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A Small Pond Yang Wanli
杨万里·《小池》

泉眼无声惜细流，树阴照水爱晴柔。
小荷才露尖尖角，早有蜻蜓立上头。
From fountainheads water streaks out thin and quiet.
Soft and Sunny are trees reflected in the pond.
A slim lotus leaf, not yet unfurled, scarcely appears.
When on its pointed tip a dragonfly is alighted.
From “Best-known Tang and Song four-line poems (Translated in English)”, ISBN
7560009891.

Contents
Chapter 1

8

Introduction

Chapter 2

20

A mixed micelle formulation for oral delivery of vitamin K (Published in
Pharmaceutical Research 2016, 33(9), 2168-2179)

Chapter 3

51

Influence of PEGylation of vitamin-K-loaded mixed micelles on the uptake by and
transport through Caco-2 cells (Manuscript submitted)

Chapter 4
91
Effect of PEGylation on the stability and mobility of vitamin K loaded mixed micelles
in mucus and their transport over organoid monolayers (Manuscript submitted)
Chapter 5
120
A mixed micellar system stabilized with saponins for oral delivery of vitamin K
(Manuscript submitted)
Chapter 6
Summary and perspectives

150

Appendices

165

Nederlandse samenvatting
Curriculum vitae and list of publications
Acknowledgements

Chapter 1

General introduction

1. Vitamin K
As one of the four lipophilic vitamins, vitamin K is a group of structurally similar
molecules, that are essential cofactors for γ-glutamyl carboxylase, an enzyme that
catalyzes the carboxylation of glutamic acid residues in a number of proteins that are
involved in the blood coagulation (1, 2). Vitamin K also plays a role in bone
metabolism and the regulation of the blood calcium levels (3). All members of the
vitamin K family comprise a 2-methyl-1,4-naphthoquinone ring but differ in the
structure at the 3-position including the two natural vitamins: K1 and K2 (Fig. 1) (4).
The three synthetic forms of vitamin K are K3 (menadione), K4, and K5, which are
used in many areas including the pet food industry (vitamin K3) and to inhibit fungal
growth (vitamin K5) (1). Vitamin K1, also known as phylloquinone, originates from
plants and is the main type of dietary vitamin K. Vitamin K1 is very viscous oil,
extremely hydrophobic with a calculated log P >9.3 (DrugBank database) and is
therefore insoluble in water and it also decomposes in sunlight (5). Vitamin K1 is the
compound studied in this thesis and is further referred to simply as vitamin K.

Fig. 1 Molecular structure of vitamin K1, K2, K3, K4 and K5.
Vitamin K deficiency does frequently occur in neonates as well as infants due to its
limited transport through the placental barrier and low concentration in breast milk
(main exogenous source of vitamin K in neonates) (1). This in turn is associated with

the risk of life-threatening vitamin K deficiency bleeding (VKDB), which is due to the
low enzymatic activity of vitamin K-dependent coagulation factors (II, VII, IX, X)
because of the lack of carboxyglutamic acid residues in these proteins (6). For this
reason, administration of vitamin K to newborns has been used since the 1950s as
prophylaxis for VKDB. One of the first preparations of vitamin K introduced in the
1960s was an i.v. formulation, which contained the synthetic surfactant mixture based
on polyethoxylated castor oil (Cremophor EL) along with the preservatives propylene
glycol and phenol (7). Due to the risk of serious anaphylactoid reactions (8),
Konakion® MM as a new water-dispersible mixed micelle formulation of vitamin K
containing glycocholic acid as natural surfactant was introduced in 1995 to replace the
formerly used i.v. formulation (9, 10). Both parenteral and oral administration of
Konakion® MM is applied. However, intravenous/intramuscular injection of
Konakion® MM can cause adverse reactions, including flushing of the face, sweating,
a sense of chest constriction, cyanosis and peripheral vascular collapse (9). Oral
administration of vitamin K is preferred by parents as well as medical doctors in view
of its convenience and infants’ acceptance.
2. Vitamin K deficiency bleeding in neonates and infants with cholestasis
In healthy individuals, like for any lipid compound, orally administered vitamin K is
emulsified in the intestine by bile salts produced by the liver, to form mixed micelles
together with phospholipids, to facilitate the absorption of vitamin K by enterocytes
(11). However, a clinical trial in newborn patients with cholestasis showed that the
absorption of vitamin K after oral administration of Konakion® MM was low and
showed high patient variability (Fig. 2) (12). Moreover, Konakion® MM coalesces at
the gastric low pH because of the protonation of the carboxyl group of glycocholic
acid. Newborns with cholestasis, whose flow of bile from the liver is impeded or
blocked, have a very low level of endogenous bile salts in the small intestine. As a
result, vitamin K cannot be solubilized and absorbed after entering the small intestine
due to failure of formation of mixed micelles and low flux of vitamin K over mucus
(12, 13), resulting in more than 80% of infants with cholestasis that developed VKDB

(13, 14). Therefore, the Health Council of the Netherlands recommends a single
intramuscular administration of vitamin K (15).

Fig. 2 Intestinal absorption of mixed micellar vitamin K1 is unreliable and highly
variable in cholestatic infants (adapted from a previous publication) (12).
3. Absorption of vitamin K in the gastrointestinal tract
As pointed out in the previous section, vitamin K requires the presence of bile salts for
its emulsification and subsequent absorption (16). The intestinal absorption of vitamin
K follows a pathway that applies for most dietary lipids, including bile salt- and
pancreatic-dependent solubilization (17). Vitamin K is absorbed chemically
unchanged from the proximal intestine after solubilization into mixed micelles
composed of bile salts (18). Mixed micelles function as transport vehicles for vitamin
K across the mucus layer covering the intestinal epithelium (19). The uptake
mechanisms of vitamin K are still not fully clear and both passive diffusion and carrier
mediated (scavenger receptor B1) uptake of free vitamin K as well as intact vitamin K
loaded micelles have been proposed (20). The scavenger receptor B1 is localized on
the microvillar membrane from the duodenum to the colon (21). It was shown that
scavenger receptor B1 is able to cluster in caveolae-like domains or specific lipid rafts
on the surfaces of cells (22, 23), and these clusters likely mediate the internalization of
free vitamin K as well as intact micelles by enterocytes via endocytosis. After uptake

by intestinal enterocytes, vitamin K loaded in mixed micelles can be packed into
chylomicrons which are spherical triacylglycerol-rich particles containing cholesterol,
phospholipids and apolipoproteins (with diameter of chylomicrons from 75 to 600 nm;
the main apolipoprotein component is the B-48 type, which functions as a marker of
chylomicrons) (24-26). Chylomicrons are then transported to the cis-Golgi by
prechylomicron transport vesicles and are subsequently drained via the lymphatic
capillaries to the mesenteric lymph duct and eventually enter the systemic circulation
via the thoracic duct (27, 28). Vitamin K is accumulated mainly in the heart and liver
(29) and the latter organ is the site of synthesis of the vitamin K dependent
coagulation factors (30).
4. Mixed micelles for oral delivery
Oral delivery of drugs is the preferred route of administration by both patients and
manufacturers. However, the bioavailability of extremely hydrophobic drugs (with
water-octanol partition coefficient log P >5) (31) is usually very low. Therefore
special technologies, such as formulation or solubilization in nanoparticles (32), solid
dispersions (33), drug nanocrystals (34) or S(M)EDDS (35) have been developed to
increase the bioavailabilty of these drugs. Bile salts in the gastrointestinal tract
together with lecithin, monoglycerides, and fatty acids (36) in the intestinal tract form
mixed micelles which facilitate the solubilization and absorption of poorly watersoluble drugs (36). Formulating poorly water-soluble drugs into bio-mimetic
nanosized mixed micelles offers many therapeutic advantages such as improved
aqueous solubility and enhanced flux over the mucus (37, 38). Mixed micelles
composed of phospholipids and bile salts with sizes usually ranging from 5 to 60 nm,
were first described by Borgstrom and Hoffman (39, 40). Mixed micelles composed of
lipids and bile salts are able to retain poorly water-soluble drugs in molecularly
solubilized state, thereby significantly increasing their solubility (41). Furthermore,
mixed micelles are promising formulations to improve the oral bioavailability of
poorly water soluble drugs because of good stability/mobility in mucus, inhibition of
P-glycoprotein-mediated drug efflux (42, 43) and uptake of intact micelles via specific
receptors (22, 23).

