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ARTICLE INFO ABSTRACT

Keywords: Viral diseases are emerging as global threats. Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
Nanoemulsions that causes coronavirus disease (COVID-19), has severe global impacts. Safety, dosage, and potency of vaccines
Biosurfactants recently approved for emergency use against SARS-CoV-2 need further evaluation. There is still no effective
lc)gig/glg_elhgvery treatment against COVID-19; therefore, safe, and effective vaccines or therapeutics against SARS-CoV-2 are
SARS-CoV-2 urgently needed. Oil-in-water nanoemulsions (O/W NEs) are emerging as sophisticated, protective, and thera-

peutic platforms. Encapsulation capacity, which offers better drug pharmacokinetics, coupled with the tunable
surfaces present NEs as promising tools for pharmaceutical applications. The challenges facing drug discovery,
and the advancements of NEs in drug delivery demonstrate the potential of NEs against evolving diseases, like
COVID-19. Here we summarize current COVID-19 knowledge and discuss the composition, stability, preparation,
characterization, and biological fate of O/W NEs. We also provide insights into NE structural-functional prop-

erties that may contribute to therapeutic or preventative solutions against COVID-19.

1. Introduction

Infectious viral diseases and outbreaks are continuously evolving
global threats. Despite successive advances in the medical field, the
prevention and treatment of viral outbreaks remain challenging due to
the innate characteristics of viral particles, such as the high dynamic rate
of genetic mutations. Coronavirus disease of 2019 (COVID-19), caused
by severe acute respiratory syndrome 2 (SARS-CoV-2), emerged in
December 2019 in Wuhan, China, and grew rapidly into a global
pandemic. As of July 2021, severe global health, social, industrial, and
economic global impacts are still being caused by COVID-19 including
high mortality rates, mandatory lockdowns, and reduced manufacturing
leading to global shortages. Collaborative scientific responses to develop
effective preventative and therapeutic solutions against COVID-19 using
traditional and advanced technologies are being coordinated globally;
however, there is still no treatment for COVID-19 and only a few vac-
cines have been approved recently for emergency use.

Nanoemulsions (NEs) are heterogeneous formulations of two
different immiscible liquids that are typically oil and water mixtures
stabilized by surface-active agents, surfactants. During emulsification,
surfactants minimize or prevent coalescence by adsorbing at the oil-

water interface and lowering surface tension. Surfactants also facili-
tate dispersed phase splitting or disruption by forming an interfacial film
at the oil-water interface that delays destabilization mechanisms. The
choice of surfactants is critical for preparing NEs with specific physi-
ochemical properties. NEs have droplet sizes ranging from 10 to 1000
nm that make them kinetically stable but thermodynamically unstable
systems, due to higher free energy in the system compared to the
separated phases [1]. Therefore, phase separation, which depends on
the kinetic energy barriers, of homogenized NEs occurs over time
leading to destabilization mechanisms including Ostwald ripening and
flocculation. However, NEs can possess long-term stability or shelf-life
when the system components selected rationally based on their physi-
ochemical properties. NE stability is a crucial parameter for medical
applications, where alterations in the physiochemical properties dras-
tically impact pharmacological properties of the formulation.

NEs represent a rapidly growing class of colloidal carriers with
unique properties that facilitate successful and affordable applications
in agriculture [2], food [3,4], cosmetics [5,6], and pharmaceuticals [1].
NEs are classified by the chemical nature of the dispersed phase (core).
For example, when an oil core is dispersed in a continuous phase, like
water, oil-in-water emulsions (O/W) are produced. Conversely, water-
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in-oil (W/0O) emulsions are formed when water is dispersed in an oil
phase. Both O/W and W/O emulsions are classified as single emulsions.
Double emulsions are more complex, like oil-in-water-in-oil (0O/W/0O)
and water-in-oil-in-water (W/O/W) emulsions, and can be manufac-
tured by dispersing a single emulsion within another liquid phase [7].
The advantage of selecting different dispersed phases allows for the
encapsulation of various bioactive compounds. The progressive devel-
opment of NEs with more complex chemical compositions and multiple
internal compartments [8], makes NE a multifunctional platform for
various drug delivery applications. In medicine, NE platforms are
promising and advanced tools with multiple applications that can be
harnessed in the fight against current and future viral outbreaks.

The potential of NEs for improving the quality and efficacy of
pharmaceutical compounds has been demonstrated in various medical
applications [9]. In particular, the large surface area-to-volume ratio of
NEs enhances absorption and efficacy of encapsulated drugs, and the
tunable interfacial properties of NEs enable targeted delivery of the
loaded cargo to the intended site of action [10,11]. For example, NEs can
be formulated with surface-displayed targeting biomolecules, such as
antibodies, to facilitate targeted delivery. These properties allow
optimal doses of encapsulated active ingredients to be delivered with
minimal off-site targeting [12]. Encapsulation of drugs within the NE
core protects drugs from environmental changes, including pH changes
and enzymatic degradation [13,14]. These advantages have led to rapid
advances in NEs pharmaceutical applications that highlight the prom-
ising future of NEs for solving healthcare problems.

The surface properties of NEs control their physical stability and
biointeractions in pharmaceutical applications. These properties include
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type, concentration, and conformation of surfactant; surface charge;
type, thickness, size, and architecture of coating materials; and nature of
displayed targeting ligands. Bioconjugation methods are utilized to tune
these surface properties, and therefore achieve desired physical stability
and pharmacological performance of NEs (Fig. 1). For instance, steric
hinderance can be achieved through the adsorption or display of poly-
mers such as polyethylene glycol (PEG) at oil-in-water interface, which
can alter the thickness and architecture of NEs surfaces. The display of
PEG molecules at oil-in-water interface also shields surface charge,
therefore prevent unwanted electrostatic interaction of NE with plasma
proteins, that lead opsonisation and rapid clearance [15]. These positive
surface functionalization impacts on NEs stability and biological in-
teractions can facilitate NE success in drug delivery applications. How-
ever, to consider surface functionalization of NE, the process should be
feasible in terms of downstream processing, affordable and favourable
for encapsulated compounds.

Traditional antivirals and other therapeutics are limited by poor
solubility and absorption, rapid clearance profiles, low bioavailability,
non-specific targeting of viral receptors, off-site toxicity, and limited
accessibility to viral depots [16]. NEs have the potential to overcome
these limitations due to these systems being tuneable with versatile oil
cores (dispersed phase), enhanced encapsulation capacities, easy-to-
modify surfaces, and flexible dosage forms. For example, low viscosity
dosage formulations are appropriate for parenteral delivery whereas
more viscous formulations suit topical administration [17]. Control over
NE surface and core properties makes these tuneable systems strong
candidates in the development of next generation antivirals.

Here, we summarize the current knowledge of SARS-CoV-2 and
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Fig. 1. Implications of O/W NEs surface properties in viral and other medical applications. A. Illustrates how the surface properties of O/W NEs can be functionalized
with different biomolecules to target viral infections using different mechanisms (targeting infected macrophages using electrostatic interactions, surface displayed
antibodies targeting virus receptors, evoking immune response using surface displayed antigens/epitopes, virus neutralization via ACE2 receptor mimicry and cell
adhesion to enhance drug localization or residence). B. Depicts the tunable surface properties of O/W NEs that can be harnessed toward various drug delivery
applications using several strategies including targeting activated macrophages for liver diseases using electrostatic interactions, targeting cancer cells using anti-
bodies, evoking immune response against cancer, immunotherapy via the presentation of T-cell receptors.
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provide a comprehensive review of the composition, types, structure,
stability, preparation, characterization, and biological fate of O/W NEs.
This article also provides mechanistic insights into NE physiochemical
properties in drug delivery applications, and how these properties
qualify NEs as potential therapeutic and preventative solutions for
overcoming the COVID-19 pandemic. Next, we explore NE properties
that qualify NEs as potential therapeutic and preventative solutions for
overcoming the COVID-19 pandemic. Finally, we discuss the challenges
associated with NE drug delivery applications.

