s perception of the product in the cosmetic industry
(Fig. 8).”*

Wilking et al."'® showed that one can tune the flow behavior
of the nanoemulsions to be from a flowing fluid to a slowly
relaxing fluid or a gel-like system by changing the number of
passes in a HPH (Fig. 8). This irreversible flow-induced elasti-
fication happens due to excess droplet rupture leading to
jamming of the nanoemulsion structure. One can also tune
the rheological response of nanoemulsions by adding salt or a
depletion agent which leads to gelling of droplets. Another way
of tuning rheological behavior is to add polymers that can
physically associate among themselves or with nanoemulsion
droplets.">”* For instance, our group®' added a polymer gelator
with hydrophobic end groups to create thermoreversible gels.
This reversible phenomenon is claimed to be due to changes
in hydrophobic interactions between the polymer and the
droplets with temperature. At temperatures higher than the
gelling temperature (Ty), the polymer with two hydrophobic
end groups bridges the nanoemulsion droplets, creating a
percolated network. When the temperature is brought down
below Ty, the hydrophobic groups detach from the surface of
nanoemulsion droplets and the system returns to its initial
transparent and fluid-like state. The study showed that the
relative value of the interactions length (radius of gyration of
the bridging polymer) to the droplet size plays an important
role. Strong gels will form when the length scale of the
attractive interaction is comparable to the droplet size. This
explains why macroemulsions form pastes with a low elastic
modulus. More recent studies have highlighted that the nano-
emulsions can undergo arrested spinodal decomposition'** and
that the gelation is sensitive to the rate at which the attractive
interactions (via temperature) is increased.''” Future studies
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should investigate the rheological behavior of nanoemulsion-
based gels in greater depth. Since the relative value of interaction
length to droplet size play an important role, nanoemulsions
with bi-modal or tri-modal distributions can be used to create gels
with rich rheology. Further studies on rupture (yielding) of
nanoemulsion-based gels'*® could provide insights into the asso-
ciation and disassociation mechanism of the bridging gelator,
and perhaps healing behavior of the system.

4.3 Nanoemulsions in drug delivery

Fig. 9(a) shows the various modes of drug administration in the
human body. Nanoemulsions have been used in most forms of
drug delivery, namely topical, ocular, intravenous, internasal
and oral delivery. These applications leverage the lyphophilic
nature of nanoemulsions to solvate water-insoluble drugs; and
tunable charge and rheology of nanoemulsions to formulate
aqueous solutions that can be easily delivered to patient.

Though skin protects us from the external environment, it
also acts as a transport barrier against administration of drugs
through the skin. Topical medication formulated using nano-
emulsions can provide unique advantages as the dispersed phase
of O/W nanoemulsions enables enhanced solubility of lipophilic
drugs in the oil phase and the continuous phase provides a mild,
skin-friendly environment that can dissolve biopolymers such as
alginate for adjusting the formulation rheology, appearance and
texture. A considerable number of studies focused on using
nanoemulsions for topical drug delivery.****® Few of the
above-mentioned studies included permeation tests to evaluate
the effectiveness of topical delivery.*>***”*° Some studies claim
that owing to the relatively small size and low (-potential of
nanoemulsion formulations, hydrophobic drugs are delivered
more efficiently than are suspensions of these drugs.*®"” Mou
et al. prepared hydrogel thickened nanoemulsions that had
higher permeation rates as compared to conventional hydrogels.*®
Researchers have also explored the use of nanoemulsions in other
modes of drug delivery such as ocular,***° intravenous,>"*
intranasal®**® and oral delivery.”***®>''® In these studies, a
pharmaceutical drug is dissolved in the dispersed phase, and
formulations are tested for bioavailability and delivery efficiency
in environments that mimic real conditions. For instance, oral
drugs were tested against absorption through an environment
similar to that of small intestine walls.>*

Nanoemulsions have also been used as ultrasound imaging
agents.""” Kaneda et al. prepared nanoemulsions containing
perfluorocarbons for quantitative molecular imaging and targeted
therapeutics."*® Gianella et al.'" engineered a multifunctional
nanoemulsion based platform to enable an imaging-guided
therapy (Fig. 9(b)). Researchers evaluated the utility of the platform
in a colon cancer mouse model. In this study, oil-in-water nano-
emulsions carried iron oxide nanocrystals for MRI, the fluorescent
dye Cy7 for NIRF imaging, and the hydrophobic glucocorticoid
prednisolone acetate valerate for therapeutic purposes.

