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ABSTRACT: The central dogma of nanoemulsion formation
using low-energy methods at constant temperaturepopularly
known as the emulsion inversion point (EIP) methodis that
to create O/W nanoemulsions, water should be added to a
mixture of an oil and surfactant. Here, we demonstrate that the
above order of mixing is not universal and a reverse order of
mixing could be superior, depending on the choice of
surfactant and liquid phases. We propose a more general
methodology to make O/W as well as W/O nanoemulsions by
studying the variation of droplet size with the surfactant
hydrophilic−lypophilic balance for several model systems. Our analysis shows that surfactant migration from the initial phase to
the interface is the critical step for successful nanoemulsion synthesis of both O/W and W/O nanoemulsions. On the basis of our
understanding and experimental results, we utilize the reverse order of mixing for two applications: (1) crystallization and
formulation of pharmaceutical drugs with faster dissolution rates and (2) synthesis of alginate-based nanogels. The general route
provides insights into nanoemulsion formation through low-energy methods and also opens up possibilities that were previously
overlooked in the field.

Nanoemulsions are kinetically stable droplets of one liquid
phase dispersed in another immiscible phase with sizes

on the order of 100 nm, leading to many intriguing properties,
such as high surface area, good optical clarity, robust stability,
and tunable rheology.1−6 Nanoemulsions are used to improve
the bioavailability of bioactives (drugs, vitamins, nutraceuticals,
supplements, etc.),6−10 to synthesize templated nanoparticles
and advanced polymeric materials,11−13 to develop smart
cosmetic products and functional food,6,14−16 and to crystallize
active pharmaceutical ingredients (API) for formation of drug
nanocrystals.17,18 Therefore, an effective synthesis of nano-
emulsions and better understanding of mechanisms involved in
their formation are critical for use in the above applications.
Nanoemulsions are synthesized by two broad techniques:

high-energy methods and low-energy methods.1,5 High-energy
methods, such as high-pressure homogenization and ultra-
sonication, use excess energy (∼108 W/kg) to break large
droplets to about 100 nm in size.19−21 Due to their brute force
technique, high-energy methods provide a robust way to
synthesize nanoemulsions with a dispersed phase volume
fraction as high as 40%.18,22,23 However, the use of excess shear
makes them inefficient and susceptible to heat effects. In
contrast, low-energy methods exploit the low interfacial tension
property of a system to reduce droplet size with energy input
that can be achieved by a magnetic stirrer (∼103−5 W/kg)1,3,4

and provide an easy and scalable route to make nanoemulsions
without the use of excess shear. The most widely used low-
energy method in literature is the emulsion inversion point, EIP
(also known as phase inversion composition), where
components are mixed in a specific order at constant

temperature to produce nanoemulsions.24−26 However, there
are critical gaps in the literature about the mechanism of EIP
nanoemulsion synthesis, and we aim to address some of them
through this paper.
The central dogma in EIP literature is that for successful

synthesis of nanoemulsions, spontaneous change in interface
curvature is required through change in composition.27

Numerous studies suggest that to make O/W nanoemulsions,
the continuous phase should be added to a mixture of dispersed
phase and surfactant (denoted here by method B in Figure
1a).24−26,28,29 The researchers argue that method B is effective
since the system phase inverts during the process of continuous
phase addition leading to extremely low interfacial tension and
efficient droplet breakup.24−26,30,31 Though this mechanism is
intuitive, it ignores the effect of interaction between surfactant
and the liquid phases during nanoemulsion formation. On the
other hand, studies on water-in-oil (W/O) nanoemulsions use
both orders of mixing to prepare nanoemulsions, i.e., dispersed
phase being added to a mixture of continuous phase and
surfactant (denoted here by method A in Figure 1b) as well as
continuous phase being added to a mixture of dispersed phase
and surfactant.32,33 Therefore, no unifying mechanism exists to
explain formation of O/W and W/O nanoemulsions, and we
were motivated to investigate the mechanism in more detail.
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Komaiko and McClements investigated the effect of different
orders of mixing and concluded that method B is able to make
nanoemulsions, whereas method A fails to do so.34 On the
other hand, Anton and Vandamme showed that the diffusion of
surfactant is the critical step for nanoemulsion formation but
did not investigate the effect of interaction with liquid phases.35

