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Abstract

Vitamin deficiency arises when the dietary intake of essential vitamins is too low. Insufficient levels of vitamin weaken
the body and induce diseases. Although the dietary intake of essential vitamins has increased through food fortification,
there are still major issues of vitamin deficiency. Moreover, consumption of vitamins in classical food supplements presents
drawbacks such as poor bioavailability and low stability, notably in the gastrointestinal tract conditions. To overcome such
issues, vitamin nanoemulsions have been recently developed. Here, we review the design of vitamin nanoemulsions with
various oils to meet specific needs; actual research and markets for vitamin nanoemulsions; and techniques for nanoemul-

sion characterization.

Keywords Vitamin deficiency - Vitamin nanoemulsion - Poor bioavailability - Novel characterization - Dietary intake

Introduction

Nanotechnology has been explored extensively as the next
revolution, notably in the field of agriculture and food indus-
try (Donsi 2018). Nanotechnology can also enhance water
solubility, thermal stability, gastrointestinal stability and oral
bioavailability of bioactive compounds and vitamins like
A, D, E and K (Ezhilarasi et al. 2013). This is achieved by
encapsulating essential vitamins, using various types of wall
materials. In food and pharmaceutical industries, encapsu-
lation allows to protect bioactive compounds and vitamins
within a wall material in the form of capsules (Bartusik et al.
2016; Borthakur et al. 2016). Emulsification, coacervation,
inclusion complexation, emulsification-solvent evaporation,
nanoprecipitation, and supercritical fluid techniques are
used to produce nanocapsules in the range of 10-1000 nm
(Ezhilarasi et al. 2013). Figure 1 shows the different types
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of emulsion forms. This review majorly focuses on the use
of oils as a carrier material to protect vitamins from tem-
perature, light, and controlled release in the human body.
Various researchers have extensively studied the produc-
tion of nanoemulsions using different vitamins and carrier
materials (oils). Table 1 presents the studies conducted by
various researchers pertaining to vitamin nanoemulsions.
This article is an abridged version of the chapter published
by Dasgupta and Ranjan (2018) in the series Environmental
Chemistry for a Sustainable World (http://www.springer.
com/series/11480).

Nanoemulsion-based delivery systems
and functional properties

Vitamin E is one of the nutraceutical compounds that have
been a major research area for the researchers. Vitamin E is
one of the nutraceutical compounds that have been one of
the potent attention seekers of research. The most nutrition-
ally imperative form of vitamin E is a-tocopherol, so there
has been more interest of incorporating it into various food
products. However, while incorporating the a-tocopherol
into functional food products, there are various challenges
associated with incorporation: poor water solubility, chemi-
cal instability (to oxygen, light, and heat), and variable oral
bioavailability (Ozturk et al. 2015a). Researchers have stud-
ied the natural emulsifiers to develop the vitamin E acetate
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Fig. 1 Different forms of emul-
sions. The broad categories are
further described with their
specifications

%., (0.01 uMm)

emulsion-based delivery system. Natural emulsifiers like
protein (whey protein isolate) and polysaccharides (gum
Arabic) have been used to formulate vitamin E acetate emul-
sions, and they observed that the protein emulsifier was more
effective in producing smaller size droplets in the range of
110 nm, as compared to polysaccharide emulsifier (380 nm).
On the other hand, emulsion prepared with gum Arabic has
been found to be more stable, especially at elevated tempera-
tures compared to whey protein isolate. This may be due to
the protein surfactants that get denatured in protein-based
emulsions (Ozturk et al. 2015a).

Ozturk et al. (2015b) studied the influence of different car-
rier oils on the bioaccessibility of vitamin D;-encapsulated
nanoemulsion in simulated gastrointestinal conditions.
Stable nanoemulsions in the range of 140-190 nm were
synthesized using natural surfactants by high-pressure
homogenization technique. Researchers have observed that
the medium-chain triglycerides (MCT), carrier oil enabled
better free fatty acid release during lipid digestion of vita-
min D5, compared to other carrier oils like corn oil, fish oil,
orange oil and mineral oil, whereas long-chain triglycerides
(LCT) effectively increased bioaccessibility of vitamin Ds.
This can be attributed to the fact that long-chain free fatty
acids protectively surround lipid droplets and thus prevent
them from lipase action (Ozturk et al. 2015b).