2. Severe acute respiratory syndrome coronavirus 2

The coronavirus disease, COVID-19, is caused by the novel SARS-
CoV-2, which is a strain from the Coronaviridae family of zoonotic vi-
ruses that infect mammals and birds. Coronaviruses, named after their
crown-like surface structure, are categorized into four genera: a-coro-
navirus, f-coronavirus, y-coronavirus, and o-coronavirus. The most
pathogenic p-coronaviruses for humans are SARS-CoV, the Middle
Eastern respiratory syndrome coronavirus (MERS-CoV), and the novel
SARS-CoV-2. SARS-CoV-2 possesses a 34-kb single-stranded positive-
sense RNA genome encoding several open reading frames. According to
the reference sequence in NCBI (NC_045512.2), the genome of SARS-
CoV-2 consists of 13 open reading frames (ORFs) (Fig. 2. A). Two-
thirds of the genome contains ORFla and ORF1b, which encode for
the non-structural proteins (nsps) for replication [18]. The remaining
one-third of the SARS-CoV-2 viral genome encodes the four major
structural proteins: spike glycoprotein (S), envelope small membrane
protein (E), membrane protein (M), and nucleocapsid proteins (N) [19].
There are also seven accessory proteins encoded by ORF3a, ORF3b,
ORF6, ORF7a, ORF7b, ORF8, and ORF10 genes (Fig. 2. A) [18,20]. The
viral envelope of SARS-CoV-2 is composed of the S, M, and E proteins,
while the N protein is located within the core of the virus (Fig. 2. B)
[21,22]. The SARS-CoV-2 virions are relatively large, measuring about
120 nm in diameter, and fall within the same range of commonly studied
functionalized nanoparticles (Fig. 2. C) [23]. Understanding the struc-
ture, surface properties, and mode of action of SARS-CoV-2 as functional
nanomaterials provides insights into the strategies that can be developed
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to tackle this virus [24].

SARS-CoVs M protein, which maintains membrane integrity, is the
most abundant protein expressed in the viral particle, whereas the E
protein, which plays a role in the structure and assembly, is expressed in
very low levels within the viral particle [22]. The viral RNA genome is
combined with the N protein that is required for the effective packaging
of the virion [22,25]. S glycoprotein is the most studied structural pro-
tein among SARS-CoV viruses - this structural protein is well known to
elicit potent and long-lasting immune responses, making it a potential
candidate for targeted therapy or vaccine development [25-27]. S
glycoprotein is composed of two domains, S1 and S2 subunits, that
facilitate receptor binding and membrane fusion, respectively. SARS-
CoV-2 enters the cell either via endosomes or through plasma mem-
brane fusion.

Upon binding host cells through the receptor-binding domain (RBD)
of S glycoprotein, SARS-CoV-2 S1 subunit utilizes the peptidase domain
(PD) of angiotensin-converting enzyme 2 (ACE-2) [27]. Following virion
packaging and complete virus assembly within the endoplasmic reticu-
lum of Golgi apparatus, virions are released through exocytosis. Un-
derstanding these virus-host interactions informs how nanomaterials,
particularly NEs, can be developed to prevent SARS-CoV-2 binding and
cellular entry.

The mechanism of SARS-CoV-2 entry creates targets for many drugs.
For instance, an in vitro study demonstrated that clinical-grade soluble
human ACE2 can be used to suppress SARS-CoV-2 infection in early
stages due to competitive binding with cellular ACE-2 [28]. Interfering
with the SARS-CoV-2 lifecycle in early stages of infection also presents
potential drug targets. For example, endocytosis and cell membrane
fusion could be targeted by endocytosis inhibitors, such as Ikar-
ugamucin, or by blocking membrane fusion with small molecule
SSAAQ9E3 and 25-hydrocholesterol [29-31]. Targeting virus-loaded
endosomes provides other early intervention opportunities. For
example, repurposed chloroquine and hydroxychloroquine have been
used as therapeutics against COVID-19 to inhibit the formation of
endosomal compartments and reduce the initial phases of viral infection
[32]. Other targets for drug development exist following entry of SARS-
CoV-2 into host cells when the viral envelope is cleaved by the main

Fig. 2. Schematic representation of SARS-CoV-2
genome and particle structure. (A) SARS-CoV-2
genome: 5 to 3’ terminal sequences. The genome
contains the open reading frame ORFla and ORF1b
that encode non-structural proteins (nsps) (grey
boxes), structural proteins including spike (dark blue
box), envelope (orange box), membrane (maroon
box), nucleocapsid (light blue box) proteins, and
accessory proteins such as ORF 3a, 3b, 6, 7a, 7b, 8

B_ and 10 (grey boxes). (B) SARS-CoV-2 particle struc-
Membrane protein (M) ture representing the envelope composed of S, M and
RNA and E proteins. The viral core contains the N proteins and
nucleoprotein (N) RNA. (C) Illustrates the size of SARS-CoV-2 (blue)
relative to NEs (yellow). (For interpretation of the
i . references to colour in this figure legend, the reader is
Spike glycoprotein (S) referred to the web version of this article.)
Envelope small
protein (E)
G
2
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protease (MP™) to facilitate delivery of genetic material to the cytoplasm
and translation of nsps. Targeting MP™ is currently the most promising
COVID-19 treatment — Remdesivir, a repurposed antiviral drug that in-
hibits proteases, is the first COVID-19 drug approved by FDA [33]. A
computational study conducted by Grifoni et al. predicted possible
epitopes as potential preventive and therapeutic candidates for targeting
the S glycoprotein [34,35]. The study identified five regions in the S
glycoprotein with high immune response rates and provided a blueprint
for the design and development of SARS-CoV-2 anti-viral drugs or vac-
cines. An in vivo study confirmed that immunization with SARS-CoV-2
RBD stimulated the production of neutralizing antibodies in rodents
suggesting that RBD is a potential candidate for the development of an
effective vaccine [36]. While one-third of the SARS-CoV-2 genome en-
codes four structural proteins responsible for the virion assembly and
infectivity, the other two-thirds of the genome encodes nsps involved in
virion replication [37]. Blocking SARS-CoV-2 replication by protease
inhibitors might be a promising therapeutic approach to treat COVID-19
[38,39].

Understanding the origin of SARS-CoV-2 and the zoonotic-human
mode of viral transfer are crucial aspects for research into the preven-
tion of future zoonotic infections. Early in the pandemic, COVID-19 was
confirmed to be a zoonotic infection; however, transmission from ani-
mals to human remains under investigation and requires further
research [40,41]. The SARS-CoV-2 virus is mainly transmitted between
humans through respiratory aerosols and droplets. Therefore, close
contact increases the spread of SARS-CoV-2 making social distancing
practices a necessary measure to help contain the virus. Signs and
symptoms of COVID-19 differ from patient to patient. Some COVID-19
patients show no symptoms (asymptomatic), while others develop life-
threatening symptoms like acute respiratory distress syndrome (ARDS)
and organ failure. However, most COVID-19 patients exhibit mild
symptoms, and admitted cases recovered within seven to ten days of
hospitalization [42,43]. Nonetheless, new variants of SARS-CoV-2 have
rapidly spread in the UK, USA, South Africa and India [44-46]. These
SARS-CoV-2 variants, characterized by multiple mutations in the spike
glycoprotein, have raised concerns regarding vaccine efficacy and the
need to monitor for further mutations that might require changes to
current vaccines [47].

To date, and despite considerable efforts to develop a range of
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antiviral drugs and vaccine candidates currently in preclinical or clinical
development, only a few vaccine products have been granted emergency
use approval for preventing COVID-19. In addition, some concerns have
been raised about the safety profiles, number of doses, and potency
against new variants of these approved vaccines. Acceptance of vaccines
varies throughout the global population and is influenced by public
perception and knowledge that creates both positive and negative atti-
tudes toward vaccines. However, it must be highlighted that vaccines
are the most effective tool available for stopping the spread of infectious
diseases. Containment measures such as lockdown and quarantine, are
also needed to reduce SARS-CoV-2 transmission; however, these mea-
sures also result in negative social, professional and economic conse-
quences [48]. Moreover, the continuous emergence of new,
transmissible SARS-CoV-2 variants exemplifies the obstacles faced by
infectious disease surveillance programs. Therefore, there is an urgent
need to develop efficient next-generation vaccines or therapeutic plat-
forms against SARS-CoV-2 to overcome the COVID-19 pandemic and
any future coronavirus-related outbreaks.

3. Nanoemulsions

The structural and functional tunability and versatility of NEs have
contributed to the application of NEs for vaccine development and for
new therapeutic platforms involving subcutaneous, intramuscular,
intravenous, and mucosal routes (Fig. 3) [49-52]. Subsequently, un-
derstanding NE composition and functional properties, along with the
surrounding biological systems, is crucial for developing new, sophis-
ticated NE drug delivery platforms.

