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Abstract

There has been growing interest in the use of edible nanoemulsions as de-
livery systems for lipophilic active substances, such as oil-soluble vitamins,
antimicrobials, flavors, and nutraceuticals, because of their unique physi-
cochemical properties. Oil-in-water nanoemulsions consist of oil droplets
with diameters typically between approximately 30 and 200 nm that are dis-
persed within an aqueous medium. The small droplet size usually leads to an
improvement in stability, gravitational separation, and aggregation. More-
over, the high droplet surface area associated with the small droplet size
often leads to a high reactivity with biological cells and macromolecules. As
a result, lipid digestibility and bioactive bioavailability are usually higher in
nanoemulsions than conventional emulsions, which is an advantage for the
development of bioactive delivery systems. In this review, the most impor-
tant factors affecting nanoemulsion formation and stability are highlighted,
and a critical analysis of the potential benefits of using nanoemulsions in
food systems is presented.

439


http://www.annualreviews.org/doi/full/10.1146/annurev-food-030216-025908

440

INTRODUCTION

Consumers are increasingly demanding food products that promote human health and well-being.
The food industry is therefore trying to fortify foods with health-promoting ingredients (such as
nutraceuticals and vitamins) while removing undesirable ingredients (such as saturated fats, sugar,
and salt). In addition, consumers are demanding foods that are more natural and sustainable,
which has promoted the food industry to remove or replace synthetic additives (such as many
antimicrobials, colors, and flavors) with label-friendly alternatives. To achieve these goals, there
has been great interest in the development of food-grade delivery systems to incorporate active
ingredients, such as nutraceuticals, vitamins, antimicrobials, colors, and flavors, into foods.
Nanotechnology has been a key technology in the development of these kinds of delivery systems
(Chaudhry et al. 2008, Durdn & Marcato 2013, Sozer & Kokini 2009). Nanoscale control of food
structure allows the modification of macroscale characteristics such as processability, texture,
sensory attributes, shelf life, and functionality (Moraru et al. 2003). In particular, the scientific and
industrial communities are putting a lot of attention on the development of nanosized delivery
systems for active compounds. For instance, the United States Department of Agriculture
(USDA) forecasted that the global impact of nanoproducts would be around a trillion dollars
annually by 2015 (Kumari & Yadav 2014).

The use of many synthetic and natural antimicrobials, antioxidants, vitamins, flavorings,
and colorants in the food industry still presents a challenge because they have poor water
solubility and stability in food formulations (Weiss et al. 2006). Nanosized structures such as
oil-in-water (o/w) nanoemulsions are regarded as useful tools with great potential in the food
sector for the delivery of food ingredients. Oil-in-water nanoemulsions consist of oil droplets
(typically with radii between 10 and 100 nm) that are dispersed in water (Mason et al. 2006,
McClements & Rao 2011, Tadros et al. 2004). Thus far, several advantages have been attributed
to nanoemulsions over conventional emulsions. Owing to their reduced droplet size, they are
considered to be more stable in terms of gravitational separation and particle aggregation (Mason
etal. 2006). Moreover, when the droplet size is sufficiently small (radius < 20 nm), they are nearly
transparent systems because of weak light scattering, which makes them suitable for incorporation
into clear drinks and foods (McClements 2002). Commercial products with a wide range of
textures and rheological properties can be created by adding biopolymers or by controlling the
concentration, size, and interactions of the oil droplets. The reduction in droplet size, and the
associated increase in droplet surface area, may increase the functionality of bioactive compounds
encapsulated in nanoemulsions. Even though many studies have highlighted the potential benefits
of nanoemulsions as delivery systems, most of the information has been generated using simple
model systems. These model systems simply consist of small emulsifier-coated oil droplets
dispersed in water and therefore do not take into account the compositional and structural
complexity of most commercial food products. However, their application in foodstuffs remains
limited because of the lack of scientific evidence about whether or not they preserve their stability
and functionality once incorporated into formulated products. Therefore, in this review, we aim
to provide a perspective of the main factors affecting the formation and stability of food-grade
nanoemulsions, as well as to provide an insight into their potential applications in food products.

FORMULATION

Nanoemulsions are formulated by mixing at least three components: oil, water, and an emulsifier.
However, both the oil and water can contain multiple other components, and more than one type
of emulsifier can be used. The characteristics and concentration of the major components in a
nanoemulsion determine its final properties.
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Lipid Phase

The lipid phase of nanoemulsions may consist entirely of the bioactive lipid (such as a fish, essential,
or flavor oil), or it may consist of a bioactive lipid (such as a vitamin or nutraceutical) dissolved
in a carrier oil (such as corn, soybean, sunflower, or olive oil) (McClements & Rao 2011). Minor
lipophilic active compounds are usually solubilized in the carrier oil prior to emulsification. One
potential advantage of reducing the oil droplet size into the nanometric range is the resulting
increase in the solubility of the bioactive lipids in the surrounding water phase (McClements
2011). This thermodynamic phenomenon is a result of the increase in oil solubility that occurs
when the droplet size is reduced due to curvature effects. The ability of active lipids to interact
with biological membranes is also enhanced when the droplet size is decreased, thereby boosting
their biological activity. A summary of some lipophilic active compounds that are encapsulated in
nanoemulsion systems is presented in Table 1.

The oil phase can be formulated using different nonpolar compounds, such as triglycerides,
mineral oils, flavor oils, or essential oils (McClements 2011, McClements & Rao 2011). The bulk
physicochemical characteristics of the oil, such as viscosity, density, refractive index, and interfacial
tension, impact the formation and stability of emulsions and nanoemulsions (McClements 2005).
As reported by several authors, the lower the viscosity and interfacial tension of the oil phase, the
smaller the droplet size produced, because droplet disruption within the homogenizer is facilitated
(Jafari et al. 2008, Qian & McClements 2011, Seekkuarachchi et al. 2006, Wooster et al. 2008).
Droplets with lower viscosities need a shorter residence time inside the homogenizer to become
deformed and disrupted, and are thus easier to break down during emulsification (Walstra 1993).
Droplets with lower interfacial tensions require less energy to become deformed and disrupted,
and are therefore also easier to break down. For this reason, essential oils and flavor oils tend
to produce nanoemulsions with small droplet sizes because of their low viscosity and interfacial
tension, whereas long-chain triglycerides (LCTs) tend to produce nanoemulsions with larger
droplet sizes. However, nanoemulsions containing flavor oils may have lower long-term stability
because of destabilization phenomena, such as Ostwald ripening or coalescence (McClements &
Rao 2011). Consequently, the oil phase must be carefully formulated to ensure the production of
small droplets during homogenization that are stable during storage and application.