A study has been conducted by Mehmood (2015) where
response surface methodology was used to optimize the for-
mulation of nanoemulsion (Mehmood 2015). In his work,
he used canola oil, as a carrier oil to encapsulate the vita-
min E acetate using high-energy approach to understand the

@ Springer
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changes in nanoemulsion with edible mustard oil as carrier
oil. Researchers have used low-energy approach to formu-
late vitamin E nanoemulsion with edible mustard oil as car-
rier oil. Analysis such as stability test, antioxidant analysis,
and HPLC is done/performed for measuring encapsulation
efficiency, and antimicrobial test in order to synthesize
an effective emulsion system for vitamin E. The prepared
nanoemulsion was found to be much stable, for nearly more
than 15 days with significantly higher antioxidant activity
of 62.55%. It has higher antibacterial property, making it a
suitable additive for enhancing the shelf life of health drinks.
High encapsulating efficiency (99.65%) proves that the syn-
thesized nanoemulsion is highly effective in encapsulating
and protecting vitamin E from unfavourable conditions
(Dasgupta et al. 2016b). This study is a supportive evidence
for the advantages of using nanoemulsion system as a health
supplement in beverage industries (Figs. 2, 3).

Characterization of nanoemulsions
Separation techniques

Chromatography technique

In colloidal food science, separation technology is mainly
used for identification and quantification of the different
bioactive compounds. Many researchers have established

the use of these separation techniques in nanocolloidal food
science, i.e., food-grade nanoemulsions or nanoencapsulated
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Fig.2 Methods for the prepara-
tion of nanoemulsions
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Fig.3 Methods of physical
characterization of nanoe-
mulsion. The FTIR (Fourier
transformation infrared radia-
tion), XRD (X-ray diffraction),
DLS (dynamic light scattering),
viscometer, UV-Vis spectro-
photometer. The mentioned
techniques are described
elaborately in the running text
given below
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products. The main challenge for food-grade nanoemulsion
is the in situ characterization of them; nevertheless, in most
cases it is not possible to detect them in the food matrixes.
Therefore, separation techniques are mandatory/utmost
important to isolate the nanoemulsion from food prior to
their characterization.

Size exclusion chromatography

It is one of the chromatographic methods which accounts
for size exclusion wherein molecules are separated on the
basis of their size and molecular weight. It is usually applied
to larger molecules or macromolecular complexes such as
proteins and industrial polymers. It can be noted that size is
the main characteristic of nanoemulsions, so it is the most

(
U

suitable type of liquid chromatography for the separation of
nanoemulsions from food matrix (Saifullah et al. 2016). It
has been used in nanoemulsion-based drug delivery analysis.

Development of a nanoemulsion should focus on droplets
with a well-defined size, i.e., with a narrow size distribution.
Otherwise, contaminations with droplets of large size might
be taken up more efficiently and/or carry a higher which leads
to carrying of higher perfluorocarbon load, affecting both the
specificity and quantity of the perfluorocarbon label. Grap-
entin and co-workers generated perfluorocarbon nanoemul-
sion by using phospholipids that usually show a broad size
distribution—a challenge which cannot be overcome by the
conventional manufacturing process. However, the formation
of well-defined perfluorocarbon nanoemulsion is feasible by
combining centrifugation with size exclusion chromatography.

@ Springer
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Size exclusion chromatographic technique was able to separate
effectively well-defined fractions of a perfluorodecalin emul-
sion via a Toyopearl HW-75S column (Grapentin et al. 2014).
Similarly, this technique has been used for characterization of
nanoemulsion-based drug delivery by ketene-based polyester
synthesized using electron rich carbon/silica composite surface
(Swarnalatha et al. 2008). The use of size exclusion chroma-
tographic technique in nanoemulsion characterization is quite
rare nowadays and can be employed in drug delivery system
(Bae and Chung 2014; Vezocnik et al. 2015).

lon exchange chromatography

Ion exchange chromatography separates ions and polar mol-
ecules based on their affinity to the ion exchanger. It works
on wide variety of charged molecule—including large pro-
teins, small nucleotides, and amino acids. Simultaneously,
as charge size is also one among the main characteristics of
nanoemulsions, so it is also the most suitable type of liquid
chromatography for the separation of nanoemulsions from
food matrix (Saifullah et al. 2016). Ion exchange chromatog-
raphy has been reported in a purifier for nanoemulsion which
includes sucrose fatty acid ester (Bromley 2011).