3.1. Nanoemulsion composition

O/W NEs are heterogeneous dispersions mainly composed of three
main constituents: a dispersed phase (hydrophobic core), a continuous
phase (hydrophilic), and surfactants or stabilizers. The core acts as a
reservoir for many hydrophobic materials whereas salts, buffers, or
solvents are contained within the hydrophilic phase. Components that
help facilitate immune evasion [53] or targeting molecules [54,55], are
displayed onto the surface of O/W NEs and directed toward the aqueous
continuous phase (Fig. 4). Surfactants are amphiphilic surface-active
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route

Microneedle subcutaneous
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Fig. 3. Schematic representation of possible NE administration routes for treating or preventing viral diseases. O/W NEs refers to oil-in-water nanoemulsions.
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Fig. 4. Schematic representation of encapsulated hydrophobic compounds and surface-functionalized biomolecules of O/W NEs. Drugs, vitamins, colors, dyes,
essential oils and flavors can be encapsulated within the oil core. Surface-displayed biomolecules include antibodies, polymers, aptamers and fluorescent probes.

molecules that lower interfacial tension (IFT) between two immiscible
fluids during the emulsification process [56,57]. Surfactants rapidly
adsorb at O/W interfaces leading to the formation of stable oil droplets
by preventing destabilization mechanisms, such as flocculation (i.e. the
fusion of droplets forming larger clumps). Surfactants are classified by
origin (chemically or biologically derived), electrical charge (cationic,
anionic, zwitterionic or non-ionic), and the hydrophilic-lipophilic bal-
ance (HLB) value.

Biosurfactants are derived from or manufactured in living organisms
including microorganisms, plants or animals. By contrast, surfactants (or
chemical surfactants) are derived from petrochemicals and oleochem-
icals via chemical synthesis [58,59]. Biosurfactants include glycolipids
[60], lipopeptides [61], polysaccharides, peptides [62,63], and proteins
[64,65]. Chemical surfactants include Tween 20, Tween 80, and sodium
dodecyl sulfate.

Compared to chemical surfactants, biosurfactants are more favored
in terms of biocompatibility, biodegradability and sustainability
[58,59,66-68]. Biosurfactants can reduce IFT and adsorb at liquid/
liquid, air/liquid and solid/liquid interfaces [56]. Biosurfactants stabi-
lize O/W NEs, not only by reducing IFT, but also through steric and
electrostatic repulsion. Thus, biosurfactants prevent NE destabilization
mechanisms leading to more stable long-lasting formulations which is a
crucial property for medical applications.

Biosurfactants have been widely applied in medicine against cancer,
microbes, inflammation, immune disorders, and viruses [69-71]. Celik
et al. has summarized the potential strategies for using biosurfactants as
therapeutic, environmental, and industrial tools to fight future viral
outbreaks [72]. For example, peptide- and lipopeptide-based bio-
surfactants can interfere with viral life cycles; hence, these compounds
are suitable for developing vaccines capable of inducing cytotoxic T-cell
responses against viruses [73,74]. Other biosurfactants, such as surfac-
tin, have anti-inflammatory activities. Biosurfactants are also important
in the development of preventative tools, including pesticides and dis-
infectants, which is an essential strategy for minimizing the spread of
infectious disease, such as COVID-19.

The amphiphilic nature of biosurfactants qualifies these compounds

as essential components of various drug delivery systems, including
micelles, liposomes, and emulsions. Biosurfactants also facilitate the
fabrication of NEs in different dosage forms, like aerosols, liquids, semi-
solids, and solids, and act as solubilizers of active pharmaceutical in-
gredients (APIs) [71]. Biosurfactants exhibit innate antiviral properties
making them defence line candidates for preventing viral invasion
through different body entry routes [75]. These properties substantiate
biosurfactants as essential structural and functional elements of antiviral
drug delivery systems, such as NEs.

Self-assembly is a unique feature of biosurfactants that allows
spontaneous adsorption, integration, and arrangement at O/W NEs in-
terfaces. The interfacial activities of self-assembling biosurfactants are
governed by hydrophobicity, electrostatic interactions, hydrogen bonds,
and van der Waals forces [76]. Peptides and proteins are a major class of
biosurfactants that are found naturally or produced artificially with
bioengineering. Naturally available peptide or protein biosurfactants
are produced by microorganisms and facilitate cell adhesion, growth of
organelles, and biofilms. The ability of biosurfactants to interact with
cell membranes have led to their use in medical applications as anti-
microbials. Stimuli-responsive and self-assembling synthetic bio-
surfactants can also be rationally designed by chemical and biological
engineering allowing for the fabrication of multi-compartment NE sur-
faces through chemical crosslinking [62,77-79]. This process facilitates
the functionalization of NE surfaces with various materials including
antibodies, vitamins, and solid nanoparticles-based shells (such as silica
nanoparticles) [80]. These properties demonstrate how biosurfactants
and NE interfaces are crucial for biological functionalities (Fig. 4) [81].

Surfactant charge impacts NEs stability and interactions with bio-
logical materials. Charged surfactants create NEs with electrostatic
repulsion providing better colloidal stability compared to non-ionic
surfactants that stabilize NEs droplets via steric hindrance [82]. In
addition, charged surfactants can be also useful for targeted drug de-
livery by interacting with cellular membranes of pathogens and other
diseased cells. To tune NE surfaces for particular applications, charged
surfactants can be modified with charge-shielding and immune-evading
biomolecules using bioconjugation chemistry. However, uncharged NEs
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surfaces are preferred in biological environments because they are less
prone to interacting with host plasma proteins and cell membranes
leading to better in vivo stability. Charged surfactants can be modified
with charge-shielding and immune-evading biomolecules using bio-
conjugation chemistry to tune NE surfaces for a particular application.

HLB value is another important aspect when selecting surfactants for
downstream applications. Ranging from 0 to 20, HLB values describe the
level of lipophilicity or hydrophilicity of a surfactant molecule that is
determined by hydrophilic and hydrophobic components. Selection of
surfactants based on HLB value is determined by oil core requirements
and contributes to formation of NEs with a narrow size distribution
index [67,83,84]. Understanding biosurfactant structural and functional
properties and inter-and intra-molecular interactions at NE interfaces, is
crucial in the development of NEs as effective preventative and thera-
peutic tools.

3.2. Preparation of nanoemulsions

NEs can be prepared using various methods that impact the nature of
the resultant NE and are an important parameter to consider in the
development of NEs. Energy input is a requirement for preparing O/W
NEs and differs between high-energy and low-energy methods
[7,85,86]. High-energy approaches, like ultrasonication and high-
pressure homogenization, use mechanical devices, that generate
disruptive forces to split the dispersed phase into tiny oil droplets
[82,87,88]. Currently, ultrasonication is the most common method used
in laboratory-based research; however, high-pressure homogenizers are
preferred for industrial applications. Low-energy approaches exploit the
potential of NE compositions (oil-water-emulsifier mixtures) and use
temperature changes to lower IFT and induce spontaneous emulsifica-
tion. The most commonly used low-energy methods are phase inversion
temperature (PIT) and spontaneous or self-emulsification methods
[89-91].

Fabrication of NEs using high-energy approaches is determined by
the NE composition and required energy input. To overcome energy
barriers between selected oil and aqueous phases, shearing forces with
high kinetic energy are applied to produce nanosized droplets. Surfac-
tants and co-surfactants are used to stabilize NEs and reduce IFT — the
lower the IFT, the lower the amount of external energy needed to split
NEs droplets [92]. Varying ultrasonic wave frequency, energy input, and
time, O/W NEs can be prepared with specific properties. Constant en-
ergy input and residence time of the oil phase in the disruption zone
(sonication waves) greatly impact droplet size and dispersity
[82,93-95]. For instance, increasing sonication time to a certain level
decreases the size of NE droplets [96]. Thus, the parameters that influ-
ence physical stability and morphology of NEs should be considered
when designing NEs for in vitro and in vivo applications.

High-pressure homogenization is a scalable method used widely to
prepare NEs for industrial applications, particularly food production.
However, the high-energy consumption and escalation of temperature
during NEs preparation are major problems. During homogenization, NE
mixtures pass through a valve chamber under high pressure producing
shearing energy that fragments the oil core into nanoscale droplets [97].
To prepare NEs with small droplet sizes, hydraulic shear, cavitation, and
intense turbulence need to be optimized. Other factors such as homog-
enizer type, sample composition, and operating conditions (i.e. time,
energy intensity and temperature), also affect droplet size during ho-
mogenization [98-100]. Increasing homogenization intensity to
decrease droplets size is an example of using these factors to control
droplet formation [57,101,102]. However, homogenization pressure
levels (MPa) should be selected based on the composition of NEs,
particularly chemical nature of oil core and surfactant type. A recent
study has demonstrated the importance of studying the impact of ho-
mogenization pressure on NE composition, and therefore stability and
encapsulation efficiency. The study has shown that the increase of ho-
mogenization pressure to a certain level, 120 MPa, improves
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encapsulation efficiency, while exceeding 120 MPa negatively affects
encapsulation efficiency owing to the determinantal effect on the
structure of soy protein isolate, the vehicle [103]. Surfactant type and
concentration, oil percentage and pressure homogenization conditions
also influence NEs physical stability [104,105]. Considering the impact
of high shearing methods conditions on emulsions properties and
physical stability is crucial for the development of stable, functional
pharmaceutical NE formulations.

