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a b s t r a c t

Nanoemulsions are widely used as advanced pharmaceutical delivery systems in biomedical field, due

to their high encapsulation efficiency and good therapy efficacy. Nanoemulsification techniques that pro-

duce nanoemulsions with controllable sizes and compositions are promising for creating advanced na-

noemulsion systems for pharmaceutical delivery. This review summarizes recent advances on low-energy

emulsification techniques for producing nanoemulsions, and the use of these nanoemulsions as advanced

pharmaceutical delivery systems and as templates to create drug-loaded functional particles for biomed-

ical application. First, nanoemulsification techniques that utilize elaborate interfacial physics/chemistry

and micro-/nano-fluidics, featured with relatively-low energy input, to produce nanoemulsions with con-

trollable sizes and compositions, are introduced. Uses of these nanoemulsions to create nanoemulsion-

incorporated milli-particles, drug-loaded nanoparticles and nanoparticle-incorporated microparticles with

sizes ranging from several millimeters to sub-10nm are emphasized. Flexible and efficient use of the

nanoemulsions, functional nanoparticles and milli-/micro-particles integrated with nanoemulsions or

nanoparticles for advanced pharmaceutical delivery in biomedical field are highlighted, with focus on

how the interplay between their sizes and compositions achieve desired pharmaceutical-delivery perfor-

mances. Finally, perspectives on further advances on the controllable production of nanoemulsions are

provided.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Nanoemulsions (NEs) are heterogeneous systems consisting of

immiscible liquid phases (usually oil and water), with surfactant-

stabilized nanodroplets of one liquid dispersed in the other contin-

uous one. Due to the small size, NEs show features of good trans-

parency, high surface area, robust stability, and tunable rheology,

thus finding diverse applications in fields such as biomedical sci-

ence, food, cosmetics, and material synthesis [1–9]. In biomedical

filed, NEs are widely used as advanced delivery systems for ac-

tive ingredients such as therapeutic and diagnostic agents, due to

their features such as low toxicity, high encapsulation efficiency,

improved thermodynamic stability, and good biodegradability and

biocompatibility [10,11]. Typically, the nano-size of NEs enables
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precise pharmaceutical delivery to specific tissues and organs, due

to the size-dependent biodistribution in biological systems [12],

while their high surface area further benefits greater absorption

and higher bioavailability [13,14]. The tunable composition of oil

and water phases in NEs enables flexible loading of hydropho-

bic and hydrophilic ingredients, while the tailorable surface prop-

erty of nanodroplets benefits their interaction with the cells to

achieve improved efficacy. Moreover, with deformable fluidic na-

ture and nanoscale size, NEs can be manipulated into versatile

dosage forms such as liquids, creams, gels, and foams, and flexi-

bly administrated via routes such as oral, transdermal, ocular, and

nasal routes [13,14]. Thus, with tailored sizes and compositions,

NEs can achieve remarkable physicochemical and biopharmaceu-

tical features for advanced pharmaceutical delivery applications.

Generally, NEs are formed by mixing oil and water phases with

the assistance of surfactant molecules. The nanoemulsion systems

generally include O/W NEs (with oil nanodroplets dispersed in wa-

ter) and W/O NEs (with water nanodroplets dispersed in oil). Dur-

ing the emulsification process, the dispersed phase is deformed

https://doi.org/10.1016/j.cclet.2023.108710
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and broken up into nanoscale droplets, associated with huge in-

terface expansion, as well as significantly increased interfacial en-

ergy [15]. The amphiphilic surfactant molecules play a key role

in this emulsification process, due to their capability to stabilize

the interfaces of the heterogeneous nanoemulsion system. The am-

phiphilic surfactants with their hydrophilic group into water phase

and hydrophobic group into the oil phase, can lower the interfacial

tension between the oil and water phases, and provide a physi-

cal interfacial barrier for droplet stabilization. However, although

the surfactants lower the interfacial tension and energy barrier for

forming the highly curved surface of nanodroplets, emulsification

of a biphasic liquid mixture into a large quantity of nanodroplets

is still associated with huge expansion of the liquid-liquid inter-

faces. Thus, such a nanoemulsification process requires energy in-

put to overcome the significant interfacial energy barrier for the

huge interface expansion [16]. Usually, the required energy for in-

terfacial impact can be offered by external energy input (e.g., me-

chanical energy), internal energy (e.g., physicochemical energy) of

the liquid mixtures, or combination of both [15,17,18]. Nanoemul-

sification techniques that can form NEs with controllable sizes and

compositions are promising for creating advanced NEs systems for

pharmaceutical delivery applications.

This review summarizes recent advances on low-energy na-

noemulsification techniques for creating NEs, and the use of

these NEs as advanced pharmaceutical delivery systems and as

templates to create drug-loaded functional polymeric particles

for biomedical application. First, nanoemulsification techniques

with relatively-low energy input, that utilize elaborate interfacial

physics/chemistry and micro-/nano-fluidics to produce NEs with

controllable sizes and compositions, are introduced. Use of the NEs

as templates to create drug-loaded nanoparticles (NPs) with sizes

ranging from several hundreds of nanometers to sub-10 nanome-

ters, and NEs-incorporated or NPs-incorporated particles are em-

phasized. Then, flexible and efficient uses of the NEs, functional

NPs and NEs-incorporated or NPs-incorporated particles, for ad-

vanced pharmaceutical delivery in biomedical field are highlighted.

How the interplay between the sizes and compositions of delivery

systems, including the NEs, NPs and composite particles realize de-

sired advanced pharmaceutical delivery performances for biomed-

ical application is discussed. Finally, perspectives on future study

for controllable production of NEs are provided. This review pro-

vides guidelines with interfacial physics/chemistry insights for ra-

tional design and production of desired NEs and NEs-derived par-

ticles for pharmaceutical delivery.

2. Formation of nanoemulsions

Generally, nanoemulsification techniques for creating NEs can

be typically classified into the high-energy methods and low-

energy methods [14,15,17]. The high-energy methods usually har-

ness the mechanical energy from processes such as ultrasonication,

high-pressure homogenization and high-shear mixing to impart

high shear stress on liquid phases for interface expansion [15,18].

These methods usually produce nanoscale emulsion droplets with

polydisperse sizes. Moreover, these methods show low energy ef-

ficiency, since most (∼99%) of the input energy is lost as heat

dissipation due to friction [19]. In low-energy methods, the na-

noemulsion production mainly utilizes the internal physicochem-

ical energy of the non-equilibrium liquid system, rather than the

mechanical energy from external dispersion equipment [15,17].