Forgiarini et al. hypothesized that kinetics may be important in
formation of nanoemulsions but did not provide any
experimental evidence for the same.25 In this paper, we vary
the interaction between surfactant and liquid phase to control
the surfactant migration to the interface during nanoemulsion
formation. We hypothesize that for effective transport of
surfactant to the interface, the surfactant should dislike the
initial phase (Figure 1b). In the case of method A, surfactant
should have less affinity for continuous phase, and in the case of
method B, surfactant should have less affinity for dispersed
phase (Figure 1b). However, for the synthesis to be more
effective, the surfactant should also be soluble/miscible to some
extent in the initial phase. In other words, for effective
nanoemulsion synthesis, there needs to be an optimum
interaction between the surfactant and liquid phases for both
method A and method B. An optimum interaction between
surfactant and liquid phases might also modify surfactant
migration velocity, thus improving the kinetics of nanoemulsion
formation. On the basis of our hypothesis, we show that
method A is also effective for O/W nanoemulsion synthesis
and, in many cases, superior to method B. We are also able to
explain why method A is effective for W/O nanoemulsions.33

To demonstrate our hypothesis, we selected a model system
of decane-in-water (O/W) nanoemulsions emulsified by a
mixture of nonionic surfactants (Tween 80 and Span 80). By
varying the relative amount of Tween 80 and Span 80 in the
surfactant mixture, we changed the HLB (hydrophilic−
lypophilic balance) value of the surfactant, a parameter that
estimates the affinity of surfactant toward liquid phases. The
value of HLB for a mixture of Tween 80 and Span 80 can be
calculated by HLB = 4.3x + 15(1 − x), where x is the weight
fraction of Span 80 in the mixture. A HLB value of 4.3 (pure
Span 80) represents an oleophilic surfactant, whereas a HLB
value of 15 (pure Tween 80) represents a hydrophilic
surfactant. We prepared nanoemulsions with 15 wt %
decane−15 wt % surfactant−70 wt % water (surfactant-to-oil
ratio, SOR = 1; see the Supporting Information for details). An
overview of our results using this composition is provided in
Figure 2a. Our results demonstrate that method B synthesizes
decane-in-water nanoemulsions only for HLB ≥ 13.0. In
contrast, method A synthesizes nanoemulsions for HLB ≤ 13.5.
The visual appearance of the nanoemulsion solutions (Figure
2a) also indicates that method B is unstable for HLB < 13.0 and
method A is unstable for HLB > 13.5. This result is consistent
with our anticipation, since method B is unstable for lower
HLB or when the surfactant is less hydrophilic, whereas
method A is unstable for higher HLB, when the surfactant is
more hydrophilic. This result opens up the opportunity to
potentially synthesize nanoemulsions for HLB values that are
not possible with method B, the conventional method used in
the literature. We also note that for both methods the average
droplet size passes through a minimum with HLB, suggesting
that there is an optimum interaction between the surfactant and
the liquid phases that is most effective in creating small
emulsion droplets.
The effectiveness of method A and method B to synthesize

nanoemulsions also depends on the relative amount of
dispersed phase and surfactant. We varied the surfactant-to-oil
ratio by making nanoemulsions with the composition 7.5 wt %
decane−22.5 wt % surfactant−70 wt % water (SOR = 3). The
results are summarized in Figure 2b. We observe that the
nanoemulsion droplet size for SOR = 3 is smaller than that for
SOR = 1 for all samples. Further, method B is now stable for
HLB = 11−15, whereas method A is only stable for HLB ≤
13.5. The optimum HLB for method B has shifted to 14.3,
whereas there is no observable optimal value for method A. We
believe that these observations indicate that at SOR = 3 for
method B the diffusion of surfactant from dispersed phase to
continuous phase is sufficient to make a stable nanoemulsion
even for low HLB value since the relative amount of surfactant
is higher.
We also investigated the effects of the order of addition on

nanoemulsion formation for a reverse nanoemulsification
system, i.e., water-in-decane (W/O) nanoemulsion. We
synthesized nanoemulsions with 10 wt % water−10 wt %
surfactant−80 wt % decane using both methods A and B for
different HLB values. We observed that method A is effective
for the entire range of HLB = 4.3−9.0, whereas method B is
only effective for HLB = 4.0 (Figure 2c). The limited range of
method B is consistent with our hypothesis that method B
works when surfactant dislikes the dispersed phase, i.e., dislikes
water, or for low HLB. This result may explain the reason why
previous literature has used method A to generate W/O
nanoemulsions.33

