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The poor solubility in water of vitamin D results into low bioavailability,
which significantly reduces its efficacy to combat the associated disorders.
Encapsulated nanoparticles (ENs) seem an indispensable tool to formulate
effective delivery systems, which could enhance its bioavailability as a
function of various players: improving stability of lipophilic compound in
the target foods as well as the gastrointestinal tract (GIT), enhancing its
solubility in intestinal juice, facilitating its absorption by GIT, and reducing
first-pass metabolism loss in the gut and liver. This review is the depictions
the mode of actions of various food-grade ENs in enhancing the
bioavailability of vitamin D.

Introduction

Cholecalciferol, ergocalciferol, and
hydroxylated vitamin D [25(0OH) D3]
contribute significantly in dietary vitamin D
and in combination referred as total dietary
vitamin D. Molecular structure is recalled in
figure 1. Vitamin D is incorporated in various
foods and supplements to improve their
bioavailability.

These functional foods designed to provide
health benefits beyond basic nutrition (Kaya-
Celiker and Mallikarjunan, 2012). Accruing
evidences have acclaimed that dietary
consumption of vitamin D is linked with low
risks of multiple chronic diseases (Calvo et
al., 2013; Green et al., 2010; Hohman et al.,
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2011; Jasinghe et al., 2005; Keane et al.,
1998; Keegan et al., 2013; Ko et al., 2008;
Koyyalamudi et al., 2009; Lehtonen-Veromaa
et al., 2008; Natri et al., 2006; Outila et al.,
1999; Stephensen et al., 2012; Urbain et al.,
2011). Nevertheless, vitamin D has poor
bioavailability, which significantly reduces its
efficacy as disease-combating agents (Holick
2004; Hollander et al., 1978).

An effective way to enhance bioavailability of
vitamin D is to exploit nanotechnology to
encapsulate vitamin D in engineered
nanoparticles (ENs)-based delivery systems
(Ghosh et al., 2011; Joye et al., 2014; Oztiirk
2017).
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Nano-engineered delivery for

vitamin D

systems

Nanotechnology has become an indispensable
means of engineering novel materials and
structures for a wide range of applications
within the food industry to ensure its growth
(Chaudhry and Castle, 2011). Several ENs
have been designed and tested for their
potential use as delivery systems for vitamin
D with the aim of improving its health
benefits via encapsulation, protection and/or
controlled/sustained release (Gonnet et al.,
2010; Reza Mozafari et al., 2008). Enhancing
bioavailability of vitamin D has become an
encouraging approach to improving their
efficacy in humans. Recently, significant
developments have been achieved in
engineering ENSs to escalate bioavailability of
vitamin D (Guttoff et al., 2015; Menéndez-
Aguirre et al., 2014). Generally, based on the
presence or absence of lipids as the major
components of the delivery systems, ENs is
categorized as lipid-derived or non-lipid-
derived (Table 1). Recent literature has
depicted inclusive representations of the
manufacture and characteristics of different
type of ENs compatible with target
food(Abbasi et al., 2014; Acosta 2009;
Domingues 2013; Farhang 2013; Gonnet et
al., 2010; Ozturk et al., 2015; Thompson et
al., 2009). Present review illustrates the
impact of ENs on bioavailability. It is
remarkable that ENs for food application has
to be prepared with 100% food-grade
materials, such as edible lipids, proteins,
carbohydrates, and surfactants unlikely to
ENs utilized in the pharmaceutical industry,
this significantly carries challenges in
designing effective delivery systems.

