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Abstract

Vitamin D3 deficiency has serious health consequences, as demonstrated by its effect on severity and recovery after COVID-19 infection.
Because of high hydrophobicity, its absorption and subsequent redistribution throughout the body are inherently dependent on the accom-
panying lipids and/or proteins. The effective oral vitamin D5 formulation should ensure penetration of the mucus layer followed by inter-
nalization by competent cells. Isothermal titration calorimetry and computer simulations show that vitamin D3 molecules cannot leave the
hydrophobic environment, indicating that their absorption is predominantly driven by the digestion of the delivery vehicle. In the clinical
experiment, liposomal vitamin D3 was compared to the oily formulation. The results obtained show that liposomal vitamin D5 causes a rapid
increase in the plasma concentration of calcidiol. No such effect was observed when the oily formulation was used. The effect was especially

pronounced for people with severe vitamin D5 deficiency.
© 2022 Elsevier Inc. All rights reserved.
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In classical pharmacology, the oral bioavailability of an active
compound depends predominantly on its solubility in the aque-
ous phase and the passive transfer across structural barriers such
as the epithelium or the blood-brain barrier. Such properties
impose specific structural requirements on an active compound
as formulated by the rule of five, first published by Lipinski et
al.! The approach is applicable only for active compounds that
are moderately hydrophobic (logP <5). A compound hydro-
phobicity is typically quantitated by the log of the octanol/water
partition coefficient (logP).>"* However, for very hydrophobic
molecules, as exemplified by cholesterol and its metabolite vi-
tamin D5 (cholecalciferol), the classical approach cannot be ap-
plied.*:> Highly hydrophobic compounds cannot enter inner
body compartments unassisted. This is well illustrated by the
absorption and biodistribution of cholesterol, which with logP >7
requires complex supramolecular carriers in the form of lipo-

proteins, dedicated receptors, and complex redistribution mech-
anisms within the cell.®*” Vitamin Dy is an essential hydrophobic
compound necessary for a variety of metabolic and immuno-
logical processes. Its importance is demonstrated by the fact that
it controls more than 700 genes, and its deficiency can lead to a
number of pathologies.®® For example, as recently demon-
strated, vitamin D3 supplementation reduces the severity of the
disease caused by COVID-19 infection. '*!? Therefore, its ef-
ficient delivery is a prerequisite for effective supplementation.
Vitamin D3 can be acquired by humans from both intrinsic and
extrinsic sources. The intrinsic source requires exposure to UVB,
usually from the sun, which carries the risk of melanoma; hence,
it is better to consume it orally. In addition, the altered lifestyle
results in an increased demand for vitamin Ds from the diet,
which is usually not satisfied by most of the available food-
stuff. ' Consequently, supplementary schemes have been
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proposed to counter vitamin D5 deficiency.'*'> The highly
hydrophobic nature of vitamin D3 causes difficulties in its ef-
fective delivery to the organism. To design an effective delivery
strategy, the absorption mechanisms of hydrophobic compounds
from the diet need to be considered in details.'® For subsequent
analysis, vitamin D3 absorption and distribution processes can be
functionally separated, as its absorption is mainly dependent on
specialized epithelial cells in the gut, whereas the fluxes of vi-
tamin D3 and its metabolites inside the body are tightly con-
trolled by dedicated transport mechanisms and metabolic
processes.'’ Transfer of vitamin D5 and its metabolites within
the body cannot be altered by simple adjustments in supplement
formulation and/or dose. The digestion and absorption processes,
on the other hand, can be greatly altered by modifications of the
vitamin formulation.'® Water-insoluble hydrophobic com-
pounds require complex enzymatic and/or physicochemical
mechanisms to facilitate their internalization. ' Typically, highly
hydrophobic compounds remain during the digestion process
within supramolecular aggregates.?’">' The digestion and sub-
sequent absorption of particulates with the hydrophobic com-
pound are restricted by mucus, which contains a complex
polymer matrix made of mucins.?> Consequently, epithelial cells
are only accessible to particulates smaller than 300-500 nm.** In
addition, the absorption of a particulate carrier can be facilitated
only by competent cells.>*** These cells can absorb intact par-
ticulates of certain sizes, therefore providing means for highly
hydrophobic compound internalization. These factors together
with the understanding of biologically relevant particulates can
be utilized for the design of an effective formulation for highly
hydrophobic compounds. In the article, the requirements for an
effective vitamin D3 formulation are identified followed by the
prediction on the performance of the two different formulations
of vitamin D5. The prediction was validated in a clinical exper-
1iment.

Methods

Preparation of liposomal vitamin D3 formulation

Liposomal formulation of vitamin D3 was prepared by mixing
two solvents: propylene glycol containing lipids (20% w/w in the
final preparation) with vitamin D3 and purified water (1:1 w/w)
followed by extrusion through the 100 nm polycarbonate filter.
The high content of lipids in the mixture results in high viscosity
and gel-like consistency of the suspension. Finally, the lipid gel
was diluted 200 times with the glycerol/water (1:1 w/w) mixture
and supplemented with natural flavor (0.3 w/w) and pectin (2.45
w/w). The quantity of propylene glycol (E490) in a single
serving (5 g) of the final liposomal formulation is three orders of
magnitude lower than the official limits considered as safe for
oral formulations (Lim et al 26 and references therein). After each
preparation of the liposome suspension, the size and polydis-
persity index were measured to confirm the formation of the
monodisperse population of liposomes. Due to its high hydro-
phobicity (logP >7), it can be assumed that all cholecalciferol is
located in the lipid bilayer forming the liposome wall (Gupta et
al®’ and the citations therein); therefore, its encapsulation effi-
ciency is expected to be high. For control studies, the commer-

cially available oily solution of vitamin D5 was used. In this case,
the quantity of vitamin D5 was assumed to be equal to the value
declared by the producer.

Characterization of liposomal vitamin D3 formulation

The size distribution of liposomes in the liposomal vitamin D5
formulation was determined by the dynamic light scattering
method with some modifications in the preparation of the mea-
sured samples due to the presence of pectin. Liposomes were
extracted from the liposomal formulation by diluting it 100 times
in purified water followed by adding 0.1 sample volume of 1 M
NaOH before measurement. The effect of the procedure on the
integrity of liposomes was measured in the control experiment
and no alteration of the liposome parameters (average size and
polydispersity (PDI)) was observed (data not shown). The
quantity of vitamin D3 was determined by RP-HPLC (reversed-
phase high liquid chromatography) according to the method
developed by Sazali et al”® with some modifications in the
preparation of the sample. The details of the HPLC measure-
ments are presented in the Supplementary Materials. The vitamin
D5 concentration used in the liposome formulation was two or-
ders of magnitude lower than that with demonstrated toxic ef-
fects on cells in culture.?

Determination of the vitamin D3 encapsulation efficiency

The encapsulation efficiency (EE%) of vitamin D5 in lipo-
somes was evaluated using the ultrafiltration method combined
with quantification of vitamin D3 before and after extrusion. The
suspension of liposomes with vitamin D3 was diluted 50 times
with purified water and placed into Amicon Ultra Centrifugal
Filters (volume 0.5 ml, NMWL 50k) to separate liposomes with
vitamin D5 and free vitamin D3. Samples were centrifuged for 15
min (14,000 RPM). Then, the solution of free vitamin D5 (per-
meate) was analyzed with the RP-HPLC method described by
Sazali et al.?® Before and after ultrafiltration, the size distribution
of liposomes in the sample was determined to control their sta-
bility. The encapsulation efficiency of vitamin D5 was calculated
according to the following equation:

Miotal — Mifree

EE%VITD = x 100%

Mhotal

where mg.. is the mass of vitamin D5 in the permeate and 14y
is the total mass of vitamin D3 in the sample. Since vitamin Dj is
highly hydrophobic, when it reaches the saturation level in the
lipid bilayer, it will precipitate in the aqueous phase. Conse-
quently, to quantitate the free vitamin Dj, the monomer and
precipitate forms should be accounted for. To do this, quantities
of vitamin Dj in the lipid bilayer before (multilamellar vesicles)
and after the extrusion process (unilamellar vesicles) were
evaluated and compared.’® The extrusion process was carried
out using membrane filters with different pores sizes (15, 100
and 200 nm), and the amount of vitamin D3 was determined with
the HPLC method described above.
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Cryogenic transmission electron microscopy (TEM) imaging