5. Objective and the outlines of the current thesis
In Chapter 2, because the commercial vitamin K formulation Konakion® MM is
unstable and forms large aggregates at low pH because of protonation of the
constituent bile acid, a mixed micelle formulation of vitamin K with substantially
better stability at low pH than Konakion® MM was developed by introducing DSPEPEG 2000. In Chapter 3 the influence of DSPE-PEG 2000 in mixed micelles on the
in vitro uptake and transport of vitamin-K loaded mixed micelles by Caco-2 cells was
systematically studied. In Chapter 4, the mobility and stability of mixed micelles in
porcine intestinal mucus was investigated using FRAP (fluorescence recovery after
photobleaching) and FRET (fluorescence resonance energy transfer), respectively. A
previously established three-dimensional (3D) primary intestinal epithelial stem cell
culture system (i.e. human ileum organoids) was adapted into a 2D monolayer in a
transwell format. The transport of vitamin K loaded in micelles (with and without
PEG coating) over these 2D cell monolayers was studied. In Chapter 5, saponins,
which are non-ionic surfactants from natural sources, were successfully used as
alternatives for DSPE-PEG 2000 to improve micelles’ colloidal stability at low pH.
An experimental design was used to investigate the effect of the composition of the
micelles on their particle size at neutral pH and upon acidification at pH 1.5. Finally,
Chapter 6 gives a summarizing discussion of the results reported in this thesis, and
perspectives are provided.
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Abstract
Purpose To develop a stable micellar formulation of vitamin K for oral delivery,
because the commercial and clinically used formulation of vitamin K (Konakion®
MM) destabilizes at gastric pH resulting in low bioavailability of this vitamin in
neonates with cholestasis.
Methods Mixed micelles composed of EPC, DSPE-PEG 2000 and glycocholic acid,
with and without vitamin K, were prepared by a film hydration method. The influence
of pH on the stability of the micelles was analyzed by dynamic light scattering (DLS).
The critical micelle concentration (CMC) was determined by fluorescence
spectroscopy using pyrene and the morphology was evaluated by transmission
electron microscopy. Caco-2 cells were used to study the cytocompatibilty.
Results Mixed micelles with mean diameters from 7.1 to 11.0 nm and a narrow size
distribution (PDI<0.2) were obtained after 3 membrane extrusion cycles. Konakion®
MM formed aggregated particles at gastric pH, which was avoided through steric
stabilization by introducing PEG. TEM showed that mixed micelles had a spherical
size (diameter of around 10 nm) with a narrow size distribution in agreement with the
DLS results. The loading capacities for vitamin K of mixed micelles with varying
molar fractions of DSPE-PEG and EPC (from 0/100 to 50/50 (mol/mol)) were 10.8 5.0 w%, respectively. The mixed micelles showed good cytocompatibility at
concentrations of glycocholic acid between 0.12 mM and 1.20 mM.
Conclusions Mixed micelles with superior stability to Konakion® MM at low pH were
obtained by introducing DSPE-PEG 2000. These are therefore attractive oral
formulations for vitamin K.

Introduction
Vitamin K is an essential cofactor for γ-glutamyl carboxylase, an enzyme that
catalyzes the carboxylation of glutamic acid residues in a number of proteins that are
involved in the blood coagulation (1). In healthy adults, bile that is secreted into the
intestine facilitates the solubilization, transport and uptake of vitamin K present in
food (2). Therefore, dietary deficiency of vitamin K is rare in adults, except for
patients suffering from intestinal disorders and malabsorption (3). On the other hand,
vitamin K deficiency does frequently occur in neonates due to limited transport of
vitamin K through the placental barrier and low concentration in breast milk (main
exogenous source of vitamin K in neonates) (4). This in turn is associated with the risk
of life-threatening vitamin K deficiency bleeding (VKDB), which is due to the low
activity of vitamin K-dependent coagulation factors (II, VII, IX, X) (5). Konakion®
mixed micelles (MM) Paediatric is a formulation composed of vitamin K, egg
phosphatidylcholine (EPC or lecithin) and glycocholic acid (6). It is indicated for both
the prophylaxis and treatment of VKDB in neonates as well as infants. However,
orally administered Konakion® MM fails to prevent VKDB in cholestatic infants due
to impaired intestinal absorption of vitamin K (7), which is due to the
pathophysiological conditions in the upper gastrointestinal tract of those infants.
Glycocholic acid has a carboxylic acid group with a pKa of 3.8 (8), which ensures a
good colloidal stability of the mixed micelles above pH>~4. However, Konakion®
MM is unstable and forms large aggregates at low pH of the stomach because of the
protonation of the carboxylate group of glycocholic acid, eventually causing
coalescence of the formulation (9). After stomach passage, large aggregates of lipids
and coalesced vitamin K enter the duodenum, which under normal physiological
conditions can subsequently be solubilized by endogenous bile salts (10, 11),
pancreatic lipases and elevated pH above the pKa of glycocholic acid (12, 13). On the
other hand, once large aggregates are formed in the stomach of neonates suffering
from cholestasis, coalesced vitamin K cannot be solubilized due to the very low level
of bile salts in these patients (13, 14).

Mixed micelles composed of phospholipids and bile salts were first described by
Hoffman and Borgstrom (15) as associated amphiphilic biliary and dietary
components. The hydrophobic tails of EPC molecules are positioned in the core of the
mixed micelles to minimize their contact with water molecules while their polar head
groups are present at the interface with water (16). It has been further shown that
phospholipids self-assemble into bilayered structures in aqueous solution, whereas
mixed micelles are formed in the presence of bile salts (16). These structures can
solubilize poorly water-soluble drugs in the inner micellar core (17). Furthermore,
mixed micelles are thermodynamically stable with sizes usually ranging from 5 to 60
nm (18). Particles with such small diameters are necessary to transport vitamin K to
the surface of enterocytes and to retain mixed micelles at the base of microvilli (19).
The aim of this study was to develop a mixed micellar formulation of vitamin K that is
stable at low pH and therefore suitable for oral administration. Therefore, part of EPC
of the Konakion® MM formulation was substituted by a PEGylated lipid (DSPE-PEG
2000). The rationale behind this idea is that PEGylated phospholipids are known to act
as a steric barrier stabilizing nanostructures such as liposomes (20, 21), micelles (22),
disks (23) and dendritic nanocarriers (24), and will thereby enhance the stability of
drug loaded formulations at neutral as well as acidic pH. For example, Torchilin et al
have shown that DSPE-PEG 2000/D-α-tocopheryl PEG 1000 succinate (TPGS)
micelles are stable at low pH (25). PEGylated lipids have so far not been a component
of lecithin/bile salt mixed micelles to enhance their stability at low pH.
The size and pH stability of mixed micelles composed of varying ratios of DSPEPEG/EPC were analyzed by dynamic light scattering (DLS). Extrusion effects on the
size of mixed micelles during filtration were investigated using DLS and TEM. The
loading capacity of vitamin K for mixed micelles composed of DSPE-PEG /EPC
50/50 (mol/mol) was optimized. Furthermore, cell viability studies were conducted
with Caco-2 cells to evaluate the cytocompatibility of the mixed micelles.

Materials and Methods
Materials
Lecithin

(egg

phosphatidylcholine,

EPC)

and

1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-poly(ethylene glycol) 2000 (DSPE-PEG 2000) were kindly
provided by Lipoid GmbH (Ludwigshafen, Germany). Potassium phosphate
monobasic (KH2PO4) and sodium phosphate dibasic (Na2HPO4) were purchased from
Fluka (Zwijndrecht, The Netherlands) and used to prepare 0.067 M phosphate buffer
(0.35 g KH2PO4 and 1.45 g Na2HPO4 in 100 ml RO-water, pH 7.3). Vitamin K,
glycocholic acid, fetal bovine serum (FBS) and all other chemicals and reagents were
obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). Chloroform was
provided from Biosolve (Valkenswaard, the Netherlands). Sodium hydroxide (NaOH),
70% perchloric acid, hexa-ammoniummolybdate ((NH4)6MO7O24·H2O) and ethanol
were supplied by Merck KGaA (Darmstadt, Germany). N-Methyl dibenzopyrazine
methylsulfate (PMS) and sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4methoxy-6-nitro)benzene sulfonic acid hydrate) (XTT) were provided from Sigma.
Dulbecco's Modified Eagle's Medium (DMEM) and RPMI 1640 medium were
purchased from GibCo BRL Life Technologies (Carlsbad, CA, USA). Syringe filters
were obtained from Phenomenex (0.2 μm, Torrance, CA). Ultrapure water was
produced by a Synergy UV water delivery system from Millipore (Billerica, MA,
USA). Konakion® MM was a product manufactured by Roche (Basel, Switzerland).
Methods
Preparation of empty micelles
Various amounts of EPC and DSPE-PEG 2000 were dissolved in 4 ml chloroform in a
round-bottom flask (Table 1). The solvent was evaporated under vacuum at 60°C for
20 minutes to form a film. Next, glycocholic acid (110 mg) was dissolved in 8 ml
0.067 M phosphate buffer at 60°C and the obtained solution was subsequently added
to hydrate the above mentioned film of EPC and DSPE-PEG 2000. A transparent
dispersion was obtained after magnetically stirring for at least 4 h at room temperature.
The dispersion was subsequently extruded 3 times through a syringe filter.