Table 1  Lipophilic active ingredients that can be incorporated in nanoemulsions

Compound Types | Functionality
Antimicrobials
Plant essential oils Oregano, sage, clove, mint, Flavorings and antimicrobial activity

limonene, etc.

Bioactive compounds

Fatty acids w-3 fatty acids, conjugated linoleic | Prevention of coronary heart disease, immune response

acid, butyric acid disorders, stroke, and cancer; improvement of visual acuity,
bone health, and mental health

Carotenoids {3-Carotene, lycopene, lutein, and Prevention of cancer, coronary heart disease, macular
zeaxanthin degeneration, and cataracts

Antioxidants Tocopherols, flavonoids, and Prevention of coronary heart disease, cancer, and urinary tract
polyphenols disease

Phytosterols Stigmasterol, (3-sitosterol, and Prevention of coronary heart disease
campesterol

Quinones Coenzyme Qo Antioxidant activity

Adapted from McClements et al. 2007).
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Oil type also influences the nutritional profile of food-grade nanoemulsions. Flavor and min-
eral oils are nondigestible and pass through the gastrointestinal tract (GIT) without being hy-
drolyzed, whereas triglyceride oils tend to be converted into monoglycerides and free fatty acids
(Salvia-Trujillo et al. 2015). As a result of the ability of lipid digestion products to increase the
solubilization capacity of the intestinal fluids, the utilization of digestible triglycerides as carrier
oils for hydrophobic nutraceuticals and vitamins may increase their bioavailability. However, this
effect also depends on the nature of the triglycerides used. For instance, the bioaccessibility of
carotenoids has been shown to be much greater when delivered with LCT's than with medium-
chain triglycerides (MCTs) because the hydrophobic domains within the mixed micelles formed
by LCTs are sufficiently large to accommodate these long hydrophobic molecules, whereas those
formed by MCTs are not (Qian et al. 2012a, Salvia-Trujillo et al. 2013a).

Aqueous Phase

The composition of the aqueous phase plays a major role in determining the physicochemical
properties of nanoemulsions. A variety of water-soluble constituents, including minerals, acids,
bases, flavors, preservatives, vitamins, sugars, surfactants, proteins, and polysaccharides, can be
added to the aqueous phase to change its properties (McClements 2005). The pH and ionic strength
of the aqueous phase impact the electrostatic interactions between the oil droplets, which may alter
the stability to droplet aggregation. The addition of viscosity enhancers prior to homogenization
has been reported to decrease the size of the oil droplets produced by increasing the disruptive
shear stresses generated inside the homogenizer (Qian & McClements 2011). In addition, the
incorporation of viscosity enhancers in the aqueous phase of nanoemulsions alters their long-term
stability by slowing down gravitational separation and droplet collisions. The addition of water-
soluble antioxidants (such as chelating agents) to the aqueous phase decreases the rate of lipid
oxidation in nanoemulsions (McClements & Decker 2000). Consequently, there is considerable
scope for controlling the formation, stability, and functional properties of nanoemulsions by
controlling their aqueous phase composition.

Stabilizers

Nanoemulsions are thermodynamically unstable systems and so appropriate stabilizers are re-
quired to form and stabilize them (Tadros et al. 2004, Wooster et al. 2008). Emulsifiers are
needed to facilitate the formation of small droplets during homogenization and to prevent their
aggregation during and after homogenization. Other types of stabilizers may also be incorporated
into nanoemulsions to prevent their breakdown due to gravitational separation droplet aggrega-
tion, and Ostwald ripening, such as weighting agents, texture modifiers, and ripening inhibitors
(McClements & Rao 2011).

Emulsifiers. Emulsifiers are surface-active amphiphilic molecules that have both hydrophilic and
lipophilic parts in their molecular structure. Thus, one part has an affinity for nonpolar media (such
as oil) and another part has an affinity for polar media (such as water). A good indicator of the
relative affinity of an emulsifier for the water and oil phases is the hydrophilic-lipophilic balance
(HLB), which describes the ratio of hydrophilic to lipophilic groups on a molecule. Emulsifiers
with HLB numbers greater than 10 have a higher affinity for water (hydrophilic), whereas those
with HLB numbers less than 10 have a higher relative affinity for oil (lipophilic) (Hasenhuettl &
Hartel 2008). Emulsifiers adsorb to the oil-water interface during emulsification, thus protect-
ing oil droplets against aggregation (Kralova & Sjoblom 2009, McClements 2005). Moreover,
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emulsifiers lower the interfacial tension and thereby facilitate droplet disruption during homog-
enization. Emulsifier concentration is an important factor to consider in the development of
nanoemulsions because of their large surface area. Typically, a higher concentration of emulsifier
is used when formulating nanoemulsions than conventional emulsions for this reason. It has been
reported that oil droplet size decreases in nanoemulsions with increasing surfactant concentration
in both high-energy (Qian & McClements 2011) and low-energy (Rao & McClements 2011) ho-
mogenization methods. Also, the type of emulsifier to be used must be carefully selected according
to the lipid phase characteristics. Proteins and small molecule surfactants are widely used for food
emulsion and nanoemulsion stabilization because of their ability to adsorb at the oil-water interface
(Bos & Van Vliet 2001). Among proteins, casein and (3-lactoglobulin are reported to be suitable
for nanoemulsion fabrication, leading to nanoemulsions with oil droplet diameters of approxi-
mately 100-200 nm (Qian & McClements 2011). Nevertheless, proteins tend to produce larger
droplets than surfactants because they adsorb more slowly during homogenization and are less
effective at reducing the interfacial tension (Karbstein & Schubert 1995, Stang et al. 1994). Emul-
sifiers can be classified according to their electrical characteristics, as cationic (positive), anionic
(negative), non-ionic (neutral), or zwitterionic (both positive and negative). The electrical prop-
erties of an emulsifier have a major impact on the formation, stability, and functional properties
of nanoemulsions (McClements 2005). Anionic surfactants include sodium dodecyl sulfate (SDS),
sodium lauryl sulfate (SLS), citric acid esters of monoglycerides (CITREM), and diacetyl tartaric
acid esters of monoglycerides (DATEM) (Leong et al. 2009, Qian & McClements 2011, Wooster
et al. 2008). Nonionic surfactants include sucrose esters, such as sorbitan monooleate or sucrose
monopalmitate, polyoxyethylene sorbitan esters of monoglycerides (T'weens), and polyoxyethy-
lene ether surfactants (Brij). Nonionic surfactants would not be expected to lead to an electrical
charge on oil droplets, but they may cause a charge due to preferential adsorption of ions from
the water phase or if they contain charged impurities (Hsu & Nacu 2003). Nonionic surfactants
are commonly used for nanoemulsion production (Choi et al. 2009, Salvia-Trujillo et al. 2013c).
Cationic surfactants are rarely used in the food industry, with the exception of lauric arginate
(LAE), which has strong antimicrobial properties (Ziani et al. 2011). Finally, the last group cor-
responds to the zwitterionic emulsifiers, which are molecules with two or more ionizable groups
with opposite charges on the same molecule. Lecithins and proteins are the two most commonly
used types of zwitterionic emulsifiers for food applications (Hoeller et al. 2009, Trotta etal. 1996).
Along with the capability of emulsifiers to form and stabilize nanoemulsions, their compositions
and characteristics also have important implications for the loading and protection of active com-
pounds. For example, f-carotene degradation in p-lactoglobulin-stabilized nanoemulsions was
significantly slower than in Tween 20-stabilized nanoemulsions (Qian et al. 2012b). Moreover,
certain surfactants such as SDS or LAE have been shown to exhibit antimicrobial activity when
used to stabilize nanoemulsions (Ziani et al. 2011). Certain types of surface-active polysaccharides
(such as gum arabic and modified starch) may also be used as emulsifiers to form nanoemulsions,
but they tend to be less efficient than proteins or small molecule surfactants because they adsorb
more slowly and reduce the interfacial tension less (McClements 2011). Indeed, small molecule
surfactants are usually the most suitable emulsifiers for producing nanoemulsions because of their
low surface load, rapid adsorption kinetics, and low interfacial tension (McClements 2011). Never-
theless, most small molecule surfactants are synthetic ingredients and may therefore be unsuitable
for some commercial applications.