Cryogenic transmission electron microscopy (cryo-TEM)
images were obtained using a Tecnai F20 X TWIN microscope
(FEI Company, Hillsboro, Oregon, USA) equipped with a field
emission gun, operating at an acceleration voltage of 200 kV.
Images were recorded on the Gatan Rio 16 CMOS 4k camera
(Gatan Inc., Pleasanton, California, USA) and processed with
Gatan Microscopy Suite (GMS) software (Gatan Inc., Pleasan-
ton, California, USA). Specimen preparation was done by the
vitrification of the aqueous solutions on grids with holey carbon
film (Quantifoil R 2/2; Quantifoil Micro Tools GmbH,
GrofBlobichau, Germany). Prior to use, the grids were activated
for 15 s in oxygen plasma using a Femto plasma cleaner (Diener
Electronic, Ebhausen, Germany). Cryo-samples were prepared
by applying a droplet (3 pL) of the suspension to the grid,
blotting with filter paper and immediate freezing in liquid ethane
using a fully automated blotting device (Vitrobot Mark IV,
Thermo Fisher Scientific, Waltham, Massachusetts, USA). After
preparation, the vitrified specimens were kept under liquid ni-
trogen until they were inserted into a cryo-TEM-holder (Gatan
626, Gatan Inc., Pleasanton, USA) and analyzed in the TEM at
—-178 °C.

Calorimetric studies

Extruded liposomes for calorimetric studies were prepared
using the dry lipid film procedure followed by extrusion through
the filter with 100 nm pores, as previously described.’' In
summary, 196 mg DOPC (1,2-dioleoyl-sn-glycero-3-phospho-
choline) lipid and 15 mg vitamin D5 (10 mol%) were dissolved in
chloroform. The organic solvent was removed by the stream of
argon and the chloroform residues were removed under low-
pressure storage. The resulting dry lipid film was hydrated
overnight with 20 mM HEPES buffer pH 7.4 (to 50 mM lipid
concentration). The liposome size distribution was determined
using dynamic light scattering (Zetasizer Nano ZS, Malvern
GB). The isothermal titration calorimetry measurements (Nano
ITC, TA Instruments) were performed in two setups:

1. Titrating the dispersion of liposomes (5 mM DOPC con-
centration) to liposomes with vitamin D3 (5 mM DOPC
concentration + 10 mol% vitamin D).

2. Titrating dispersion of liposomes (5 mM DOPC concen-
tration) or liposomes with vitamin D5 (5 mM lipid con-
centration + 10 mol% vitamin D3) to 50 mg/ml albumin
solution.

All samples were prepared in 20 mM HEPES buffer (pH 7.4).
Before each experiment, their pH was measured and adjusted if
necessary. The pH difference between the solutions did not ex-
ceed the 0.02 value, so the protonation effect did not interfere
with the measurement. Finally, the solutions were degassed
shortly before measurements. In all experiments, the rotor speed
was set at 250 rpm, the injection volume at 10 pl and the time of
single injection to 300 s (control measurements) or 500 s
(measurement in the presence of vitamin Ds, to detect the oc-
currence of any slow processes).

Molecular dynamic simulations

All full-atomic simulations were performed with the
NAMD?? software and united-atom CHARMM36 force field
under NPT conditions for lipid molecules. Vitamin D5 and Soy
Triglyceride (STri) force fields were created using Scigress and
parameterized based on quantum calculation (optimization and
single-point calculation).” Four different molecular systems
were simulated: a single vitamin D3 molecule with POPC (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer, 10
vitamin D3 molecules with POPC membrane, STri system, and
STri system with 10 VID molecules. All systems were hydrated
with TIP3P water molecules. The TIP3P model describes the
water molecule as a 3-atom rigid structure with point charges and
Lennard—Jones parameters assigned to each of the 3 atoms. The
model was selected because the CHARMM force field (on which
lipids are parametrized) was developed using the TIP3P repre-
sentation of water. The first system consisted of 100 POPC
molecules (13,400 atoms), 1 VTD molecule (72 atoms), and
3811 TIP3P water molecules (11,184 atoms). The size of sim-
ulation box equaled 50 x 60 x 70 A. The total simulation time
was 135 ns. The second system consisted of 200 POPC mole-
cules (26,800 atoms), 10 VTD molecules (720 atoms) and
16,503 TIP3P water molecules (47,529 atoms). The simulation
box size was 80 x 80 x 120 A. The total simulation time was 100
ns. The third system consisted of 50 Soy Triglyceride molecules
(8050 atoms, 161 for each molecule). The size of the simulation
box was 50x 40 x 40 A. The total simulation time was 50 ns. The
fourth system consisted of 50 soy triglyceride molecules (8050
atoms) and 10 VTD molecules (720 atoms). The size of the
simulation box was 45 x 40 x 45 A. The total simulation time
was 50 ns. Membrane thickness (dp_p) was determined from the
difference between the coordinates of phosphorus atoms in the
opposite monolayers along the membrane normal. The surface
area per lipid molecule in the membrane (APL) was determined
using Voronoi tessellation. Specifically, the membrane surface
was divided into groups of n points (each point represented
phosphorus and was labeled as P(x,y)) in such a way that each
point was equally distant to neighboring n points. To exclude the
possibility of overestimation, each membrane was multiplied in
all three dimensions. Only parameters from the initial area were
used for APL estimation. Every phosphorus at the distance from
vitamin D5 molecule smaller than 8 A was considered as “per-
turbed”.

Clinical studies and quantification of vitamin D3 metabolites in
serum

The clinical experiment has been performed on healthy vol-
unteers (age 24-65) according to “the cross-over design”. Vol-
unteers were randomly divided into two groups. The general
scheme of the clinical experiment is presented in Figure 1. Fol-
lowing a 12 h fasting, each volunteer consumed 10,000 IU of
vitamin Dj either in the liposomal or oily formulation. After 3
weeks, the experiment was repeated, but each group of volun-
teers consumed the other vitamin D3 formulation. Vitamin Dy
absorption was evaluated by quantifying calcifediol (25(OH)D3)
in serum. Blood samples were drawn from each volunteer at
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Figure 1. The design of the medical experiment. F refers to the number of women, M to number of men, and N represents the total number of participants in each

group.

eight time points; the reference sample shortly before and 0.5, 1,
1.5, 2, 3, 4, and 5 h following the intake of vitamin Dj. The
complex absorption of vitamin Dj is followed by its transfer to
the liver, where it is metabolically transformed. The literature
data show that the AUC curve for 25(OH)D5 reaches a maximum
at three days after supplementation. However, the steep rise of
the curve during the first day after supplementation justifies the
proposition that 25(OH)Dj; can be evaluated even during the first
few hours following supplementation. The advantage of such an
approach is the elimination of possible interferences resulting
from difficulty in controlling volunteer behavior when outside
the medical facility (exposure to the sun and/or differences in
diet). In addition, during the reduced time of the experiment, the
observed rise of 25(OH)D; is effected exclusively by the ab-
sorption efficiency. This is because, after fasting, the supplement
will pass the absorption zone in the intestine during the first
hours following the supplementation.”® Blood samples were
collected by qualified personnel provided by Cambridge Diag-
nostics Sp. z 0.0. (Poland). The company also determined the
concentration of 25(OH)D; in blood samples using validated
diagnostic methods.

Ethical approvals of the study

All procedures involving human subjects/patients were ap-
proved by the Bioethical Commission at the Research and De-
velopment Centre at the Specialized Hospital in Wroctaw
number: KB/07/2020. Written informed consent was obtained
from all subjects. Liposomal vitamin D3 was prepared by Lipid
Systems Sp. z 0.0. (Wroctaw, Poland) under conditions satisfy-
ing HACCP requirements (the European Parliament Regulation
No. 852/2004 from April 29 2004, Journal of Laws EU Office of
2004 as amended) and the Act on Food and Nutrition Safety
from August 25 2006 (Journal of Laws from 2015, item 594).