Table 1. Mixed micelles composed of DSPE-PEG, EPC and glycocholic acid. The
amounts of glycocholic acid and total lipids in the formulations were 0.24 and 0.20
mmol, respectively.
Component

Formulations
A

B

C

D

DSPE-PEG 2000 (mmol)

-

0.02

0.06

0.10

EPC (mmol)

0.20

0.18

0.14

0.10

DSPE-PEG/EPC (mol/mol)

0/100

10/90

30/70

50/50

Preparation of vitamin K loaded micelles
Vitamin K (1 g) was dissolved in 10 ml chloroform. Next, 0.2 ml of this vitamin K
solution was added to 3.8 ml chloroform in which the different amounts of lipids
(EPC and DSPE-PEG 2000) were dissolved (Table 1). The solvent was evaporated
under vacuum at 60°C for 20 minutes to form a film. Next, glycocholic acid (110 mg,
0.24 mmol) was dissolved in 8 ml 0.067 M phosphate buffer at 60°C and the obtained
solution was subsequently added to hydrate the above mentioned film of EPC, DSPEPEG 2000 and vitamin K. A transparent dispersion was obtained after magnetically
stirring for at least 4 h at room temperature. The dispersion was subsequently extruded
3 times through a syringe filter. The dispersions were covered with aluminized foil to
protect Vitamin K against light-triggered degradation during the whole procedure (26).
To investigate the vitamin K loading capacity of the DSPE-PEG/EPC 50/50 mixed
micelles, DSPE-PEG (288 mg, 0.10 mmol) and EPC (80 mg, 0.10 mmol) were
dissolved in 4 ml chloroform in a round-bottom flask. Next, 0.4 or 0.8 ml of vitamin K
stock solution (100 mg/ml in chloroform) was added. The following steps were the
same as described above until a transparent dispersion was obtained. Then the
obtained micellar dispersions were further diluted ten times with 0.067 M phosphate

buffer before filtration to avoid occulation of the filter. Subsequently, the dispersions
were extruded 6 times through a filter.
Characterization of mixed micelles
Average size and size distribution of the different mixed micelles dispersed in 0.067
M phosphate buffer were measured by Dynamic Light Scattering (DLS; Zetasizer
4000, Malvern Instruments, Malvern, UK) at 25°C and at an angle of 90°. The
morphology of the mixed micelles was studied by Transmission Electron Microscopy
(TEM, Tecnai 10, Philips, and 100 kV). The samples for TEM visualization were
prepared according to the following procedure. A sample of the mixed micelles
dispersion (10 μl) was pipetted onto parafilm and a carbon-coated copper grid
subsequently was placed on the sample for 4 minutes. Next, the excess liquid was
removed by filter paper and subsequently the grid was negatively stained by being
placed on a 10 μl droplet of 2% uranyl acetate in demineralized water for 1 minute.
Next, the excess liquid was removed using a filter paper and the grid was dried for 5
minutes at room temperature before the measurement. The zeta-potential (ζ potential)
of the mixed micelles was determined by Zetasizer (Malvern Instruments Ltd.). Prior
to the measurements, phosphate buffer was exchanged by 10 mM Hepes buffer pH 7.4
using PD-10 column chromatography. The instrument was calibrated using a standard
(DTS1235, -42.0±4.2 mV, Malvern Instruments, UK).
Determination of the Critical Micelle Concentration (CMC)
The CMC of the mixed micelles was determined using pyrene as a fluorescent probe
(27). In detail, empty micelles composed of EPC only and DSPE-PEG/EPC (50/50,
mol/mol, formulations A and D, Table 1) were prepared as described in the section
“Preparation of empty micelles”. Next the micellar dispersions were diluted with
0.067 M phosphate buffer to different concentrations from 5.9×10-6 to 29.5 mM
glycocholic acid (and 5.2×10-6 to 25.8 mM total lipids). Next, 18 μL of pyrene in
acetone (1.8 ×10-4 M) was added to 4.5 ml of each micellar dispersion. The micellar
dispersions with pyrene were incubated for 20 h at room temperature in the dark to
allow evaporation of acetone. Fluorescence excitation spectra of pyrene were recorded

using a Horiba Fluorolog fluorometer (at a 90° angle). The excitation spectra (300 to
360 nm with emission wavelength of 390 nm) were recorded at 37°C. The excitation
and emission band slits were 4 and 2 nm, respectively. The excitation intensity ratio of
I338/I333 was plotted against the concentration of glycocholic acid to determine the
CMC, which was obtained as the point of intersection of two tangents drawn to the
curve at high and low concentrations, respectively (28).
Stability of the micelles
2 ml of vitamin K loaded micellar dispersions composed of various amounts of DSPEPEG/EPC (see table 1, prepared as described in section “preparation of vitamin K
loaded micelles”) were diluted 2.5 times by addition of 3 ml 0.067 M phosphate buffer.
For pH stability study, the pH of the micellar dispersions was stepwise lowered from
7.2 to 1.6 by addition of 1 M HCl. After each step, the dispersions were incubated for
5 minutes at 25°C and the size of the micelles was measured by DLS at the same
temperature. Subsequently, the pH of dispersions was raised stepwise from 1.6 to 7.0
by adding 1 M NaOH and after each step the dispersions were incubated for 5 minutes
at 25°C before measuring the size of the micelles. For determination of vitamin K
recovery, the pH of the mixed micelles was lowered to 1.6 with 1 M HCl and the
dispersions were subsequently incubated for 1 h at 37°C. Subsequently, the
dispersions were centrifuged at 1000 × g for 1 minute and 0.1 ml of the different
supernatants was diluted with 1 ml ethanol to dissolve the mixed micelles and the
vitamin K content was measured by HPLC as described below.
Determination of vitamin K by HPLC analysis
The concentration of vitamin K in the dispersions of the different mixed micelles was
determined by RP-HPLC after dilution with ethanol. A SunFire C18 column was used
and absorption at 254 nm was used for detection. The mobile phase was ethanol/water
(95/5, v/v). The column temperature was 30°C. The injection volume was 20 µl. A
calibration curve was obtained using vitamin K dissolved in ethanol with
concentrations ranging from 19.8 to 181.8 µg/ml.

Determination of lipid recovery
The lipid recovery was determined using a method based on the colorimetric
determination of PO43- according to Rouser (29). The phospholipid content of the
mixed micelles was determined after destruction of the phospholipids with perchloric
acid (HCLO4) to yield inorganic phosphate. Standard solutions were prepared as
follows: 20/40/60/80/100/120/160 μl of 0.5 mM phosphate solution (1.95 g
NaH2PO4.2H2O dissolved in 250 ml of RO-water and subsequently diluted 100 times
with RO-water) was introduced in triplicate in test-tubes. Test samples were prepared
by dilution of the micellar dispersions 2.5 times with RO-water and 1.8 ml of the
diluted dispersion was subsequently desalted using PD-10 column chromatography
(Pharmacia). The collected volume was 2.0 ml. Phosphate buffer (1.8 ml, 0.067 M)
was also desalted using PD-10 column chromatography as control. Then, samples of
the micellar dispersions and the control sample were 10 times diluted with RO-water.
Next, samples of 190 µl of the diluted micellar dispersions and the control were
pipetted in triplicate into the test tubes. The tubes were covered by porcelain marbles
and subsequently heated using a block heater (Techne Dri-block heater, Model DB 3H,
PJ Brennan, Dublin) for 30 minutes (temperature was set at 180°C). Next, the test
tubes were cooled down to room temperature and 0.3 ml of 70% perchloric acid was
introduced in the tubes. The tubes were again covered by porcelain marbles and
heated by the block heater (temperature at 180°C) for at least 45 minutes until the
solutions were clear. Next, 1 ml RO-water, 0.5 ml 1.2% hexa-ammoniummolybdate
solution (1.25 g hexa-ammoniummolybdate in 100 ml of RO-water) and 0.5 ml of 5%
(w/v) ascorbic acid (1.00 g in 20 ml of RO-water) were added to the test tubes.
Subsequently, the tubes were covered by the porcelain marbles and placed in a water
bath (100°C) for 5 minutes. After cooling down to room temperature, the absorbance
of the solutions at 797 nm was determined using a UV-Vis spectrophotometer (UV
mini-1240, Shimadzu, Japan) and the amount of phosphate in the samples was
determined using the calibration curve as described above.

Cytocompatibility of vitamin K loaded mixed micelles
The viability of Caco-2 cells incubated with vitamin K loaded mixed micelles was
evaluated by the XTT assay (30). The cells were seeded in 96-well plates at a density
of 1×104 cells per well and incubated at 37°C with 5% CO2 for 24 h to permit cells
attachment. Because glychocholic acid is the main component of the formulation
which can cause cytotoxicity (31), the concentration of the mixed micelles is reported
in terms of glycocholic acid content. Konakion® MM and vitamin K loaded mixed
micelles (2.5 mg/ml) composed of EPC only and DSPE-PEG/EPC (10/90, 30/70 and
50/50, mol/mol, respectively) were diluted with Dulbecco's Modified Eagle's medium
(blank DMEM). The final concentrations of glycocholic acid of the mixed micelles
were from 0.12 to 1.20 mM after addition of 20 µl samples to 100 µl DMEM culture
medium. The control was empty micelles composed of DSPE-PEG/EPC (50/50,
mol/mol) (final concentration of glycocholic acid was 1.2 mM). To investigate the
viability of caco-2 cells at higher concentrations of mixed micelles, formulations
composed of DSPE-PEG/EPC (50/50, mol/mol) and EPC only were used. They were
diluted with Dulbecco's Modified Eagle's medium (blank DMEM) and their final
concentrations of glycocholic acid were from 0.12 to 12 mM. 100 µl of above mixed
micelles was added to each well. After 24 hours of culturing at 37°C, the medium was
removed and 50 µl XTT solution (1 mg/ml in plain RPMI 1640, containing 25 µM
PMS) was added per well and the plates were subsequently incubated for 1.5 h at
37°C, after which the absorbance at 490 nm with a reference wavelength of 655 nm
was measured by ELISA microplate reader (Biorad Novapath).
Results and Discussion
Preparation of mixed micelles with and without vitamin K loading
Vitamin K loaded mixed micelles composed of EPC, with and without DSPE-PEG,
and a fixed molar ratio of 0.22 vitamin K versus total lipids, were prepared by
hydration of a lipid film with a glycocholic acid solution, resulting in turbid
dispersions probably consisting of large unilamellar liposomes coexisting with flat
bilayers as has been reported earlier (32, 33). The turbid dispersions became gradually

translucent upon magnetic stirring, and finally transparent micellar dispersions were
obtained after stirring for 4 hour. The average size of the dispersed particles after
stirring for 4 hour and before filtration was between 85 and 215 nm (Fig. 1a) with
high polydispersity (Fig. 1b). Such high polydispersity suggests the coexistence of
micelles and larger vesicles.