High-performance liquid chromatography (HPLC)

HPLC method has also been highly explored to identify the
presence of some unidentified compounds in natural/real
extracts, e.g., leaf, fruit, or stem samples including envi-
ronmental samples such as soil, water, and other samples. It
mainly works on the principle of separation-based technique.

Recently, Dasgupta and co-workers have employed
HPLC to quantify non-encapsulated vitamin E and have
calculated the encapsulation efficiency for food-grade mus-
tard oil nanoemulsion. It was for the first of its kind, an
article in the field of food-grade nanoemulsions (Dasgupta
et al. 2016b). During the similar time period, many other
researchers have also reported/employed/practiced/explored/
used HPLC for characterization of different nanoemulsions,
calculating encapsulation efficiency and in analyzing the sta-
bility of selective/target molecule in nanoemulsion (Li et al.
2015; Panatieri et al. 2016; Youssof et al. 2016). Overall,
similar to other chromatographic techniques, HPLC was also
used to identify and quantify the active compounds and was
found more precise, easier and efficient for nanoemulsions
characterization.

Physical characterization
UV-Vis spectrophotometer

UV-visible spectrophotometer analysis can be performed
to identify and quantify the concentration of the compounds

@ Springer

based on their optical density and the amount of light trans-
mitted or refracted. The UV—visible spectrophotometer can-
not give absolute structural confirmation, and the quantifica-
tion and identification of the particular sample result should
also be calibrated with the controls. Earlier researchers have
used this method for various estimations, e.g., detection of
oil content in the final nanoemulsion (Costa et al. 2013),
to estimate the encapsulated curcumin (Rachmawati et al.
2014) and to measure the transmittance percentage of nanoe-
mulsions (Jaiswal et al. 2015).

Fourier transform infrared spectroscopy (FTIR)
and differential scanning calorimetry (DSC)

FTIR and DSC are the commonly used instrumental tech-
niques for analyzing the structural identity of the selective
molecule or mixture of compounds. These techniques were
performed to identify the structural identity of active com-
pound present in food materials. FTIR and DSC are nor-
mally used for assessing structure, encapsulating active
compound, analyzing their integrity, and further ensuring
their compatibility among other ingredients (Pathan and
Mallikarjuna Setty 2011, 2012; Ahmad et al. 2014).

X-ray diffraction (XRD)

XRD is used to determine the crystal structure of any com-
pound. Researchers have analyzed the crystalline structure of
electrospinned nanofibre from nanoemulsion (Gordon et al.
2015; Sugumar et al. 2015). Other researchers also analyzed
the crystal structure of specifically designed nanoparticles
from nanoemulsions (Shams and Ahi 2013; Filipovi¢ et al.
2015; Soltani et al. 2016). Further extending the applica-
tions of XRD in core-nanoemulsion characterization, few
researchers have used it on derived forms of nanoemul-
sions by using several food engineering steps (Ahmad et al.
2014; Zhou et al. 2014). Additionally, the protocol has been
established to analyze the presence of ions in nanoemul-
sions (Mahendran and Philip 2013). Other X-ray-based tech-
nologies are also being used to identify/study lipid-based
nanoparticles or nanoemulsion-based solid nanomaterials—
small-angle X-ray scattering (Jenning et al. 2000; Alaimo
et al. 2015; Truong et al. 2015; Uzun et al. 2016).

The other physical perspective of the nanoemulsion
characterization techniques has been described in the later
section—e.g., size distribution, zeta potential, crystallinity,
viscosity, stability, etc., of the nanoemulsions.