Texture modifiers. Hydrocolloids have been extensively used in food formulations for their
thickening or gelling properties when incorporated into aqueous solutions (Saha & Bhattacharya

2010). In nanoemulsions, they may be utilized to modify the texture of the product or to improve
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the stability to gravitational separation. Modifying the rheology of the aqueous phase changes the
texture and mouth-feel of a nanoemulsion, as well as retarding droplet movement (McClements
2005). Polysaccharides with highly extended and hydrated structures are widely used as texture
modifiers because of their ability to thicken solutions or form gels (Dickinson 2009, Garti &
Leser 2001). Conversely, polysaccharides with amphiphilic structures tend to be used as emulsi-
fiers, such as gum arabic, modified starch, modified celluloses, modified alginate, pectins, and some
galactomannans or cellulose derivatives (Dickinson 2003). The surface activity of these polysac-
charides has been attributed to the presence of nonpolar chemical groups or protein components
attached to the hydrophilic polysaccharide backbone (Dickinson 2009). It should be noted that
the addition of polysaccharides to nanoemulsions may also destabilize them because of bridging
or depletion flocculation (Dickinson 2003). Also, hydrocolloids might interact with previously
adsorbed species depending on their electrical characteristics, thus creating multilayers at the
oil-water interface (Dickinson 2003, Goddard 2002, Guzey & McClements 2006). Hydrocol-
loid properties have been used to design emulsion-based delivery systems for food ingredients
(McClements et al. 2007). However, their effect on the digestibility and bioactivity of the en-
capsulated lipophilic compound is highly dependent on the type of biopolymer used. It has been
reported that the digestibility of emulsified oil droplets was retarded or inhibited depending on
the composition of the interfacial layer (Li et al. 2010). Moreover, the presence of hydrocol-
loids in nanoemulsions may influence their gastrointestinal fate, which may impact the nutritional
properties of any encapsulated lipophilic active ingredients (Dickinson & Leser 2013, Gidley
2013).

FABRICATION METHODS

The approaches used to form nanoemulsions are typically classified as either high-energy or low-
energy methods (McClements & Rao 2011, Tadros et al. 2004). High-energy methods consist
of applying high disruptive forces with mechanical devices capable of causing the breakup of
oil droplets and dispersing them into the water phase, such as high-pressure homogenizers, mi-
crofluidizers, and sonicators. Low-energy approaches rely on the formation of tiny oil droplets
within mixed oil-water-surfactant systems when the solution or environmental conditions are al-
tered, such as spontaneous emulsification and phase inversion temperature methods (Anton &
Vandamme 2009, Solans et al. 2005). Both approaches can form small droplets, but high-energy
methods are more suitable for most applications in the food industry for a number of reasons:
(#) Natural emulsifiers can be used, (b) lower emulsifier levels are required, (¢) large scale produc-
tion is easier, and (d) the equipment is already widely available and utilized. Therefore, this review
only focuses on high-energy approaches to fabricate nanoemulsions.

When two immiscible liquids are placed together, they tend to adopt their most thermodynam-
ically stable state, which is a layer of oil on the top of a layer of water (McClements 2005). To form
a nanoemulsion, mechanical stress must therefore be applied to disrupt and mix the oil and water
phases. Typically, the energy density required to break down oil droplets increases as their droplet
size decreases, which means that a high-energy input is required to form nanoemulsions. There
must also be sufficient emulsifier present to cover the surfaces of all the oil droplets generated
and prevent coalescence. The most commonly used mechanical devices to form nanoemulsions
are high-pressure homogenizers and sonicators because they are capable of generating the high-
energy densities required to form small droplets. Table 2 provides an overview of studies where
high-energy emulsification has been used to form nanoemulsions.

Salvia-Trujillo et al.



(ponunuo))