Fig. 1. Z-average diameter (a) and polydispersity index (PDI) (b) of vitamin K loaded
mixed micelles composed of different molar ratio of DSPE-PEG/EPC before and after
filtrations.

There are at least two factors involved in the change from turbid to transparent
dispersions. First, the molecular volume (V) of the phospholipid EPC is approximately
equal to the polar surface cross-area (Ao) and the length (L) of the hydrophobic chain,
meaning that the packing parameter PP = V/ (Ao×L) (34), is close to 1 and as a
consequence this phospholipid tends to form planar bilayers (35). The insertion of
glycocholic acid in the phospholipid vesicles, due to its flat structure, can increase Ao
which results in a reduction of the PP. As a consequence, part of the vesicles is
transformed into highly curved mixed micelles (36) as shown in Fig. 2a. This
glycocholic acid induced vesicles-to-micelles transition process occurs in three steps
(37). Glycocholic acid initially partitions between water and the outermost planar
bilayer and subsequently penetrates and peels off the planar lipid bilayers one after the
other yielding smaller bilayer flakes (stage 1). Subsequently, after being peeled off,

phospholipid molecules and glycocholic acid molecules can self-assemble into
micelles by hydrophobic interaction (stage 2). The other factor of importance is the
presence of DSPE-PEG in planar bilayers. Even at low ratios of DSPE-PEG (5 mol%)
(38), its presence reduces the size of planar bilayers composed of EPC (38) and
increases the curvature of the particles. With increasing DSPE-PEG in the bilayer, the
PP of mixed micelles decreases and can reach a value of < 0.5 (35). As a consequence,
larger vesicles and planar bilayers are transformed into smaller and spherical micelles
or cylindrical micelles (34) as shown in Fig. 2a (37, 38) .

Fig. 2 A schematic mechanism of the formation of micelles from planar phospholipid
bilayers during hydration of a film in a bile salt solution under stirring before filtration
(a), and the size reduction after repeated filtrations through a 0.2 µm filter (b).

After filtration through a membrane with pores of 200 nm, the average sizes of large
particles composed of EPC and DSPE-PEG decreased from 213±2 nm, 112±15 nm,
100±21 nm and 132±69 nm to 7.1±0.2 nm, 8.9±0.4 nm, 9.7±0.8 nm and 11.0±1.4 nm
(n=3), respectively, for formulations with DSPE-PEG/EPC molar ratios increasing
from 0/100 to 50/50 (Fig. 1a). The PDI also reduced substantially from 0.60-0.87 to <
0.26 (Fig. 1b). Fig. 3 shows the calculated intensity weighted diameter before and

after filtration for formulations with different molar fractions of DSPE-PEG. Before
filtration, size distributions by intensity showed that larger particles with diameters
above 100 nm were present. Importantly, the intensity of these larger particles (>100
nm) decreased significantly and the intensity of the smaller particles of ~10 nm
increased correspondingly after the first filtration. Finally, a fraction of large particles
was not detected anymore after 3 filtration cycles and only smaller particles of ~10 nm
with a unimodal distribution were present in the dispersions (Fig. 3). Through
filtration, larger particles like flat bilayers or vesicles are subjected to both mechanical
shear forces when pressed through the pores of the membrane (39) and the high
pressure differential (40) across the filter. Spherical mixed micelles are likely being
squeezed off from the cylindrical micelles (41) during their passage through the pores
(Fig. 2b).

Fig. 3 Size intensity weighted diameter of different formulations composed of EPC
only (A), and DSPE-PEG/EPC with molar ratio’s 10/90 (B), 30/70 (C) and 50/50 (D)
before and after 3 cycles of filtration, respectively.

Lipids recovery and Vitamin K loading capacity
The lipid recovery was determined according to Rouser (29). For the mixed micelles
with 0.22 molar ratio of vitamin K versus total lipids, 91-96% of the lipids were
recovered after 3 filtration cycles for the various mixed micelles (Fig. 4).
The vitamin K recovery, defined as the percentage of vitamin K solubilized in the
mixed micelles divided by the added amount of vitamin K was 96-100% after three
cycles of filtration (Fig. 4). The vitamin K loading capacity of the mixed micelles,
defined as the percentage the mass of vitamin K divided by the total mass of the

mixed micelles, decreased from 10.8±0.5% to 5.0±0.2% with increasing molar
fraction of DSPE-PEG. The reason for this decrease in loading is that the total mass of
lipids increased when EPC was replaced by higher-molecular-weight DSPE-PEG
2000.

Fig. 4 Vitamin K recovery/loading and lipid recovery of mixed micelles composed of
different molar ratio of DSPE-PEG/EPC (n=3 independently prepared batches).

To get insight into the maximum vitamin K loading capacity of the mixed micelles
composed of 50/50 DSPE-PEG/EPC, an increasing amount of vitamin K was added to
a fixed amount of total lipids (molar ratio of vitamin K and total lipids was increased
from 0.22 to 0.44 and 0.88, respectively). However, in that case, three more filtration
cycles were needed to remove large particles with size above 200 nm. Table 2 shows
that both the vitamin K recovery (91.3±2.0%), and the lipid recovery (89.5±4.1%) was
high after the 6 successive filtration cycles when the feed of vitamin K was 0.44
(mol/mol lipids). However, vitamin K recovery decreased significantly to 42.6±1.5%
and lipid recovery was 41.1±3.9% when the feed of vitamin K was further increased
to 0.88 (mol/mol lipids).

Table 2. Influence of vitamin K feed (molar ratio of vitamin K versus total lipids) on
the loading capacity of mixed micelles composed of DSPE-PEG/EPC 50/50 (mol/mol)
(n=3 independently prepared batches).
Molar

Vitamin K

Lipid

Loading

Size

ratio

recovery (%)

recovery (%)

capacity (%)

(nm)

0.22

98.4±2.8

96.3±0.4

5.0±0.2

11.0±1.4

0.44

91.3±2.0

89.5±4.1

9.9±0.2

19±6

0.88

42.6±1.5

41.1±3.9

18.4±0.5

44±5

The size of empty micelles after 3 filtration cycles ranged from 7.0±0.3 to 9.2±0.1 nm
with increasing DSPE-PEG content (Fig. 5A). The PDI was < 0.2 for all empty
micelles (Fig. 5B). The size of vitamin K loaded micelles (at a feed of 0.22 molar ratio
of vitamin K versus total lipids) after filtration increased from 7.1±0.2 to 11.0±1.4 nm
with increasing DSPE-PEG content (Fig. 5A), which is in good agreement with the
average thickness of around 1.5-3.5 nm for PEG corona of DSPE-PEG2000 (22, 42).
The PDI was <0.2 for all vitamin K loaded micelles (Fig. 5B), which points to a
narrow particle size distribution. Fig. 5 C shows the zeta potentials of the different
micelles. The low zeta potential of -22.7±3.6 mV for the mixed micelles composed of
bile salt and EPC is caused by deprotonation of the COOH groups of glycocholic acid
in phosphate buffer. With an increase of the fraction of DSPE-PEG from 0/100 to
50/50 (mol/mol) in the formulations, an increase of zeta potential from -22.7±3.6 to 2.8±0.5 mV was observed, demonstrating excellent shielding of the surface charge by
PEG.

Fig. 5 Z-average hydrodynamic diameter (A), polydispersity index (PDI) (B) and zeta
potential (C) of mixed micelles with or without vitamin K as a function of molar ratio
of DSPE-PEG/EPC (n=3 independently prepared batches).

When the feed of vitamin K increased from 0.22 to 0.44, the average size of the mixed
micelles increased from 11.0±1.4 to 19±6 nm after 6 times filtration, because still a
small fraction of bigger particles between 100 and 200 nm was present even after 6
filtration cycles. The majority of particles however had an average size of around 15
nm (Supplementary Fig. 1a). When the feed of vitamin K further increased from 0.44
to 0.88 (mol/mol lipids), the micellar dispersions needed to be diluted to avoid
occlusion during the filtration. The average size of the mixed micelles ended up at
44±5 nm after the six filtration cycles. The average size of a minor fraction of micelles

was around 18 nm but the majority had a size of between 100 and 200 nm
(Supplementary Fig. 1b).

Fig. 6 TEM images of vitamin K loaded mixed micelles composed of DSPEPEG/EPC 50/50 and a vitamin K feed molar ratio of 0.22 (mol/mol lipids): before
filtration (a), after the first filtration cycle (b) and after 3 filtration cycles (c).