Such a non-equilibrium state of liquid mixtures can be achieved

by adjusting the composition (changing surfactant concentration,

or dilution) [20] or temperature [21,22]. Practical use of such

low-energy nanoemulsification usually employs the combination

of both external energy and internal chemical energy of the sys-

tem for nanoemulsion production. As compared to the high-energy

methods, the low-energy methods usually produce nanoemulsion

droplets with more uniform sizes. Such NEs can provide more pre-

dictable properties, and thus are preferred for uses in fields such

as biomedical and catalytic fields. Since the high-energy meth-

ods and phase inversion methods are well reviewed by literatures

[6,15], here we mainly focus on recent advances of nanoemulsifi-

cation methods, including those require relatively-low energy input

and utilize microfluidics, to offer more flexible nanoemulsification

choices.

2.1. Vapor condensation method

Organic phase enriched with amphiphilic molecules allows cap-

ture of water molecules from water [23–25], and its vapor [26,27],

to produce nanodroplets as templates for creating nanoscale pores

in particles and membranes. When a subcooled surfactant-rich oil

bath is used, it allows spontaneous condensation of water vapor

into the oil phase to produce W/O NEs (Fig. 1a) [28]. Besides used

for interfacial stabilization of the water nanodroplets, the surfac-

tants in the vapor condensation method control the spreading dy-

namics of oil on the nucleated water at the oil/air interface to pro-

duce water nanodroplets. In a typical vapor condensation process,

a cooled oil bath is placed in a chamber with high relative humid-

ity of 75%–80% and temperature of 20 °C (Fig. 1a). The oil bath

contains dodecane with low vapor pressure and low water sol-

ubility, and oil-soluble surfactant Span 80. With the temperature

of oil cooled down to 2 °C, lower than the dew point (13±1 °C)
of air, vapor condensation occurs at the oil/air interface to form

water droplets via heterogeneous nucleation. Due to the proper

combination of interfacial tensions among the air, water and Span-

80-containing dodecane, this system ensures a positive spreading

coefficient to allow the oil phase spontaneously spreading over

the condensed water phase for formation of water nanodroplets

cloaked by a thin oil film. Since the spreading time is on the or-

der of 10−12 s to 10−9 s, the droplet growth at the air/oil interface

is largely suppressed to benefit the formation of nanoscale emul-

sion droplets [29]. Thus, for such a system, W/O NEs with peak

radius of ∼100nm and polydispersity of ∼10% can be produced

(Fig. 1b). During the vapor condensation process, the surfactant

concentration and condensation time play key roles in determin-

ing the size and polydispersity of the formed droplets. For such

a method, it requires high concentration of the surfactant in the

oil, at least ten times its critical micelle concentration (CCMC) for

production of nanoemulsion droplets. With concentration of Span

80 (0.1mmol/L) lower than the critical surfactant concentration for

cloaking condensed water, water droplets with sizes of several mi-

crometers are formed. With the Span 80 concentration increasing

to 100mmol/L, higher than the critical surfactant concentration,

water nanodroplets with sizes of several hundreds of nanometers

can be produced. Moreover, with the condensation time increasing

from 2min to 30min, the water nanodroplets formed in dodecane

with 100mmol/L Span 80 show a slightly increased peak radius

and wider size distributions (Fig. 1b) [28].

The vapor condensation strategy can also be used for liquid sys-

tems with NPs as interfacial stabilizers [30]. The NPs can adsorb

at the O/W interface and serve as rigid barriers to stabilize the

interface [31,32]. When condensation of water vapor in a cooled

kerosene bath, droplet nuclei are formed at the oil/air interface,

and then engulfed by the spreading of kerosene (Fig. 1c) [30].

The droplets in the oil phase then grow to larger ones via coa-

lescence until they are effectively covered by silica NPs. In this

W/O system, the NPs can irreversibly adsorb at the W/O inter-

face due to their much higher desorption Gibbs free energy than

their thermal energy [31]; thus, the competition between the ad-

sorption kinetics of NPs and growth dynamics of nanodroplets de-

termines the droplet size. Typically, with silica NPs dispersed in
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Fig. 1. Production of NEs via vapor condensation. (a) Illustration of condensation of vapor with high humidity into a cooled oil bath containing surfactants to produce W/O

NEs. (b) Condensation-time dependent change of size distribution for water nanodroplets formed by condensing vapor into dodecane with 100mmol/L Span 80. Reproduced

with permission [28]. Copyright 2017, Springer Nature. (c) Illustration of condensation of vapor with high humidity into a cooled oil bath containing NPs to produce W/O

Pickering NEs. (d) Size distribution of Pickering NEs stabilized by silica NPs with sizes of 13±2.1 nm (NP-1), 52±4.1 nm (NP-2) and 92±10.3 nm (NP-3), and with different

concentrations. (e) Photographs and SEM images of Pickering NEs stabilized by different contents of NP-2. Reproduced with permission [30]. Copyright 2018, American

Chemical Society.

the kerosene bath, highly monodisperse Pickering NEs with sizes

of 100∼500nm can be formed via the vapor condensation pro-

cess. Similarly, the size of water nanodroplets can be well con-

trolled by adjusting the size and concentration of silica NPs, and

the condensation time. As demonstrated in Fig. 1d, the size and

polydispersity of the water nanodroplets show decreased values

with concentration of silica NPs increasing from 0.05 wt% to 0.5

wt%. With a low concentration (0.05 wt%), the silica NPs cannot

efficiently cover the condensed water nanodroplets, thus leading

to coalesced droplets in micrometer sizes precipitated at the bot-

tom of the container (Fig. 1e). Increasing the concentration of sil-

ica NPs to 0.2 wt%, 0.5 wt%, and 1 wt% allows production of water

droplets with nanometer sizes (Fig. 1e). Such a vapor condensa-

tion method provides a simple scalable process for nanoemulsion

production.

2.2. Cycled cooling-heating method

The cycled cooling-heating method harnesses narrow-range

temperature cycling for spontaneous and repeated bursting of the

dispersed droplets into numerous smaller daughter nanodroplets

during the cycled freezing and melting process (Figs. 2a and b)

[21,33]. During the cooling-heating process, the initial droplets are

cooled to achieve the breakup or freezing, and then heated back

for one cycle, with the aqueous medium kept at the liquid state.