Figure 1. Proposed mechanism for low-energy nanoemulsification. (a)
The order of mixing is important in the process of nanoemulsification.
The two ways of mixing are adding dispersed phase in a mixture of
continuous phase and surfactant (method A) and adding continuous
phase in a mixture of dispersed phase and surfactant (method B). (b)
For effective synthesis of nanoemulsions, migration of the emulsifier to
the interface is critical. We propose that synthesis will be more
effective for method A when the surfactant dislikes the continuous
phase, whereas it will be more effective for method B when the
surfactant dislikes the dispersed phase.
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To further support our hypothesis, we synthesized nano-
emulsions using different model systems with compositions 15
wt % limonene−15 wt % surfactant−70 wt % water, 15 wt %
anisole−15 wt % surfactant−70 wt % water, and 7.5 wt %
anisole−22.5 wt % surfactant−70 wt % water (Figure 2d,e). We
chose limonene as an oil phase because it is commonly used to
prepare food-grade nanoemulsions.29 On the other hand,
anisole-in-water nanoemulsions are an attractive choice for
pharmaceutical formulation and manufacturing.17,18 Figure 2d
shows that for limonene-in-water nanoemulsions, method A
works better for HLB = 11.0−13.5, whereas method B works
better for HLB = 14.3−15.0. These results are also consistent
with our proposed explanation of nanoemulsion formation. We
note that it is possible to create small droplet sizes with method
A, providing a route to create smaller food-grade nano-
emulsions than the ones reported in the literature. Figure 2e
shows that for anisole-in-water nanoemulsions, we can obtain
droplet sizes as small as 10 nm using method A. The results
also indicate that the nanoemulsion droplets for SOR = 3 are
smaller than those for SOR = 1, as expected. However, the
trends show that both methods work for the entire HLB range.
Though this result might appear to be a bit surprising at first, it
is possible because anisole is a very good solvent and has a
solubility of 15 mg/L in water.36 Therefore, the surfactants have
some solubility in both phases for the entire HLB range.
Lastly, to ensure that our hypothesis also works for different

surfactants, we prepared nanoemulsions by using (i) Tween 85
(HLB = 11), (ii) 50 wt % Tween 85−50 wt % Tween 80 (HLB
= 13), (iii) Tween 80 (HLB = 15), and (iv) Tween 40 (HLB =
15.8). We synthesized decane-in-water nanoemulsions with the
composition 15 wt % oil phase−15 wt % surfactant−70 wt %
water using both method A and method B. Our results are
summarized in Figure 3. The results show that our hypothesis is

valid for different surfactants, where method A is unstable for
HLB > 13 and method B is unstable for HLB < 13. The results
also indicate that both single and mixed surfactants are effective
in nanoemulsion synthesis. Finally, the trend of average droplet
size with HLB is qualitatively consistent with the results
obtained in Figure 2a and thus underscores the generality of
our proposed method.
Oil-in-water (O/W) nanoemulsions are commonly used in