1102 SS 10 ‘)7 U99aMm T, ‘9IBUIdSed so[o4d
SIUSUR[DIN X UEID wu T¢7-9v1 wnipos ‘urnqo[303oe - VN [10 U107 81 eqy v1+
1102
SIUDWD[ DI X 0By uu () [> snipel aeyruedouowr asorong [10 uowo| VN | sop4o ¢ 1sd 000‘6
sa[a4d
1107 71 00Z°1
un{ey ¥ 1enys wu [ (4107 ura[ 1o/pue surarod A9y [oxoydodo T -0 [To wpeq 10 ‘008 ‘00¢€
sa[o4d
10 "8 3 Ameuny g wu 00 Of Uoam T, o UIeiA [to Wieq € 2189 005-007
SPIWOIq WNIUOWIUIE,
[Apounn [£59pop pue ‘Usom T, souoAe] [1o 28ueIo so[a4d ¢
7107 e I wu Q> | ‘unpoof-osi| ‘urnqo3oloel-g Axoppowidjoq ‘s LOI ‘Tr0 u10) f1sd 000°ZT
27107 ‘[ 39 uerd) (snipex) wu ¢/ urnqoSoloe-¢ 9ud30IBd-¢ o a8ue1) | sa4o ¢ ‘1sd 0006
[0Je1s pagIpour
10 ‘unpoay Aos ‘arearurred SO[Ad 0T-T
C102 'Te 39 1suoq 061-06 95010mS ‘S(IS ‘08 USIMT, VN [l Tomopyung e dIN 087-0L
9107 s3phd §
“[832 0SOOUOI], ur ()07 > SnIpex urnqoy3ooe[-g VN SUEXI:[I0 UIO)) sd 000°ST
7107 ‘T8 30 Suey)) wu (07> 08 uoom T, [10 oWy T, [10 wioo pue STOIN | S[4d 0T e 0T
(1LOW)
[0Ie1S PAYIPOWI—-OPLIPAT[UE Sap1I2AT8[AorIn Sa[Ad O
€107 ‘T8 30 Suery wu ()6 ] STuONSAUAO () Qu0ILI-¢f UTBUO-WNIPIA! dIN 0S1
(SsS) 21ejIns [Aoopop wnIpos sopAd ¢—1
€107 UOION 29 997] WU ()p[-0[] | IO ‘9IBUIISED WNIPOS ‘()7 UM T, VN [1O UOOIIS BdIN 0510
26107 [10 [enuassd So[Ad 0T-T uoneZIUIA30UWoT]
‘[& 30 of[iini ] -e1a[eg wu /6—¢¢ 9)eUIS[E WNIPOS PUE ()g USIM ssexduowrda] | (YN) 2[qeordde 10N JIN 0ST-0S anssaxd-ySrEy
0UDIJIY Jdo1oWeIp JIogIsnury punoduiod JorLred prdry SUONIPUOd poypow
191doaq [euonoun g Surssasoig UOnEOLIqE ]

(uonedsruosen|n 1o uoneziuddowoy anssaid-ySry) spoypowr AG1oua-y3ny Aq paonpoid suorspnusoueu Sunyodar syrom paysiqnd 911 Jo MY 7 d[qeL

445

www.annualreviews.org o Edible Nanoemulsions as Carriers of Active Ingredients



-a1qearjdde Jou “yN :uoneaiqqy

[oIels
q,007 ‘Te 30 Leje( wu ()89 payIpow pue UuLNXIPOIBIA! QuauowWI-a VN sz ‘wm 001
800 [ 32 YSBua3] wu Op1-0€1 O Usam T, VN [10 pOasXe[] | S 6IT-LT ‘A Ob€
(uonesruos
mnoym
S §]/UONEBIIUOS
6007 S[to 240 pue s ST)
‘T8 30 ZoId J-PNAA wu ()8¢-89¢ 89,1 oruon|J VN ‘ouresas ‘ueaqiog saspnd 4 ‘AN OF
OHd [10 e[oued
6007 [¢ 32 3uoay wu 810y | ‘SAS pue ‘o8 uedg ‘o8 udam, VN PUE [10 J]aMogung | uru )z—¢ ‘um ¢
(uonesruos
mnotpPIm
S ()§/UONEBIIUOS
s 0T jo sasynd)
ur 0z {(pn)
SIURIORJINS-(HJ) [094]3 Jomod onsnooe
1107 ‘T8 39 sewp( wu )81-0§ suajdpadjod pue ¢/s prodr VN | Xem pue [0 ueaqhog a1 JO %007
c10¢ [1O [eRUISSY S081-0¢
“[e 32 of[iini T ~e1afeg wu §¢—¢ 91BUL3[E WNIPOS PUE ()g UM T, ssexduoura| VN fum )01—0¢
o1
14910 (07) auajhypasxosjod S0LI-0L
210z Suery) 3 1] WU ¢ pue 23e3]0L1 UBIqI0g Quauow-d VN ‘M 18711
qEe10 T8 3 YsoyH wu 69 08 U2aMm T, [t uowreuuI?) VN un ¢ *\\ 052
BET0C T8 30 ysoy) W 46 08 UooM, | IO [ERUDSSS Jiseq VN U 67 S\ 052 Spunosenyn
[oIels
©L007 T8 30 1aege( wu QLS payipot pue ULBXIPOI[EIN e VN A4S 1 fed N 07
[1o Inuead s9[o4o ¢
8007 'T& 39 19IS00 A\ wu ()z71-08 08 oM [ pue §(JS VN IO QUBIIPEXI] 1eq 000‘T
2)ea[00UOUT
[01904]3 pue ()7 UM T, opAyoprewreuun
JO UONBUIqUIOD € PUE ‘11O pue ‘Quauou| sapAd ¢
BIT0Z T8 32 SUO(] wu ¢67-€71 1egns ‘surajoxd ead ‘urpioo ‘[oroeAIRD) [T0 Tamopung eIV 00€
0UIIAJIY J939UIRIp JoyIS[nuG punoduod Jo1xed prdrp suonIpuod popow
3ordoag [euonouny Surssadoig uonesLqe;y

(panunuop) 7 31qeL,

Salvia-Trujillo et al.