The energy of phase transition harnessed during the cooling and

freezing is transformed into the large interfacial energy of the final

nanodroplets. Such droplet breakup process involves three mecha-

nisms (Fig. 2a). The first mechanism involves breakup of droplets

spontaneously during cooling with platelet puncture and bursting,

while the second and third mechanisms respectively involve burst-

ing of frozen particles on melting with capillary instability of long

fibres and melt-crystal fragmentation [21].

This method without external mechanical energy input provides

an efficient and scalable process for nanoemulsification at low con-

centrations of surfactant (ca. 0.1-3 wt%). Such a process is applica-

ble for various oil-surfactant combinations, such as the O/W emul-

sions of linear alkanes with chain length varying from C14 (tetrade-

cane) to C20 (eicosane). As shown in Fig. 2c, for these alkane-

in-water emulsions with initial droplet size of 35μm, their me-

dian number diameter reduces to lower than 1μm for all C14 to

C17 alkanes after the first cooling-heating cycle, while their mean

volume–surface diameter rapidly reduces with each cycle for all

C15 to C19 alkanes.

With such a cycled cooling-heating method, initial droplets

with sizes of 6 μm in batch emulsions can be converted into

smaller droplets with sizes of 1.1±0.2 μm after the first cooling-

heating cycle. Then, in the subsequent cooling-heating cy-

cles, the droplet size further reduces to the nanometer range

(600±100nm) (Fig. 2d). Moreover, these NEs can achieve a poly-

dispersity in the range of 1.2-1.4 (Fig. 2e). This method is efficient

for larger emulsion volumes and fractions, and can be used in a

continuous operational mode by flowing the emulsions along re-

peated pairs of conventional heating and cooling chambers.
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Fig. 2. Production of NEs via cycled cooling-heating process. (a) Illustration of the transformation of droplets and the related three mechanisms for droplet fragmentation

(M1∼M3) during cooling and heating of dispersed alkane droplets. (b) Micrographs of the initial droplets of pentadecane emulsion stabilized by 1.5 wt% surfactant

C16SorbEO20, and the generated daughter droplets after a cooling/heating cycle. (c) Changes of the median number diameter, and the mean volume–surface diameter

(inset) during the cooling-heating cycles for alkane-in-water emulsions stabilized by C18EO20. Droplet size (d) and polydispersity (e) by volume and by number for

self-emulsification in bulk emulsions with initial mean volume-surface diameter of 6 μm. Reproduced with permission [21]. Copyright 2017, Springer Nature.

2.3. Self-division method

Packing of surfactant molecules at interface is important for sta-

bilizing the interface of droplets. Interestingly, with a chemical re-

action to quickly create overpopulated surfactant molecules at the

O/W interface, hydrodynamic interfacial instability can be induced

to achieve interface deformation, due to the largely reduced inter-

facial tension [34,35]. With the chemical reaction to continuously

create surfactants, the interface deformation can lead to cycles of

droplet elongation and division to produce smaller and smaller

progeny droplets [34,36,37].

Typically, for droplets of dichloromethane (DCM) and 2-

hexyldecanoic acid (2-HDA) in an aqueous KOH solution with pH

12, NEs with sizes of ∼30nm can be produced via self-division

upon the interfacial reaction (Figs. 3a and b) [34]. When con-

tacting with KOH at the O/W interface, the 2-HDA molecules are

deprotonated to achieve interfacial stabilization ability like sur-

factants. During the neutralization reaction at the O/W interface,

deprotonated 2-HDA molecules accumulate at the O/W interface,

which tends to expand the interfacial area. Since the O/W inter-

faces during chemical reaction become unstable [37], the mother

droplet spontaneously elongates and divides into several smaller

daughter droplets due to Plateau-Rayleigh instability. The daugh-

ter droplets then undergo repeated self-division process to produce

nanoemulsion droplets. Since the deprotonation of 2-HDA is highly

pH-dependent, change of pH in the KOH solution allows manipu-

lation of the interfacial property of the 2-HAD-laden interface, as

well as the resultant nanodroplet size. In such cases, no division

occurs for DCM/2-HDA microdroplets at pH lower than 10. With

pH ≥ ∼10, the microdroplets undergo self-division process to pro-

duce nanodroplets with sizes of ∼30nm. The resultant NEs are

thermodynamically stable due to the electrostatic repulsions be-

tween the deprotonated 2-HDA molecules at the droplet interfaces.

Decreasing pH to lower than the pKa of 2-HAD leads to metastable

coalesced droplets with increased size due to the reduced electro-

static repulsions.

Such a self-division process allows evenly partitioning nanoma-

terials in the microscopic mother droplet into the resultant nan-

odroplets [34]. This can be typically observed for water droplets

containing metal nanorods (NRs) with length of 41±4.2 nm and

diameter of 10.5±1.1 nm, in KOH solution. These nanorods are sta-

bilized by mercaptoundecanoic acid and poly(vinyl pyrrolidone)

to ensure their well distribution in the water droplets and even

partition into the progeny nanodroplets. During the interfacial

reaction in KOH solution with pH 12, the macroscopic water

droplets with the nanorods spontaneously divide into nanodroplets

(350±30nm), each encapsulating several NRs (Figs. 3c and d). The

self-division method induced by chemical reaction is usually ap-

plicable to emulsion systems with immiscible or poorly-miscible

oil/water phases with ionizable surfactants. Moreover, with high

concentration of reactants to trigger interfacial chemical reaction,

spontaneous confined nanoemulsification can be achieved to pro-

duce much smaller sub-10-nm NEs (or called as swollen micelles)

(Fig. 3e) [38]. Typically, with DCM droplet containing 50 vol% oleic

acid (OA) added into a 0.2mol/L NaOH solution, chemical reac-

tion can be triggered at the O/W interface. This interfacial reaction

rapidly produces overpopulated NaOA molecules precipitated as a

thick and stable barrier at the droplet surface for tight confinement

of the droplet. Then the confined droplet splits into smaller ones

from generation to generation, and finally produces uniform sub-

10-nm NEs via such a spontaneous confined nanoemulsification.