Results

Characterization of the liposomal vitamin D3 formulation

As stated above, liposomes designed for rapid and effective
delivery of vitamin D5 should have sizes smaller than 300 nm.
Figure 2 shows size distribution of liposomes containing vitamin
Dj;. The fitting of the experimental data shows that the average
liposome size and PDI are equal to 117 nm and 0.23, respec-
tively. In addition, the suspension of liposomes prepared ac-

cording to the procedure described above is stable, both from a
microbiological and physicochemical point of view, for more
than six months (Table S1, Supplementary Materials). For the
prepared liposomal formulation, the theoretical concentration of
vitamin Dj is declared equal to 20 pg/g. The mean concentration
of vitamin Dj in the samples was 19.83 + 0.41 pg/g (as deter-
mined based on three measurements performed for each of the
three different samples). Stability measurements after 3 months
show that vitamin D3 concentration did not change significantly
and was equal to 18.56 + 0.38 pg/g. The encapsulation efficiency
was determined using the ultrafiltration method and vitamin D3
quantification before and after extrusion. The concentration of
vitamin D3 in the permeate was below the detection limit (15 ng/
2), which shows that the amount of free vitamin D3 in the sample
was below 3.4% of the total vitamin D;. Examples of chro-
matograms are presented in the Supplementary Materials (Fig-
ures S1 and S2). When quantities of vitamin D; were measured
before and after the extrusion process, the difference between the
two liposome suspensions was statistically insignificant, indi-
cating that there is no vitamin Dj precipitation during the for-
mation of unilamellar liposomes. The table showing the
quantities of vitamin D5 in various liposome suspensions is
presented in the Supplementary Materials (Table S2). All of
these show that the encapsulation efficiency of vitamin D3 in
liposomes in prepared samples approaches 100%. The topolog-
ical features of the liposome formulation have been investigated
using CRIO-TEM microscopy. The representative image and
histogram are presented in Figure 2. The results show that the
liposomes are unilamellar and that their average sizes were
smaller than 300 nm.

Calorimetric studies

There are three qualitatively different absorption pathways in
the intestine; one for hydrophilic compounds facilitated by
dedicated membrane proteins, the second for amphiphilic com-
pounds based on passive diffusion across the epithelial barrier,
and the third for highly hydrophobic compounds embedded in
supramolecular aggregates. For highly hydrophobic compounds,
such as vitamin Dj3, there are two potential pathways leading to
the systemic circulation; transcytosis and chylomicron path-
way.35’40 The two pathways are qualitatively different; trans-
cytosis allows vitamin Dj to enter the circulation accompanied
by a lipid carrier, while the chylomicron pathway requires a
series of exchange events between proteins and lipid aggregates,
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Figure 2. The size distribution of liposomes in the liposomal formulation of vitamin D5. The top panel presents the size distribution as determined using the
dynamic light scattering method, and the bottom panel presents the example of an image of liposomes with vitamin D3 accompanied by histogram calculated

from cryo-TEMP images.

before vitamin D5 enters chylomicrons formed in the enterocyte
cytoplasm.*' The topological integrity of liposomes during di-
gestion and absorption processes will likely affect vitamin D3
bioavailability. Hence, the exchange of liposome-forming com-
pounds (lipids and/or vitamin D3) with surrounding structures, in
addition to enzymatic activity and solubilization by bile acids,
can be used as predictors of liposome fate during absorption. To
test the tendency of liposomes to exchange materials between
various structures, the ITC technique was used. Specifically, the
heat flow after mixing vitamin Ds-containing liposomes with
liposomes without vitamin D3 or with albumin was measured.
Quantitatively, the structures used in the experiments correspond
to the biological context, i.e. 5 mM lipids and 50 mg/mL albu-
min. Examples of thermograms and the cumulative heat flow for
the respective experiments are shown in the supplementary
materials (Figures S3-S8). There is no significant difference
between heat flow in control experiments and when liposomes
containing vitamin D; were added to vitamin D;-free liposome
suspension or albumin solution. When the experimental values
were fitted to the theoretical model of independent binding sites
(enthalpy vs mole ratio between titrant/titrate), there was no in-
teraction between liposomes and liposomes with vitamin D; (AH
= 0.20 £ 0.02 kJ/mol). Similar results were obtained when al-
bumin was used as a receptor. Values determined using fitting of

the theoretical binding model to the experimental data were AH
= 0.45 + 0.03 kJ/mol when liposomes without vitamin D5 were
titrated to albumin suspension, while the respective values when
albumin was titrated with liposomes with vitamin Dj equal to
AH = 0.25 = 0.04 kJ/mol. Based on calorimetric data, it can be
concluded that vitamin D3 remains within the lipid matrix and is
unable to cross the unassisted water barrier between the host and
acceptor membranes or the host lipid bilayer and albumin. The
result is quantitatively similar to that presented elsewhere, where
the energy associated with the compound exchange between host
and acceptor structures depends on its hydrophobicity and de-
creases with increasing logP.**~** Therefore, these results justify
the assumption that the fate of vitamin D3 in the gastrointestinal
tract depends on the fate of the host particulate, as its sponta-
neous exchange between various biological structures is un-
likely.

Molecular dynamic simulations

To better understand molecular-level interactions between
vitamin D3 and the lipid bilayer or triglycerides, molecular dy-
namics simulations have been performed. First, the incorporation
of vitamin Dj3 into the lipid bilayer was analyzed. As expected,
when in the lipid bilayer, the cholecalciferol molecule positions
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itself in such a way that its hydroxyl group is located in the lipid
bilayer interface. The high energy cost required to remove the
cholecalciferol molecule from the lipid bilayer is in good
agreement with other simulations and shows that the exchange of
cholecalciferol molecule between lipid bilayers is very unlike-
ly.****" Figure 3, A illustrates the hypothetical pathway of cho-
lecalciferol internalization into the lipid bilayer. Figure 3, B
shows the time course of the internalization process, where
cholecalciferol is represented by its center of mass. Even in the
presence of an external force, hydrophobic cholecalciferol does
not rapidly enter the lipid bilayer. This is likely due to the large
conformational changes within the lipid bilayer required to ac-
commodate the bulky cholecalciferol molecule. Furthermore,
during the subsequent simulation for another 100 ns, the chole-
calciferol molecule does not flip spontaneously to the other side
of the lipid bilayer. This indicates that vitamin D5 spontaneous
transfer across the lipid bilayer is unlikely due to the massive

A

conformation changes required in both membrane monolay-
ers.*8+49 Interestingly, when the cholecalciferol incorporation
into the DOPC lipid bilayer is completed, the presence of the
cholecalciferol molecule does not alter the lipid organization, as
evaluated by the bilayer thickness and area per lipid molecule
(two parameters frequently used to evaluate the perturbation
caused by exogenous molecules®). All these lead to the con-
clusion that cholecalciferol when in the lipid bilayer is not likely
to change its location due to the prohibitive energetic barriers
required for movement along the membrane normal. The be-
havior of vitamin Dj is similar to that of cholesterol.>’

In another simulation, several cholecalciferol molecules were
positioned in the aqueous phase adjacent to the lipid bilayer, as
shown in the first image in Figure 4. After 50 ns simulation, no
single vitamin D3 molecules entered the lipid bilayer; they rather
formed a stable aggregate in the aqueous phase. To test the be-
havior of cholecalciferol molecules in the triglyceride matrix, a

—— Vitamin D
-— Upper Leaflet
—=— Lower Leaflet

Z-location (A)

T T T 1
0 20 40 60 80 100 120 140
Simulation time (ns)

HoN

Figure 3. Molecular dynamic simulation of the incorporation pathway of the cholecalciferol molecule into the DOPC bilayer. (A) Selected images of a single
cholecalciferol molecule forced into the lipid bilayer. The hydroxyl group (blue beads) and methyl groups on the hydrocarbon side chain (yellow beads) are
highlighted. The lipid bilayer context is indicated by a few lipid molecules and adjacent aqueous phases. (B) The cholecalciferol internalization into the lipid
bilayer is shown as the position of its center of mass (brown points) with the respect to the locations of lipid monolayers represented as the mean values of
phosphorous atoms positions (red and blue points). (C) The cholecalciferol chemical structure with the highlighted hydroxyl group.
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Figure 4. Images from the MD simulation where cholecalciferol molecules were positioned in the aqueous phase in at the vicinity of the lipid bilayer. After 50 ns
of simulations, all cholecalciferol molecules formed stable aggregates. Despite several contacts between cholecalciferol molecules and membrane surface
throughout the simulation time, not a single event of cholecalciferol molecule incorporation was observed.

