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ABSTRACT

Droplet-based microfluidic technology has enabled the production of emulsions with high monodispersity in sizes ranging from a few to
hundreds of micrometers. Taking advantage of this technology, attempts to generate monodisperse emulsion drops with high drug loading
capacity, ordered interfacial structure, and multi-functionality have been made in the cosmetics industry. In this article, we introduce the
practicality of the droplet-based microfluidic approach to the cosmetic industry in terms of innovation in productivity and marketability.
Furthermore, we summarize some recent advances in the production of emulsion drops with enhanced mechanical interfacial stability.
Finally, we discuss the future prospects of microfluidic technology in accordance with consumers’ needs and industrial attributes.
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I. INTRODUCTION

Emulsions have been applied in numerous ways from tradi-
tional food, pharmaceutical, and cosmetic industries to
technology-oriented ~ biomedical and sensor industries.'”
Therefore, it is important to understand recent research trends
regarding the development of a diverse emulsion system. To date,
conventional emulsification methods commonly used in industries
such as paddle mixing, simple homogenization, and high-pressure
homogenization have been focusing only on the technical aspect of
simply mixing two immiscible oil and water phases with the aid of
a surfactant. The emulsions produced by using conventional emul-
sification in a batch not only have small drop sizes ranging from
nanoscale to several micrometers, but also broad size distributions,
which makes them useful for large-scale production of stable emul-
sions with small drop sizes. If an emulsion with the same droplet
size is uniformly dispersed in another liquid phase and has a suffi-
cient size for direct observation, its applicability is very high in the
cosmetic industry. Due to these advantages, many studies have
been conducted for designing uniform sized emulsion drops based
on a microfluidic technology, employing various surface-active
substances such as low molecular surfactants,””'" polymeric
surfactants,'' ™” and colloidal particles.'*”"” For visual enjoyment
that comes from the appearance of emulsion products, several cos-
metic companies have attempted to generate monodisperse emul-
sions while varying their size, shape, and texture.'**” The size of

emulsions produced by a microfluidic device can be controlled
from several to hundreds of micrometers, depending on a variety of
parameters such as flow rates, fluid viscosity, additives, and geome-
try of microfluidic channels. The shape of emulsion drops can be
manipulated by adjusting the wettability of two immiscible liquids
or by using a geometric combination of microfluidic channels.
These parameters enable production of multiple emulsions, multi-
layered emulsions, or Janus-type emulsions. These emulsions may
contain several active components or both hydrophilic and hydro-
phobic ingredients in one drop. Thanks to the multiphase structure,
they cannot only release the drug gradually but also provide a dif-
ferent sense of use when applied to the skin. Despite these advan-
tages, improving their structural stability and productivity remains
a challenge. In addition, by forming a particle-polymer composite
film at the oil-water interface of the emulsion, buckling and
wrinkle of the interface can be induced to give rise to unique tex-
tures. Such emulsion droplets even further increase their cosmetic
usefulness if they can encapsulate and stabilize skin-effective ingre-
dients against external stimuli, such as heat, pH, light, and oxida-
tion.”® For this, the emulsion interface should have sufficient
mechanical resistance to hinder the occurrence of mass transfer. In
addition, large-scale production of emulsions must be implemented
in one device system to achieve substantial marketability in the cos-
metic market.”">’ To meet these requirements, a more advanced
droplet-based microfluidic technology that generates monodisperse
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emulsion drops with an ordered interfacial structure within a single
device system should be developed.””™*”

In this Perspective, a review and summary of recent researches
on droplet-based microfluidics and their application in the cos-
metic industry has been covered. In the first part, we succinctly
describe recent advances in the development of microfluidic
devices for mass production of uniform emulsions. Subsequently,
novel approaches to strengthen the emulsion interfaces have been
introduced. We also discuss technological strategies that allow
monodisperse emulsions to have commercially available values for
cosmetic formulations. This short article provides essential infor-
mation for future research studies toward cosmetic applications of
well-engineered emulsion systems.