2.4. Bubble-bursting method

Bursting of bubbles is a phenomenon widely occurred in nature,

which involves destabilization of interfaces. Harvest of the energy

from bubble bursting enables formation of nanoemulsion droplets

from an oil/water system. This bubble bursting strategy allows rup-
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Fig. 3. Production of NEs via interfacial-reaction-induced droplet self-division. Illustration (a) and optical micrographs (b) of interfacial-reaction-induced spontaneous division

of DCM/2-HDA droplets into smaller daughter droplets in KOH solution. (c) Illustration of formation of nanoemulsion droplets encapsulated with functional nanorods via

droplet self-division. (d) TEM image of the resultant nanorod-containing nanodroplets. Reproduced with permission [34]. Copyright 2010, Wiley-VCH. (e) Schematics of

spontaneous confined nanoemulsification process for creating sub-10-nm uniform nanoemulsion droplets. Reproduced with permission [38]. Copyright 2023, Wiley-VCH.

ture of an oil layer on top of the water phase to drive mass transfer

from the upper oil phase to the lower water phase (Fig. 4a). The

mass transfer then enables formation of nanoemulsion droplets

with sizes of 100–800nm and a moderate polydispersity index

[39,40]. In a typical bubble bursting process (Fig. 4a), air bubbles

are generated under a surfactant-containing water phase [39]. The

water phase contains hexadecyltrimethylammonium bromide as

surfactant and a thin oil layer of hexadecane on its top surface

to create an air/oil/water interface for bubble bursting. As illus-

trated in Fig. 4b, when the bubble floats towards the air/oil/water

interface, a bubble cap consisting of a water film and an oil film

forms at the liquid surface. Due to the gravity and surface tension,

the water and oil in the extruded film drain out, resulting in first

rupture of the oil film and then the water film (Figs. 4b and c).

The rupture and retraction of the water film eject a spray of oil

nanodroplets from the cavity boundary into the bulk water phase

(Figs. 4b and d). During the bubble bursting process, the size of

generated droplet is controlled by the molecular-level interaction

between oil molecules and the surfactants, and independent of

hydrodynamics [39,40]. Moreover, by simply adding functional

nanomaterials in the oil phase, the bubble-bursting system can

produce functional nanoemulsion droplets encapsulated with

these nanomaterials such as quantum dots (Figs. 4e–g) and silica

NPs. For example, by dispersing green quantum dots (QDs) of cad-

mium selenide into the hexadecane layer with thickness of 1mm,

oil nanodroplets containing the green QDs, with mean droplet

5
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Fig. 4. Production of NEs via bubble bursting. Illustration showing generation of floating bubbles under surfactant-containing water with a top oil layer (a) for bubble bursting

(b). Reproduced with permission [39]. Copyright 2016, Wiley-VCH. High-speed snapshots showing a bubble bursting at air/oil (c) and oil/water (d) interfaces. Reproduced

with permission [40]. Copyright 2014, Springer Nature. NEs containing green QDs (e), and green and red QDs (f), and their size distributions (g). Reproduced with permission

[39]. Copyright 2016, Wiley-VCH.

diameter of 214nm and polydisperse index (PDI) of 0.374 can be

produced after bubble bursting for 48h (Figs. 4e and g). Moreover,

with two different QDs (red and green) dispersed into the oil layer,

oil nanodroplets containing both QDs, with mean droplet diameter

of 232nm and PDI of 0.258 can be produced (Figs. 4f and g). The

bubble bursting method is applicable to liquid systems even with

interfacial tension on the order of tens of mN/m, and shows no

negative thermal effects as compared to the high-energy methods

such as ultrasonication and high-pressure homogenization.

2.5. Micro-/nano-fluidic emulsification methods

Microfluidic techniques allow flexible and accurate manipula-

tion of the flow and dispersion behaviors of multiple microflows

in microchannel networks, thus showing great power in control-

lable generation of emulsion droplets [41–44]. Up to now, mi-

crofluidic devices with geometries such as co-flow, flow-focusing,

and T-junction [45], are created from a variety of materials such

as polydimethylsiloxane (PDMS), glass-capillary/plate [45–47], sili-

con [48], and polymethylmethacrylate [49]. These microfluidic de-

vices enable controllable production of emulsion droplets from sin-

gle emulsion droplets to higher-order multiple emulsion droplets

[50–52]. The size of droplets from microfluidic techniques can be

flexibly and precisely adjusted by tuning parameters such as the

flow rate of dispersed and continuous phases and microchannel

size. However, because the sizes of generated emulsion droplets

from microfluidics largely depend on the minimum feature size of

the microchannel, the minimum achievable sizes of these emul-

sion droplets are usually limited to a few micrometers. Although

breakup of liquid threads by surface instability can produce satel-

lite droplets with nanometer sizes [53], passive collection of these

nanodroplets still suffers from low efficiency for nanoemulsion

production because most volume of the liquid phase is used for

microdroplet generation.

To directly and efficiently produce NEs, strategies based on elec-

trostatic/hydrodynamic liquid-jet focusing [54], and supersonic mi-

crofluidic spray-drying [55,56], are developed. Typically, focusing a

liquid flow can lead to capillary jetting at extremely small scale

length to benefit the formation of nanoscale droplets. With strong

shear stress from the continuous phase to focus the dispersed flow,

surfactants can be accumulated at the tip of the dispersed flow

to achieve a nearly zero surface tension for formation of a Taylor

cone. From such a Taylor cone, a highly sharpened tip can be gen-

erated and broken up into tiny droplets with size in the nanome-

ter scale. For continuous production of uniform NEs from a Tay-

lor cone, a three-dimensional (3D) flow-focusing PDMS microflu-

idic device with a square waveform geometry (Fig. 5a) is devel-

oped [57]. In the flow-focusing junction, the dispersed water flow

is sheared by the continuous mineral oil phase in all directions

to form a symmetric conical liquid tip (Fig. 5b). Such a 3D flow-

focusing device allows reduced energy and pressure for droplet

breakup as compared to the 2D flow-focusing devices, thus en-

ables generation of smaller droplets under certain operation pres-

sures. In such a device, the droplet size can be flexibly manipu-

lated from the micrometer scale to nanometer scale by adjusting

the pressure ratio of water flow (Pw) to the mineral oil flow (Po).

As typically demonstrated in Fig. 5c, with the pressure ratio of

3.15/3.5=0.9, microdroplets are generated in the dripping mode.