stable triglyceride molecular system was constructed followed
by the incorporation of 10 cholecalciferol molecules. Through-
out the 50 ns simulation time, the system was stable, i.e., no
aggregation of cholecalciferol in oil or other redistribution within
the oily phase was detected. The results of computer simulations
confirm the conclusion derived from the calorimetric data that
cholecalciferol would remain within the particulate, in which it is
initially incorporated. The digestion of oil involves hydrolysis by
lipases and/or emulsification by bile acids. The emulsification
process depends on the ratio of bile acids and triglycerides.
When the ratio is low, large particles would form. The activity of
lipases will produce monoglycerides and free fatty acids, which
can reach enterocytes where chylomicrons are formed.?* In the
case of an oily vitamin D3 formulation, the evolution of the
emulsion towards reduced-size particulates will be greatly af-
fected by the dietary fats from a foodstuff, which would reduce
the ratio of bile acids and triglycerides, therefore altering
(slowing) the emulsification process. In addition, increased
volume of substrate will also slow the digestion by lipases. When
cholecalciferol is delivered in liposomes, with a size enabling the
rapid mucus penetration and absorption assisted by proteins or
endocytosis in enterocytes, its absorption should be accelerated
and enhanced. Consequently, vitamin D3 will rapidly enter the
lymphatic system, followed by the metabolic transformation in
the liver.”>>* The presented molecular arguments lead to the
conclusion that vitamin D3 delivered in liposomes will result in
the appearance of calcidiol in the blood circulation much earlier
than when delivered in the oily formulation.

Clinical studies

The prediction that the liposomal formulation of vitamin D3
will be absorbed in the gastrointestinal tract much faster than the
oily formulation was tested in the medical experiment. In the
experiment, vitamin D3 was applied orally using two formula-
tions: oil-containing capsules and liposomes with sizes satisfying
physiological requirements, i.e., their diameters are smaller than
300 nm. Size restriction reflects the structure of mucins in mucus
and anticipated endocytic processes in enterocytes.”?>*>” The
hypothetical sequence of events for each formulation can be
proposed, and the outcome of the experiment predicted. Spe-
cifically, triglycerides with cholecalciferol after swallowing will
form an ill-defined emulsion. Before entering the intestine,
where the fat absorption is taking place, it will interact with
foodstuff in the stomach. The inherently unstable oily emulsion

can phase separate in the stomach which would increase the time
of release to the intestine.”® In addition, the phase separation will
result in the reduced time of exposure of the oily emulsion to
enterocytes due to its unequal distribution in the foodstuff. In the
intestine, the oily emulsion will be digested and emulsified by
the joint action of bile acids and lipases. Due to digestion pro-
cesses, the emulsion will slowly evolve into a suspension con-
sisting of oil droplets and micelles, both containing vitamin D3.
The digestion process will be greatly affected by the foodstuff,
which will delay absorption. The ill-defined size of the oily so-
lution and a tendency to coalescence will likely produce a wide
range of heterogeneous particles that reduce their effective
transport across mucus.’ Both transendocytosis and receptor-
mediated intake of vitamin D5 require close particulates prox-
imity to the intestine wall.3-60 Eventually, due to bile acids and
the activity of enzymes, a fraction of the oily solution will be
reduced to particulates smaller than 300 nm, including micelles
capable to pass the mucus barrier and making vitamin D;
available for internalization.”**>” The inherent uncertainty of the
process and the limited time available for digestion will result in
the outcome where only a fraction of vitamin D3 will be ab-
sorbed. Suspension of uniform liposomes containing vitamin D;
with sizes smaller than 300 nm, on the other hand, is predicted to
behave differently. Firstly, the inherent stability of liposome
suspension will mix well with the aqueous phase and will be little
affected by foodstuff in the stomach. Consequently, liposomes
will spread uniformly throughout the whole volume of the
stomach content, enhancing the effective exposure time of li-
posomes for absorption in the intestine. Liposomes are not easily
destabilized by low pH or mechanical stress and their topology is
preserved even during enzymatic digestion.31’61 Only a suffi-
ciently high quantity of surface-active substances such as bile
salts, which will appear in the intestines, will destabilize the lipid
bilayer. The action of detergents will result in much smaller
mixed micelle formation, therefore speeding up the vitamin D3
transfer across the mucus layer even more.®*** Consequently, it
is expected that cholecalciferol absorption in liposomes will be
superior to the oily solution with respect to the onset time of
absorption.

To test this assumption, a cross-over clinical experiment has
been performed. Healthy volunteers consumed an equal amount
of vitamin D3 preceded by 12 h fasting. This will reduce
somewhat the effect of gastrointestinal track content. The clinical
experiment consisted of two stages, separated by three weeks,
where two groups of volunteers received an oily or liposomal
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formulation of vitamin D3, as schematically presented in Figure
1. The blood of each volunteer was drawn to determine chole-
calciferol metabolites. The sampling time points were selected in
such a way that the early events of absorption, “onset time”, will
be measured (up to 5 h after supplementation).64 All experi-
mental data were treated equally regardless of the 25(OH)D;
patient status (an indicator commonly used for the diagnosis of
vitamin D3 deficiency) before supplementation. To measure the
25(0OH)Dj rise after supplementation, the following quantifier
was devised. The initial quantity of 25(OH)D3 was subtracted
from its values for samples collected at later time points and
normalized to the initial value [(A(t) — Ag)/Ao] (Figure 5). Next,
the tendency of 25(OH)D; change was approximated with the
linear function using the least square fitting. The average values
of slopes were equal to 7.03 x 107> 1/min = 3.02 x 10™* 1/min
and 4.01 x 10~ 1/min + 7.12 x 10~ 1/min for oily and liposome
formulations, respectively. The difference is statistically signif-
icant, as evaluated with the null hypothesis, and shows that on
average the liposome formulation delivers vitamin D3 within
hours of supplementation, whereas within the same time interval
the oily formulation does not produce any effect. This indicates
that “the onset time” required to elevate the 25(OH)D5 concen-
tration in serum is shorter for the liposomal formulation and may
reflect the existence of different and slower absorption pathways
for the oily formulation. Figure 5 shows the dependence of the
rate of blood concentration of 25(OH)D5 increase versus the
initial 25(OH)D5 concentration in the serum as determined for
each person. The rate of 25(OH)D; rise following the supple-
mentation increases with decreasing initial 25(OH)D3 concen-
tration in the patient's serum. When the trend for each
formulation is quantitated with linear regression, the following
quantitatively data evaluation can be offered. The slope
(expressed as tga, where o is the angle between the derived
linear approximation and the ordinate axis) calculated for the oily
solution equals to 2 x 107 1/(min*ng/L), whereas the value for
the liposomal formulation equals to —5 x 107> 1/(min*ng/L).
This result demonstrates that the liposomal formulation might be
superior (two orders of magnitude) to the oily solution, consid-
ering the ability to rapidly deliver vitamin D3 to patients with
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Figure 5. The dependence of the rate of 25(OH)D5 increase in plasma on its
initial value, prior to the supplementation with vitamin D3 in oily (black) and
liposomal (red) formulations. The trend lines for each formulation are indi-
cated.

significant deficiencies. The observation requires further clinical
evaluation before conclusion.

Continuous efforts are made to evaluate the bioavailability
and pharmacokinetics of active substances as early as possible
during the drug development process.®® The introduction of
targeted drug delivery systems opens new possibilities to modify
the absorption and/or biodistribution of active substances with-
out the need for its chemical modifications.'?-°®-%" The effec-
tiveness of the approach is elegantly demonstrated by the
example of DOXIL™. In this case, the structural features of the
formulation are designed to achieve passive targeting, based on
the structural properties of solid tumors and interaction with
proteins in the circulation (long circulation time).®® Since then, a
variety of delivery systems have been developed to improve an
active substance solubility, enhance its affinity to target cells,
reduce metabolic elimination, or achieve accumulation in spe-
cific locations within the body.(’g’71 As shown in the paper, a
similar approach can be employed to enhance the bioavailability
of the orally delivered compounds which are not considered as
drugs.*-*® The spatial and topological limitations imposed by the
digestive processes can be implemented in the design of a de-
livery vehicle for highly hydrophobic compounds to improve
their performance in vivo.