the applications of pharmaceuticals formulation and delivery.37

Here, we demonstrate an approach using O/W-nanoemulsion-

Figure 2. Demonstration of the proposed mechanism with Tween 80 and Span 80. (a) Average droplet size as a function of HLB value for 15 wt %
decane−15 wt % surfactant−70 wt % water (SOR = 1) nanoemulsions. Method A is unstable for HLB > 13.5, whereas method B is unstable for HLB
< 13. This can also be observed from the visual appearance of nanoemulsion solutions for different HLB values. (b) Average droplet size for 7.5 wt %
decane−22.5 wt % surfactant−70 wt % (SOR = 3) nanoemulsions for both method A and method B. The trends are similar to those for SOR = 1.
(c) 10 wt % water−10 wt % surfactant−80 wt % decane (surfactant-to-water ratio, SWR = 1) nanoemulsions for both method A and method B.
Method B produces a nanoemulsion only for HLB = 4, whereas method A work for HLB = 4.0−9.0. Average droplet size as a function of HLB for
(d) 15 wt % limonene−15 wt % surfactant−70 wt % water (SOR = 1) and (e) 15 wt % anisole−15 wt % surfactant−70 wt % water (SOR = 1) and
7.5 wt % anisole−22.5 wt % surfactant−70 wt % water (SOR = 3). The results for limonene are similar to decane for SOR = 1. The results for anisole
show that method A is superior to method B for the entire HLB range. The error bars in all figures indicate the polydispersity of the samples. The
HLB was varied by using a mixture of Tween 80 and Span 80.

Figure 3. Demonstration of the proposed mechanism for different
surfactants. Average droplet size as a function of HLB value for 15 wt
% decane−15 wt % surfactant−70 wt % water (SOR = 1)
nanoemulsions. Method A is unstable for HLB > 13, whereas method
B is unstable for HLB < 13. The error bars indicate the polydispersity
of the samples. The HLB was varied by using Tween 85 (HLB = 11),
50 wt % Tween 85−50 wt % Tween 80 (HLB = 13), Tween 80 (HLB
= 15), and Tween 40 (HLB = 15.8).
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laden biocompatible hydrogels to improve the dissolution
kinetics and oral bioavailability of poorly water-soluble active
pharmaceutical ingredients (APIs). Over the past few years, the
development of hydrophobic API nanocrystals and their
formulation has been a major focus of pharmaceutical
research.17,18,38,39 In this study, we generated nanocrystals of
fenofibrate (a model poorly water-soluble API) embedded in an
alginate hydrogel polymer matrix with controlled crystal size
(Figure 4a). To do so, we prepared low-energy O/W
nanoemulsions which consisted of anisole containing saturated
amount of fenofibrate as the dispersed phase and 4 wt %
aqueous alginate solution as the continuous phase. The
composition of the nanoemulsion solution is 15 wt % oil
phase−15 wt % surfactant (HLB = 12)−70 wt % alginated
aqueous phase. The average nanoemulsion droplet size for
method A and method B are 140 ± 20 and 530 ± 70 nm,
respectively. After preparing nanoemulsions using both method
A and method B, the uncrosslinked alginate nanoemulsion
solutions were dripped through a syringe-needle system (30
gauge) into a 6% w/v CaCl2 solution within a centrifuge, as
described in our previous work18,40 (see the Supporting
Information for details). We obtain hydrogel bead sizes of 90
± 5 μm. Ionic cross-linking of alginate creates a cross-linked
polymer network, trapping the nanoemulsion droplets
containing the API. Crystallization of API is induced by
controlled evaporation of both the dispersed organic phase and
the aqueous phase at 60 °C. In our previous work, we show that
the crystal size of API is dictated by the nanoemulsion droplet
size,17,18 and thus, we expect the crystal size from method A to
be lower than that from method B. This is corroborated by the
differential scanning calorimetry (DSC) measurements of the
fenofibrate nanocrystal encapsulated in dried hydrogel particles,
which show that the melting point of the fenofibrate from
method A (72 °C) is smaller than that from method B (76 °C,
Figure 4b). This is consistent with the prior reports in the

literature where DSC measurements show the melting point
depression in API nanocrystals (crystal size <300 nm).41

Finally, we also see a significant improvement in drug
dissolution kinetics when comparing method A and method
B (Figure 4c). For an 80% dissolution of fenofibrate, method A
requires about 30 min, whereas method B requires about 50
min. On the basis of the nanoemulsion droplet size
measurements, we expect that the crystal sizes from method
B are approximately 4 times larger than the crystals from
method A.18 This would imply that in a completely dissolution-
controlled regime, the dissolution time scale in method A is 4
times faster than in method B.17 However, the dissolution time
is also affected by mass transfer through the gel matrix, which
explains the less than 4-fold difference in time scales.18

We also exploit the understanding of W/O nanoemulsion
formation using the low-energy method to fabricate nanosized
hydrogels or so-called nanogels. Polymeric nanogels have
attracted tremendous interest over the last several years owing
to their potential for applications in pharmaceutical and
biomedical fields, such as delivery systems for drugs and
biomacromolecules, regenerative medicine, and bioimaging.42,43