The PIT method, which was reported by Shinoda and Saito [106],
prepares NEs by changing the temperature profile of NEs mixture
components. This method involves sequential steps including mixing,
heating, and fast cooling, and also depends on the solubility of surfac-
tants changing with temperatures that modify surfactant affinities for oil
and water phases and affect the overall HLB value of NEs. At high
temperatures, surfactants become more soluble in the oil phase; how-
ever, surfactants become more soluble in water at lower temperatures
[57]. Changes in surfactants composition and concentration also affect
their HLB values with higher surfactant-to-oil contents producing
smaller droplets [91,93,107]. The spontaneous emulsification method is
another way to prepare O/W NEs by exploiting different chemical po-
tentials between the oil core and water phase that enhance solvent
diffusion. The industrial production of O/W NEs using spontaneous
emulsification is still considered to be in development, even though this
method can generate NE droplets with specific sizes [108].

The physiochemical properties of NEs including, rheology, stability,
and payload release, are influenced by NE functional interfaces,
composition and size, and are important factors when choosing a NE
manufacturing method. Viscosity also affects droplet shearing during
emulsification; thus, knowledge of different NE formulation methods,
compositions, and intended pharmaceutical applications is essential for
preparing NEs with desirable properties.

The separation of free and excess surfactant or polymer molecules
from prepared NEs is essential for downstream applications, such as
vaccines. Centrifugation is commonly used for separating most nano-
particles from excess free molecules; however, it is not suitable for
removing excess materials present in NE formulations. In contrast,
centrifugation is commonly applied for testing NE stability against phase
separation [109]. NEs are kinetically stable formulations of soft nano-
droplets that should retain homogeneity during high speed centrifuga-
tion. Resistance to centrifugation and phase separation is an indication
of O/W NE stability. Once phase separation occurs, NEs undergo one of
three destabilization mechanisms: Ostwald ripening, creaming, or
sedimentation. Dialysis bag or chromatography-based separation
methods are preferred for removing excess materials from NEs with no
or minimal effects on physical NE properties. For example, dialysis using
snake membranes with different pore sizes allows for removal of excess
dyes, surfactants, or polymers such as polyethylene glycol [110].

3.3. Stability of nanoemulsions

Stability during long-term storage is important for developing new
drug delivery systems. Stable NEs are in a high-energy state compared to
separated phases (oil and water). O/W NE is considered stable if the
formulation maintains its physiochemical characteristics over time and
under different conditions, including temperature and pH changes. The
rate of change in physiochemical properties is determined by energy
barrier levels [57,111]. For example, changes in NE physiochemical
properties can lead to instability through different mechanisms
including Ostwald ripening, coalescence, flocculation, creaming, and
cracking. Ostwald ripening is due to differences in Laplace pressure and
occurs when small oil droplets migrate toward larger droplets through
the continuous phase. This mechanism can be prevented or minimized
by selecting a high immiscibility profile between the dispersed and
continuous phases and maintaining low IFT. NEs can also undergo
coalescence when droplets collide and merge forming larger droplets. To
avoid coalescence, repulsive forces between dispersed oil droplets
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should be maintained. Based on the Derjaguin, Landau, Verwey and
Overbeek (DLVO) theory, weak repulsion, and strong attractive forces,
such as electrostatic interactions between oil droplets, can lead to floc-
culation. Creaming occurs when floccules float, while sedimentation is
the result of floccules settling. Creaming and sedimentation are deter-
mined by whether the dispersed phase is lighter (floating) or denser
(creaming) than the continuous phase. The small droplet size of NEs
plays a major role in controlling and narrowing density difference be-
tween phases that contributes to better stability. Creamed or sedimented
NEs can be reconstituted by shaking or mixing that can also recover their
physiochemical properties. However, permanent and irreversible phase
separation of NEs can occur and is known as cracking [112].

3.4. Nanoemulsions characterization methods

Characterization of NE physiochemical and interfacial properties (i.
e. rheology, appearance, viscosity, droplet size, charge, morphology,
size distribution, surface tension, elasticity, and stiffness) provides a
better understanding of NE behaviour and possible interactions in
medical applications. Dynamic light scattering (DLS), based on Brow-
nian motion, is the most common characterization method of NEs and
indicates droplets size. In DLS, moving-oil droplets are exposed to light
generating scattered light with different intensities that is analyzed with
the Stokes-Einstein equation. Droplet size (mean droplet diameter) and
polydispersity index (PDI) are important parameters that reflect NE
functional properties — stability and dispersibility. Thus, regular moni-
toring of these parameters is required. When both parameters remain
unchanged over time, NEs can be considered physically stable
[113-115]. DLS is a convenient and efficient method commonly used for
continuous monitoring of nanomaterial stability profiles; however, DLS
may provide incomplete information when test samples, contain droplet
populations with low percentages. Other techniques, such as micro-
scopic examination, can be used to complement DLS results.

Electron microscopy offers a higher resolution examination of
droplet structure and size [116-118]. Conventional transmission elec-
tron microscopy (TEM) characterizes the internal structure of the
dispersed phase, whereas scanning electron microscopy (SEM) collects
topographical data [118]. In addition to conventional TEM and SEM,
cryo electron microscopy is more commonly used for a few reasons. For
instance, Cryo TEM facilitates direct examination of NEs as frozen-
hydrated droplets allowing the original structural properties to be pre-
served [119]. Thus, cyro TEM analyzes the internal structure and
dispersed phase of NEs in their native state [120]. Although cryo TEM
provides artefact-free analysis due to its ability to differentiate oil
droplets from other objects/structures [118,121], this technique has
limitations when detecting droplets with high oil content or viscosity.
Cryo SEM overcomes this limitation by analyzing the surface structures
of NEs droplets surfaces as aggregates. Cryo SEM can also examine larger
sample areas making it the preferred technique for collecting informa-
tion about overall NE structure and dispersity [122]. The surface
morphology of NEs can also be studied by atomic force microscopy
(AFM). Although microscopy analysis provides valuable information
about NE stability, homogeneity, and morphology, microscopy is a labor
intensive and time-consuming technique. Subsequently, monitoring NE
shelf-life is usually performed by DLS. NE chemical composition can also
be investigated by coupling cryo preparations with electron loss energy
spectroscopy. Other NE characterization techniques include differential
scanning calorimetry, isothermal titration calorimetry, small-angle X-
ray scattering, and x-ray spectroscopy [102,123].

The capacity of NEs to encapsulate a wide range of hydrophobic
compounds, like vitamins [124], essential oils (EOs) [83], flavors [125],
fluorophores [126] and drugs [127] is a major advantage of NEs in drug
delivery applications (Fig. 3). Efficient encapsulation protects cargo
compounds from chemical degradation, enhances compound bioavail-
ability, and helps control the release of cargo compounds at the target
site [128-130]. The encapsulation efficiency (EE) test is applied to
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evaluate retention of NEs cargo within the oil core [131]. The EE test can
be affected by several factors such as formulation method, NE compo-
nents, chemical properties of encapsulated drugs including solubility in
the oil core, and the overall NE stability. Several strategies are used to
estimate the EE of NEs including ultracentrifugation, dialysis bag
diffusion, gel filtration, ultrafiltration, and microdialysis. In the ultra-
centrifugation technique, free molecules are separated from NEs using a
membrane with a certain pore size. The dialysis bag technique separates
NEs from free or released drug molecules based on diffusion through a
semipermeable membrane. To estimate EE using the gel filtration
technique, NEs are separated by molecular weight via porous gel par-
ticles in an aqueous suspension [132].

4. Effect of drug administration route on nanoemulsion fate

The route of drug administration and physiochemical properties
determine the fate of O/W NEs. Depending on the administration route,
NEs must overcome different biological challenges to facilitate efficient
drug delivery [9,93]. These challenges include renal clearance, phago-
cytosis, pH changes, and enzymatic degradation. Upon parenteral
administration, NEs interact with complex biological environments
containing plasma proteins, immune cells (phagocytes), and erythro-
cytes [133]. These interactions are influenced by the interfacial prop-
erties of NEs, including size, charge, and displayed biomolecules, which
determine the NE biodistribution profile. NEs with approximately 10 nm
oil droplets undergo glomerular filtration, while oil droplets larger than
200 nm are prone to phagocytosis. Droplet size also impacts cytotoxicity
levels — large oil droplets tend to cause hemolysis. Surface charge also
impacts NE interactions with plasma proteins. Charged NEs are more
likely to be engulfed by phagocytes due to the adsorption of opsonins on
their surfaces through electrostatic interactions, leading to rapid clear-
ance [134]. The variation in flow rates in the blood stream can affect NE
formulations as it induces shear stress and removal of NEs surface
coatings and damage the encapsulated materials. It can also prevent NEs
from reaching their target tissue by disrupting their localization to vessel
walls. Controlling the surface properties, composition and size is
important to ensure that NEs can exhibit prolonged blood circulation.