Bioavailability of vitamin D
The bioavailability of vitamin D can be

defined as the proportion of the ingested
vitamin that actually reaches the systemic
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(blood) circulation in an active form. Only
then, the vitamin D will be available to
distribute to the target tissues and organs
where they can execute their beneficial health
effects. For ingested vitamin D, there are few
challenges, which avert it in reaching the
systemic circulation as an active form, e.g.
chemical instability through  digestion
process, poor solubility in gastrointestinal
tract (GIT) liquids, slow absorption from the
GIT, and first-pass metabolism (Figure 3).
The oral bioavailability (F) of encapsulated
vitamin D in ENs can be determined by the
following equation

F= FBXFAXFM

Here, Fg is the proportion of an ingested
vitamin D that subsists through the upper GIT
and that is released from the food matrix/ENs
into the GIT, therefore becoming bio
accessible for absorption by brush-bordered
enterocytes. Fa is the proportion of the bio
accessible vitamin D, which is actually
absorbed by the enterocytes and then reached
to the portal blood or lymph (and into the
systemic circulation). Fy is the proportion
absorbed vitamin D which retains in an active
form after first-pass metabolism in the GIT
and liver (and any other forms of
metabolism). The effects of food-grade EN-
based delivery systems on absorption, bio
accessibility and first-pass metabolism of
vitamin D-ENs will be discoursed.

Mechanism of absorption of vitamin D

Initially the mechanism of absorption of
vitamin D is assumed to be medicated by an
unsaturable  passive diffusion  process.
However, this hypothesis is disproved by
recent literature on human intestinal cell line
CaCO; and HEK transfected cells that clearly
indicate the relation of intestinal cell
membrane protein in the absorption of
vitamin D at the border side of the
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enterocytes. Absorption of cholesterol and
other lipophilic compounds (tocopherol,
carotenoids) is also facilitated by these
proteins which are SR-BI (scavenge receptor
class B type 1), CD 36 (cluster Determinant
36) and NPC1L1 (Neimann-Pick C1-Like 1).
Nevertheless, there is limited data available
on the mechanism how the absorption of other
lipophilic compounds influences the vitamin
D absorption through these proteins.

The observations made from these proteins
postulate that there is a mode shift in
absorption of vitamin D from protein
mediated transport to passive diffusion,
depending on the concentration of vitamin D:
protein  mediated transport at low
concentration  (dietary concentration of
vitamin D) and passive diffusion at high
concentration (pharmacological
concentration) (Reboul et al., 2011). Further
the difference in vitamin D uptake between
jejunum and duodenum clearly indicates the
presence of another transporter particularly
expressed in the jejunum (Goncalves et al.,
2015). More research on these transporters is
required to understand complete mechanism
of vitamin D uptake in intestine.

Enhancing bio accessibility of vitamin D by
nano engineering

Vitamin D-ENs is subjected to a variety of
changes in the composition, structure and
flow behavior as it passages through the GIT.
These variations may cause alteration in the
physical and chemical status of the vitamin D,
hence reducing its bio accessibility. The fate
of vitamins D in GIT is watched by those
factors which have been intimately involved
with  major lipid (phospholipid and
triglycerides) (Niramitmahapanya et al.,,
2011; Tso and Fujimoto, 1991). These
involve  emulsification,  dissolution in
micelles, diffusion through the stagnant water
layer and penetration across enterocytes
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membranes (Khalid et al., 2015). The future
of vitamin D in GIT appears to be a
multistage process counting physiochemical
as well as enzymatic involvement (Figure 2).
The acidic pH of gastric juice may affect the
bioavailability of vitamin D. Further, a
hypothesis is made that protein digestive
enzymes (pepsin and trypsin) are also
intimately involved in releasing encapsulated
vitamin D from protein-based delivery
system. Due to fat-soluble nature of vitamin
D, it is also assumed that vitamin D will be
more bioavailable if it is incorporated in lipid-
based delivery system. Hence, ENs has been
engineered to protect vitamin D from
unfavorable GIT conditions. Encapsulation of
vitamin D in nano liposomes developed from
food grade materials decreased its degradation
in simulated intestinal fluids. Vitamin D is
also encapsulated in solid lipid nanoparticles
and biopolymer-based nanoparticles that can
be designed to protect them from premature
release and enhance its stability in the GIT.