The morphology of the mixed micelles composed of DSPE-PEG/EPC 50/50 (mol/mol)
with vitamin K feed molar ratio of 0.22 (mol/mol lipids) was investigated by TEM
analysis (Fig. 6). Fig. 6 a (arrows) shows several large particles of approximately 150
nm before filtration which confirmed the size as determined by DLS (Fig. 3d). After
the first filtration cycle, cylindrical structures of up to approximately 100 nm in length
can be seen besides spherical micelles (Fig. 6b), which are common shapes of mixed
micelles composed of phospholipids and bile salts (38). One explanation for the
formation of cylindrical structures is that TEM images show the shape of mixed
micelles in their dry state. Thus, during the evaporation of water for the preparation of
the specimen, increasingly higher concentrations of electrolytes such as phosphate
buffer screen the electrostatic repulsion and promote particle aggregation (43). Also,
PEG can induce lipid fusion in the dry state (44, 45), finally resulting in cylindrical
structures as shown in Fig. 6b. Importantly, after 3 filtration cycles, although the
effect of drying on the shape of micelles can also be observed in Fig. 6c, in which
several small mixed micelles fused into pearl-necklace-like structures are seen (46),

mostly spherically shaped mixed micelles with diameter around 10 nm were present in
the sample of Fig. 6c.
Like for conventional surfactants, the formation of mixed micelles can be
demonstrated using the fluorescent probe pyrene. The pyrene fluorescence intensity
ratio of I338/I333 is plotted as a function of concentration of glycocholic acid in
Supplementary Fig. 2. The CMC of mixed micelles composed of EPC only was 4.6
µM glycocholic acid. For mixed micelles composed of DSPE-PEG/EPC (50/50), their
CMC was 3.9 µM glycocholic acid. Within the experimental error, the CMCs of both
mixed micelles are equal.
Stability and vitamin K retention at acid pH
To study the stability of various mixed micelles, size changes were measured when
the pH was stepwise decreased from 7.3 to 1.6 and subsequently reversed to 7.3. The
size of micelles composed of EPC only was 80 nm after the pH was lowered to 4.2
(Supplementary Fig. 3a), while turbidity appeared after the pH was further lowered to
3.5 (Supplementary Fig. 4a). Apparently, the micelles became unstable and
aggregated or coalesced, resulting in precipitation of vitamin K (Supplementary Fig.
4b). The pH of the dispersions was then stepwise lowered to 1.6 and they were
subsequently incubated for 1 h at 37°C. After centrifugation, the amount of vitamin K
in the supernatants as measured by HPLC was found to be only 1.5±0.1 and 6.3±0.3%
of the initial vitamin K loading for the commercial formulation and mixed micelles
composed of EPC only, respectively (Supplementary Fig. 5).
For mixed micelles composed of DSPE-PEG/EPC 10/90 (mol/mol), their size
increased from 9 to 100 nm and dispersions became translucent, when the pH was
lowered stepwise to 1.6 (Supplementary Fig. 3b). It was further measured that
58.2±0.9% of vitamin K remained solubilized in the mixed micelles (Supplementary
Fig. 5). Mixed micelles composed of DSPE-PEG/EPC 30/70 (mol/mol) remained
transparent and the size increased only slightly from 10 to 20 nm when the pH was
lowered from 7.3 to 1.6 (Supplementary Fig. 3c). The size remained around 20 nm
(with PDI at around 0.2) when the dispersions were kept at pH 1.6 at 37°C for 80 mins

(Supplementary Fig. 3e), and around 90% of vitamin K remained solubilized at pH 1.6
(Supplementary Fig. 5). Interestingly, the size of the mixed micelles composed of
DSPE-PEG/EPC 50/50 (mol/mol) did not show any change when the pH was lowered
from 7.3 to 1.6 and vice versa (Supplementary Fig. 3d) and remained around 12 nm
with PDI of ~0.2 at pH 1.6 and 37°C for 80 minutes (Supplementary Fig. 3f), while
more than 90% of vitamin K remained solubilized at pH 1.6 (Supplementary Fig. 5).
To conclude, due to the steric stabilization of mixed micelles by PEG, the formation
of aggregated particles can thus be avoided by introducing PEG in the formulation.
Cell viability study
The effect of vitamin K loaded mixed micelles of different compositions as well as the
commercial formulation Konakion® MM on the viability of Caco-2 cells was studied
using the XTT assay. Caco-2 cells were selected as a model for small intestinal
epithelial cells (47, 48). As shown in Fig. 7a, the cell viability after 24 hours of
incubation with different formulations with concentration of glycocholic acid ranging
from 0.12 to 1.20 mM was > 90%. Fig.7b also shows the in vitro cell viability of
Caco-2 cells incubated with commercial formulation Konakion® MM and mixed
micelles composed of EPC only or DSPE-PEG/EPC (50/50 mol/mol) at higher
concentrations of glycocholic acid (from 0.12 to 12 mM) for 24 h. Cell viability
decreased from 95% to 50% when the concentration of glycocholic acid increased
from 0.12 to 12 mM, respectively. The reduced cell viability is due to high
concentration of glycocholic acid (31, 49). Therefore, mixed micelles composed of
DSPE-PEG/EPC showed good cytocompatibility which is comparable with that of the
commercial formulation Konakion® MM.

Fig. 7 In vitro cell viability of Caco-2 cells incubated for 24 h with mixed micelles
composed of EPC only and different molar ratio of DSPE-PEG/EPC (from10/90 to
50/50, mol/mol) and Konakion® MM.

Conclusions
In this study, vitamin K loaded mixed micelles composed of DSPE-PEG, EPC and
glycocholic acid were successfully prepared by a film hydration method. Extrusion
through a membrane filter plays a crucial role in preparation of mixed micelles with
final sizes at around 10 nm. Vitamin K loaded mixed micelles composed of EPC,
DSPE-PEG 2000 and glycocholic acid showed high loading capacity and good
cytocompatibility for Caco-2 cells, which was comparable to mixed micelles without
DSPE-PEG (i.e. Konakion® MM). Additionally, mixed micelles of EPC, DSPE-PEG
2000 and glycocholic acid can prevent both the formation of larger aggregates and
coalescence of vitamin K in the micellar dispersions at low pH thus is superior to
Konakion® MM with regard to their gastric stability. Therefore, mixed micelles of
EPC, DSPE-PEG 2000 and glycocholic acid are a promising oral formulation of
vitamin K for the prophylaxis and treatment of VKDB in neonates and infants
suffering from cholestasis. More work about the intestinal transport of vitamin K
loaded mixed micelles composed of EPC, DSPE-PEG 2000 and glycocholic acid will
be conducted in the near future.
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Supplementary material

Fig. 1 Size intensity weighted diameter of vitamin K loaded mixed micelles composed
of DSPE-PEG/EPC 50:50, (mol/mol) before filtration, after 3 filtration cycles and
after 6 filtration cycles with the feed of vitamin K 0.44 (b) and 0.88 mol/mol lipids
(c), respectively.

Fig. 2 The fluorescence intensity ratio I338/I333 of pyrene as a function of the
concentration of glycocholic acid in the micelles composed of EPC only (a) and
DSPE-PEG/EPC 50:50 (b)

Fig. 3 pH stability study by DLS: Z-average diameter at room temperature with
decreasing and subsequent increasing pH for vitamin K loaded mixed micelles
composed of EPC only (a), and various molar ratio of DSPE-PEG/EPC (mol/mol)
10/90 (b), 30/70 (c) and 50/50 (d), respectively. Size changes with time at pH 1.6 and
37°C for vitamin K loaded mixed micelles composed DSPE-PEG/EPC (mol/mol)
30/70 (e) and 50/50 (f).

Fig. 4 Photographs of Konakion MM composed of EPC only incubated at 37°C for 0
hour (a) and 1 hour (b) at pH 3.5 and pH 7.3, respectively.

Fig. 5 Vitamin K recovery in the supernatant of micellar dispersions after incubation
for 1 hour at pH 1.6 (n=3 independently prepared batches)
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Abstract
The aim of the study is to investigate the uptake by and transport through Caco-2 cells
of two mixed micelle formulations (based on egg phosphatidylcholine and glycocholic
acid) of vitamin K, i.e. with and without DSPE-PEG2000. The uptake of vitamin K
and fluorescently labeled mixed micelles with and without PEG coating showed
similar kinetics and their uptake ratio remained constant over time. Together with the
fact that an inhibitor of scavenger receptor B1 (BLT-1) decreased cellular uptake of
vitamin K by ∼80% compared to the uptake in the absence of this inhibitor, we
conclude that vitamin K can be taken up by Caco-2 cells via endocytosis of both types

of intact micelles by this scavenger receptor. The amount of vitamin K in
chylomicrons fraction from Caco-2 cell monolayers further indicates that mixed
micelles (with or without PEGylation) are likely packed into chylomicrons after
internalization by Caco-2 cells. Uptake of vitamin K from PEGylated mixed micelles
increased four-to-five fold at simulated gastrointestinal conditions. In conclusion,
PEGylated mixed micelles are stable upon exposure to simulated gastric conditions
and as a result they do show overall a higher cellular uptake efficiency of vitamin K as
compared to mixed micelles without PEG coating.