Epidermal layers in the skin act as barriers against the surrounding
environment hindering the diffusion of topically applied drug formula-
tions. Topically applied NEs can be delivered locally (dermal) or sys-
temically (transdermal) depending on the depth of penetration [135].
Accumulation of NEs within dermal layers results in local drug delivery
whereas stratum corneum disruption via high thermodynamic activity
using surfactants or penetration enhancers leads to systemic delivery
[136,137]. Surface charge, surfactants, co-surfactants, and penetration
enhancers play major roles in determining the fate of NEs following
topical drug delivery.

Administration of NE via the nasal route can result in local or sys-
temic delivery. Locally administered NEs are delivered to nasal cavities
and sinuses, whereas systemic administration of NEs occurs through the
mucosa [9]. The nasal mucosa is also utilized for nose-to-brain drug
delivery by passing the blood-brain barrier using NE surface properties
[138]. NEs can also be delivered to the lung through pulmonary drug
delivery using different aerosolization methods. Orally administered
NEs face many challenges, such as pH changes and gastrointestinal en-
zymes. When NEs overcome these initial gastrointestinal barriers, oil
droplets reside longer within the intestinal tract leading to activation of
the intestinal lymphatic pathway that facilitates evasion from first path
metabolism by the liver [9,139].

Controlling core and surface properties is crucial for overcoming the
biological obstacles NEs face when delivered through different admin-
istration routes. Desired physiochemical properties can be achieved
through the fabrication of NEs with biocompatible oil cores, surfactants,
and functional biomolecules. Bioavailability across the gastrointestinal
system is one property impacted by the chemical composition of the oil
core [140]. For example, O/W NEs prepared with long chain fatty acids
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have better bioavailability profiles compared to NEs manufactured with
medium chain fatty acids-based core [141]. In addition, O/W NEs
created with monounsaturated fatty acids also exhibit greater bio-
accessibility and bioavailability than O/W NEs made with poly-
unsaturated fatty acids [142].

Surface mechanical properties, particularly surface stiffness, also
impact immune evasion and cellular uptake of silica-templated NEs
stabilized with peptide biosurfactants. A recent study reported that soft
silica-templated NEs are less prone to phagocytosis when compared to
harder or stiffer NEs; however, PEGylation reduced the effect of stiffness
on cellular uptake [143]. This study demonstrates how tuneable func-
tional interfaces, dependent on peptide surfactants, can help researchers
learn more about the interactions of NEs with biological surfaces.
Another example is functionalizing NE surfaces with immune shielding
biomolecules, such as PEG, that can prevent adsorption of opsonin and
subsequent phagocytosis [15]. PEGylation can protect NE surfaces from
physical degradation caused by enzyme and antibody secretion while
stabilization of NEs with biocompatible surfactants can prevent or
minimize cytotoxic effects [144]. Surfactants can also improve NE sta-
bility in biological settings and help present various biomolecules for the
creation of multifunctional NEs. Finally, surfactant adsorption at the oil-
water interface helps tune NE size and surface charge parameters that
can be harnessed to overcome the barriers encountered through
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different drug delivery routes [77,135].
5. Insights into nanoemulsion drug delivery mechanisms

The feasibility of NEs for developing effective preventative and
therapeutic tools against COVID-19 lies in other drug delivery platforms
that use NEs to effectively deliver safe and effective treatments. NEs
have shown great potential for delivering a variety of hydrophobic
therapeutics by enhancing bioavailability, protecting therapeutics from
the surrounding environment, facilitating release, and improving effi-
cacies with no or minimal side effects. NEs can be prepared with various
functional interfaces enabling administration through topical, inject-
able, ingestible, and inhalable formulations [9,145]. O/W NEs confer
anticancer, antiproliferative [146], antioxidative [147], and antimi-
crobial [148] effects. Pharmaceutical NEs can be found in research, pre-
clinical, and clinical settings demonstrating NE to be safe, stable, and
efficient nanocarrier platforms that are promising candidates for tack-
ling viral outbreaks, such as COVID-19.

The advantages of NEs in various physical forms have been demon-
strated through different routes of administration (Fig. 5).

The intrinsic properties of topically applied NEs improve the ab-
sorption of encapsulated hydrophobic compounds through skin layers.
Surface displayed surfactants and the low surface tension of NEs

Pulmonary route

D. Nose to brain : E. Topical route
Small Penetration
droplet size Disruption Hydrogels enhancers

Subcutaneous

oated droplets for enhanced
protection

Surface thickness enhances
_blnding with mucosal cells

Fig. 5. Administration routes with highlighted strategies using NEs surface designs to overcome biological barriers. A. Intravenously administered NEs functionalized
with PEG to escape from macrophages and achieve therapeutic delivery. B. Cationic NEs targeting cornea for potential intracellular drug delivery. C. Pulmonary and
nasal drug delivery through cationic NEs with fine droplet size. D. Nose to brain delivery of therapeutic NEs crossing the blood-brain barrier with small droplet size
and hydrophobic interactions. E. Dermal drug delivery of NEs through surface disruption (surface tension, thermodynamic activity), hydrogels, and penetration
enhancers. F. Surfactant-stabilized NEs orally administered to overcome harsh gastric environment, e.g., gastric juices, and increased surface thickness for enhanced

adhesion with targeted tissues.
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promote penetration and permeation of loaded cargos through skin
layers (Fig. 5). The nano-scale droplet size, thermodynamic activity, and
low surface tension of NEs can disrupt skin barrier layers to facilitate
drug delivery [149]. Tuning NEs droplet size, surface, viscosity facili-
tated successful topical ocular drug delivery by enhancing corneal
permeation and drug absorption [145,150]. Ingestible NEs have been
used to protect orally administered drugs from pH changes, enzymatic
degradation, and the interaction with food byproducts. Droplet size
impacts solubility, bioavailability, and bioaccessibility of ingestible NE
formulations [151]. The lipophilic nature of NEs improves absorption
and initiates the intestinal lymphatic pathway. Because of this NEs
evade first-pathway metabolism and subsequently have prolonged
residence in the gastrointestinal tract [152-154].

Aerosolised NEs are promising alternatives for non-invasive drug
delivery via the pulmonary route. The fine droplet size of aerosolised
NEs provides a large surface area that can enhance interactions with
mucosal surfaces of the respiratory system (Fig. 5). The enhanced bio-
interactions of NEs with targeted cells improves drug absorption and
bioavailability [155]. Inhalable NEs have been formulated toward active
targeting to treat respiratory disorders such as lung cancer and asthma
[156,157]. Aerosolized NEs have been formulated as vaccines against
respiratory pathogens and proven to evoke robust immune responses
[158].

Pharmaceutical intravenously administered NEs emerged as con-
tainers for chemotherapeutics to minimize their side effects, enhance
therapeutic efficacy, and overcome multidrug resistance (MDR) through
passive and active targeting (Fig. 5). Tumors can be targeted passively
by exploiting NE droplet size and taking advantage of the enhanced
permeability and retention (EPR) effect. Extensive blood circulation is
essential for passive targeting and can be achieved by coating the surface
of NEs with immune evading molecules, like PEG. Since passive tar-
geting is based on the size of drug delivery systems, the specificity of
passive targeting is limited, particularly when cancerous and normal
cells cannot be effectively distinguished [159]. However, active target-
ing is another approach based on functionalized nanomaterials surfaces
that display targeting moieties [11,160], attached through bio-
conjugation techniques. O/W NEs are also applied as stimuli-responsive
platforms to overcome MDR and improve cancer therapeutics [161].
NEs have also shown great potential in theranostic platforms enabling
imaging-guided therapy against cancer [162].