446



High-Pressure Homogenization

High-pressure homogenization is widely used in industry to form emulsions and nanoemulsions
because of its versatility and the possibility of scaling up. Nevertheless, only certain types of high-
pressure homogenizers are able to produce nanoemulsions containing droplets in the nanometer
range. There are several types of high-pressure homogenizers, with the most common being high-
pressure valve homogenizers and microfluidizers. In the case of high-pressure valve homogenizers,
a coarse emulsion is pumped through a narrow valve at the end of a chamber (McClements &
Rao 2011). The intense disruptive forces that the liquid experiences as it passes through the valve
cause the breakdown of larger droplets into smaller ones. The geometry of the high-pressure
valve homogenizer used has a significant impact on the droplet size distribution of nanoemulsions
produced (Donsi et al. 2012). In addition, the operating pressure and number of passes through
the chamber are important factors determining droplet size distribution produced: typically, the
higher the pressure and number of cycles, the smaller the droplet size (Donsi et al. 2012).
Microfluidizers are similar to high-pressure valve homogenizers, but the design of the chamber
where droplet disruption occurs is substantially different. In this case, a coarse emulsion is also
passed through an interaction chamber using a high-pressure pumping device (Jafari et al. 2007a).
However, the interaction chamber consists of two flow channels, which are designed so that they
cause two streams of the coarse emulsion to impinge on each other at high velocity, thereby cre-
ating a very high shearing action that provides an exceptionally fine emulsion (Mahdi Jafari et al.
2006). Several shapes of microfluidization channel are available to create nanoemulsions, with the
Y-shaped channel being most common. The successful application of microfluidization to produce
nanoemulsions has been reported by several authors (Qian & McClements 2011, Salvia-Trujillo
et al. 2013c), with the droplet size decreasing with increasing operating pressure and number of
cycles. However, overprocessing during microfluidization can lead to an increase in oil droplet size
due to rapid droplet recoalescence (Jafari et al. 2008). This phenomenon might be related to a low
surfactant concentration or an inefficient adsorption rate, which is also a crucial factor when form-
ing nanoemulsions. Researchers have reported that microfluidizers are more efficient than high-
pressure valve homogenizers at forming small droplets with a single pass at the same operating pres-
sure (Lee & Norton 2013). Controlling the viscosity of both the oil and water phases has also been
shown to be crucial to the formation of nanoemulsions (Wooster et al. 2008), with the droplet size
decreasing with the viscosity ratio (Qian & McClements 2011). Theoretical predictions can be used
to predict the particle size distribution produced under different conditions (McClements 2005).
During emulsification by high-pressure homogenization there is an intrinsic increase in the
temperature of the sample, which must be taken into account, especially when it comes to the
production of nanoemulsions incorporating heat-sensitive active compounds. High-pressure valve
homogenizers and microfluidizers are usually equipped with a cooling coil at the outlet of the treat-
ment chamber; the product can otherwise reach temperatures as high as 70°C. For example, Shukat
and coworkers (Shukat & Relkin 2011) observed a substantial degradation of «-tocopherol in palm
oil nanoemulsions produced with high-pressure homogenization. Similarly, Donsi and coworkers
(Donsi et al. 2011b) reported a degradation of certain volatile compounds after high-pressure ho-
mogenization of nanoemulsions containing essential oils. Therefore, the temperature of the pro-
cess is a critical factor to consider when producing nanoemulsions as carriers of active ingredients.

Sonication

Sonication utilizes high-intensity ultrasonic waves (frequency typically higher than 20 kHz) to
break down a mixture of oil and water into a nanoemulsion. Sonication of liquid food products
has been described as a method for microbial inactivation (Knorr et al. 2004, Piyasena et al. 2003)
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and food extraction (Vilkhu et al. 2008) as well as for emulsification (McClements 1995). The
production of nanoemulsions by sonication has been described in several research papers (see
Table 3). Emulsification with sonication is mainly caused by cavitation effects. Sonication treat-
ments produce pressure fluctuations in the fluid, which cause the cyclical growth and compression
of air bubbles within the fluid. Eventually, the air bubbles reach a critical size, become unstable,
and violently collapse (Barbosa-Canovas & Rodriguez 2002, Soria & Villamiel 2010). The implo-
sion of cavitation bubbles leads to the generation of high shear forces, hot spots, and turbulence
in the cavitation zone (Soria & Villamiel 2010). This effect causes the breakup of oil droplets,
leading to particle sizes in the nanometric range.

The main factors affecting the final droplet size in ultrasonically generated nanoemulsions
are the treatment time and intensity, which is directly related to the amplitude of the sonication
wave. Several studies report a reduction in the droplet size of nanoemulsions after increasing
the sonication amplitude and treatment time (Leong et al. 2009, Li & Chiang 2012, Salvia-
Trujillo et al. 2012). Sonication can be conducted in a batch or continuous mode depending on
the design of the operating chamber. However, it has been reported that broader particle-size
distributions are produced when using a continuous mode than when using a batch mode, which
was attributed to nonhomogeneous treatment of the fluids in the flow chamber (Kentish et al.
2008). The minimum droplet size of nanoemulsions is independent of the design of the flow
cell, whereas using overpressure in the flow cell leads to a more efficient process (Leong et al.
2009).

There are several potential drawbacks to using sonication to produce nanoemulsions. First,
the hot spots generated by bubble implosion and high shear rates may cause a temperature
increase in the emulsion (up to 80°C), which can have a detrimental effect on heat-sensitive
compounds. Moreover, it has been observed that cavitation can lead to the hydrolysis or ox-
idation of triglycerides and therefore the degradation of lipids (Chemat et al. 2004), which is
caused by the appearance of reactive species in the sonicated fluid (Riesz et al. 1985). Another
limitation for the commercial application of sonication is that metal ions or particles from the
sonication probe may be released into the product due to cavitational abrasion (Freitas et al.
2006).

POTENTIAL ADVANTAGES OVER CONVENTIONAL EMULSIONS

Antimicrobial Nanoemulsions

Many of the currently approved chemicals used as antimicrobials in foods are water soluble; thus,
they are unsuitable for incorporation in the lipid droplets in nanoemulsions. Nevertheless, there
are some types of antimicrobial agents that are oil soluble and are therefore suitable for encapsu-
lation in nanoemulsions, such as natural essential oils. In this case, encapsulation of the antimicro-
bials in nanoemulsions may increase their usability and effectiveness. Antimicrobial agents may
be encapsulated within the hydrophobic interior or amphiphilic exterior of oil droplets, or both
(Figure 1) (Weiss et al. 2009). The transport of the antimicrobial compounds from the nanoemul-
sion droplets to the microorganism surfaces is a major factor impacting their activity. This process
may occur through two different mechanisms: (#) molecular diffusion through the intervening
aqueous phase or (§) direct droplet-microorganism interactions. The small size of the oil droplets
in nanoemulsions may enhance their antimicrobial activity in a number of ways. First, it leads to a
greater local concentration of antimicrobial agents at the droplet surfaces due to the Laplace effect,
which may increase their efficacy by increasing their mass transport through the aqueous phase
(McClements 2005). Second, it leads to more rapid droplet-microorganism encounters due to the
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Figure 1

Different structures of antimicrobial nanoemulsions. (#) Nanoemulsions with antimicrobial lipid and inert surfactant.
(b)) Nanoemulsions with surface-active antimicrobials and inactive lipids. (¢) Nanoemulsions with antimicrobial surfactants and lipids.

higher Brownian motion of smaller particles. Third, it may facilitate the penetration of the oil
droplets through the biological membranes coating bacterial surfaces. Along with incorporating
antimicrobials into the oil phase of a nanoemulsion, it is also possible to incorporate surface-active
antimicrobial agents at the interface, such as lysozyme, nisin, LAE, and SDS. Despite the potential
applications of nanoemulsions as delivery systems of antimicrobials, there is a lack of consistent
data on that topic, and the actual benefits over conventional emulsions remain unclear. In some
cases, reducing the particle size may actually reduce the efficacy of an emulsion-based delivery
system for surface-active antimicrobials because they tend to adsorb to the droplet surfaces rather
than the microbial ones.