Introduction
Newborns can be deficient in vitamin K due to the limited transport of this vitamin
through the placental barrier and low concentration in breast milk (1). Since
deficiency of this vitamin may result in spontaneous life-threatening hemorrhages,
newborns therefore routinely receive oral vitamin K prophylaxis to prevent vitamin K
deficiency bleeding (VKDB). In healthy individuals, orally administered vitamin K is
emulsified by naturally occurring bile salts to form mixed micelles together with
phospholipids, to facilitate the transfer of vitamin K and other lipophilic vitamins
through the mucus layer before taken up by enterocytes (2). However, newborns with
cholestasis, whose flow of bile from the liver is slowed down or blocked, are at higher
risk of developing VKDB despite receiving this prophylaxis (3). Indeed, more than
80% of infants with cholestasis developed VKDB (3). A clinical trial in patients with
cholestasis showed that the absorption of vitamin K after oral administration of
Konakion® MM (a clinically used mixed micelle formulation containing glycocholic
acid) was low and showed high patient variability (4). Recent studies have elucidated
a possible reason for the failure of Konakion® MM to prevent VKDB in infants with
cholestasis (4, 5). Glycocholic acid is one of the components of Konakion® MM and
has a carboxylic acid group with a pKa of 3.8 (6), which ensures, due to charge
repulsion, a good colloidal stability of the formulation at pH>4. However, the
formulation is unstable and aggregates at low gastric pH because of the protonation of
the carboxylate group of glycocholic acid, causing coalescence of the micelles (7). In
patients with cholestasis, the extreme low level of bile salts in the small intestine
prevents coalesced vitamin K from being re-solubilized resulting in an impaired
absorption (4, 5).
In our previous study, a PEGylated lipid (DSPE-PEG 2000) was introduced as a
micellar component to improve the colloidal stability of the formulation at low pH (8).
It was shown that mixed micelles (PEGylated or non-PEGylated) of around 7 to
11 nm were obtained by a convenient film hydration method followed by triple
membrane extrusion. Importantly, coalescence of the formulation at gastric pH, as
observed for Konakion® MM, was avoided most likely through steric stabilization by
DSPE-PEG 2000 in the micelles. To our knowledge, although the absorption of

vitamin K loaded in polymeric micelles, lipid based vehicles or emulsions has been
investigated (9-11), cellular uptake and transport of vitamin K loaded in small sized
mixed micelles (<15 nm) that are stable at low gastric pH have not been reported
before. In this study, Caco-2 cells were used as intestinal epithelium model. This
human colorectal adenocarcinoma cell line is frequently used for drug absorption
studies, because these cells have the capability to spontaneously differentiate into cells
possessing the morphology and function of enterocytes (12). Therefore, the objective
of the current study was to investigate the influence of PEGylation of mixed micelles
on the extent and mechanism of cellular uptake of vitamin K, and to investigate this in
simulated gastrointestinal environment mimicking the pathological condition of
cholestasis.
Materials and Methods
The following methods sections are included in the Supplementary material:
Preparation of mixed micelles
Size measurements
Quantification of the fluorescent probes in the formulations
Quantification of vitamin K by HPLC
Quantification of protein
Uptake of micelles by undifferentiated Caco-2 cells
Western blot analyses of scavenger receptor B1 and Niemann-Pick C1-like 1
(NPC1L1) expression in Caco-2 cells
Measurement of trans-epithelial electro resistance (TEER)
Determination of the extraction efficiency of vitamin K
Materials
Lecithin

(egg

phosphatidylcholine,

EPC)

and

1,

2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)] (molecular weight of PEG =
2 kDa, DSPE-PEG 2000) were purchased from Lipoid GmbH (Ludwigshafen,
Germany). Block lipid transport-1 (BLT-1), Ezetimibe, potassium phosphate

monobasic (KH2PO4) and sodium phosphate dibasic dihydrate (Na2HPO4·2H2O) were
purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands) and used to prepare
0.067 M phosphate buffer (2.5 mmol KH2PO4 and 4.2 mmol Na2HPO4·2H2O in 100
ml reverse osmosis water, pH 7.3). Sodium chloride, sodium hydroxide, ZnAc and
ethanol were purchased from Merck KGaA (Darmstadt, Germany). 1,2-Dioleoyl-snglycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (rhodamine
conjugated

DSPE)

and

fluorescein

labeled

1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)] (molecular weight 2000,
DSPE-PEG-fluorescein) were obtained from Avanti Polar Lipid, Inc. Chloroform was
provided by Biosolve (Valkenswaard, The Netherlands). Hoechst dye 33342 was
bought from Molecular Probes (Eugene, OR, USA). High glucose (4.5 g/L)
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), hank's
balanced salt solution (HBSS), pepsin from porcine stomach mucosa, vitamin K,
glycocholic acid hydrate and all other chemicals and reagents were purchased from
Sigma-Aldrich (Zwijndrecht, The Netherlands). Konakion® MM was a product
manufactured by Roche (Basel, Switzerland). All chemicals and solvents were used
without further purification.
Caco-2 cell culture
Caco-2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, SigmaAldrich) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich). For
transport experiments, the medium was further supplemented with 100 U/ml penicillin
and 100 U/ml streptomycin to prevent bacterial growth during the measurement of
TEER values (Supplementary material section 1.8 and 1% non-essential amino acids.
The culture flasks and the transwell plates were placed in an incubator at 37°C with
5% CO2.

Uptake kinetics of rhodamine-DSPE labeled mixed micelles and vitamin K by Caco-2
cells
Caco-2 cells were seeded at a density of 1×105 cells per well in a 96-well plate 3
weeks before the uptake study and cultured as described in “Caco-2 cell culture” to
obtain a confluent monolayer of differentiated cells. Rhodamine-DSPE labeled
vitamin K loaded mixed micelles in blank DMEM (PEGylated or non-PEGylated)
(150 µl, 2.5 µM rhodamine-DSPE) were added to the cells and incubated for 0.5, 2
and 4 hours, respectively. Subsequently, the liquids were removed and the monolayers
of Caco-2 cells were washed 3 times with PBS and exposed to Hoechst dye 33342 (5
µM in 150 µl blank DMEM) for 20 minutes to stain the nuclei of Caco-2 cells. Images
were acquired using CV 7000 high content imaging system (Yokogawa Electric
Corporation, Tokyo, Japan) with excitation at 405 nm (nuclei staining), 488 nm
(fluorescein staining) and 561 nm (rhodamine staining) at 60 × water immersion
objective.
Uptake kinetics of vitamin K from 0.5 to 4 hours was investigated at a concentration
of 0.56 mM vitamin K (PEGylated or non-PEGyated in blank DMEM). After
exposure to the micelles, cells were washed 3 times with PBS and subsequently
exposed to RIPA lysis buffer (150 mM NaCl, 1.0% Triton X-100, 1 % sodium
deoxycholate, 0.1% SDS, 50 mM Tris-HCl, 2 mM EDTA, pH 8.0) for 10 minutes at
37°C to obtain cell lysates, which were analyzed with micro BCA protein assay kit
(Thermo Fisher Scientific, Perbio Science Nederland B.V) and HPLC to obtain total
amount of protein and vitamin K, respectively (see Supplementary material sections
1.4 and 1.5).
Uptake of mixed micelles by Caco-2 cells as studied by fluorescence activated cell
sorting analysis (FACS)
Caco-2 cells were seeded in a 24-well plate at a density of 1×105 cells per well and
cultured for 3 weeks as described in “Caco-2 cell culture”. Subsequently, the
monolayers of Caco-2 cells were washed with PBS and 200 µl non-PEGylated or
PEGylated mixed micelles loaded with vitamin K (1.4 mM) and labeled with

fluorescein-DSPE-PEG were added. Fluorescein conjugated DSPE-PEG labeled
mixed micelles were used for fluorescence activated cell sorting analysis (FACS)
(FACSCalibur; BD Biosciences), because the FACS instrument has a specific FITC
channel. After incubation for 2 hours at 4 and 37°C, respectively, the medium was
removed and the cells were washed 3 times with PBS. Subsequently, 90 µl solution of
0.02% EDTA and 0.05% trypsin solutions (Sigma) were added to detach the cells
from the wells and after 10 minutes 200 µl PBS was added to suspend the cells. The
obtained cell suspensions were centrifuged for 5 minutes at 400×g. The supernatants
were removed and 200 µl PBS was added to re-suspend the cells. The cell suspensions
were subsequently analyzed by FACS using the FITC channel. The mean fluorescence
signal in six quadrants was analyzed using FlowJo software based on 10,000 cells.
Caco-2 cells treated with PBS were used as a control.
Effect of inhibitors of scavenger receptor B1 and NPC1L1 on the uptake of vitamin K
loaded in mixed micelles
BLT-1 was dissolved in DMSO at different concentrations of 0.1, 0.5 and 2.0 mM,
respectively. Subsequently the solutions were diluted 200 times with blank DMEM to
0.5, 2.5 and 10 µM, respectively. Ezetimibe was dissolved in DMSO at different
concentrations of 4, 8 and 20 mM, respectively. Subsequently, the solutions of
ezetimibe were diluted 200 times with blank DMEM to 20, 40 and 100 µM,
respectively. Cells were pre-incubated with 150 µl BLT-1 or ezetimibe at above
different concentrations for 1 hour at 37°C, and subsequently, 150 µl samples of the
different mixed micelle formulations (compositions are described in Supplementary
material section 1.1) were incubated with the cells for 2 hours at 37°C. Subsequently,
mixed micelles were removed and the cells were washed 3 times with PBS.
Trypsin/EDTA (200 µl, 5 g/l trypsin and 2 g/l EDTA, Sigma) was added and
incubated for 30 minutes to detach cells and 400 µl RIPA buffer (150 mM NaCl, 1.0%
Triton X-100, 1.0 % sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, 2 mM EDTA,
pH 8.0) was added to the wells to lyse the cells. The cell lysates were stored in -20°C
before quantification of vitamin K uptake as in Supplementary material sections 1.4
and 1.5.