NEs have been administered through different routes for treating
cancers. For example, topical application of NEs functionalized with
selected surfactants and penetration enhancers improved skin penetra-
tion, delivery, and accumulation of drugs against melanoma through
passive targeting [163]. Cationic NEs delivered C6 ceramide through the
intraductal route exhibited sustained localization and retention due to
improved interactions with negatively charged proteins found in the
mammary duct. This action was attributed to coating NEs with chitosan
[164]. Considerations including the pharmacodynamics and pharma-
cokinetics of a drug administered topically, along with the surface
properties of NEs, are crucial to producing effective topical, non-
invasive formulations. Oral NEs encapsulating curcumin are in clinical
trials for cancer prevention and supportive care [165]. Many studies
investigating different cancers have shown that NEs encapsulated drugs
can be efficiently localized in tumors, suppressing tumor growth,
minimizing undesired cytotoxicity and side effects, and preventing
metastasis.

Anti-inflammatory and antioxidative NEs have been developed as
protective and therapeutic formulations for wound healing, and treating
neurological, and dermatological diseases [166-169]. Anti-
inflammatory effects of P-selectin targeted NEs loaded with dexameth-
asone were studied in animal models. These NEs reduced vascular
inflammation by minimizing endothelium activation and monocyte
adhesion [170]. NEs functionalized with co-surfactants or penetration
enhancers, Transcutol P, have also been found to enhance skin perme-
ation, and improve delivery of lipophilic, anti-inflammatory
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compounds. In this study, surface coating biopolymers, hyaluronic acid,
with variable molecular weights were utilized to tune the physical form
of NE, viscosity. NE coated with low molecular weight hyaluronic acid
was found to achieve better skin permeation on pig skin [171].

NEs have shown promising antimicrobial activities against bacteria,
fungi, and viruses [172-174]. The potential of NEs for improving the
efficacies of many lipophilic active ingredients, including EOs, natural
extracts and antibiotics is attributed to the tunable physiochemical
properties of NEs [175]. These properties, that include droplet size, in-
ternal pressure, surface charge, and loading capacity, facilitate NE in-
teractions with microbial cell membranes and subsequent payload
release. Antimicrobial NEs offer broad-spectrum activities that limit the
possibility of bacterial resistance induced by antibiotics [176]. EOs have
been used as antimicrobials; however, EO instability and susceptibility
to degradation reduces efficacy. Moreover, EOs are highly volatile and
water-insoluble, and difficult to handle. Emulsions have been utilized to
enhance EOs water dispersibility, stability, and prolong the release of
EOs for improving the delivery of their active ingredients [83,177].
Optimal surfactant concentration also enhances the antimicrobial ac-
tivity of cinnamon oil-loaded NEs. Varying surfactant concentration can
facilitate the preparation of small-sized droplets leading to better EO
dispersibility in aqueous media [178]. Overall, NEs have significantly
improved the effectiveness of natural compounds; however, surfactant
types and concentration should be chosen carefully to avoid unwanted
cytotoxicity.

Exploiting NE physiochemical properties and loading capacities has
led to successful antiviral applications administered through different
routes in various in vitro and in vivo studies. A recent in vitro study
showed that curcumin-loaded cationic NEs enhanced curcumin antiviral
activity against dengue virus serotypes and improved biocompatibility
with targeted cells. Cationic NE surfaces facilitated binding to the
negatively charged infected and non-infected cells improving cargo
delivery and therapeutic efficiency [179]. Intravenously administered
O/W NEs stabilized with non-ionic surfactant Tween 80 exhibited better
absorption and retention of the loaded antiviral agent Indinavir (i.e., a
protease inhibitor) in brain tissues. Localization in brain capillaries was
attributed to the mechanical properties of the formulation, particularly
the elasticity or flexibility of oil droplets that enables them to squeeze
through the endothelial lining [180]. Topical administration of NEs has
also led to many successful antiviral drug delivery applications. Topi-
cally applied curcumin-loaded NEs have exhibited efficacy against
human papillomavirus infections [181]. Topical administration of NEs
has also led to many successful antiviral drug delivery applications.
Penciclovir-lavender oil NEs-based gels have shown promising results as
topical anti-herpes virus treatments, particularly for herpes labialis
disease due to improved skin permeation of protonated surfaces [182].

NEs have also been formulated to treat viral diseases through
intranasal administration. Konek et al. prepared a whole inactivated
respiratory syncytial virus (RSV) vaccine based on NEs for immunization
of animals [183]. Surface displayed poloxamer surfactants with polar
protrusions enhanced mucoadhesion of the NE vaccine in the nasal
cavities. The formulation also demonstrated an effective immune
response with no harmful effects observed in the lung tissues. HIV in-
fections, that inhabit phagocytic cells, have been also targeted nasally
using cationic NEs to help overcome the permeability challenges of
antiviral drugs associated with blood-brain barrier. The cationic surfaces
of NEs facilitated the biointeractions with negatively-charged macro-
phages, therefore site of infection [184]. These successful studies
demonstrate the versatility of NEs in many pharmaceutical applications,
particularly in the development of antivirals through different admin-
istration routes.
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6. Potential roles of tunable nanoemulsions in preventing and
treating COVID-19

6.1. Nanoemulsion as potential therapeutic platforms against COVID-19

Rapid repurposing of existing drugs for treating COVID-19 is
currently underway in clinical trials. These repurposed therapeutics can
be divided into various groups including drugs that directly interferes
with the SARS-CoV-2 replication cycle, by inhibiting viral enzymes
[185-189] or blocking viral entry into human cells [190,191], and drugs
intended to enhance innate immune responses or reduce damage caused
by acute inflammatory processes. However, even though some of these
repurposed drugs are promising candidates, no effective treatments are
currently available for COVID-19.

Repurposed drugs may alleviate the symptoms of COVID-19; how-
ever, these drugs tend to produce high cytotoxicity in normal body tis-
sues and impact vital organs. For example, adverse cardiac and cerebral
effects have been reported following the administration of protease in-
hibitors as antiviral therapies [192,193]. Also, administration of im-
munomodulators, like chloroquine, is associated with mild to severe side
effects causing gastrointestinal problems, retinopathies and cardiomy-
opathies [194]. The inadequate clinical evaluation of repurposed drug
candidates to determine drug efficacy and safety is another major lim-
itation for using these drugs to treat COVID-19 patients.

Designing new drug delivery systems based on NE platforms could
improve pharmacokinetics and pharmacodynamics of repurposed drugs
and enable versatile therapeutic strategies against the ongoing COVID-
19 public health crisis (Fig. 6). NEs can enhance drug efficacy by
extending drug release profiles and help minimize drug side effects by
lowering the required administered dosage. NE surfaces can also be
engineered for passive or active targeting to improve drug localization
and bioavailability. Biological barriers, like the skin and blood-brain
barriers, have also been overcome by NEs to enable administration of
encapsulated drugs through different entry routes. For effective drug

O/W NEs against SARS-CoV-2
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delivery through different entry routes, NEs can be prepared in different
dosage forms, like liquid, semi-liquid, solid and aerosols. These char-
acteristics demonstrate the huge potential of NEs as therapeutics in the
fight against COVID-19 and any future viral outbreaks.

The fabrication of NEs for inhibiting the SARS-CoV-2 replication
cycle is possible. For example, Hoeller et al. studied the delivery of
coumestrol, an inhibitor of Herpes Simplex Virus-1 (HSV-1) replication,
using NEs to enhance antiviral activity via skin permeation [195].
Another strategy against COVID-19 is disrupting cell recognition and
preventing virus access. Surfaces of NEs can be designed to prevent or
minimize SARS-CoV-2 cell entry by binding S glycoprotein or blocking
its receptor, ACE-2 [196]. For instance, NEs can be fabricated and sta-
bilized with human pulmonary surfactant-A that can interact with the
viral surface glycoproteins and possibly prevent further virus attach-
ment and transmission of infection. The delivery of antiviral compounds
to viruses using NEs stabilized by surfactants with antiviral properties,
like human pulmonary surfactant-D, might create synergistic effects
against SARS-CoV-2 infection [181,197,198].

NEs stabilized with peptide or protein surfactants containing histi-
dines can interact with and incorporate metals such as zinc and copper
[199]. These metals are considered innate and adaptive antiviral im-
munity boosters [200] and could maximise the fight against COVID-19
in conjunction with the action of administered drugs.