Discussion

When designing an effective oral vitamin D5 formulation, two
qualitatively different processes need to be considered, absorp-
tion and redistribution. While absorption is greatly affected by
vitamin D5 formulation, redistribution is not. After internaliza-
tion, transport and metabolic processes determine the quantity of
vitamin D5 and its metabolites redistributed throughout the body.
In short, its active form is generated after its metabolic trans-
formation in the liver to calcidiol (25(OH)D3;) by CYP2RI1
followed by transformation to calcitriol (1a,25(OH)2D3) by
CYP27B1 in the kidney or other extra-renal sites.®®”* The
spatial distancing of locations critical for vitamin D3 metabolism
requires effective distribution mechanisms. The transport of
highly hydrophobic compounds is complex by nature. It requires
the participation of proteins or supramolecular carriers for the
transfer of hydrophobic compounds between tissues’> and
membrane receptors for its internalization by cells.® Similar
mechanisms are expected when vitamin D5 absorption from
foodstuff in the gastrointestinal tract is considered.®”?

The development of an effective formulation for a highly
hydrophobic compound (logP >5) requires consideration of both
the compound properties and the physiological barriers it en-
counters. The high hydrophobicity makes its absorption via
passive transport or membrane proteins assisted transport diffi-
cult. The cholecalciferol can be suspended in the aqueous phase
only in the form of crystals or in emulsions, where it is dissolved
in nonpolar solvent (oil, micelles or liposomes>’). Consequently,
cholecalciferol will remain in the nonpolar solvent during the
entire digestion process or will precipitate. Therefore, its ab-
sorption will depend mainly on the properties of particulates and
their fate during the digestion process.'”-*->2

The hydrophobic compound such as vitamin D5 can be de-
livered in three forms: as crystals, oily solution or preformed
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particulates in the aqueous suspension. Its low solubility in an
aqueous phase makes crystal form impractical since its absorp-
tion is expected to be negligible.”> When hydrophobic vitamin
Dj is dissolved in oil (triglycerides), during oral administration,
the suspension of particulates with broad size distribution would
likely form.*®-7*-7* Such suspension, with its natural tendency to
coalescence, may phase separate leading to the delayed release
from the stomach and possible interference with the foodstuff.”>~
"7 The subsequent exposure to bile leads to the formation of a
heterogeneous oily emulsion. The fate of the emulsion depends
predominantly on three factors; the relative quantity of fats and
bile acids, the composition of bile (amphiphiles and lipases are
relevant in this case), properties of triglycerides, such as length
and saturation of fatty acids or surface charge, and time.*”*>*""?
The time available for emulsification and/or absorption of par-
ticulates containing vitamin D3 in the small intestine depends on
the peristaltic activity and the particulate propensity to reach the
intestine wall.?’ Due to the presence of mucus, only particulates
of certain sizes will reach the intestine wall where enterocytes or
M cells are located. These cells would incorporate micelles
composed of phospholipids, bile acids, vitamin D3, and perhaps
other particulates as well.***3-"-7® Based on the available lit-
erature data, only particulates smaller than 300 nm can pass the
mucus barrier.'®:'?->*-7 The other factor that needs to be con-
sidered is the enzymatic hydrolysis of the oily solution, which
will alter the vitamin D3/oil ratio. Since vitamin D5 solubility in
oil is limited, the progression of hydrolysis may cause vitamin
precipitation, making its absorption unlikely.75 Based on the
abovementioned facts, one can propose the fate of the oily for-
mulation of vitamin D5 in the gastrointestinal tract. Specifically,
the oil with vitamin D3 will form a heterogeneous emulsion with
particulate sizes ranging from submicron up to hundreds of mi-
crons in diameter.®” The emulsion being inherently unstable
would tend to form a separate phase in the stomach, delaying its
transfer to the intestine, hence slowing and/or limiting the ab-
sorption. A similar analysis may provide functional and topo-
logical requirements for the effective vitamin Dj; delivery
vehicle. Specifically, the vehicle in the form of preformed sus-
pension of stable particulates with well-defined sizes should be
beneficial. Liposomes satisfy all these requirements. They can be
prepared in such a way that the stable suspension of small ves-
icles can be formed.®' The technologically available sizes of
liposomes match the physiological requirements imposed by
mucus and endocytic processes. They also do not coalesce, so
their size in the gastrointestinal tract will not increase. More
importantly, the action of bile will rather reduce their sizes,
therefore further accelerating their absorption. Consequently, it
can be predicted that liposomes with vitamin D3 will be inter-
nalized without delay after entering the intestine. In summary,
the active hydrophobic compound will stay in the gastrointestinal
tract in two forms: as a precipitate or solubilized in nonpolar
solvent, i.e., fats.?” It can be absorbed only when it is dissolved
in the nonpolar phase, which prevents its precipitation. In such a
case, the digestion process can be considered as the evolution of
the two-phase system, oil/water emulsion or liposome suspen-
sion. The resulting particulates are altered by mechanical agita-
tion, enzymatic transformation, and modification by detergents
(bile acids). The detailed analysis presented in the paper leads to

the conclusion that to achieve efficient absorption of hydro-
phobic compounds such as vitamin D3, the preformed, stable in
time, particulate suspension such as liposomes with a well-de-
fined size distribution should be used. The preliminary clinical
experiment shows that while the liposomal vitamin D3 formu-
lation delivered orally elevates rapidly calcidiol concentration in
the serum, no such effect was observed when the oily solution
was used. In addition, the clinical experiment shows for the first
time that vitamin D5 intake may depend on the patient status with
respect to the vitamin D; level.

Author Contributions

Paulina Datek: methodology, formal analysis, investigation,
resources, writing — review & editing, visualization. Dominik
Drabik: software, formal analysis, data curation. Halina Wotc-
zafiska: methodology, validation, formal analysis, investigation.
Aleksander Forys: formal analysis, investigation. Matgorzata
Jagas: conceptualization, resources, investigation. Natalia
Jedruchniewicz: conceptualization, resources, investigation.
Wojciech Witkiewicz: conceptualization, supervision, funding
acquisition. Magdalena Przybyto: conceptualization, resources,
investigation, funding acquisition. Marek Langner: conceptual-
ization, writing — original draft, supervision, project adminis-
tration.

Funding

This work was supported by the Faculty of Biomedical En-
gineering at Wroctaw University of Sciences and Technology
and by the National Centre for Research and Development [grant
number POIR.04.01.04-00-0159/17].

Conflict of interest

ML and MP are partners in Lipid Systems Sp. z 0.0. PD and
HW are employed by Lipid Systems Sp. z o.0.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nan0.2022.102552.

References

1. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental and
computational approaches to estimate solubility and permeability in drug
discovery and development settings. Adv Drug Deliv Rev 1997;23:3-25.

2. Caron G, Vallaro M, Ermondi G. Log P as a tool in intramolecular
hydrogen bond considerations. Drug Discov Today Technol 2018;27:
65-70.

3. Nazir I, Shahzadi I, Jalil A, Bernkop-Schniirch A. Hydrophobic H-bond
pairing: a novel approach to improve membrane permeability. Int J
Pharm 2020;573118863, https://doi.org/10.1016/j.ijpharm.2019.
118863.

4. Porter CJH, Pouton CW, Cuine JF, Charman WN. Enhancing intestinal
drug solubilisation using lipid-based delivery systems. Adv Drug Deliv
Rev 2008;60:673-91.

5. Kumar, A.; Sharma, S.; Kamble, R. Self Emulsifying Drug Delivery
System (SEDDS): future aspects;.


https://doi.org/10.1016/j.nano.2022.102552
https://doi.org/10.1016/j.ijpharm.2019.118863
https://doi.org/10.1016/j.ijpharm.2019.118863

10

oo

11.

15.

16.

17.

19.

20.

21.

22.

23.

24.

P. Datek et al / Nanomedicine: Nanotechnology, Biology, and Medicine 43 (2022) 102552

. Suys EJA, Warren DB, Porter CJH, Benameur H, Pouton CW, Chalmers
DK. Computational models of the intestinal environment. 3. The impact
of cholesterol content and pH on mixed micelle colloids. Mol Pharm
2017;14:3684-97, https://doi.org/10.1021/acs.molpharmaceut.7b00446.