Dynamic light scattering (DLS)
DLS is commonly used technique for determining the size

distribution profile of small particles in suspension or poly-
meric solutions. In this technique, the temporal fluctuations
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are usually analyzed/examined/studied by means of the
intensity or photon autocorrelation function; hence, DLS
is also termed as photon correlation spectroscopy or quasi-
elastic light scattering spectroscopy. Recently, DLS analysis
has become a basic but compulsory methodology to measure
the hydrodynamic size of nanoemulsion droplets. This is so
because of one-step process of DLS size measurement and
precise estimation of hydrodynamic size range of nanoemul-
sion droplets. Many food-grade nanoemulsions have been
fabricated recently; almost all of them have used DLS size
measurement in their research (Dasgupta et al. 2014, 2016b;
Guttoff et al. 2015; Komaiko and McClements 2015; Ma
et al. 2016). It has been reviewed and summarized in many
recent scientific articles (Azeem et al. 2009; Rajpoot et al.
2011; Shakeel et al. 2012; Ranjan et al. 2014, 2016a, b, Das-
gupta et al. 2015, 2016a; Jain et al. 2017). Nowadays, DLS
is getting integrated with the zeta potential analyzer which
is changing the normal DLS cuvette to the double-electrode
integrated cuvette, which further helps to analyze the zeta
potential of the nanoemulsion (Dasgupta et al. 2016b; Jain
et al. 2017).

Viscometer

Viscometer is an instrument used to measure the viscosity of
a fluid. Nanoemulsions are mainly characterized by using
rotational viscometer. Rotational viscometers use the idea
of torque required to turn an object into a fluid as a function
of its viscosity. They measure the torque required to rotate a
disk or bob in a fluid at a known speed. It is very important
to know the viscosity of the food-grade nanoemulsions if
ingested or passed through gastrointestinal tract or applied
transdermally. Positively charged nanoemulsion-based ste-
roidal drug for transdermal application has been analyzed
using rotary viscometer (Da Costa et al. 2014). Similarly,
many researchers have used rotary viscometer for analyzing
the food- and drug-grade nanoemulsions (Tsai et al. 2014).
Recently, few reviews have also highlighted the recent char-
acterization technologies for nanoemulsions (Jaiswal et al.
2015; Jain et al. 2017).

Stability and pH analysis of nanoemulsion

Stability of the nanoemulsion can be analyzed only visually,
and the main forms of instability of nanoemulsions are due
to gravitational separation, flocculation, coalescence and
phase separation. It can be noted that one has to be very
precise while analyzing stability through naked eyes or the
magnifying glasses. Similarly, stability and pH analysis are a
need/requirement to be determined for food- and drug-grade
nanoemulsions, because these emulsions will interact with
the biological matrices which ultimately depend upon the
pH (Jain et al. 2017).

Imaging techniques
Atomic force microscopy (AFM)

Atomic force microscopy technique is used for the nanoe-
mulsions which is present in the colloidal film on slides.
AFM images will provide a clear idea about the shape and
size of the nanoemulsions droplets.

Recently, many researchers have focused on AFM imag-
ing technique confirmed using dynamic light scattering
(Makidon et al. 2008; Ghosh et al. 2013; Dasgupta et al.
2016b; Ma et al. 2016), whereas others researchers have
confirmed that AFM results with other imaging techniques
(Salvia-Trujillo et al. 2013; Neeru et al. 2014; Singh et al.
2015b; Song et al. 2016).

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM)

TEM is a microscopy technique in which a beam of elec-
trons is transmitted through an ultra-thin specimen inter-
acting with the specimen as it passes through it. An
image is formed from the interaction of the electrons
transmitted through the specimen; the image is magnified
and focused onto an imaging device. In the case of SEM, the
scanned electrons are responsible for image formation. TEM
and SEM are efficiently used for nanoparticles from early
decade of the twenty-first century, but recently after several
instrumental advancements now researchers are performing
TEM and SEM images for nanoemulsions too (Klang et al.
2012; Jaiswal et al. 2015). In the current decade, several
protocols have been established for SEM and TEM analyses
of nanoemulsions and many food-grade and drug nanoemul-
sions have been characterized by SEM and TEM (Da Costa
et al. 2014; Singh et al. 2015a, b; Lee et al. 2016).
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