Before absorption of vitamin D by
enterocytes, it needs to be solubilized in GIT
fluids in order to be bio accessible to
enterocyte. Lipophilic nature of vitamin D
exerts low bio accessibility due to their poor
solubility in aqueous GIT fluids. Lipid-based
ENs, such as nano emulsions, liposome,
micelles and solid lipid nanoparticles, has
recently been used to improve the bio
accessibility of lipophilic vitamins (Mdllertz
et al., 2010; Santos and Meireles, 2010). The
nature of the carrier oil applied to solubilize
lipophilic vitamins within lipid-based ENs
also impacts their loading capacity and bio
accessibility (Qian et al., 2012; Yang and
McClements, 2013). After ingestion, the
compositions, structures and physiochemical
properties of vitamin-loaded ENs may be
altered significantly as it is subjected to
different GIT conditions, e.g. their
aggregation state, charge, physical state, and
size. The attendance of digestible constituents
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(protein, lipid and surfactant) is also key to
determine the biological fate of lipid-based
ENs in the GIT, which in turn has a great
influence on the bioaccessibility of vitamin
D(McClements et al., 2007; Yao et al., 2014).
In general, digestible carrier oils (primarily
triglycerides) in ENs are hydrolyzed by
lipases to produce free fatty acids and mono
acylglycerols in GIT. These digested lipid
products interact with bile salts and
phospholipids in the small intestine to
produce “mixed micelles” with complex
structures (Yao et al., 2014). Vitamins
encapsulated within ENs are transferred to the
mixed micelles during the digestion process,
which boosts their bio accessibility. The
variety of carrier oils used in ENs is crucial
for the bio accessibility of lipophilic vitamins.
Nano emulsions comprising mainly long
chain triglycerides exerted much higher bio
accessibility of vitamin E, p-carotene and Co-
enzyme Q10 than those comprising mainly
medium chain triglycerides (Cho et al., 2014;
Qian et al., 2012; Yao et al., 2014). These
findings indicate that the nature of carrier oils
is the key to bio accessibility of vitamins;
hence, EN-based delivery systems should be
specific for vitamin D in order to enhance its
bio accessibility. It is also assumed that the
particle size of ENs may also influence
vitamin D bio accessibility. This assumption
was tested by various studies in which the
nano emulsions with smaller particles have
been document to exhibit a higher bio
accessibility of [-carotene than those with
larger particles (Salvia-Trujillo et al., 2013).
This phenomenon can be explained by the
hypothesis which assumes that the smaller
lipid particles create mixed micelles more
rapidly than larger particles during lipid
digestion, which can improve the rate of
transfer of the vitamins from the particles to
the mixed micelles. Further, it was also
assumed that the surfactants used in oil-in-
water Nano emulsions might influence the bio
accessibility of encapsulated vitamin. This
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assumption was tested in simulated study in
which it was found that the extent to which
carrier triglyceride oil was digested in a
simulated GI tract was inversely correlated to
aliphatic chain length of the surfactant and

positively correlated with the
hydrophilic/lipophilic ~ balance  of  the
surfactant (Speranza et al., 2013). The

difference in the oil digestion may cause
variation in the solubilization of vitamins in
mixed micelles, consequently in different bio
accessibility. Therefore, appropriate
surfactants can be selected for specific nano
emulsions for desired bio accessibility.
Moreover,  biopolymer-based  non-lipid
delivery systems are primarily applied to
improve bio accessibility by enhancing
solubility of vitamin D.