Some researchers have focused on elucidating the mechanism of interaction between antimicro-
bial nanoemulsions and food-borne microorganisms. Table 3 presents some of the most relevant
research papers concerning the delivery of antimicrobials using nanoemulsions with a potential
for application in foods. Ziani and coworkers studied the impact of particle charge on the inter-
action between thyme oil nanodroplets and microbial cells by using different types of surfactants
(cationic, anionic, and nonionic) to coat the oil droplets (Ziani et al. 2011). They hypothesized
that because the surfaces of microorganisms are typically negatively charged, oil droplets with a
positively charged surface are electrostatically attracted and therefore should exhibit an enhanced
antimicrobial activity. However, the conclusion of their study was that the partitioning of the
cationic or anionic surfactant molecules between the oil droplets and the microbial surface re-
duced the efficacy of the nanoemulsions. Therefore, it would be more suitable to use nonionic
surfactants to formulate delivery systems of essential oils to inactivate microorganisms. Donsi
and coworkers (Donsi et al. 2011a) as well Liang and coworkers (Liang et al. 2012) studied the
antimicrobial properties of nanoemulsions containing aromatic compounds. In both studies, a
higher antimicrobial activity of nanoemulsions was reported compared to the same concentration
of nonemulsified essential oils. Salvia-Trujillo and coworkers (Salvia-Trujillo et al. 2014) reported
a faster inactivation of Escherichia coli in contact with lemongrass oil nanoemulsions than conven-
tional emulsions. An increased efficacy of antimicrobial compounds against microorganisms in
nanoemulsion-based delivery systems would allow a reduction in the concentration of essential
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oils required to ensure food preservation. However, it has been reported that the concentration of
aromatic compounds in nanoemulsions may be reduced during homogenization due to volatiliza-
tion, which should be taken into account when formulating this kind of delivery system (Donsi
etal. 2011a).

Bioactive Nanoemulsions

Many bioactive compounds, such as several types of vitamins and nutraceuticals used in food forti-
fication are lipophilic; thus, they are typically emulsified prior to incorporation into foods. Conse-
quently, understanding the gastrointestinal fate of bioactive-fortified nanoemulsions is therefore
important. It is known that oil droplet size and interfacial properties are key factors determining
the digestibility of lipid droplets within the GIT as well as the release of encapsulated bioactive
compounds.

The digestion of lipids is a complex physicochemical and biochemical process that occurs within
the GIT (Golding & Wooster 2010, McClements & Li 2010, Singh et al. 2009) (Figure 2). In
the mouth, the presence of salts may alter the ionic strength of the system and induce changes
in nanoemulsion stability. Also, the mucin in the saliva can cause aggregation of nanodroplets by
bridging or depletion flocculation. When the oil droplets reach the stomach, their aggregation
state may further be changed because of the low pH and high ionic strength and shear conditions
there (Salvia-Trujillo et al. 2013a). A small amount of hydrolysis of the lipid droplets occurs in
the stomach due to the presence of a gastric lipase, but the majority occurs in the small intestine
due to the presence of pancreatic lipase. Bile salts presentin the gastrointestinal fluids may displace
the original emulsifier molecules from the oil-water interface, allowing the binding of the enzyme
(Reis et al. 2009). As lipolysis takes place, free fatty acids (FFAs) and monoacylglycerols (MGs)
are generated and accumulate on the oil surface. Owing to their high surface activity, long-chain
FFAs and MGs can displace the lipase and interrupt the lipolysis reaction. Bile salts remove
these digestion products from the oil droplet surface by solubilizing them in mixed micelles, thus
facilitating complete digestion. Moreover, calcium ions can form insoluble soaps with long-chain
FFAs and remove them from the droplet surfaces. Finally, products from lipolysis as well as
the encapsulated lipophilic compounds, if any, are solubilized in mixed micelles or unilamellar
phospholipid vesicles, enabling them to be adsorbed across the intestinal lumen.

An understanding of gastrointestinal processes is important for designing nanoemulsions to
improve the bioaccessibility and bioavailability of bioactive compounds. A number of research
studies on the potential benefits of incorporating active lipophilic compounds in nanoemulsions
are summarized in Table 4. On one hand, it seems clear that the coadministration of hydropho-
bic bioactive compounds with a lipid phase facilitates their absorption after digestion (Pouton &
Porter 2008). For instance, Yu and coworkers (Yu & Huang 2012) found that the bioavailability
of curcumin-loaded nanoemulsions was increased ninefold compared with the crystalline form.
In addition, the droplet size and lipid carrier type of nanoemulsions are also important. Several
authors (Salvia-Trujillo et al. 2013a; Troncoso et al. 2012a,b) have reported that the smaller
the droplet size of nanoemulsions, the higher the bioaccessibility of encapsulated bioactive com-
pounds, which could be attributed to the higher digestibility of the lipid phase. Salvia-Trujillo
and coworkers (Salvia-Trujillo et al. 2013a) reported a 3-carotene bioaccessibility of 60% after in
vitro digestion of nanoemulsions, but only 34% after digestion of conventional emulsions. The
lower bioaccessibility of carotenoids in emulsions containing large droplets can be attributed to
(@) a higher amount of nondigested oil that retained the B-carotene and (b) a lower amount of
mixed micelles to solubilize the B-carotene. A reduction in the droplet size therefore typically
increases the bioavailability of hydrophobic bioactive agents. However, one study reported lower
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Figure 2

Representation of the possible changes in nanoemulsion structure during their journey through the gastrointestinal tract. Adapted from
Singh et al. (2009) and McClements & Li (2010).