. Lee-Rueckert M, Blanco-Vaca F, Kovanen PT, Escola-Gil JC. The role
of the gut in reverse cholesterol transport — focus on the enterocyte.
Prog Lipid Res 2013;52:317-28.

. Carlberg C. Nutrigenomics of vitamin D. Nutrients 2019:11, https://doi.

0rg/10.3390/nu11030676.
. Gil A, Plaza-Diaz J, Mesa MD. Vitamin D: classic and novel actions.
Ann Nutr Metab 2018;72:87-95, https://doi.org/10.1159/000486536.

. Aygun H. Vitamin D can prevent COVID-19 infection-induced multiple

organ damage. Naunyn Schmiedeberg's Arch Pharmacol 2020;393:
1157-60, https://doi.org/10.1007/s00210-020-01911-4.

Bilezikian JP, Bikle D, Hewison M, Lazaretti-Castro M, Formenti AM,
Gupta A, et al. Mechanisms in endocrinology vitamin D and COVID-19.
Eur J Endocrinol 2020;183:R133-47.

. Mendonca P, Soliman KFA. Flavonoids activation of the transcription

factor NRF2 as a hypothesis approach for the prevention and modulation
of SARS-CoV-2 infection severity. Antioxidants 2020;9:1-28, https://
doi.org/10.3390/antiox9080659.

. Wilson LR, Tripkovic L, Hart KH, Lanham-New SA. Vitamin D defi-

ciency as a public health issue: using vitamin D2 or vitamin D3 in future
fortification strategies. Proceedings of the Proceedings of the Nutrition
Society. Cambridge University Press; 2017. p. 392-9.
. Pilz S, Zittermann A, Trummer C, Theiler-Schwetz V, Lerchbaum E,
Keppel MH, et al. Vitamin D testing and treatment: a narrative review of
current evidence. Endocr Connect 2019;8:R27-43, https://doi.org/10.
1530/EC-18-0432.

Pludowski P, Holick MF, Grant WB, Konstantynowicz J, Mascarenhas
MR, Haq A, et al. Vitamin D supplementation guidelines. J Steroid
Biochem Mol Biol 2018;175:125-35, https://doi.org/10.1016/j.jsbmb.
2017.01.021.

Dominguez-Avila JA, Wall-Medrano A, Velderrain-Rodriguez GR,
Chen CYO, Salazar-Lopez NJ, Robles-Sanchez M, et al. Gastrointestinal
interactions, absorption, splanchnic metabolism and pharmacokinetics of
orally ingested phenolic compounds. Proceedings of the Food and
Function. Royal Society of Chemistry; 2017. p. 15-38.
Cianferotti L, Bertoldo F, Bischoff-Ferrari HA, Bruyere O, Cooper C,
Cutolo M, et al. Vitamin D supplementation in the prevention and
management of major chronic diseases not related to mineral homeostasis
in adults: research for evidence and a scientific statement from the Eu-
ropean society for clinical and economic aspects of osteoporosis. Endo-
crine 2017;56:245-61, https://doi.org/10.1007/s12020-017-1290-9.
. Corthésy B, Bioley G. Lipid-based particles: versatile delivery systems
for mucosal vaccination against infection. Front Immunol 2018:9.
Kazmierczak Z, Szostak-Paluch K, Przybyto M, Langner M, Witkiewicz
W, Jedruchniewicz N, et al. Endocytosis in cellular uptake of drug de-
livery vectors: molecular aspects in drug development. Bioorg Med
Chem 2020328115556, https://doi.org/10.1016/j.bmc.2020.115556.
Raikos V, Ranawana V. Designing emulsion droplets of foods and
beverages to enhance delivery of lipophilic bioactive components — a
review of recent advances. Int J Food Sci Technol 2017;52:68-80,
https://doi.org/10.1111/ijfs.13272.
El-Sherbiny M, Eldosoky M, El-Shafey M, Othman G, Elkattawy HA,
Bedir T, et al. Vitamin D nanoemulsion enhances hepatoprotective effect
of conventional vitamin D in rats fed with a high-fat diet. Chem Biol
Interact 2018;288:65-75, https://doi.org/10.1016/j.cbi.2018.04.010.
Bansil R, Turner BS. Mucin structure, aggregation, physiological func-
tions and biomedical applications. Curr Opin Colloid Interface Sci 2006;
11:164-70.

Cone RA. Barrier properties of mucus. Adv Drug Deliv Rev 2009;61:
75-85.

Guo Q, Bellissimo N, Rousseau D. The physical state of emulsified
edible oil modulates its in vitro digestion. J Agric Food Chem 2017,65:
9120-7, https://doi.org/10.1021/acs.jafc.7b03368.

25.

26.

217.

28.

29.

30.

31

32.

35.

36.

37.

39.

40.

41.

42.

43.

Gupta R, Behera C, Paudwal G, Rawat N, Baldi A, Gupta PN. Recent
advances in formulation strategies for efficient delivery of vitamin D.
AAPS PharmSciTech 2019;20.

Lim TY, Poole RL, Pageler NM. Propylene glycol toxicity in children. J
Pediatr Pharmacol Ther JPPT Off J PPAG 2014;19:277-82, https://doi.
org/10.5863/1551-6776-19.4.277.

Gupta R, Behera C, Paudwal G, Rawat N, Baldi A, Gupta PN. Recent
advances in formulation strategies for efficient delivery of vitamin D.
AAPS PharmSciTech 2018;20:11, https://doi.org/10.1208/s12249-018-
1231-9.

Sazali NH, Alshishani A, Saad B, Chew KY, Chong MM, Miskam M.
Salting-out assisted liquid—liquid extraction coupled with high-perfor-
mance liquid chromatography for the determination of vitamin D3 in
milk samples. R Soc Open Sci 2019;6, https://doi.org/10.1098/rsos.
190952.

Dalgic AD, Tezcaner A, Elci P, Sarper M, Arpaci F, Avcu F, et al.
Improvement of a liposomal formulation with a native molecule: calci-
triol. RSC Adv 2016;6:80158-67, https://doi.org/10.1039/C6RA19187H.
Ibarguren M, Alonso A, Tenchov BG, Goiii FM. Quantitation of cho-
lesterol incorporation into extruded lipid bilayers. Biochim Biophys Acta
Biomembr 2010;1798:1735-8, https://doi.org/10.1016/j.bbamem.2010.
06.004.

Doskocz J, Datek P, Fory$ A, Trzebicka B, Przybyto M, Mesarec L, et al.
The effect of lipid phase on liposome stability upon exposure to the
mechanical stress. Biochim Biophys Acta Biomembr 2020;1862183361,
https://doi.org/10.1016/j.bbamem.2020.183361.

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, et al.
Scalable molecular dynamics with NAMD. J Comput Chem 2005;26:
1781-802.

. Barucha-Kraszewska J, Kraszewski S, Ramseyer C. Will C-Laurdan

dethrone Laurdan in fluorescent solvent relaxation techniques for lipid
membrane studies? Langmuir 2013;29:1174-82, https://doi.org/10.1021/
1a304235r.

. Jamei M, Turner D, Yang J, Neuhoff S, Polak S, Rostami-Hodjegan A, et

al. Population-based mechanistic prediction of oral drug absorption.
AAPS J 2009;11:225-37, https://doi.org/10.1208/s12248-009-9099-y.
Julve J, Martin-Campos JM, Escola-Gil JC, Blanco-Vaca F. Chylomi-
crons: advances in biology, pathology, laboratory testing, and thera-
peutics. Clin Chim Acta 2016;455:134-48, https://doi.org/10.1016/j.cca.
2016.02.004.

Rezhdo O, Speciner L, Carrier R. Lipid-associated oral delivery:
mechanisms and analysis of oral absorption enhancement. J Control
Release 2016;240:544-60, https://doi.org/10.1016/j.jconrel.2016.07.
050.

Przybyto M, Langner M. On the physiological and cellular homeostasis
of ascorbate. Cell Mol Biol Lett 2020;25, https://doi.org/10.1186/
s11658-020-00223-y.