Improving the absorption of vitamin D:
Engineered nanoparticles

The small intestine is the site of absorption
for lipophilic vitamins after their oral
ingestion (Goncalves et al., 2011; Goncalves
et al., 2015). Figure 3 illustrates the main
routes of absorption in the small intestine.
Lipid-derived ENs (Nano emulsions) have
been widely used to encapsulate lipophilic
vitamin D to improve their absorption
(Farhang 2013; Kiani et al., 2016). Mixed
micelles produced in consequence to
digestion of Nano emulsions transport these
lipophilic vitamins through the aqueous
mucous layer, and make them bioavailable to
brush bordered enterocytes for absorption.
Furthermore these transported vitamins are
encased into chylomicrons within the
enterocytes as result of their high
hydrophobicity (Pouton and Porter, 2008;
Yafez et al., 2011). These chylomicrons are
lipid particles are endogenously generated
inside the enterocytes exploiting lipid
components  (free fatty acids, mono
acyglycerols, and cholesterol) of mixed
micelles generated as result of fat digestion
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(Yao et 2013).  Further, these
chylomicrons  comprising  vitamins are
transported to the lymphatic circulation
system via a chylomicron-mediated pathway.
It is hypothesized that the presence of mixed
micelles, which is the function of free fatty
acids and bile acids, improves the trans-
enterocyte transport of lipophilic compounds.
This hypothesis was verified by 3-fold
increase in bioavailability of lipophilic
flavonoid 5-hydroxy-6,7,8,3,4-pentamethoxyl
flavone of citrus fruit in Caco-2 cell line (Yao
et al., 2013). This enhancement in absorption
was highly correlated with production of
chylomicron in the enterocytes triggered by
the mixed micelles. Furthermore, it is also
assumed that the degree of saturation of fatty
acids in mixed micelles is a key factor
influencing the absorption of vitamin D.

al.,

In order to test this assumption a study was
performed on transport of 5-hydroxylnobiletin
through mixed micelles formed with oleic
acid, linoleic acid, or linolenic acid and it was
observed that transport of 5-hydroxylnobiletin
is influenced by the degree of saturation and
chain length of fatty acid. Mixed micelles
developed with oleic acid exhibit higher
trans-enterocyte transport of 5-
hydroxylnobiletin  than mixed micelles

developed with linoleic acid or linolenic acid.
Simultaneously it is also believed that some
fraction of vitamin D still persists inside
undigested nanoparticle rather than being
released during passage of GIT (Harde et al.,
2011). Further vitamin D-ENs is suspected to
transported paracellularly to the portal blood
via tight junctions, or taken up by M cells via
Peyer’s patches and then secreted into the
lymph. Additionally it is suspected that some
compounds can influence the structure and
integrity of intestinal epithelial cells. This
assumption was verified for various
compound such as chitosan (separate the tight
junction  components) EDTA  (widens
intracellular tight junction seals), free fatty
acids (increases plasma  membrane
permeability), surfactants (modulate the
integrity of the plasma membrane). Hence
properties of these components can be
exploited to enhance the absorption of
vitamin D while designing the delivery
system. In case digestible ENs, encapsulated
vitamins can be released and solubilized
within the GIT fluids and then absorbed by
the enterocytes via active transport or passive
diffusion (Acosta, 2009). Ultimately, vitamin
D may be transported directly to the portal
blood circulation or via the chylomicron-
mediated lymphatic transport.

Fig.1 Chemical structures of naturally occuring dietary forms of vitamin D (I) Cholecalciferol,
(11) 25(0OH) cholecalciferol, and (I11) ergocalciferol

Ho""
HO®

D
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Table.1 Engineered nanoparticles based delivery systems for
Enhancing bioavailability Vitamin D