NEs can mediate targeted anti-inflammatory responses, and poten-
tially minimize tissue damage when administered to treat acute in-
flammatory responses caused by SARS-CoV-2 infection [201]. A non-
invasive nucleic acid-based NE treatment was developed to silence
CD73 by administering short interfering RNA (siRNA) through the
intranasal route demonstrating a novel therapeutic strategy for sup-
pressing enzyme activities via gene knockdown [202]. Intravenously
administered fish oil loaded-emulsions are also under investigation as
immunomodulators to minimize the severity of COVID-19 symptoms
[203]. NE can also be utilized as a safe tool for food fortification to lower
inflammation and support immunity. For example, Akkam et al. have
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prepared pea protein-stabilized NE loaded with vitamin D, which can
lower viral replication cycles and inflammatory responses, as a sup-
portive therapy during the COVID-19 pandemic [204]. The aero-
solization capacity of NEs contributes to the potential of these emulsions
as non-invasive drug delivery systems through the pulmonary route for
treating respiratory diseases, such as ARDS, and facilitating drug de-
livery to lung tissues and other body tissues affected by COVID-19
[205-207]. A study by Nasr et al. (2012) characterized commercially
available lipid NEs, Intralipid® and Clinoleic®, loaded with an anti-
fungal drug, Amphotericin B (AmB) [207]. In vitro analysis showed
enhanced delivery of the antifungal drug through respiratory airways
suggesting that aerosolized NEs can improve the therapeutic outcome of
the loaded drug. Based on this evidence, NEs as inhalable formulations
are promising therapeutic candidates for tackling the COVID-19
pandemic.

There is an urgent need for ventilators and oxygen supplies in the
treatment of COVID-19. NEs have also been explored in oxygen delivery
and as tissue preservatives. Perfluorocarbon (PFC)-based emulsions are
promising oxygen delivery vehicles with a high capacity to solubilize
gases owing to the PFC hydrophobic nature and chemical structure
(which accommodates 20-fold higher levels of dissolved oxygen
compared to water molecules). A recent study reported successful
preparation of promising biomimetic PFC-NEs stabilized with RBC-
membrane components for oxygen delivery and as blood components
substitutes to address the global demand for hospital blood transfusions
[208]. NEs have been also loaded with an FDA approved, high capacity
oxygen carrier, Chlorin (e6), to enhance tumor treatment in hypoxic
conditions. The FDA has recently authorized Propofol, an emulsion
formulation, for an emergency use to maintain sedation during oxygen
ventilation of COVID-19 patients [209]. Other products containing PFCs
were commercialized as oxygen-based therapeutics. However, some of
these products were discontinued due to handling difficulties, storage
requirements, and unacceptable clearance profiles [210]. Given these
issues, there is a need to explore new PFC-loaded NEs with better
physiochemical properties to overcome the disadvantages of the previ-
ously marketed formulations and accelerate their development process.

A novel approach for identifying promising therapeutic candidates
for treating COVID-19 involves the development of surface-epitope-
targeting neutralizing antibodies specific for SARS-CoV-2. These anti-
bodies are expected to exert both protective and therapeutic effects
[211]. However to date, there is insufficient evidence to suggest these
antibodies are an effective COVID-19 treatment. The development of
antibody delivery systems using functionalized NEs might allow for
effective, safe, and targeted delivery of therapeutic candidates against
SARS-CoV-2 without damaging healthy cells. These potential thera-
peutic strategies highlight NEs as useful components of multifunctional
platforms; however, more research is needed.

6.2. Nanoemulsions as potential preventative tools against COVID-19

Finding a vaccine for preventing COVID-19 pandemic is an active
research area as vaccines are well-known to provide a long-term strategy
to prevent future viral outbreaks. Over 30 pharmaceutical companies
and academic institutions are striving to create the most effective vac-
cine for COVID-19. Only a few of these companies, including Pfizer and
AstraZeneca, have received emergency use approval of their vaccines.
The emergency approval of these vaccines prompted social concerns
about vaccine safety profiles, administered dosage and frequency, and
potency against evolving SARS-CoV-2 mutants. Acceptance of vaccines
varies throughout the global population and is influenced by public
perception and knowledge that creates both positive and negative atti-
tudes toward vaccines. However, it must be highlighted that vaccines
are the most effective tool available for stopping the spread of infectious
diseases. An adequate supply of manufactured vaccines for the global
market is another challenge. Other vaccine candidates, such as Novavax,
are still under investigation in clinical trials. Thus, the development of
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safe, affordable, and effective vaccines that can be easily manufactured
is urgently needed.

Different strategies have been adopted for developing COVID-19
vaccines, including whole virus, protein subunit, and nucleic acid vac-
cines. Traditional vaccine platforms using inactivated viruses are
renowned for eliciting a strong immune reaction, particularly that
encode SARS-CoV-2 S glycoprotein, such as CanSino and the University
of Oxford [212]. After the SARS-CoV-2 genome sequence became
available in January 2020, nucleic acid-based vaccine candidates,
mostly based on the S glycoprotein epitope, are also being tested [19].

Vaccine platforms based on nanotechnology hold great promise. For
instance, two messenger RNA (mRNA)-based vaccines have been
approved by the US FDA - Moderna Therapuetics and Pfizer. These
vaccines contain lipid nanoparticles carrying mRNA that encode the
SARS-CoV-2 S glycoprotein and can stimulate a high level of protein
expression and long-term stability that will lead to strong immune re-
sponses and provoke antibody production specifically against the S
glycoprotein of SARS-CoV-2 [213]. A similar approach has been taken
by another two pharmaceutical companies, NovaVax and Curevac, that
have developed their own COVID-19 lipid nanoparticle-based vaccines
which encode the S glycoprotein [213,214]. Nucleic acid-based lipid
nanoparticle vaccines offer great advantages over conventional vac-
cines. For instance, these vaccines do contain the whole virus and are
therefore relatively safe. Furthermore, the high production capacity of
these vaccines is more appropriate for a pandemic than conventional
vaccine production [215].

NEs have been proven safe as vaccines and provide many advantages
including antigen protection, increasing the surface area for greater
antigen presentation, slow release of the antigen, enhanced stability,
better bioavailability, and prolonged blood circulation. [216]. More-
over, O/W NEs adjuvant vaccines elicit immunity through multiple
pathways that offer effective protection against viruses [217,218]. Ad-
juvants are essential components in vaccine formulations as they reduce
the number of antigen epitopes needed to elicit an immune response
[219,220]. The adaptable compositions of NEs systems enable new
strategies and novel platforms for developing vaccines with high effi-
cacies (Table 1).

NE platforms provide novel strategies for adjuvant encapsulation
and antigen surface presentation. Through encapsulation or covalent
functionalization, NE surfaces can mimic viruses via epitope function-
alization, and elicit cellular and humoral immune reactions. Surfactants
are required to stabilize NEs and prolong shelf life. In addition to sta-
bilization property, surfactants play a major role in creating a functional
interface for the bioconjugation or presentation of different bio-
molecules such as antigenic epitopes, offering an adaptable template for
medical applications (Fig. 6) [227]. Chemical modifications of NE sur-
factants for changing the charge, altering the structure of polar head-
group, and attaching polymers, targeting moieties or antigenic epitopes,
can improve the cellular uptake of nanodroplets and the overall pro-
phylactic effects [52,228-230].

In vaccine applications, early emulsion formulations were approved
for use as adjuvant systems. Freund's complete adjuvant, with inacti-
vated mycobacterial cells, and the nonbacterial Freund's incomplete
adjuvant, have been used as animal and human vaccines [231]. How-
ever, the major issue in Freund's adjuvants is the presence of mineral oil
that is considered to be highly reactogenic [232].

Today, popular modern emulsion adjuvants contain squalene oil,
instead of mineral oils, and non-ionic surfactants as emulsifiers. Squa-
lene, a naturally occurring and readily metabolized oil, has been re-
ported as an efficient adjuvant, provoking both cellular and humoral
immune responses [233,234]. The modern squalene-based NEs MF59®
and ASO3®, are being used in the influenza vaccines Focetria® and
Prepandrix®, respectively [235,236]. In January 2020, the FDA
approved the first-ever adjuvanted cell-based influenza vaccine against
H5N1, called AUDENZ™, that enhances and prolongs immune responses
[50,202]. The formulation of MF59C — an emulsion-COVID-19 vaccine
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Table 1
Nanoemulsion-based vaccine platforms developed against several infectious diseases.
Technology Active ingredient (antigen) Oil core Surfactants and stabilizers Route Reference
NEs adjuvant H5N1 virus Squalene Tween 80 Intramuscular [217]
Epitope-loaded NEs Helicobacter pylori Isopropyl EL-35®, PEG Intranasal [221]
myristate
Cationic mRNA NEs Respiratory syncytial virus (RSV), Human cytomegalovirus (h[CMV),  Squalene DOTAP, sorbitan trioleate. Intramuscular [222]
Human immunodeficiency virus (HIV).
Wgo5EC NEs adjuvant Hepatitis B Soybean oil Cetylpyridinium chloride, Intranasal [223]
Tween 80
Wgo5EC NE adjuvant Fluzone/Fluvirin influenza vaccine Soybean oil Tween 80, cetylpyridinium Intranasal [224]
chloride
Wgo5EC NEs adjuvant Respiratory syncytial virus (RSV) Soybean oil Cetylpyridinium chloride, Intranasal [225]
CPC
mRNA formulated with Venezuelan equine encephalitis virus (VEEV) Squalene DOTAP, sorbitan trioleate. Intramuscular [226]
cationic NEs
NEs adjuvant, Golden03 Rabies Squalene Tween 80, Span 80 Intramuscular ~ [130]

by Seqirus - contains as an adjuvant along with the SARS-CoV-2 sclamp
antigen. This vaccine has recently entered clinical trials in Australia
[237]. This study highlights the potential of NE as adjuvant and vaccine
platforms having safety and immunogenicity profiles that show
compatibility with other vaccine platforms.