When further decreasing the pressure ratio to 3.15/3.5=0.87, the

focused dispersed phase transits from the dripping mode into a

tip-streaming mode, and forms a very thin liquid thread to pro-

duce W/O nanoemulsion droplets with a narrow size distribu-

tion (Fig. 5d). Moreover, besides the hydrodynamic strategy, the

droplet breakup from a Taylor cone can also be enhanced by us-

ing electric field to produce nanoemulsion droplets [54,58,59]. Un-

der such conditions, the nanodroplet size can be manipulated by

adjusting the flow rates as well as the voltage of the electric

field [58].
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Fig. 5. Micro-/nano-fluidic techniques for controllable production of NEs. Illustration of microfluidic device (a) for continuous production of uniform NEs in a tip-streaming

mode (b). High-speed snapshots of droplet breakup in dripping (c) and tip-streaming (d) mode with different pressure ratios. Reproduced with permission [57]. Copyright

2012, Royal Society of Chemistry. Illustration of the supersonic microfluidic spray-drying device (e) and time-lapse high-speed snapshots showing the droplet breakup in the

device (f). Reproduced with permission [55]. Copyright 2017, Royal Society of Chemistry. (g) Illustration of micro-/nano-fluidic device with cross-junction nanochannel and

microchannel reservoir for controllable production of NEs. Reproduced with permission [60]. Copyright 2010, American Chemical Society.

The formation of nanodroplets in microchannel usually requires

significant enhancement of the shear stress for droplet breakup.

Use of a supersonic air flow in microfluidic spray-drying devices

provides an alternative and efficient way to achieve such enhance-

ment of shear stress [55,56]. Fig. 5e shows the PDMS microflu-

idic device for the supersonic spray-drying [55]. The microfluidic

device possesses two inlet microchannels at the top for injecting

the dispersed liquid phase, and multiple pairs of inlet microchan-

nels downstream for injecting the continuous air flow. During the

microfluidic supersonic spray-drying process, the dispersed liquid

phase is first dispersed by the air flow in the dripping regime

to form primary microdroplets in air (Fig. 5f). Then, these micro-

droplets are sheared by supersonic air flow with high shear stress

to form a large amount of much smaller daughter nanodroplets.

By successively injecting air through the multiple air inlets into

the main microchannel, the air flow can achieve a very high veloc-

ity and provide high shear stress to deform the generated droplets

at each junction (Fig. 5f). This can produce airborne nanodroplets

with size determined by the balance between the shear stress and

Laplace pressure, which is much smaller than the microchannel di-

mension.

Since the droplet size is largely dependent on the size of flow

channel, by reducing the channel dimension into nanometer size

range, NEs can be produced [60,61]. As typically shown in Fig. 5g,

the PDMS micro-/nano-fluidic device contains U-turn microchan-

nels and a nanofluidic section with a cross junction and a ter-

race for nanoemulsion production [60]. The dispersed and con-

tinuous liquid phases that flow in the U-turn microchannels are

driven into the cross-junction nanochannels. Sheared by the con-

tinuous phase, a jet stream from the dispersed phase is generated

in the nanochannel, which then flows into the microchannel reser-

voir downstream. At the step between the nanochannel and mi-

crochannel reservoir, the capillary pressure difference dominates

the droplet formation, leading to break-up of the jet stream into

nanodroplets due to capillary instability [60,61]. Such a nanofluidic

device allows generation of nanodroplets with high monodisper-

sity (<5%) and high frequency (up to 15kHz). Moreover, by vary-

ing the nanochannel height as well as the capillary pressure dif-

ference, nanodroplets with sizes in the range of 500∼1000nm can

be produced. These micro-/nano-fluidic techniques provide an effi-

cient strategy for production of NEs with controllable size and high

monodispersity.

3. Pharmaceutical delivery applications of nanoemulsions

NEs are powerful nanocarriers for pharmaceutical delivery, due

to their features such as high surface area, high encapsulation effi-

ciency, and improved thermodynamic stability. For the pharmaceu-

tical delivery applications, high-energy emulsification such as ul-

trasonication, are commonly used to create NEs [62–65]. Recently,

the low-energy emulsification has emerged as a promising way

to create NEs for their applications due to some of their unique

advantages as compared to the high-energy ones. For example,

the low-energy methods consume less energy and their sponta-

neous formation of NEs simplifies the production process [5,66,67].

Meanwhile, the low-energy methods provide mild processes with

reduced mechanical and thermal damage to labile active ingre-

dients such as proteins. Moreover, the low-energy methods pro-

duce nanodroplets with smaller sizes and better size uniformity

[38,39,57], that are difficult to achieve using the high-energy ones.

This feature benefits the controllable nanoencapsulation in the NEs

and predictable drug release profile, and creation of uniform and

ultrasmall NPs carriers. Thus, here we highlight the use of NEs

from the low-energy methods for pharmaceutical delivery appli-

cations, including their direct use as nanocarriers, and their use as

templates to create functional NPs and NEs-incorporated or NPs-

incorporated particles for pharmaceutical delivery.
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Fig. 6. NEs for advanced drug delivery. Illustration (a) and TEM image (b) of LMC/DTX loaded O/W NEs incorporating TPGS and an ionic complex of sodium deoxycholate

and 1,2-dioleyl-3-trimethylammonium propane (DA-TAP). Reproduced with permission [80]. Copyright 2020, Elsevier. CLSM images of cellular uptake of unmodified (c) and

25 wt% RGD-modified (red) (d) lipid NEs after incubated with U-87 MG cells (green) for 1h. Reproduced with permission [81]. Copyright 2020, American Chemical Society.

3.1. Nanoemulsions for pharmaceutical delivery

NEs provide advanced nano-platform for drug delivery in

biomedical field [68–77]. Their oil and water phases create vast op-

portunities for flexibly loading both hydrophobic and hydrophilic

pharmaceuticals [78]. Especially, the O/W NEs play a vital role for

delivery of hydrophobic drugs, which are ubiquitous in a wide va-

riety of applications including the pharmaceutical manufacturing.

The drugs with poor water solubility show low-efficient penetra-

tion into the target tissues and organs, leading to poor bioavailabil-

ity and absorption efficiency. The oil nanodroplets served as nano-

reservoirs, can encapsulate these hydrophobic drugs with high ca-

pacity, protect them against hydrolysis and oxidation, and achieve

efficient permeation across the barriers of biological membranes

to improve drug bioavailability. For example, essential oil contains

compounds that are beneficial to the defense response of plants ei-

ther by direct antimicrobial activity against pathogens or repelling

off insects, but the poor water-solubility of essential oil restricts

its use in plants [5]. By modulating the viscosity of liquid phases

for isothermal spontaneous emulsification under mild conditions,

NEs of essential oil from cinnamon, clove, coriander, and red thyme

are created [5]. To achieve stable essential oil NEs, soybean oil and

propylene glycol are respectively used to tune the viscosity of or-

ganic and water phases, and Tween 80 is used as a surfactant.