bioavailability of curcumin in nanoemulsions than in conventional emulsions (Ahmed et al. 2012),
which may have been because the larger oil-water interface led to faster chemical degradation of
the curcumin. Therefore, the precise nature of the bioactive compound used has to be taken into
account. Second, the composition of the lipid carrier, in terms of the length and unsaturation of the
free fatty acids, also determines the bioaccessibility of the bioactive compounds in a nanoemul-
sion. For instance, it has been reported that the bioaccessibility of carotenoids delivered using
nanoemulsions is higher when the lipid phase consists of LCT's than when it consists of MCT's
(Ahmed etal. 2012, Qian et al. 2012a, Salvia-Trujillo et al. 2013a). This effect can be attributed to
the fact that the long carotenoid molecules can be incorporated into the large hydrophobic core
of mixed micelles containing long-chain FFAs, but not in the small hydrophobic core of mixed
micelles containing medium-chain FFAs. These results were further confirmed by Salvia-Trujillo
and coworkers (Salvia-Trujillo et al. 2013b), who observed a higher B-carotene bioaccessibility in
nanoemulsions at increasing ratios of LCT's in the lipid phase.
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Nanoemulsions are likely to be rapidly digested within the GIT when they are formulated
from digestible lipids (such as triglycerides). However, they may behave differently if they are
formulated from indigestible lipids (such as mineral or flavor oils). In this case, the small lipid
droplets themselves may be absorbed by the epithelium cells within the GIT (Carey et al. 1983,
Mu & Hoy 2004). To our knowledge, there is only one recently published work dealing with
in vivo toxicity testing of nanoemulsions (Yu & Huang 2013). The authors reported no toxicity
of nanoemulsions with droplet diameters below 200 nm in Caco-2 cells (small intestine cells).
However, they detected a greater loss of viability in HepG2 cells (liver cells) after exposure to
nanoemulsions compared with conventional emulsions. These results indicate that despite the
potential use of nanoemulsions to enhance the bioavailability of certain food ingredients more
information about the biological fate and potential toxicity of ingested nanoemulsions is required.
In future studies, it would be useful to use both cell culture and animal models to track the potential
GIT fate of both digestible and nondigestible nanoemulsions.

APPLICATIONS IN FOOD PRODUCTS

Nanoemulsions have considerable potential as delivery systems for active compounds in food ap-
plications. A number of basic research studies have highlighted the potential advantages of using
nanoemulsions in foods. Oregano oil nanoemulsions (¢ = 150 nm) have been recently described
to effectively control the growth of food-borne pathogens in fresh lettuce during refrigerated
storage (Bhargava et al. 2015). Cinnamaldehyde nanoemulsions (d < 200 nm) have been reported
to deactivate bacteria in melon juice (Jo et al. 2015). Moreover, soaking mung bean, alfalfa, or
radish seeds in carvacrol nanoemulsions has been reported to inactivate Salmonella enterica Enter-
itidis and Escherichia coli O157:H7 without compromising sprout yield (Landry et al. 2014, 2015).
Donsi and coworkers (Donsi et al. 2011a) incorporated terpene nanoemulsions (¢ < 200 nm)
in orange and pear juices and evaluated the inactivation of inoculated Lactobacillus delbrueckii as
well as their physicochemical characteristics during 16 days of storage at 32°C. The addition
of low concentrations of the nanoencapsulated terpenes delayed microbial growth (1.0 g/l ter-
penes) or completely inactivated the microorganisms (5.0 g/l terpenes) while minimally altering
the organoleptic properties of the fruit juices. Joe and coworkers (Joe et al. 2012) used a sunflower
oil-based nanoemulsion to extend the shelf life of fish steaks. They observed a significant reduc-
tion in the heterotrophic, H,S, and lactic acid bacteria populations as well as a significant shelf-life
extension during storage compared with the nontreated samples. Likewise, Maté and others (Mate
et al. 2016) reported a significant reduction of Listeria monocytogenes in chicken broth and veg-
etable cream treated with D-limonene and nisin nanoemulsions. Ma and coworkers (Ma et al.
2016) reported a similar antimicrobial activity of thymol or eugenol nanoemulsions (4 < 100 nm)
emulsified with lecithin and LAE in low-fat milk compared to the free LAE form. However, the
nanoemulsion form was more suitable for application in commercial food products.

Examples of the incorporation of nanoemulsions loaded with bioactive compounds into com-
mercial food products are currently limited. However, a number of studies have shown that ex-
cipient nanoemulsions can improve the bioavailability of bioactive compounds in real foods. An
excipient nanoemulsion does not contain any bioactive compounds itself, but it improves the
bioavailability of any bioactive compounds in foods ingested with it (McClements etal. 2015). For
instance, several recent studies revealed that excipient nanoemulsions improve carotenoid bioac-
cessibility from carrots (Zhang et al. 2016), tomato juice (Salvia-Trujillo & McClements 2016),
mangoes (Liu et al. 2016), and yellow peppers (Liu et al. 2015). Despite the proven efficiency
of nanoemulsions as model delivery systems with improved oral bioavailability, more research is
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Table 5 Products available in the market consisting or containing active nanoemulsions

Company Product Product properties

Tip Top® Tip Top UP® Omega-3 Fortified beverage with nanocapsules containing omega-3
DHA DHA-rich tuna fish oil

Shemen Industries Canola Active oil Fortified with nonesterified phytosterols encapsulated via a new

nanoencapsulation technology [nanosized self-assembled liquid
structures (NSSL) for optimizing the absorption and
bioavailability of target nutrients, developed by NutraLease

(Israel)]
RBC Life Sciences®, Inc. Nanoceuticals™ Slim Nanoscale ingredients that scavenge more free radicals, increase
Shake Chocolate hydration, balance the body’s pH, reduce lactic acid during

exercise, reduce the surface tension of foods, and supplements to
increase wetness and absorption of nutrients

Shenzhen Become Industry & | Nanotea Nanofine powder produced using nanotechnologies
Trade Co., Ltd.
Aquanova NovaSOL sustain Nanocarrier that introduces coenzyme Q10 to address fat
reduction and alpha-lipoic acid for satiety
NutraLease Nanosized self-assembled Beverages containing encapsulated functional compounds such as
liquid structures (NSSL) coenzyme Q1o, lycopene, lutein, 3-carotene, omega-3, vitamins
supplements A, D3, and E, phytosterols, and isoflavones are available. It is

claimed that nanoemulsions can capture the flavor and protect it
from temperature, oxidation, enzymatic reactions, and hydrolysis
and are thermodynamically stable at a wide range of pH values

LivOn Labs Lypo-Spheric™ Vitamin C | The smart liposomal Nanospheres® that encapsulate
Lypo-Spheric™ Vitamin C gently slip across the intestinal wall
and into the blood. That is because they are able to completely
bypass a very restrictive nutrient transport system that radically
limits the bioavailability of all nonliposome encapsulated forms of
vitamin C

Adapted from the Project on Emerging Technologies (http://www.nanotechproject.org).

necessary to provide strong evidence about the real advantages of using nanoemulsions to improve
the bioavailability of micronutrients from complex food matrices.

From the industrial point of view, despite the lack of strong scientific evidence for the advan-
tages of such antimicrobial and bioactive delivery systems, a number of food products containing
functional lipid nanoparticles are already available in the food market. Table 5 presents a list of
commercial food or supplement products that contain bioactive compounds loaded into nanoemul-
sions or related nanoscale delivery systems, including coenzyme Q, lycopene, lutein, 3-carotene,
omega-3, vitamins A, D3, and E, phytosterols, and isoflavones. In these cases, the manufacturers
claim a protection of the active compound during food processing operations and/or enhanced
bioavailability of the nutrients after digestion.