Separation of chylomicrons from Caco-2 cells
Caco-2 cells were cultured in a 24-well plate at a density of 1×105 cells per well for 3
weeks as described in “Caco-2 cell culture”. Caco-2 cell monolayers were incubated
for 1 hour with 200 µl Hank's balanced salt solution (HBSS, pH 7.4, 137 mM NaCl,
5.4 mM KCl, 0.25 mM Na2HPO4, 5.55 mM glucose, 0.44 mM KH2PO4 and 4.2 mM
NaHCO3) supplemented with 25 mM HEPES, 40 mg/ml BSA, 0.5 mM taurocholate
and 2 mM oleic acid. Oleic acid was added to enhance the formation of chylomicrons
because oleic acid can influence secretion of chylomicrons by Caco-2 cells (13, 14).
Next, HBSS was removed and 400 µl mixed micelles (with and without PEG coating,
at 1.4 mM vitamin K in blank DMEM) were incubated with the cells for 2 hours.
Subsequently, the cells were washed 3 times with PBS and incubated with
trypsin/EDTA (200 µl) to detach the cells. PBS (400 µl) was added to the wells to
obtain homogenous cell suspensions. Subsequently, the cells from two wells were
pooled and the cell suspensions were centrifuged at 300×g for 5 minutes.
Subsequently, the supernatants were removed and the cells were suspended in 1.2 ml
PBS. Next, the cell suspensions were subjected to 3 freeze-thaw cycles by being
immersed in liquid nitrogen/ice cold water to lyse the cells (RIPA buffer was not used
because detergents from RIPA buffer may destroy chylomicrons). Subsequently, the
samples were centrifuged at 300×g for 5 minutes to remove cellular debris and
samples of the supernatants (20 µl) were analyzed to determine the amount of protein
as described in Supplementary material section 1.5. The supernatants (1 ml) were
added to 9 ml 3.4 M NaCl solution to obtain dispersions with a density of 1.2 g/ml.
Next, reverse osmosis water (500 µl) was gently put on top of the samples to have two
layers due to their different density, and the intracellular chylomicrons (with a density
< 0.95 g/ml) (15) were separated by ultracentrifugation at 10,000 rpm for 30 minutes
according to the method of Andromeda M. Nauli et al. (Optima L-90K Ultracentrifuge,
Beckman Coulter, Inc.) (13). The water layer (400 µl) on the top that contained the
chylomicrons was collected and homogenized. Subsequently, 20 µl was diluted with
60 µl PBS and the amount of ApoB48 (from the chylomicrons) was quantified using a
sandwich ELISA kit according to the manufacturer's protocol (Bio-Connect

Diagnostics BV, Huissen, The Netherlands). To measure the vitamin K content in the
same water layer that contained the chylomicrons, 50 µl sample of the same water
layer on the top was added to 450 µl ethanol and the samples were vortexed for 1
minute, and then centrifuged at 8000 rpm for 10 minutes. Samples of the supernatants
(100 µl) were analyzed by HPLC to measure the amount of vitamin K as described in
Supplementary material section 1.4. The collected chylomicrons dispersion (10 µl,
from the top layer) after ultracentrifugation was studied by Transmission Electron
Microscopy (TEM, Tecnai 10, Philips, and 100 kV) using the same approach as
described in our previous publication (8).
Transport of vitamin K loaded mixed micelles through Caco-2 cells
Caco-2 cells were seeded on a polyester membrane with 0.4 μm pore size (Transwell,
24-well, Corning) at a density of 1×105 cells per insert and grown for 3 weeks (16, 17).
One ml of supplemented HBSS (composition given in section of “Separation of
chylomicrons from Caco-2 cells”) was added to the basolateral side of the transwell.
Next, 200 µl of blank HBSS was added to the apical side of the transwell and the cells
were incubated for 1 hour at 37°C. Subsequently, the medium from the apical side of
the transwell was removed. Next, the cells were washed 3 times with PBS and
replaced with donor solution (200 µl of mixed micelle dispersions in blank HBSS, at a
concentration of 1.4 mM vitamin K). Samples (500 µl) were withdrawn from the
basolateral side of the transwell at different time points (30, 60, 90, 120, 150, 180 and
210 minutes) and replaced by the same volume of above mentioned supplemented
HBSS.
A sample of the basolateral medium (200 µl) was transferred into a 1.5 ml
polypropylene tube and 300 µl ethanol was added to precipitate the proteins with brief
agitation. After being vortexed for 1 minute, 0.75 ml of n-hexane was added and the
contents were mixed vigorously. The samples were centrifuged for 10 minutes at 8000
rpm at room temperature to separate the upper hexane layer from the lower
water/ethanol layer and precipitated proteins. The upper hexane layer was
quantitatively transferred into a disposable glass tube. The lower layer was extracted
with another 0.75 ml of hexane as described above. The above two hexane layers were

pooled and evaporated to dryness under vacuum at room temperature. Next, 200 µl of
mobile phase (see Supplementary material section 1.4) was added and the samples
were vortexed for 2 minutes and subsequently 100 µl of above sample was injected
onto the HPLC column and analyzed as described in Supplementary material section
1.4.
Uptake of vitamin K loaded mixed micelles by Caco-2 cells under simulated gastrointestinal conditions
To mimic cholestatic in vivo conditions, fasted simulated gastric fluid (FaSSGF, 20.0
μM lecithin, 34.2 mM NaCl, 0.1 mg/ml pepsin) and intestinal fluid without bile salt
(FaSSIF, 0.8 mM EPC, 106.0 mM sodium chloride and 25.4 mM sodium phosphate
monobasic) were prepared according to a previous publication (18). Non-PEGylated
micelles (1.50 ml) or PEGylated micelles with 5.6 mM vitamin K were added to 0.75
ml FaSSGF and 0.24 ml of a 1 M HCl solution was added to yield a pH of 1.5. The
dispersions were incubated for 1 hour at 37°C with slow rotating at 50 rpm on a rotary
shaker in an incubator (Binder, Germany). Subsequently, 0.75 ml FaSSIF and 0.24 ml
of a 1 M NaOH solution (to yield a pH of 6.5) was added and the dispersions were
incubated for 1 hour at 37°C (not on a rotary shaker, but rotated manually every 20
minutes). Subsequently, two methods were applied to collect samples to analyze the
amount of vitamin K before incubation with Caco-2 cells. Method 1: 0.5 ml of
dispersions of the top layer (without disturbing the precipitated vitamin K at the
bottom) was diluted with blank DMEM (0.38 ml); Method 2: dispersions were
vortexed for 1 minute; subsequently dispersions of 0.5 ml were diluted with blank
DMEM (0.38 ml). As a control, mixed micelles (1.50 ml, 5.6 mM vitamin K) were
diluted with 1.98 ml phosphate buffer (0.067 M, pH 7.3) and the samples (0.5 ml)
were diluted with blank DMEM (0.38 ml). Subsequently, Caco-2 cell monolayers
(that were seeded in a 24-well plate at a density of 1×105 cells per well and cultured
for 3 weeks as described in section of “Caco-2 cell culture”) were incubated with the
different samples for 2 hours at 37°C. Subsequently, the cells were washed 3 times
with PBS and subsequently exposed to RIPA buffer to obtain cell lysates that were
analyzed by micro BCA protein assay kit and HPLC for protein and vitamin K

concentration, respectively as described in Supplementary material sections 1.4 and
1.5.
Statistical analysis
Statistical analysis was performed using Prism 7.0 software (GraphPad Software Inc.).
Kurskal-Wallis test with Dunn’s multiple comparisons test (*** p<0.0001) was used
as indicated in the figure legends.
Results
Uptake of vitamin K loaded mixed micelles by Caco-2 cells
Details of the preparation and characterization (size and composition) of the micelles
with or without DSPE-PEG can be found in the Supplementary material sections 1.1,
1.2, 1.3, 2.1, Supplemental Fig. S1 and Supplemental Table S1. Vitamin-K loaded
micelles had hydrodynamic diameters of around 10 nm. The effect of PEGylation on
the uptake kinetics of the vitamin K loaded mixed micelles was investigated. Both the
uptake of fluorescently labeled lipid (rhodamine-DSPE, Supplemental Fig. S2) and
vitamin K (Supplemental Fig. S3) were significantly higher when loaded in nonPEGylated micelles than in PEGylated micelles (as summarized in Fig. 1A). The
uptake of fluorescently labeled micelles and vitamin K showed similar kinetics and
their uptake ratio (defined as rhodamine fluorescence intensity divided by the
correlating uptake of vitamin K) remained constant (around 220 a.u. / (nmol/mg
protein) for both non-PEGylated and PEGylated micelles, see Fig. 1B).