Such a spontaneous process largely simplifies the formulation and

fabrication process, and efficiently produces essential oil NEs for

pharmaceutical delivery in plants. In a plant-pathogen system (A.

thaliana-B. cinereal), plants treated with the essential oil NEs show

enhanced quantitative disease resistance (QDR) against the broad

host-range necrotrophic phathogens (BHNs), due to enhanced pro-

duction of jasmonic acid, upregulation of autophagy and ROS scav-

enging detoxification [5].

Docetaxel (DTX) is a semisynthetic paclitaxel derivative with

excellent antitumor efficacy but still suffers from poor water-

solubility [79]. Incorporation of methylcellulose (MLC)-complexed

DTX in O/W NEs allows efficient oral delivery of DTX with

enhanced absorption and anticancer efficacy for metronomic

chemotherapy (Figs. 6a and b) [80]. Such O/W NEs are produced

via low-energy spontaneous emulsification based on their pseudo-

ternary phase diagram. These DTX-loaded O/W NEs, functional-

ized with d-alpha-tocopherol polyethylene glycol succinate (TPGS)

for suppressing P-gp-mediated efflux and ion-pair complex for en-

hanced permeation, allow 249% increase in oral bioavailability as

compared to free DTX.

Besides use of oil nanodroplets to enhance the bioavailability

of poor water-soluble drugs, tailoring the surface property of nan-

odroplets provides another efficient way to benefit their improved

interaction with the biological systems for better efficacy [63]. Typ-

ically, lipid NEs covalently grafted with high density of RGD pep-

tide for surface modification are developed via a low-energy spon-

taneous emulsification technique [81]. As shown in Fig. 6c, after

incubated with glioblastoma cells (U-87 MG cells) for 1 h, the RGD-

modified lipid NEs are efficiently up-taken by the U-87 MG cells

due to the ligand/receptor binding mechanism. However, without

the RGD modification, the uptake of unmodified lipids NEs by the

U-87 MG cells is very low (Fig. 6d). Moreover, when incubated

with RAW 264.7 macrophages as the nontumorigenic cells, both

the unmodified and RGD-modified lipid NEs exhibit almost no up-

take by the macrophages, indicating their ability to address the un-

desired macrophage uptake in nanoparticulate-carrier-based ther-

apy.

The nanoscale size and fluidic nature of NEs benefit their in-

corporation into larger scale materials such as milliparticles and

films for their more flexible and efficient uses as delivery systems

[65,82,83]. Such nanoemulsion-incorporated materials allow more

efficient loading of poor water-soluble pharmaceuticals and more

flexible and tunable release profiles, as compared to their counter-

parts without the NEs. For example, by incorporating ibuprofen-

loaded NEs into millicapsules, drug release with three different re-

lease stages can be achieved [83]. NEs with oil droplets (∼58nm)

of isopropyl myristate for loading the poor water-soluble ibupro-

fen (0.021mg/mL at 25 °C) are created by using water phase con-

taining sucrose and Ca2+ as continuous phase via a low-energy

nanoemulsification process. When further dripping droplets of the

NEs into aqueous alginate solution, millicapsules containing an al-

ginate shell with mesh size of ∼10nm for efficient entrapment of

the oil nanodroplets can be created via interfacial crosslinking (Fig.

7a). The capsule size and shell thickness can be flexibly tuned by

changing the concentration of Ca2+ (Figs. 7b and c) and size of dis-

pensing tip. The millicapsules in saline solution can achieve three-

stage release behaviors of the loaded NEs (Fig. 7d). First, diffusion-

based sustained release of the nanoemulsion cargo from the milli-

capsules are achieved due to the enlarged mesh size upon swelling

of alginate shell in saline solution. Then the millicapsules enable

8
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Fig. 7. NEs-incorporated milliparticles for controlled drug release. Illustration of

dripping-based formation of alginate millicapsules containing ibuprofen-loaded NEs

(a), with controlled capsule size and shell thickness (b, c). Release of ibuprofen from

NEs-incorporated millicapsules (d) via diffusion-based sustained release (R1), burst

release (R2) (e), and final post-release (R3). Reproduced with permission [83]. Copy-

right 2020, Wiley-VCH.

burst release of the nanoemulsion cargo (Fig. 7e) due to complete

dissolution of alginate shell in the saline solution, followed with

the final post-release of the cargo. The delayed time to achieve

the burst-release stage can be easily controlled by tuning the shell

thickness via adjustment of Ca2+ concentration during the milli-

capsule synthesis.

3.2. Nanoemulsion-derived nanoparticles for pharmaceutical delivery

Functional NPs are broadly used in myriad fields such as cat-

alytic and biomedical fields. In biomedical field, NPs show great

power as delivery systems of pharmaceuticals, due to their dis-

tinct properties as compared to individual molecules and larger

sized particles [84–90]. Generally, the size and surface property of

NPs greatly affect their behaviors in biological systems after ad-

ministration, such as their circulation time, clearance, and biodis-

tribution [12,91–93]. For example, hydrophilic NPs with sizes of

10∼100nm can escape from phagocytosis of the reticuloendothe-

lial system, and allow a longer circulation time in blood vessels

[94,95]. NPs with sizes less than 10nm usually show efficient per-

meability across the blood–brain barrier with pore size upper limit

of ∼12nm for treatment of central nervous system diseases, while

the larger ones are mostly hampered [94,96,97]. Moreover, NPs

with sizes less than 5.5 nm can be rapidly cleared from the blood

via renal clearance, which benefits their complete elimination from

human body [91,94,98]. Thus, controlling the features of NPs such

as their size and physicochemical properties plays key roles in de-

termining their performance as pharmaceutical delivery systems in

biomedical field.