Vaccination through oral or intranasal delivery routes is a non-
invasive method that can stimulate systemic immune reactions via
mucosal surfaces [202]. This application showcases the potential of NEs
as therapeutic or protective tools against COVID-19. Oral administration
of NE vaccines, one of the mucosal routes of administration for NE
vaccines, is an attractive needle-free approach to elicit immune re-
sponses and enhance protection against infectious agents and pathol-
ogies. A recent study has developed a tumor NE vaccine encapsulating a
melanoma-specific antigen that provoked mucosal immune responses
and inhibited tumor growth in vivo demonstrating immunization pro-
tection [238]. This study promoted oral delivery of NE vaccines as
feasible for a broad range of applications in the medical field. Intranasal
NEs vaccines have also produced promising results in recent years. For
example, findings from an in vivo study exploring the intranasal
NanoVax® vaccine, based on W805EC (NE01), showed this vaccine to
be a successful prophylactic and therapeutic tool against Herpes Simplex
Virus (HSV) in in-vivo studies [239]. Another in -vivo study developed an
intranasal NE vaccine formulated against the flu virus and showed
promising results by eliciting both systemic and mucosal immunity
against the H5N1 virus strain [240].

Antiviral and antimicrobial agents developed with nanotechnology
can also be exploited as surface disinfectants. SARS-CoV-2 was found to
be viable for up to 72 h on different surfaces ranging from plastic to
stainless steel; thus, disinfectants are required to battle COVID-19 and
prevent both contamination and contagion [241]. The current pandemic
requires extreme preventive measures. Effective and safe protective and
therapeutic tools must be created to overcome the COVID-19 pandemic
and avoid other viral outbreaks and future pandemics. The application
of nanotechnology in the current public health crisis holds promise for
the prevention or treatment of COVID-19. NEs have been formulated as
disinfectants and sanitizers due to their aerosolization capacity
[242,243]. NEs have also been formulated with various EOs that have
broad antibacterial and antiviral properties [244] and could be used to
produce surface disinfectants; however, this area requires further
research.

7. Challenges associated with nanoemulsion therapies

Despite the huge potential of NEs as drug carriers, many challenges
must be overcome concerning the production, physical and biological
stability, clinical translation, and industrial scalability of NEs. In the
production of NEs, selecting the most appropriate drug encapsulation
method is an extremely important decision. Pre-loading bioactive
compounds into the oil core of NEs generally provides high entrapment
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efficiency; however, loaded cargos are prone to heat and shearing en-
ergy conditions that may negatively affect cargo release and bioactivity.
Conversely, bioconjugated drugs displayed on the surface of NEs are not
protected within the dispersed phase and are therefore exposed to bio-
interactions that can chemically modify or degrade the drug.

Stability and shelf-life are important considerations in the develop-
ment of pharmaceutical NE formulations. Due to the thermodynamic
instability of NEs, phase separation occurs over time altering physical
NE properties like size and surface charge. These physical changes
severely impact pharmacological performance of NEs and can cause
adverse healthcare outcomes. Surfactants are used to stabilize NEs,
preserve physiochemical properties, and prevent deterioration of
encapsulated bioactive compounds, like EOs, during NE processing,
application, and storage. Thorough stability testing studies to help un-
derstand NE behaviour during in vivo applications should be performed
in various pH, temperature, and salt environments that mimic biological
conditions.

Nanomedicines, including NEs, encounter many complex barriers
through different administration routes. Degradation, non-specificity,
off-site toxicity, and rapid clearance are common biological barriers
nanomedicines must overcome. Chemical composition and surface
properties determine NE behaviour in biological applications. Non-
specific interactions with biological components are challenging and
may be prevented through NE design that considers the intended route
of administration. The selection of surface functional additives, such as
polymers, influences NE stability and surface functionalization. NEs
formulated with non-biodegradable polymers may cause toxicity, in-
crease ROS, free radical reactions, and generate inflammatory mediators
that can damage healthy cells. Biodegradable, biocompatible, and FDA-
approved polymers are preferred in the manufacturing process of
pharmaceutical NEs. Surfactant type and concentration impact stability
of NE droplets and functionality of excipients. Surfactants also play a
major role in the functionalization and modification of NE surfaces.

Industrial scalability and reproducibility are major hurdles for the
clinical translation of nanomedicines. The conjugation of functional
molecules to surfactants by chemical or genetic modifications creates
promising drug delivery strategies; however, scalability, reproduc-
ibility, and quantification of surface-adsorbed biomolecules are chal-
lenging. Complex surface modifications of NEs increase the complexity
of manufacturing and production costs. Excessive chemical surface
modification might also lead to detrimental effects on encapsulated
compounds. Although, accelerating large-scale and continuous
manufacturing of functionalized surfactants may help facilitate clinical
translation of pre-clinically promising multifunctional NE formulations.
The current COVID-19 pandemic, and the aforementioned hurdles
should be taken into consideration by researchers and pharmaceutical
companies undertaking development of therapeutic or preventive NE
systems.
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8. Conclusion and future directions

The development of effective treatments for viral outbreaks is chal-
lenging due to limited safety, efficacy, specificity, precision, and scal-
ability of the currently available therapeutics. Also, viruses are rapidly
and continuously mutating impacting the efficacies of the currently
available vaccines and drugs. Stable, scalable, tunable, and adaptable
generic platforms that can deliver drugs, adjuvants, and antigens are
urgently needed. Safe and targeted delivery of therapeutics against
SARS-CoV2 can help to accelerate the development of effective thera-
peutics against COVID-19.

Despite recent advances in nanotechnology and the development of
formulations for various medical applications, there is an ongoing need
for optimized delivery platforms. NEs are promising platforms for
various research areas including diagnostics, surveillance and moni-
toring, and therapeutics, and prophylactics [245]. NEs hold a great
promise as drug carriers and vaccine platforms through different
administration routes (Fig. 3) [49-52]. NEs are tunable and versatile
nanomaterials with high loading capacities that can improve drugs
solubility and bioavailability. NEs are easy to manufacture, generally
recognized as safe ingredients (GRAS), and offer long-term stability.
Emulsions have a safe history as vaccines effectively delivering adju-
vants and surface-displayed antigens or epitopes. NEs can encapsulate
various antivirals, and mimic or target viruses via epitopes or targeting
moieties displayed on NE surfaces. NEs can be developed as protective
(e.g. disinfectants and vaccines), diagnostic, therapeutic, and thera-
nostic formulations in different dosage forms, demonstrating NEs to be
promising platforms for viral diseases, such as COVID-19.

Advances in the development of NEs is a research area aimed at
improving NE precision and reproducibility. 3D printing has recently
emerged as a promising technology for fabricating nanomaterials.
Although 3D printing of NEs is still a relatively unexplored area, it has
the potential to precisely control the physiochemical and functional
properties of NEs. For instance, oil droplet size may be better controlled
and tailored by selecting appropriate 3D printhead nozzles [246-249].
Only a few publications have reported the preparation of NEs using 3D
printing technologies. Hsiao et al. prepared mesoporous hydrogels with
flexible functionalities and complex shapes by using O/W NEs as 3D
thermoresponsive ink [250]. This study highlights the bright future of
NEs that could be precisely manufactured using 3D printing.

Advances in surface functionalization of NE are required at research,
clinical and industrial levels to progress their applications as therapeutic
and preventative alternatives to current antivirals. In particular, large-
scale production of biocompatible surfactants that can be easily adapt-
ed for various NE pharmaceutical applications is needed. Facile pro-
duction methodologies are essential for avoiding complex and harsh
post-emulsification processing. Next-generation NEs as multimodal im-
aging, vaccines, and therapeutic platforms are currently under investi-
gation and development. Despite the huge success of NEs in pre-clinical
and clinical settings, a fundamental understanding of NE physi-
ochemical properties and how these properties determine NE bio-
interactions through various routes of administration is needed to
rapidly advance the clinical translation of NEs toward COVID-19 and
other global health concerns.
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