4.4 Nanoemulsions in food industry

Nanoemulsions can be used in the food industry to design
smart foods with ingredients that are otherwise difficult to

This journal is © The Royal Society of Chemistry 2016
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(b) Magnetic nanoparticles added to nanoemulsions (that already consisted of hydrophobic drug in the oil phase) helps in the diagnosis (due to the
presence of particles) and treatment of diseases. Figure reprinted with permission.*> Copyright (2011) by American Chemical Society. (c) Nanoemulsion
with curcumin in the oil phase of nanoemulsion is easier to digest than when curcumin is taken directly due to easy lipid digestion step as compared to
curcumin solubilization.”® Figure has been reprinted with permission.”® Copyright (2012) by American Chemical Society.

incorporate due to low-water solubility; an example is f-carotene, a
pigment responsible for color in vegetables like carrots possessing
important health benefits. Yuan et al.®®® studied the size and
stability of nanoemulsions with B-carotene against temperature,
pH and surfactant type. Qian et al®’ prepared nanoemulsions
with B-carotene and stabilized them with B-lactoglobulin, a bio-
compatible emulsifier. Researchers also reported the bioaccessi-
bility of these nanoemulsions by simulating the oral, gastric and
small intestine environments. B-Carotene nanoemulsions have
been prepared with different methods (like high pressure homo-
genization, microfluidization and evaporative ripening) and differ-
ent emulsifiers.***"*”

Another additive that is quite often incorporated in nano-
emulsions is curcumin, an anti-inflammatory agent. Wang
et al.® explored the anti-inflammatory response of nanoemulsions
through the mouse ear inflammatory model whereas Ahmed
et al.®® explored the same using simulated digestion conditions.
Yu and Huang”® have explored the possible application of nano-
emulsions in improving the digestibility of food. The researchers
showed that nanoemulsions prepared with circumin in the oil
phase allow for easier digestion than when the circumin is taking
in directly, owing to easy lipid digestion step in nanoemulsions
(Fig. 9(c)).

Other studies on nanoemulsions in the food industry have
explored the preparation and stability of flavored nanoemulsions
using low energy methods.>*>”'"7% The use of nanoemulsions in
the food industry has been covered extensively in two review
articles and the interested reader is referred to these reports.***

4.5 Nanoemulsions as building blocks

Nanoemulsions can be used as building blocks for the prepara-
tion of more complex materials through exploitation of their
small size and high surface area which enable easy decoration

This journal is © The Royal Society of Chemistry 2016

of a liquid-liquid surface with functional moieties such as
designer macromolecules.

Emulsion polymerization is perhaps the best-known example
in polymer synthesis where hydrophobic monomers contained
in droplets are polymerized to create polymeric particles. Nano-
emulsions (also known as miniemulsions) have been utilized
extensively in polymer synthesis.”®'*° More recently, Wu et al.”®
synthesized compartmentalized silica nanospheres with struc-
tures like water-in-oil-in-silica-in-water with single or multiple
water droplets in the innermost phase (see Fig. 10(a)). Oliveira
et al. developed photoreactive surfactants for making nano-
emulsions that consist of amphiphiles and also have the
capability to act as reagents in photochemical reactions.'*
Primo et al. prepared O/W nanoemulsions in which the con-
tinuous phase consists of suspended magnetic nanoparticles.®”
Chang et al. synthesized nanoemulsions with silicone oil as
the dispersed phase and a mixture of sodium dodecyl sulphate
and purified protein in water as the continuous phase. Upon
emulsification, due to electrostatic interactions, virus like nano-
sized silicone oil droplets were coated with a layer of protein'®
(see Fig. 10(b)). Researchers also showed that adjustment of the
pH and ionic strength yielded different protein shell structures.
Our group®" designed thermoresponsive nanoemulsions using
photocurable polymer additives (see Fig. 10(c)). Upon cross-
linking the composite hydrogels transformed into organogels
with high storage modulus that are capable of carrying hydro-
phobic cargo and releasing the cargo.®" An et al.®* synthesized
composite hydrogels laden with high oxygen capacity nano-
emulsions mimicking red blood cells (see Fig. 10(d)). They
also demonstrated the controlled release of hydrophobic
cargo from nanoemulsion-laden composite hydrogels, both
through diffusion and disintegration of the hydrogel matrix
(see Fig. 10(e)).
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by American Chemical Society. (b) Novel emulsions can be achieved through self-assembly of macromolecules on the surfaces of nanoemulsion droplets.
Chang et al.1%° encapsidated an oil droplet stabilized by anionic sodium dodecyl sulfate surfactant in water. Reprinted with permission.*°® Copyright (2008)
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actives. Reprinted with permission.'® Copyrights (2012) by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Oxygen carrying nanoemulsions trapped in
hydrogels have been designed to mimic artificial red blood cells. Adapted with permission.8° Copyrights (2013) by Royal Society of Chemistry.