Generally, NPs can be produced via methods such as emulsion

polymerization, suspension polymerization, ball-milling, nanocrys-

tallization, nanoprecipitation, and template synthesis from nan-

odroplets [99–102]. Among these methods, NEs with nanoscale

Fig. 8. Functional NPs created from nanoemulsion templates. (a) SEM image of a

NOA89 nanoparticle decorated with silica NPs, using nanodroplets from bubble-

bursting. Reproduced with permission [39]. Copyright 2016, Wiley-VCH. (b) SEM

image of PEGDA NPs and TEM image of magnetic PEGDA NPs (inset) prepared

using nanodroplets from microfluidic flow-focusing. Reproduced with permission

[57]. Copyright 2012, Royal Society of Chemistry. (c) SEM image of CaCO3 NPs pre-

pared using nanodroplets from supersonic microfluidic spray-drying. Reproduced

with permission [55]. Copyright 2017, Royal Society of Chemistry. TEM image of

PLGA NPs (d) fabricated using spontaneous confined nanoemulsification, and their

change of size (e) dependent on PLGA concentration. Reproduced with permission

[38]. Copyright 2023, Wiley-VCH.

droplets of water or oil provide powerful templates for synthe-

sizing functional NPs with size and composition similar to those

of the nanodroplets [13,39,56,57,62,103–106]. Meanwhile, the flex-

ible compositions in the dispersed nanodroplets and continuous

phase, and at their interfaces, provide versatile opportunities to

engineer the composition, structure and function of the interior

and surface of the NPs. Usually, NPs are created using NEs pro-

duced from methods such as the ultrasonication, high-pressure ho-

mogenization and high-shear mixing. However, due to the polydis-

perse nanoemulsion templates, the resultant NPs are usually non-

uniform. Uniform NEs from low-energy methods such as bubble-

bursting and micro-/nano-fluidic emulsification provide new op-

portunities to create NPs with improved uniformity [39,57,107].

For example, by using hexadecane containing UV-curable polymers

NOA89 as the oil phase and silica NPs as the emulsifier, nan-

odroplets with the silica NPs stabilized at the surface can be pro-

duced via the bubble bursting process [39]. UV-polymerization of

such nanodroplets can create polymeric NPs with silica NPs deco-

rated on their surface (Fig. 8a). These NOA89 NPs show improved

uniformity due to the moderate PDI of nanodroplet templates from

bubble bursting [39]. Moreover, more uniform NPs can be cre-

ated by using monodisperse nanodroplets from micro-/nano-fluidic

emulsification [55,57]. By simply adding polyethylene glycol di-

acrylate (PEGDA) and photo-initiator in the water phase to pro-

duce nanodroplets using the flow-focusing microfluidic device (Fig.

5a), uniform PEGDA NPs can be continuously created by fast UV-

induced polymerization [57]. The PEGDA NPs show an average size

of ∼360nm, and CV value of 3.38%, indicating their sizes are highly

monodisperse (Fig. 8b). Further incorporation of magnetic iron ox-

ide NPs in PEGDA-containing water phase for the microfluidic na-

noemulsification allows production of PEGDA NPs with embedded

magnetic cores (inset in Fig. 8b).

Usually, as compared to their nanoemulsion templates, the

obtained NPs show reduced sizes due to the volume shrinkage

in the liquid-to-solid conversion. Thus, with further reduce of

the nanodroplet size, ultrasmall functional NPs can be produced.

For example, with high shear stress from supersonic microfluidic

spray-drying to produce smaller nanodroplets, uniform amorphous

CaCO3 NPs with an average diameter of 12nm can be created

9
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Fig. 9. Functional NPs from NEs for biomedical application. Photo of an aqueous solution containing sub-10-nm CPT-loaded PLGA NPs (a) and TEM image of these NPs

(b). Reproduced with permission [38]. Copyright 2023, Wiley-VCH. (c) Chitosan NPs loaded with d-limonene nanodroplets for enhancing the QDR of plants against BHNs.

Reproduced with permission [111]. Copyright 2021, American Chemical Society. (d) Synthesis of fenofibrate-nanoparticle-loaded alginate microparticles using nanoemulsion-

loaded droplets as templates, via Ca2+-crosslinking and evaporation-induced nanocrystallization. (e) Fluorescent micrograph of microgel particles with NEs containing Nile-

red-dyed fenofibrate. (f) TEM image of the recovered fenofibrate nanocrystals from the dried microgel particles with 70.7% drug loads. (g) Cumulative release profiles of the

dried microgel particles with 70.7% drug loads and different sizes. Reproduced with permission [112]. Copyright 2020, American Chemical Society.

(Fig. 8c) [56]. Moreover, the tiny nanodroplets from supersonic mi-

crofluidic spray-drying even enable production of ultrasmall NPs

of amorphous NaCl which usually shows a very high propensity to

crystallize [56]. Besides, the sub-10-nm NEs from spontaneous con-

fined nanoemulsification provide excellent templates to create ul-

trasmall NPs. With sub-10-nm NEs droplets containing biocompat-

ible poly(lactic-co-glycolic acid) (PLGA) from spontaneous confined

nanoemulsification as templates, uniform and ultrasmall PLGA NPs

can be produced via further solvent evaporation of DCM in the NEs

(Fig. 8d) [38]. Regulation of the PLGA concentration in the nan-

odroplets from 20g/L to 2.5 g/L allows decreasing the size of PLGA

NPs from ∼4.8 nm to ∼3.5 nm (Fig. 8e). The NPs with ultrasmall

sub-10-nm sizes may find promising uses for pharmaceutical de-

livery since they usually enable increased tumor penetration, more

precise tumor targeting and effective cancer therapy as compared

to the larger ones [108].

The flexible control of composition and size of NEs pro-

vides vast opportunities to create drug-loaded functional NPs

for pharmaceutical delivery. The NEs allow first loading of drug

molecules in their nanodroplets during the nanoemulsification pro-

cess, and then creation of drug-loaded NPs via physical/chemical

processes such as temperature-induced phase change and interfa-

cial crosslinking [109,110]. Such a strategy benefits efficient pre-

loading of desired drugs in the resultant NPs to achieve advanced

delivery of the drugs with improved bioavailability. For example,

camptothecin (CPT), an anticancer drug with good antineoplastic

activity against brain, lung and breast tumors, can be loaded into

NPs via the spontaneous confined nanoemulsification [38]. By dis-

solving CPT in a PLGA-containing OA/DCM phase, NEs with sub-

10-nm oil nanodroplets containing PLGA and CPT can be created

via the spontaneous confined nanoemulsification. Further evapo-

ration of the DCM in the NEs produces homogeneous dispersion

of CPT-loaded PLGA nanoparticles with size of sub-10nm (Figs.

9a and b). Besides, drug-loaded NPs with core-shell structures

can be developed using nanoemulsion droplets as templates. For

instance, with the d-limonene NEs made from isothermal spon-

taneous emulsification as templates, NPs with a chitosan shell

and an essential oil core (d-limonene) are developed via ionic

gelation (Fig. 9c) [111]. With the chitosan as an elicitor of the

plant immune system, and antimicrobial essential oil as activa-

tor of the plant defense response, such core-shell NPs can trig-

ger an on-demand systemic defense response in plants to achieve

enhanced QDR against BHNs in the A. thaliana-B. cinerea model

system.
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Table 1

Summary of typical low-energy nanoemulsification methods.