Here, we present a method for the fabrication of alginate
nanogel particles in the size range of 200−500 nm using W/O
nanoemulsions as templates. A nanoemulsion is synthesized
using method A with the following composition: 10 wt %
alginated aqueous phase−10 wt % surfactant−80 wt % decane.
The surfactant was taken to be a mixture of Tween 80 and Span
80 with HLB = 7. The aqueous (dispersed) phase contained 1.5
wt % alginate and a cross-linking precursor, Ca−EDTA
complex. We prepared the Ca−EDTA complex by mixing a
solution of calcium chloride (50 mM) with a solution of
disodium EDTA (100 mM). The following reaction was used
to prepare the complex: CaCl2 + Na2H2EDTA ⇌ Ca−EDTA +
2NaCl + 2H+ (see the Supporting Information for details).
Disodium-EDTA was used in excess to avoid the formation of

Figure 4. Application of low-energy nanoemulsions in pharmaceutical formulation. (a) Overview of the experimental procedure to make
hydrophobic API nanocrystals encapsulated inside the composite hydrogels. (b) Data from differential scanning calorimetry (DSC) of dried
hydrogels with API nanocrystals embedded in the polymer core matrix showing a larger decrease in the melting point of API for method A as
compared to method B. (c) In vitro dissolution profiles of fenofibrate nanocrystals in composite hydrogels show a faster API release for method A as
compared to method B.
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CaCl2, which could cause the pregelation of alginate aqueous
phase. Once we synthesized the nanoemulsions, acetic acid was
introduced into the solution, which triggered the dissociation of
Ca−EDTA complex, resulting in the release of Ca2+ ions from
the complex44 and the cross-linking of the aqueous alginate
nanodroplets to yield the alginate nanoparticles (Figure 5a).

The resultant nanogel particles were then separated from the
decane phase using centrifugation and resuspended in water.
The high-resolution SEM image of the dried alginate particles
(Figure 5b) and the size distribution measured by the dynamic
light scattering (DLS) technique (Figure 5c) confirm the
successful synthesis of alginate hydrogels in the nanoscale
range. In addition, DLS measurement of alginate nanogel
suspensions (Figure 5c) indicates that the size of nanogels is
nearly identical to that of the parent nanoemulsion (∼220 nm),
demonstrating the successful templating of uniform alginate
hydrogel nanoparticles from W/O nanoemulsions. To the best
of our knowledge, this is the first demonstration of fabrication
of alginate nanogel particles using a low-energy nanoemulsion
as a template. These nanogels are good candidates for use in
biomedical applications due to their nature and size. Our
approach to prepare nanogels does not require significant
energy input when compared to any state-of-the-art techniques
(e.g., microfluidics, centrifugal microfluidics)45,46 and can be
performed using only a magnetic stirrer in a batch process. This
makes our method attractive for scale up and high-throughput
synthesis. Moreover, our technique is highly flexible in that we
can tune parameters such as concentration of alginate and water
weight fraction to prepare nanoparticles with throughput as
high as 200 μg/mL.
In this paper, we showed that surfactant interactions with

liquid phases will dictate the order of mixing for successful
nanoemulsion synthesis. We believe that the proposed
mechanism of formation for both O/W and W/O nano-
emulsions has great implications in the field of nanotechnology,

as it opens up a range of possibilities to the already existing
applications. For instance, we demonstrated superior synthesis
of food-grade nanoemulsions; effective formulation for
pharmaceutical, nutritional, and nutriceutical materials; and
even synthesis of biocompatible polymeric soft nanomaterials
(i.e., alginate nanogels). Future studies could focus on
generation of double nanoemulsions using low-energy
methods, since the order-of-mixing in both O/W and W/O
nanoemulsion formation can now be tuned to our advantage. In
addition, biological applications, such as in vivo experiments
and bioimaging, can be explored through investigations in the
synthesis of hydrogels in the nanosize range using a low-energy
nanoemulsion as a template. We hope that this paper will be
useful for researchers working with nanoemulsions by providing
them with a rationale for the design of low-energy methods.
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