Even though numerous research studies have demonstrated that the encapsulation of lipophilic
active ingredients in nanoemulsions increases their bioavailability, the real benefits after being in-
corporated into complex food matrices and after food handling operations have yet to be confirmed.
Therefore, the future research trends in this topic need to be directed toward the elucidation of the
actual advantages of foods containing lipid nanoparticles in a more comprehensive approach, con-
sidering the potential loss of functionality due to food matrix effects, food processing, or storage.
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Moreover, evaluation of the relationship between the additional cost of production of nanoemul-
sions due to the higher energy input and equipment investment, and their effective advantages
needs consideration.

REGULATION

The potential benefits of using engineered nanoparticles in foods are many, with high expectations
for the food industry; yet the associated risks are still unknown. Nanomaterials may have a wide
range of potential toxic effects, depending on their chemical nature (organic or inorganic), parti-
cle size distribution, particle shape, surface state (e.g., surface area, surface functionalization, and
surface treatment), state of aggregation/agglomeration, etc. There is a need to elucidate the po-
tential toxicology and biological fate of nanoparticles after digestion, to determine their behavior
within the GIT, and to determine their possible bioaccumulation in human cells and tissues. The
efforts of the scientific community are oriented toward this purpose, but the analytical techniques
need validation, and experiments with mice or human are expensive and tedious. Despite this lack
of knowledge, the presence of food products containing nanoparticles in the market is growing.
This has driven authorities worldwide to release guidelines and regulations dealing with the use of
nanomaterials in foods. A number of papers have reviewed the situation related to the regulation
of nanoparticles in foods (Card et al. 2011, Chau et al. 2007, Cushen et al. 2012, Magnuson et al.
2013, Sandoval 2009).

Concerning the European Union regulations, efforts have been made to control the use of
nanomaterials in foods, and there are several regulations in operation at present. Generally, the
incorporation of engineered nanomaterials in foods must fulfill the current regulation for food
additives (EU 1333/2008), as they are considered new food ingredients. In February 2009, the
European Food Safety Authority (EFSA) adopted a scientific opinion on the potential risks arising
from nanoscience and nanotechnologies in food and feed safety. More recently, the European
Parliament Commission published the Regulatory Review on Nanomaterials, which compiled
an inventory of nanomaterial types and uses, including safety aspects. As a conclusion, it is sug-
gested that there is limited scientific evidence for whether nanoparticles pose a risk for human
health. The available toxicological knowledge on nanomaterials suggests that, despite the particle
size, their toxicity relies on their nature and their reactivity with biological tissues. As a conse-
quence, some nanomaterials might be hazardous and others not; thus, there is a need for a more
focused risk assessment of nanomaterials on a case-by-case basis. Moreover, owing to the need
for specific guidelines for nanoparticles, in May 2011, the EFSA published a guide for the risk
assessment of engineered nanomaterials in foods as well as consumer exposure, considering their
characterization, potential toxicity, and biological fate. In this document, guidance is provided
for the characterization of hazards as well as the testing approaches to identify hazards arising
from nanoparticles in foods. In this report, it is stated that if the full digestion of a nanoparticle
in the GIT can be proven, meaning there is no risk of potentially absorbed species and bioac-
cumulation in the human gut, the toxicology evidence and regulation of the non-nano form can
be used for commercial purposes. This statement is specifically relevant in the case of digestible
nanoemulsions, which are typically fully digested within the GIT and therefore are exempt from
special toxicological studies before being placed in the food market. Nevertheless, special atten-
tion should be paid to nanoemulsions fabricated from nondigestible oils, which could be prone to
bioaccumulation in intestinal or liver cells.

In October 2011, the European Parliament and the Council of the European Union published
EU Regulation 1169/2011 on the provision of food information to consumers, where it is stated
that the presence of engineered nanomaterials in foods must be properly labeled. In September
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2013, an amendment to EU 1169/2011 was submitted in order to distinguish between naturally
occurring and manufactured nanoparticles. Consumer acceptance of nanoemulsions in foods de-
pends on the scientific community providing reliable information about the real risks associated
with consuming this type of engineered nanoparticle.

In the United States, there is a lack of specific regulation with respect to nanomaterials in food
products. So far, the Food and Drug Administration (FDA) has released two guides regarding the
application of nanomaterials in foods. In June 2011, they published a guide for food manufacturers
to take into account possible considerations when incorporating nanoparticles in foods. In April
2012, the FDA also released a guide to assess the effect of manufacturing processes, including
emerging technologies, which may cause significant changes in food ingredients already placed in
the market and therefore may have an impact on their safety.

CONCLUDING REMARKS

The results of research conducted so far indicate the potential benefits of nanoemulsions as deliv-
ery systems of active food ingredients, such as antimicrobials or bioactive compounds. In general,
a higher functionality is observed because of their small size and high surface area, leading to a
greater interaction with microbial cells in the case of antimicrobial nanoemulsions or a higher
digestibility and resulting bioavailability in the case of nanoemulsions containing bioactive com-
pounds. Nevertheless, the promising expectations arising from the recently published data are
based on few research papers with concluding results that merit scrutiny and verification. On
one hand, there is a need for further studies including a wide range of bioactive compounds or
other food ingredients loaded in nanoemulsions to give a more comprehensive overview of the
behavior and functionality of different kinds of lipid nanoparticles. On the other hand, most of
the research studying the functionality of lipid nanoparticles is conducted in simple model solu-
tions. Therefore, the possible interactions between lipid nanoparticles and other macromolecules
present in food formulations, such as proteins, carbohydrates, or fibers, must be elucidated to
present reliable data to the producers and consumers about the real benefits of nanoemulsions.
Therefore, an important step in establishing the real advantages of using nanoemulsions in foods
is to carry out experiments in which they are incorporated into real food matrices to study their
functionality and biological fate. Moreover, despite the fact that lipid nanoparticles are usually
formulated with edible ingredients and show a similar pattern compared with the digestibility of
conventionally emulsified lipids, their toxicological safety cannot be assured. Therefore, it should
be noted that the gastrointestinal fate of lipid nanoparticles once they enter the human gut should
be described in order to assess their biological fate, tissue location, and possible bioaccumulation.
For this purpose, complementary in vivo studies to the already established in vitro methodologies
should be carried out to compare and verify the existing information.
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