Class of | Subclass  of | Delivery Ingredients Function References
delivery delivery system site
system
Lipid Self-assembled | Liposome Phospholipids, Fgs (Banville et al., 2000; Farhang, 2013;
derived delivery propylene glycol Mohammadi et al., 2014; Thompson et
delivery system and polysorbate 80, al., 2009; Xia et al., 2011)
system Milk Fat Globule
Membrane-Derived
Phospholipids
Niosome polysorbate 20 Fs (Patel et al., 2012; Wagner et al., 2016)
Particulate Solid lipid | Polyethylene glycol | Fa& Fy (Kiani et al., 2016; Patel et al., 2012)
nanoparticles hydroxyl stearate,
Soybean lecithin,
Nanostructured | glycerol Fa& Fu (Park et al., 2017)
lipid carriers monostearate (solid
lipid), and Tween
80
Emulsion Micro triacylglycerol oil Fg (Khalid et al., 2015)
emulsion
Nanoemulsion | Q-Naturale, medium | Fg& Fa (Ozturk et al., 2015; Shu et al., 2016)
chain  triglycerides
(MCT), corn
oil = fish oil, orange
oil, mineral oil.
Polymer Self-assembled | Micelle Oleoyl alginate | Fg& Fa (Lietal., 2011)
derived delivery ester (OAE)
delivery system Protein based | whey protein isolate, | Fg& Fa (Abbasi et al., 2014; Haham et al.,
system micelles casein, 2012; Luo et al., 2012; Menéndez-
carboxymethyl Aguirre et al., 2014)
chitosan,
Hydrogel Fg, FA& Fy | (Lietal., 2011)
Colloidal Carboxymethyl Fg, FA& Fy | (Teng etal., 2013; Ziani et al., 2012)
nanoemulsion | chitosan—soy protein
Nano emulsion Fe& Fa (Guttoff et al., 2015; Park et al., 2017;
Sun et al., 2012)
Particulate Nanosphere Poly (D,L-lactide- | Fg& Fa (Domingues, 2013)
co-glycolide)
(PLGA
microsphere B-lactoglobulin Fe& Fa (Diarrassouba et al., 2015; Shi and Tan,
2002)
Capsular Microcapsule Fatty acid esters of | Fa (Bishop et al., 2013)
glycerol and PEG
ester
Nanocapsule N,N-dialkyl-N,N- Fa (Lvetal., 2016)
diacetate

ethylenediamine
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Fig.2 Schematic diagram of the human digestive system and the various physiochemical and
physiological processes involved in digestion and absorption of vitamin D

(@ Mouth
i | v ST / \
W + Enzyme Small intestine Q
R R 3 | AR
\ 4 * Biopolymer : * Enzyme {ﬁf .{ff
v 3005 v Bile, Salts
Food matrix disruption  Biopolymer G
v Agitation
o Stomach s |\ ﬁ /
v pH13
( ' ]gnzyme Enzyme adsorption and activity
y v Sl
 Biopolymer
v Agtation (f‘
| il Colon i
Dropletformationand Disruption + T \\/J
v Enzyme '
v Bacteria
v Agitation
v 12-Uhrs

Competitive adsorption & Displacement Absorption and transport

346



Int.J.Curr.Microbiol. App.Sci (2017) 6(7): 340-353

Fig.3 The fate of encapsulated vitamin D in intestinal lumen. Where Fg: fraction of the
encapsulated vitamin D which released from food matrix into the gastric juice in GIT, Fa:
fraction of the vitamin which is transported through the intestinal epithelium and then
transported to the portal or lymph, Fy: The fraction absorbed vitamin D which is an active form
after bypass the chemical modification by organs such as liver and kidney

Mucus layer
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Minimizing the first-pass metabolism of
vitamin D by Nano engineering