Il. MICROFLUIDIC TECHNOLOGIES FOR COSMETIC
INDUSTRY

A. Microfluidic large-scale production of emulsions

Microfluidic emulsification is of great interest in industries
because it allows precise control over the shape, size, and compart-
ment of monodisperse liquid drops suspended in an immiscible
liquid continuous phase.”*™” In fact, such well-designed emulsion
drops produced in a single microfluidic channel are mostly obtain-
able in lab-scale fabrication processes, thus making it very challeng-
ing to produce emulsions with sufficient commerciality. For
decades, various efforts have been made to develop microfluidic
technologies for the mass production of emulsions, as summarized
in Table I. The methods and materials have their own advantages
and disadvantages in mass production of uniform emulsions, while
determining the emulsion type, dimension, and interface property.
In the early 2000s, there were attempts to increase the number of
replicated modules, which face the primitive problem of connecting
a large number of accessories such as tubes, connectors, and
pumps.”® To address this problem, microfluidic researchers have
proposed a distribution microchannel system. Nisisako and Torri
reported the mass production of monodisperse emulsion droplets
with a coefficient of variation below 1.3% by using a microchannel
module with 128 cross-junctions arranged circularly on a chip
[Fig. 1(a)].”” They were able to show that biphasic Janus emulsion
droplets, employing modified modules of co-flow junctions with
Y-shaped channels, could be successfully generated. The common

TABLE I. Comparison and characteristics of drop-based microfluidic technologies.
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design for distributing microchannels is a tree-like branched micro-
channel network [Fig. 1(b)].* This microchannel evenly and sym-
metrically divided fluids into branched microchannels starting
from one set of inlets without any hydrodynamic resistance of each
microchannel.

More recently, challenging attempts have been made to
manipulate soft materials to implement the geometry of distribu-
tion microchannels via photo- and soft-lithography.*"** The distri-
bution microchannel with a ladder-like geometry has been
commonly used for the mass production of monodisperse emul-
sions [Fig. 1(c)]. These ladder-like microchannels are two- or three-
dimensionally arrayed to fabricate the multi-layered microfluidic
device. To fabricate this type of microfluidic device, soft materials,
including photo-polymerizable polydimethylsiloxane or polyure-
thane precursors, were employed in conjunction with the soft-
lithography technique. Using this chemical material engineering
approach, Jeong et al. demonstrated that three-dimensional (3D)
microchannels with 1000 parallel flow-focusing generators with a
ladder geometry were able to increase the emulsion production
scale up to 1.51h™." The 3D printing technique has made it
possible to directly produce a user-designed microfluidic device
[Fig. 1(d)].**"" Femmer et al. developed a parallelized microfluidic
flow-focusing device with 28-droplet generators using digital light
processing, which generates monodisperse emulsion drops with a
diameter of 500 um at a production level to 31h™".* These results
highlight that mass production of monodisperse simple emulsion
droplets through the use of such advanced fabrication technologies
is no longer a major issue.

B. Structuring emulsion interfaces

Conventional emulsions are thermodynamically unstable, thus
eventually coarsening the drops into a phase-separated mixture.**
In order to improve the stability of an emulsion system, surfactants
have been appropriately incorporated considering their hydro-
philic-lipophilic balance and molecular geometric features while
following the Bancroft rule.””~' In general emulsion systems, sur-
factants adsorb spontaneously to the oil-water interface, which
lowers the interfacial tension to form a physical barrier, thus pre-
venting coalescence between drops. In a microfluidic channel, the
adsorption kinetics of surfactants is important and plays a role in

Applied Large-scale

technique Device material production Advantages Disadvantages Reference

Micro-capillary « Good solvent resistance « Complex fabrication process

assembly Glass Poor « Precision flow control « Limited device geometry 20 and 22

Photo/ Polvdimethvlsiloxane  Good flexibility « Poor solvent resistance

soft-lithography Y (PDI\ZIS) Good « High reproducibility « Difficult wettability control 41 and 42

3D printing PEG diacrylate Excellent ~ « Rapid prototyping o Surface roughness 46 and 47
methacrylate photoresist « Microfluidic kit automation « Low resolution channel
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FIG. 1. Microfluidic distribution microchannel designs for mass production of monodisperse emulsion. (a) Circular array of droplet generators. Reproduced with permission
from Nisisako and Torri, Lab Chip 8(2), 287 (2008). Copyright 2008 Royal Society of Chemistry. (b) Tree-like distribution microchannels. Reproduced with permission from
Conchouso et al., Lab Chip 14(16), 3011 (2014). Copyright 2014 Royal Society of Chemistry. (c) Ladder geometry microchannels. Reproduced with permission from Jeong
et al., Lab Chip 15(23), 4387 (2015). Copyright 2015 Royal Society of Chemistry. (d) 3D printed microchannels with parallel droplet generators. Reproduced with permis-
sion from Au et al., Lab Chip 14(7), 1294 (2014). Copyright 2014 Royal Society of Chemistry.

determining the mechanical properties of the emulsion interface.’”
The surfactants used in droplet-based microfluidics must adsorb
rapidly to the emulsion droplets to prevent coalescence between
droplets, but they should simultaneously lower the interfacial tension

(a)

Dispersed

phase

!