. Islam MA, Firdous J, Badruddoza AZM, Reesor E, Azad M, Hasan A, et

al. M cell targeting engineered biomaterials for effective vaccination.
Biomaterials 2019;192:75-94.

Kimura S. Molecular insights into the mechanisms of M-cell differen-
tiation and transcytosis in the mucosa-associated lymphoid tissues. Anat
Sci Int 2018;93:23-34, https://doi.org/10.1007/s12565-017-0418-6.
Reboldi A, Cyster JG. Peyer’s patches: organizing B-cell responses at
the intestinal frontier. /mmunol Rev 2016;271:230-45, https://doi.org/10.
1111/imr.12400.

Demignot S, Beilstein F, Morel E. Triglyceride-rich lipoproteins and
cytosolic lipid droplets in enterocytes: key players in intestinal physiol-
ogy and metabolic disorders. Biochimie 2014;96:48-55, https://doi.org/
10.1016/j.biochi.2013.07.009.

Callies O, Herndndez Daranas A. Application of isothermal titration
calorimetry as a tool to study natural product interactions. Nat Prod Rep
2016;33:881-904, https://doi.org/10.1039/CSNP00094G.

Heerklotz H, Seelig J. Titration calorimetry of surfactant-membrane
partitioning and membrane solubilization. Biochim Biophys Acta 2000;
1508:69-85, https://doi.org/10.1016/s0304-4157(00)00009-5.


https://doi.org/10.1021/acs.molpharmaceut.7b00446
https://doi.org/10.3390/nu11030676
https://doi.org/10.3390/nu11030676
https://doi.org/10.1159/000486536
https://doi.org/10.1007/s00210-020-01911-4
https://doi.org/10.3390/antiox9080659
https://doi.org/10.3390/antiox9080659
https://doi.org/10.1530/EC-18-0432
https://doi.org/10.1530/EC-18-0432
https://doi.org/10.1016/j.jsbmb.2017.01.021
https://doi.org/10.1016/j.jsbmb.2017.01.021
https://doi.org/10.1007/s12020-017-1290-9
https://doi.org/10.1016/j.bmc.2020.115556
https://doi.org/10.1111/ijfs.13272
https://doi.org/10.1016/j.cbi.2018.04.010
https://doi.org/10.1021/acs.jafc.7b03368
https://doi.org/10.5863/1551-6776-19.4.277
https://doi.org/10.5863/1551-6776-19.4.277
https://doi.org/10.1208/s12249-018-1231-9
https://doi.org/10.1208/s12249-018-1231-9
https://doi.org/10.1098/rsos.190952
https://doi.org/10.1098/rsos.190952
https://doi.org/10.1039/C6RA19187H
https://doi.org/10.1016/j.bbamem.2010.06.004
https://doi.org/10.1016/j.bbamem.2010.06.004
https://doi.org/10.1016/j.bbamem.2020.183361
https://doi.org/10.1021/la304235r
https://doi.org/10.1021/la304235r
https://doi.org/10.1208/s12248-009-9099-y
https://doi.org/10.1016/j.cca.2016.02.004
https://doi.org/10.1016/j.cca.2016.02.004
https://doi.org/10.1016/j.jconrel.2016.07.050
https://doi.org/10.1016/j.jconrel.2016.07.050
https://doi.org/10.1186/s11658-020-00223-y
https://doi.org/10.1186/s11658-020-00223-y
https://doi.org/10.1007/s12565-017-0418-6
https://doi.org/10.1111/imr.12400
https://doi.org/10.1111/imr.12400
https://doi.org/10.1016/j.biochi.2013.07.009
https://doi.org/10.1016/j.biochi.2013.07.009
https://doi.org/10.1039/C5NP00094G
https://doi.org/10.1016/s0304-4157(00)00009-5

44.

45.

46.

47.

48.

49.

50.

S1.

—

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

—_

P. Datek et al / Nanomedicine: Nanotechnology, Biology, and Medicine 43 (2022) 102552 11

Daek P, Borowik T, Reczynska K, Pamua E, Chrzanowski W, Langner
M. Evaluation of the in vitro stability of stimuli-sensitive fatty acid-based
microparticles for the treatment of lung cancer. Langmuir 2020;36:
11138-46, https://doi.org/10.1021/acs.langmuir.0c02141.
Thaler S, Fiedorowicz M, Grieb P, Wypych Z, Knap N, Borowik T, et al.
Neuroprotective effects of tempol acyl esters against retinal ganglion cell
death in a rat partial optic nerve crush model. Acta Ophthalmol 2011;89,
https://doi.org/10.1111/j.1755-3768.2011.02180.x.
Kucerka N, Nagle JF, Sachs JN, Feller SE, Pencer J, Jackson A, et al.
Lipid bilayer structure determined by the simultaneous analysis of
neutron and X-ray scattering data. Biophys J 2008;95:2356-67, https://
doi.org/10.1529/biophys;j.108.132662.
Nagle JF, Tristram-Nagle S. Structure of lipid bilayers. Biochim Biophys
Acta Rev Biomembr 2000;1469:159-95.
Pomorski T, Hrafnsdéttir S, Devaux PF, Van Meer G. Lipid distribution
and transport across cellular membranes. Semin Cell Dev Biol 2001;12:
139-48, https://doi.org/10.1006/scdb.2000.0231.
Lis M, Wizert A, Przybylo M, Langner M, Swiatek J, Jungwirth P, et al.
The effect of lipid oxidation on the water permeability of phospholipids
bilayers. Phys Chem Chem Phys 2011;13:17555-63, https://doi.org/10.
1039/c1cp21009b.
Lopes D, Jakobtorweihen S, Nunes C, Sarmento B, Reis S. Shedding
light on the puzzle of drug-membrane interactions: experimental tech-
niques and molecular dynamics simulations. Prog Lipid Res 2017;65:
24-44.
Subczynski WK, Pasenkiewicz-Gierula M, Widomska J, Mainali L,
Raguz M. High cholesterol/low cholesterol: effects in biological mem-
branes: a review. Cell Biochem Biophys 2017;75:369-85, https://doi.org/
10.1007/512013-017-0792-7.
Maurya VK, Aggarwal M. Factors influencing the absorption of vitamin
D in GIT: an overview. J Food Sci Technol 2017;54:3753-65.
D’Aquila T, Hung YH, Carreiro A, Buhman KK. Recent discoveries on
absorption of dietary fat: presence, synthesis, and metabolism of cyto-
plasmic lipid droplets within enterocytes. Biochim Biophys Acta Mol
Cell Biol Lipids 2016;1861:730-47.
Corstens MN, Berton-Carabin CC, de Vries R, Troost FJ, Masclee
AAM, Schroén K. Food-grade micro-encapsulation systems that may
induce satiety via delayed lipolysis: a review. Crit Rev Food Sci Nutr
2017;57:2218-44, https://doi.org/10.1080/10408398.2015.1057634.
Ensign LM, Cone R, Hanes J. Oral drug delivery with polymeric
nanoparticles: the gastrointestinal mucus barriers. Adv Drug Deliv Rev
2012;64:557-70, https://doi.org/10.1016/j.addr.2011.12.009.
Behrens I, Pena AIV, Alonso MJ, Kissel T. Comparative uptake studies
of bioadhesive and non-bioadhesive nanoparticles in human intestinal
cell lines and rats: the effect of mucus on particle adsorption and
transport. Pharm Res 2002;19:1185-93, https://doi.org/10.1023/
a:1019854327540.
Ragnarsson EGE, Schoultz I, Gullberg E, Carlsson AH, Tafazoli F, Lerm
M, et al. Yersinia pseudotuberculosis induces transcytosis of nanoparti-
cles across human intestinal villus epithelium via invasin-dependent
macropinocytosis. Lab Investig 2008;88:1215-26, https://doi.org/10.
1038/labinvest.2008.86.
Hayes A, Cashman KD. Food-based solutions for vitamin D deficiency:
putting policy into practice and the key role for research. Proc Nutr Soc
2017;76:54-63, https://doi.org/10.1017/S0029665116000756.
Reboul E, Borel P. Proteins involved in uptake, intracellular transport
and basolateral secretion of fat-soluble vitamins and carotenoids by
mammalian enterocytes. Prog Lipid Res 2011;50:388-402, https://doi.
org/10.1016/j.plipres.2011.07.001.
Reboul E, Goncalves A, Comera C, Bott R, Nowicki M, Landrier J-F, et
al. Vitamin D intestinal absorption is not a simple passive diffusion:
evidences for involvement of cholesterol transporters. Mol Nutr Food
Res 2011;55:691-702, https://doi.org/10.1002/mnfr.201000553.
Sanchez SA, Bagatolli LA, Gratton E, Hazlett TL. A two-photon view of
an enzyme at work: Crotalus atrox venom PLA?2 interaction with single-

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

lipid and mixed-lipid giant unilamellar vesicles. Biophys J 2002:;82:
2232-43, https://doi.org/10.1016/S0006-3495(02)75569-0.