First-pass metabolism (also called as first-
pass elimination) is a process during which a
syndicate of enzymes, present mainly in the
gut and liver, metabolizes a drug (Figure 3).
First-pass metabolism is responsible for
decreased oral bioavailability as it causes
degradation of most of the ingested drugs and
resulting into a fraction of ingested drug
reaches the systemic circulation in active
form. Vitamin-ENs can be engineered to
bypass the first-pass metabolism and thus
improving their bioavailability. Lipid-derived
ENs, such as Nano emulsions, has been
widely used to bypass liver metabolism by
endorsing intestinal lymphatic transport of
lipophilic compounds (Yao et al., 2014). In
addition to this, Nano emulsions also promote
the  chylomicron-mediated transport of
lipophilic compounds from enterocytes to the
lymphatic circulation. Consequently, lymph
carries  chylomicron-associated  lipophilic
compound to the systemic circulation via the
subclavian vein evading the liver enzyme
catalysis, thus avoiding first-pass metabolism
in the liver (Figure 3)(Porter et al., 2007).
Thus, ENs can also shield vitamin D from
first-pass metabolism in enterocytes. Further
ENs can escalate paracellular transport of
vitamins by altering the integrity of tight
junctions if nanoparticles are derived by some
specific materials. It is believed that
paracellularly transported lipophilic
compounds are not exposed to metabolic
activity of intracellular enterocyte enzymes,
and may therefore have higher bioavailability.
ENs (Nano emulsions, liposomes etc.) that
promote chylomicron-mediated transport of
lipophilic compounds, may also reduce first-
pass metabolism in the enterocytes. This is
the reason that vitamin associated with the
chylomicrons may have less chance to
interact with metabolizing enzymes within the
cell in comparison to vitamins freely present
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in the cytoplasm of enterocytes (Sun et al.,
2015; Yao et al., 2015). Moreover, it believed
that the type of carrier oil of these
nanoparticles is crucial in the first-pass
metabolism of lipophilic compound in the
enterocytes. This was verified by study on
olive oil-based Nano emulsion which resulted
in a minimal metabolism of pterostilbene (an
important  phenolic  bioactive compound
present in blue berries) in enterocytes,
whereas flaxseed oil-based Nano emulsion
resulted in an extensive metabolism of
pterostilbene (Sun et al., 2015). In order to
deliver optimized dose of vitamin D with
enhanced bioavailability by decreasing first-

pass  metabolism, more  mechanistic
investigations are needed to establish the
relationship between the different

characteristics of ENs and their effects on
first-pass metabolism of vitamin D.

Accruing research has illustrated that food-
grade engineered nanoparticles can be
employed to enhance the bioavailability of
lipophilic vitamin D, which may improve
their potential health benefits in humans to
combat the associated disorders. More
systematic mechanistic approach is needed to
explicate the correlation between the particle
characteristics of ENs and their impact on the
biological fate of encapsulated lipophilic
vitamin D. Update in this area would provide
a solid scientific ground for the rational
design of novel EN-based delivery systems to
enhance the efficacy of vitamin D.

Future research prospects

After thorough review of literature, the gaps
in present literature were identified and these
research gaps could be addressed by future
dedicated studies. The future research
prospects identified from present literature are
as follows:
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The acidic pH of gastric juice may affect the
bioavailability of encapsulated vitamin D. It is
apparent that few data available on the
susceptibility of vitamin D-ENs with respect
to pH variation in GIT.

It have been observed that various digestive
enzymes facilitate the release of vitamin D
from vitamin D-ENs but the role of these
enzymes is not fully recognized with respect
to bioavailability of vitamin D-ENs. The
evaluation of effect of enzymes individually
or in syndicate and their concentration on
vitamin D-ENs bioavailability will aid better
understanding in designing better delivery
system for vitamin D.

In duodenum digestive enzyme (amylases,
lipase and protease) continues the release of
polymer derived vitamin D-ENs. Vitamin D
released vitamin D-ENs during digestion need
to transfer from oil (naturally retained in
dietary lipid) to the fat phase of meal
(micelles). Nevertheless, kinetics of vitamin
D transfer from food matrix into micelles is
not completely understood. More dedicated
research is needed to get better understanding
about the impact of vitamin D transfer from

food oil phase to micelle on the
bioavailability of vitamin D.
Though vitamin  D-ENs exhibit high

bioavailability that molecular vitamin D but
the presence of other lipophilic compound
may affect the bioavailability of vitamin D.
More studies, illustrating the impact of
lipophilic compounds present in food matrix
on bioavailability of vitamin D-ENs, will be
helpful in designing better delivery system for
vitamin D.

The nature of carrier oil ((fatty acid chain
length and degree of saturation) has great
impact on determining the biological fate of
lipid derived ENs (Ozturk et al., 2015).
However, few data is available with reference
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to lipid based vitamin D nanoparticle in order
to draw a firm conclusion.

Certain substances (EDTA, chitosan, fatty
acid etc.) can modulate the structure and
integrity of plasma membrane. This is least
explored field and can be exploited in
designing vitamin D-ENs to enhance the
bioavailability of vitamin D.
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