Acid-treated particle
©_ Amine-terminated surfactant

(b)

Continuous
phase

only to a level at which jetting does not occur. Because it is difficult
to meet these requirements at once by using a low molecular weight
surfactant, approaches using polymeric surfactants or colloidal sur-

factants with a bulky structure have been developed (Fig. 2).
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FIG. 2. Strategy for engineering emul-
sion interface during microfluidic emulsifi-
cation. Schematic illustration of emulsions
stabilization by using (a) silica nanoparti-
clefsurfactant and (b) silica nanoparticle/
lipid surfactant compositions.
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FIG. 3. Combination of materials for interfacial coacervation. (a) Polymer—polymer. (b) Colloid nanoparticle—colloid nanoparticle. Reproduced with permission from Hwang
et al, ACS Appl. Mater. Interfaces 13(6), 7664 (2021). Copyright 2021 American Chemical Society. (c) Polymer—colloid nanoparticle. (d) Colloid—nanofibrous material.
Reproduced with permission from Cho et al., Langmuir 37(13), 3828 (2021). Copyright 2021 American Chemical Society.

When preparing cosmetic emulsions using microfluidics, the surfac-
tant must be carefully selected. In fact, the surfactants that can be
used in cosmetic formulations are very limited, as those with excel-
lent surface activity may not only pollute the environment, but are
also highly likely to cause skin irritation.”” Ionic surfactants [e.g.,
sodium lauryl sulfate (SLS) and cetrimonium bromide (CTAB)] or
polyethylene glycol (PEG) derivatives surfactants (e.g., Span series
and Tween series) are good examples. For these reasons, many con-
sumers are negatively concerned about the use of chemical surfac-
tants in the development of cosmetic products.

Surfactant-free emulsification is becoming a hot trend in the
cosmetics industry. If a stable emulsion can be prepared without
using a surfactant, both environmental and skin safety issues can
be resolved. For this purpose, a variety of types of colloidal particles
such as silica,”®”’ clay,(’o’(’1 polymeric particles,(‘z’(‘3 and organic
fibrous materials®**” can be considered emulsifiers for emulsion
stabilization. Although such materials are effective for solidifying
the emulsion interface with a monolayer, interfacial coverage
cannot be perfect because of the generation of interstitial defects
due to the geometry of the particles. A promising solution to this
challenge is to take advantage of interfacial coacervation that fills
the defect dimension while mechanically strengthening the inter-
face. The interfacial coacervation is induced between oppositely
charged materials, that is, polymer—polymer,(’“’m colloid-
colloid,”””" colloid—polymer,”””* or colloid-nanofiber’*”> (Fig. 3).
This technique provides a useful methodology for surfactant-free
emulsion stabilization in droplet-based microfluidics.

I1l. OUTLOOK

In this paper, recent studies on monodisperse emulsion pro-
duction via droplet-based microfluidics have been summarized in
terms of application to the cosmetic industry. It is definite that
monodisperse emulsions produced by using droplet-based micro-
fluidics can provide useful dermatological benefits to the consum-
ers of cosmetic products. First of all, thanks to the uniform and
large droplets, the emulsion produced can provide visual pleasure
in addition to the sense of smell and touch of existing cosmetics. In
the case of preparing a monodisperse emulsion with a diameter of
1 mm, it is possible to enjoy the visual effect of the giant droplets

with the naked eyes. In contrast, normal emulsions with a broad
particle size distribution appear milky because the droplets are
larger than the wavelength of light.”® In addition, the materials that
form the emulsion interface should have both technical and esthetic
properties. Texture is one of the critical factors that consumers
rely on to determine the quality of cosmetic products. Therefore,
emulsion-based cosmetic formulations should not only be free of
foreign substances but also not cause an unfavorable finish feel
when applied to the skin. From the perspective of performance and
applicability, technological advances in engineering emulsion inter-
faces are strongly required. Colloidal materials used as substitutes
for emulsifiers must not only form a rigid emulsion interface
mechanically but also be very safe for the skin.””~”” For a better
sense of use, it is necessary to have the properties of appropriate
adhesion to the skin. The hydrophobic modification of colloidal
materials is a key strategy for manipulating skin adhesion while
controlling their wettability against the emulsion interface.””*" The
fabrication of amphiphilic Janus colloidal particles is also a promis-
ing method for engineering emulsion interfaces.”>*’ The use of
fibrous soft materials with the proper amount of hydrophobic moi-
eties can also create a geometrically defect-free emulsion interface
without the aid of additional surfactants.** These approaches will
pave the way for the development of new types of emulsion systems
in the future for the cosmetics market.
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