Borel P, Caillaud D, Cano NJ. Vitamin D bioavailability: state of the art.
Crit Rev Food Sci Nutr 2015;55:1193-205, https://doi.org/10.1080/
10408398.2012.688897.

Barba-Bon A, Nilam M, Hennig A. Supramolecular chemistry in the
biomembrane. Chembiochem 2020;21:886-910, https://doi.org/10.1002/
cbic.201900646.

Chen P-Z, Li M, Duan X-H, Jia J-Y, Li J-Q, Chu R-A, et al. Pharma-
cokinetics and effects of demographic factors on blood 25(OH)D3 levels
after a single orally administered high dose of vitamin D3. Acta Phar-
macol Sin 2016;37:1509-15, https://doi.org/10.1038/aps.2016.82.
Clancy CE, An G, Cannon WR, Liu Y, May EE, Ortoleva P, et al.
Multiscale modeling in the clinic: drug design and development. Ann
Biomed Eng 2016;44:2591-610, https://doi.org/10.1007/s10439-016-
1563-0.

Sawyer ME, Tran HT, Evans MV. A physiologically based pharmaco-
kinetic model of vitamin D. J Appl Toxicol 2017;37:1448-54, https://doi.
org/10.1002/jat.3489.

Xia F, Fan W, Jiang S, Ma Y, Lu Y, Qi J, et al. Size-dependent trans-
location of nanoemulsions via oral delivery. ACS Appl Mater Interfaces
2017;9:21660-72, https://doi.org/10.1021/acsami.7b04916.

Allen TM, Cullis PR. Liposomal drug delivery systems: from concept to
clinical applications. Adv Drug Deliv Rev 2013;65:36-48.

Duncan R, Gaspar R. Nanomedicine(s) under the microscope. Mol
Pharm 2011;8:2101-41.

Langner M, Kral TE. Liposome-based drug delivery systems. Pol J
Pharmacol 1999;51:211-22.

Langner M. Effect of liposome molecular composition on its ability to
carry drugs. Pol J Pharmacol 2000;52:3-14.

Denburg MR, Bhan I. Vitamin D-binding protein in health and chronic
kidney disease. Semin Dial 2015;28:636-44, https://doi.org/10.1111/sdi.
12422.

Corstens MN, Berton-Carabin CC, de Vries R, Troost FJ, Masclee
AAM, Schroén K. Food-grade micro-encapsulation systems that may
induce satiety via delayed lipolysis: a review. Crit Rev Food Sci Nutr
2017;57:2218-44, https://doi.org/10.1080/10408398.2015.1057634.
Salvia-Trujillo L, Fumiaki B, Park Y, McClements DJ. The influence of
lipid droplet size on the oral bioavailability of vitamin D2 encapsulated
in emulsions: an in vitro and in vivo study. Food Funct 2017;8:767-77,
https://doi.org/10.1039/c6£001565d.

Kollipara S, Gandhi RK. Pharmacokinetic aspects and in vitro—in vivo
correlation potential for lipid-based formulations. Acta Pharm Sin B
2014:4:333-49, https://doi.org/10.1016/j.apsb.2014.09.001.

Bornhorst GM, Gouseti O, Wickham MSJ, Bakalis S. Engineering di-
gestion: multiscale processes of food digestion. J Food Sci 2016;81:
R534-43, https://doi.org/10.1111/1750-3841.13216.

Dawson-Hughes B, Harris SS, Palermo NJ, Ceglia L, Rasmussen H.
Meal conditions affect the absorption of supplemental vitamin D3
but not the plasma 25-hydroxyvitamin D response to supplementa-
tion. J Bone Miner Res 2013;28:1778-83, https://doi.org/10.1002/
jbmr.1896.

Julve J, Martin-Campos JM, Escola-Gil JC, Blanco-Vaca F. Chylomi-
crons: advances in biology, pathology, laboratory testing, and thera-
peutics. Clin Chim Acta 2016;455:134-48.

Longet S, Lundahl MLE, Lavelle EC. Targeted strategies for mucosal
vaccination. Bioconjug Chem 2018;29:613-23.

Ozturk B, Argin S, Ozilgen M, McClements DJ. Nanoemulsion delivery
systems for oil-soluble vitamins: influence of carrier oil type on lipid
digestion and vitamin D3 bioaccessibility. Food Chem 2015;187:
499-506, https://doi.org/10.1016/j.foodchem.2015.04.065.

Fukawski M, Datek P, Witkiewicz W, Przybylo M, Langner M. Ex-
perimental evidence and physiological significance of the ascorbate
passive diffusion through the lipid bilayer. Chem Phys Lipids 2020;
232104950, https://doi.org/10.1016/j.chemphyslip.2020.104950.


https://doi.org/10.1021/acs.langmuir.0c02141
https://doi.org/10.1111/j.1755-3768.2011.02180.x
https://doi.org/10.1529/biophysj.108.132662
https://doi.org/10.1529/biophysj.108.132662
https://doi.org/10.1006/scdb.2000.0231
https://doi.org/10.1039/c1cp21009b
https://doi.org/10.1039/c1cp21009b
https://doi.org/10.1007/s12013-017-0792-7
https://doi.org/10.1007/s12013-017-0792-7
https://doi.org/10.1080/10408398.2015.1057634
https://doi.org/10.1016/j.addr.2011.12.009
https://doi.org/10.1023/a:1019854327540
https://doi.org/10.1023/a:1019854327540
https://doi.org/10.1038/labinvest.2008.86
https://doi.org/10.1038/labinvest.2008.86
https://doi.org/10.1017/S0029665116000756
https://doi.org/10.1016/j.plipres.2011.07.001
https://doi.org/10.1016/j.plipres.2011.07.001
https://doi.org/10.1002/mnfr.201000553
https://doi.org/10.1016/S0006-3495(02)75569-0
https://doi.org/10.1080/10408398.2012.688897
https://doi.org/10.1080/10408398.2012.688897
https://doi.org/10.1002/cbic.201900646
https://doi.org/10.1002/cbic.201900646
https://doi.org/10.1038/aps.2016.82
https://doi.org/10.1007/s10439-016-1563-0
https://doi.org/10.1007/s10439-016-1563-0
https://doi.org/10.1002/jat.3489
https://doi.org/10.1002/jat.3489
https://doi.org/10.1021/acsami.7b04916
https://doi.org/10.1111/sdi.12422
https://doi.org/10.1111/sdi.12422
https://doi.org/10.1080/10408398.2015.1057634
https://doi.org/10.1039/c6fo01565d
https://doi.org/10.1016/j.apsb.2014.09.001
https://doi.org/10.1111/1750-3841.13216
https://doi.org/10.1002/jbmr.1896
https://doi.org/10.1002/jbmr.1896
https://doi.org/10.1016/j.foodchem.2015.04.065
https://doi.org/10.1016/j.chemphyslip.2020.104950

	Bioavailability by design — Vitamin D3 liposomal delivery vehicles
	Methods
	Preparation of liposomal vitamin D3 formulation
	Characterization of liposomal vitamin D3 formulation
	Determination of the vitamin D3 encapsulation efficiency
	Cryogenic transmission electron microscopy (TEM) imaging
	Calorimetric studies
	Molecular dynamic simulations
	Clinical studies and quantification of vitamin D3 metabolites in serum
	Ethical approvals of the study

	Results
	Characterization of the liposomal vitamin D3 formulation
	Calorimetric studies
	Molecular dynamic simulations
	Clinical studies

	Discussion
	Author Contributions
	Funding
	Conflict of interest
	Appendix A. Supplementary data
	References