4.6 Nanoemulsions in crystallization/pharmaceuticals industry embedded in a polymer matrix through a soft matter inspired
continuous process (Fig. 11(a)). This procedure eliminates the
need for high energy grinding methods and avoids undesired

Eral et al.”®”” proposed an approach for producing size-controlled

crystals of poorly water-soluble pharmaceutical compounds
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Fig. 11 Nanoemulsions in pharmaceutical crystallization.”” (a) Nanoemulsions trapped in a hydrogel matrix can be used to design an alternative
processes that is energy and cost efficient and that avoids formation of undesired polymorphs. Nanoemulsion droplets carrying hydrophobic API are
dispersed in an aqueous solvent containing uncrosslinked polymer alginate. (b) Upon crosslinking, the (nano- or macro-) emulsion droplets are
entrapped in the elastic hydrogel matrix. (c) Following evaporation, dissolved API in emulsion droplets forms crystals that are embedded in the dried
hydrogel matrix. (d) SEM image of dried composite hydrogel shows several crystals embedded in the hydrogel matrix, one highlighted with a red circle.
(e) Dissolution profile of the model hydrophobic API fenofibrate with different crystal sizes dictated by the APl concentration. The dissolution rate of
330 nm crystals is comparable to that of commercial formulations. (f) Tablets prepared from dried composite hydrogels. Figure adapted with permission
from Eral et al.”® Copyright (2014) by American Chemical Society.
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polymorphic transitions, a major disadvantage of traditional
schemes. The researchers dissolved the active pharmaceutical
ingredient (API) in nanosized droplets of anisole in an aqueous
medium containing alginate (a biopolymer) and F68 (a biocompa-
tible polymeric surfactant); and cross-linked the continuous phase
leaving a droplets trapped in a hydrogel. The resulting soft material
is a composite hydrogel (Fig. 11(b)). Through evaporation of the
composite hydrogel, authors showed that crystals of controlled size
(330 nm-420 pum) and loading (up to 85% w/w) can be produced
(Fig. 11(c) and (d)). Eral et al.”®”” also demonstrated that dissolu-
tion rates comparable to commercially available formulations
of fenofibrate can be achieved (Fig. 11(e)). Furthermore, dried
composite hydrogels can be produced with a continuous process
and the final formulation containing the API and biocompatible
polymer alginate can be compressed into tablets (Fig. 11(f)).

5 Outlook

Nanoemulsions have gained popularity over the past decade
because of their exceptional properties such as high surface area,
transparent appearance, robust stability and tunable rheology.
The most widely used preparation methods for nanoemulsions
include high energy methods such as high pressure homogeniza-
tion and ultrasonication, and low energy methods such as phase
inversion temperature and emulsion inversion point. Emergent
synthesis techniques are bubble bursting at liquid/air interface,
evaporative ripening and microfluidization. There is little under-
standing of the possible industrial relevance of many of these
approaches as the physics of nanoemulsion formation is still
semi-empirical and rational scale-up procedure have not been
widely explored.

Nanoemulsions have been shown to exhibit robust stability
with research focusing on the study of different parameters to
lower the rate of Ostwald ripening. As discussed in this article,
strategies such as trapped species methods have been developed
to make stable nanoemulsions. However, current research has not
explored the idea of designing polymers that can be used as
emulsifier for the preparation of stable nanoemulsions. Polymers
can be tuned from being hydrophobic to hydrophillic which can
result in rich properties, including tunable rheology and stability.
Due to their small size, molecules sitting at the interface of
nanoemulsions experience higher curvature which will greatly
influence self-assembly at the interface. Nanoemulsions can also
serve as a model system to enhance understanding of colloidal
assembly and rheology of complex emulsion systems. They can
be readily density matched, selectively dyed for visualization,
and made magnetic field responsive. Their liquid interfaces are
dynamic, which expands the richness of their soft matter physical
properties.

Leveraging the high surface area of nanoemulsions,
researchers have used them extensively in drug delivery, and in
the food, cosmetics and the pharmaceutical industries. While
nanoemulsion applications within these industries look promising
and there is a need for continued research in these areas,

This journal is © The Royal Society of Chemistry 2016
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many other potential uses, such as enhanced oil recovery'>* or
tissue engineering, are relatively unexplored.
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