Method NEs

type

Typical droplet size Typical composition of O and

W phases

Advantages (A) & disadvantages

(D)

Application Ref.

Vapor

condensation

W/O ∼430 nm - ∼200

nm

O: dodecane and Span 80

W: water vapor

A: simple production process

D: high surfactant content,

droplet size of ∼10% PDI,

difficult to encapsulate

contents

/ [28]

Vapor

condensation

W/O ∼500 nm - ∼100

nm

O: dodecane, kerosene, and

silica NPs

W: water vapor

A: simple production process

D: relatively broad size

distribution, difficult to

encapsulate contents

/ [30]

Cycled

cooling-heating

O/W ∼1200 nm - ∼600

nm

O: linear alkanes with chain

length varying from C14

(tetradecane) to C20 (eicosane)

W: water and surfactant

(cetyltrimethylammonium

bromide or sodium octadecyl

sulfate)

A: relatively simple production

process

D: relatively large droplet size

and repeated temperature

control

/ [21]

Self-division O/W ∼350 nm - ∼30 nm O: DCM and 2-HDA

W: KOH solution

A: simple production process,

uniform droplet size

D: limited choices of

encapsulation contents due to

high pH, high surfactant

content

Nano-

encapsulation

[34]

Self-division O/W ∼650 nm - <10 nm O: DCM and OA

W: NaOH solution

A: simple production process,

uniform and ultrasmall droplet

size

D: limited choices of

encapsulation contents due to

high pH, high surfactant

content

Drug-loaded NPs

synthesis

[38]

Bubble-bursting O/W ∼230 nm - ∼100

nm

O: n-hexadecane,

n-pentadecane, n-tetradecane,

n-tridecane, n-dodecane,

n-undecane, n-decane, PDMS

or NOA 89

W: water and sufactants (hex-

adecyltrimethylammonium

bromide,

dodecyltrimethylammonium

bromide, docusate sodium, or

sodium dodecyl sulphate)

A: simple production process

D: limited volume of

dispersed phase and droplet

size with moderate PDI

NPs synthesis [40]

Bubble-bursting O/W ∼800 nm - ∼100

nm

O: n-hexadecane, n-tridecane,

and n-hexane

W: water and

hexadecyltrimethylammonium

bromide

A: simple production process

D: limited volume of

dispersed phase and droplet

size with moderate PDI

Nano-

encapsulation

and NPs

synthesis

[39]

Microfluidic

flow-focusing

W/O ∼5 μm - ∼400 nm O: Mineral oil and surfactant

ABIL EM90

W: water

A: highly controllable and

monodisperse droplet size

D: complex device

construction and troublesome

flow manipulation

NPs synthesis [57]

Nanofluidic

capillary-focusing

O/W ∼4 μm - ∼900 nm O: fluorinated oil

W: water and sodium dodecyl

sulfate

A: uniform droplet size

D: complex device

construction, troublesome

flow manipulation and

relatively large droplet size

Particle synthesis [60]

Incorporation of NPs into larger scale materials such as mi-

croparticles provides more flexibility for the composite materi-

als to achieve versatile drug release [62]. Usually, by using NEs-

loaded micro-/milli-droplets as templates, NPs-loaded micro-/milli-

particles can be developed by respectively solidifying the na-

noemulsion droplets and micro-/milli-droplets [62,112]. For in-

stance, alginate microparticles loaded with fenofibrate NPs are cre-

ated via a scalable, low-energy process, using NEs-loaded micro-

droplets as templates to achieve high loading capacity and fast

release of fenofibrate (Fig. 9d). First, O/W NEs are prepared via

spontaneous emulsification, using fenofibrate-containing anisole as

dispersed phase and alginate solution with surfactants Span 80

and Tween 80 as continuous phase. Further dispersion of the NEs

into microdroplets, followed with Ca2+ crosslinking of the mi-

crodroplets and evaporation-induced nanocrystallization of fenofi-

brate in the NEs droplets, produces alginate microparticles (Fig.

9e) loaded with fenofibrate NPs (Fig. 9f). Fenofibrate is a highly

hydrophobic drug that typically used to treat high blood lipopro-

tein concentrations via oral administration, but usually suffers from

very poor water-solubility (<1μg/mL). This low-energy nanoemul-

sification with optimized surfactant amount enables high load of

drugs (>70%) in the resultant alginate microparticles. The drug re-

lease kinetics of the fenofibrate-NPs-loaded microparticles can be

modulated by adjusting the drug load and microparticle size. Typ-

ically, decrease of the microparticle size from 239μm to 45μm can

lead to a highly accelerated release rate (Fig. 9g), showing a sig-

nificant dissolution enhancement (up to 70×) compared to bulk

fenofibrate crystals. Such NPs-loaded microparticles are promising

as advanced drug delivery systems with both high drug load and

fast drug release for hydrophobic compounds.
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4. Conclusions

This review provides a summary on the recent development

of low-energy nanoemulsification techniques for creating NEs, and

the use of NEs and NEs-derived particles for advanced pharma-

ceutical delivery in biomedical fields. Low-energy nanoemulsifi-

cation techniques that employ elaborate interfacial science and

micro-/nano-fluidics to produce controllable NEs, are introduced

(typical low-energy nanoemulsification methods introduced in this

review are summarized in Table 1). Then, use of NEs as phar-

maceutical delivery systems for biomedical application is intro-

duced, with highlights on the NEs loaded with poor water-soluble

drugs. Meanwhile, the NEs provide encapsulated drug nanocarriers

to create NEs-incorporated milli-particles and offer advanced tem-

plates to create functional NPs with sizes down to sub-10nm, and

NPs-incorporated microparticles. The NEs and their derived parti-

cles, with well-designed sizes and compositions, provide advanced

pharmaceutical delivery systems with improved drug bioavailabil-

ity and efficacy for treatment of diseases. Future efforts should fo-

cus on developing more robust nanoemulsification equipments and

new low-energy nanoemulsification methods, and exploring their

possible combinations to achieve controllable, continuous and scal-

able production of NEs. Moreover, deep insights into the relation-

ship between the features of surfactants/combined surfactants and

their interfacial assembly behaviors are required, since their as-

sembly behaviors largely determine the size and structure of NEs.

The revealed interfacial science may guide the rational molecular

design of surfactants for controllable formation of NEs, especially

those with multiple-layered interiors, via a surfactant-assembly

guided process. Such advances will promote the rational design

and production of desired NEs and NEs-derived NPs for pharma-

ceutical delivery application in biomedical field.
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