Fig. 1. (A) Fluorescence intensity of rhodamine signal shown in rhodamine channel
from confocal laser scanning microscopy pictures of Supplementary material Fig. S2
at different incubation times (0.5, 2.0 and 4.0 hours) (black, left y-axis) and timedependent uptake of vitamin K upon incubation of Caco-2 cells with mixed micelles
(non-PEGylated and PEGylated micelles) at 37°C and at a concentration of 0.56 mM
vitamin K (grey, right y-axis). (B) The uptake ratio (defined as rhodamine
fluorescence intensity divided by the correlating uptake of vitamin K) at different time
points from 0.5 to 4.0 hours.
Receptor mediated uptake of vitamin K loaded mixed micelles by Caco-2 cells
To investigate whether the uptake pathway of vitamin K loaded mixed micelles is
energy dependent, they were labeled with fluorescein-DSPE-PEG and cellular uptake
was evaluated by FACS at both 4 and 37°C. After 2 hours of incubation at 37°C, the
amount of vitamin K taken up by or associated with cells was concentration dependent:
when the concentration of vitamin K increased from 0.22 to 1.40 mM, association
increased from 6.8±0.7 to 16.2±2.5 nmol/mg protein for non-PEGylated micelles and
from 3.4±0.8 to 9.6±0.9 nmol/mg protein for PEGylated mixed micelles, respectively
(Fig. 2A). 86.8±2.9 and 97.1±1.7% of the cells were associated with fluorescence
from PEGylated micelles and non-PEGylated micelles, respectively (Fig. 2B). At 4°C,
these values decreased to 7.0±2.5 and 37.4±7.8% respectively (Fig. 2B) while uptake
was still concentration dependent (Supplemental Fig. S3). The inhibition of uptake of
fluorescently labeled micelles (Fig. 2C) and vitamin K at 4°C as compared to 37°C

would indicate that the uptake mechanism is carrier mediated (19), because carrier
mediated processes are energy dependent and thus minimal at 4°C (20, 21). The
uptake of fluorescein labeled mixed micelles by undifferentiated Caco-2 cells, which
are not grown to confluency, was also significantly lower at 4°C than that at 37°C
after 2 hours of incubation (Supplemental Fig. S4B/C), suggesting that the involved
carriers were also present in these undifferentiated cells.

Fig. 2. (A) Uptake of vitamin K upon incubation of Caco-2 cells with mixed micelles
of two different compositions (PEGylated and non-PEGylated) at different
concentrations of vitamin K (0.22, 0.56, and 1.40 mM) after 2 hours at 37°C, results
are expressed as mean ± S.D. (n = 3). (B) FACS histograms of Caco-2 cells exposed
to PBS (controls), and fluorescein-DSPE-PEG labeled non-PEGylated and PEGylated
micelles; results from one representative experiment are shown. (C) The
corresponding mean fluorescence intensities are expressed as mean ± S.D. (n = 3).
Two receptors have previously been suggested as being involved in vitamin K uptake,
i.e. scavenger receptor B1 protein and NPC1L1 protein (10, 22). Western blot analysis
was used to confirm whether these receptors were expressed in the cell membrane of

undifferentiated and differentiated Caco-2 cells (see method in Supplementary
material section 1.7). 80-kDa scavenger receptor B1 protein was detected in both
undifferentiated and differentiated cells but at higher concentration in the latter ones
(Supplemental Fig. S5A), while the 150-kDa NPC1L1 protein was detected in
differentiated cells only (Supplemental Fig. S5B).
To check the contribution of NPC1L1 to the uptake of vitamin K from the micelles,
ezetimibe was used as inhibitor of this receptor (10, 22). In the presence of ezetimibe,
the uptake of vitamin K in differentiated cells was only slightly reduced from
16.2±2.5 to 13.0±1.9 nmol/mg protein for non-PEGylated micelles and no significant
changes were observed for PEGylated micelles (Fig. 3A). In the presence of BLT-1
(10 µM), which is an inhibitor of scavenger receptor B1, the uptake of vitamin K by
differentiated cells decreased significantly from 16.2±2.5 to 3.4±1.1 nmol/mg protein
and from 9.6±0.9 to 1.3±0.6 nmol/mg protein for non-PEGylated micelles and
PEGylated micelles, respectively (Fig. 3B).

Fig. 3. Effect of different concentrations of the inhibitor ezetimibe (A) and BLT-1 (B)
on the uptake of vitamin K loaded mixed micelles (1.4 mM vitamin K, 2 hours
incubation at 37°C) by differentiated Caco-2 cells, results are expressed as mean ±
S.D. (n = 3).
Separations and characterization of chylomicrons
Chylomicrons are cellular components (lipoproteins) that are responsible for the
excretion of lipophilic compounds including vitamin K to the basolateral sites of
polarized endothelium (23). Although undifferentiated Caco-2 cells can take up

vitamin K loaded micelles (Supplemental Fig. S4), they will fail to transport the taken
up micelles as Caco-2 cells can secrete chylomicrons only after differentiation (24).
As apolipoprotein B48 is a major protein constituent of chylomicrons, these particles
can be detected and quantified by measuring apoB48 (13). In our study, chylomicrons
were isolated from lysed differentiated cells by ultracentrifugation (13). The
morphology of chylomicrons was studied by TEM analysis and shown in Fig. 4A.
Particles’ size of approximately 90 nm are in accordance with the size of
chylomicrons as reported in the literature (with diameter above 80 nm) (13). The
amounts of vitamin K and ApoB48 in the chylomicrons fraction were determined by
HPLC and a sandwich ELISA kit, respectively. The amount of ApoB48 in the
chylomicrons fraction was similar (194.3-204.6 ng/mg protein) for both untreated
cells and cells incubated with vitamin K loaded mixed micelles with and without PEG
coating (Fig. 4B). As shown by Fig. 4C, the concentration of vitamin K in the
chylomicrons fraction was 0.29 and 0.16 ng/mg protein for cells incubated with
vitamin K loaded mixed micelles without and with PEG coating, respectively, which
is in accordance to the above observed differences in uptake using non-PEGylated and
PEGylated micelles (Supplemental Fig. S3).

Fig. 4 (A) Representative TEM image of isolated chylomicrons. Amount of apoB48 (B)
and vitamin K (C) per mg of cellular protein in chylomicrons.

Transport studies
Monolayers of differentiated Caco-2 cells were used to determine the transport of
vitamin K when formulated in different mixed micelles. TEER values are commonly
used to evaluate the integrity of Caco-2 cell monolayers, which are acceptable when
the TEER value exceeds 300 Ω×cm2 (25, 26). TEER of the monolayers increased
during differentiation and reached a plateau of around 900 Ω×cm2 after 14 days
(Supplemental Fig. S6). To minimize adsorption of vitamin K onto the well plate
surface (27) and to increase its solubility in the medium, BSA and taurocholate were
added to the basolateral HBSS medium (12, 28-30). As chylomicrons play an
important role in the transport of vitamin K by epithelium cells (see above), oleic acid
was also added to the HBSS medium to induce chylomicron assembly and secretion
(30, 31).
To determine the extraction efficiency of vitamin K from the basolateral medium,
known amounts of vitamin K in ethanol or different formulations (non-PEGylated and
PEGylated micelles) were added to HBSS (at 10, 50 and 100 ng, respectively) and
extracted with hexane. The results of Supplemental Table S2 show that the average
extraction efficiency was 83%.
The effect of PEGylation of mixed micelles on the transport through monolayers of
Caco-2 cells was evaluated. The permeability coefficients were determined from the
linear slope of the plots of cumulative amounts of transported vitamin K against time
(Supplemental Fig. S7) and was calculated using the equation: Papp (cm/s)=
(dQ/dt)/(A×C0×60×106), where dQ/dt is the steady-state flux (ng/s), A is the surface
area of the insert membrane (0.33 cm-2 for a 24-well plate), and C0 is the donor
concentration of vitamin K at the apical side (1.4 mM) (32). The permeability
coefficients were (3.2±0.3) ×10-7 and (1.1±0.5)×10-7 cm/s for non-PEGylated micelles
and PEGylated micelles, respectively (Fig. 5). This means that PEGylation reduced
the transport of vitamin K loaded in mixed micelles through Caco-2 cell monolayers,
which is in agreement with the observed reduction in uptake when micelles were
PEGylated (Fig. 1A).

Fig. 5. The permeability coefficients for the transport of vitamin K loaded in mixed
micelles (with and without PEG coating) through Caco-2 cell monolayers. Results are
expressed as mean ± S.D. (n = 3).
Uptake of vitamin K in simulated gastro-intestinal fluids
To mimic the in vivo fate of micelles in the gastro-intestinal (G-I) of pathological
cholestasis conditions, mixed micelles (with and without PEG coating) were exposed
to fasted simulated gastric fluid (FaSSGF) and subsequently to fasted simulated
intestinal fluid (FaSSIF) without taurocholate. Two methods of collecting samples for
uptake study were conducted and compared (Method 1 and Method 2 as described in
section of “Uptake of vitamin K loaded mixed micelles by Caco-2 cells under
simulated gastro-intestinal conditions” and illustrated in Fig. 6A).

Fig. 6. Schematic illustration of mimicking G-I conditions (A) and uptake of vitamin
K by Caco-2 cell monolayers upon incubation in FaSSGF (for 1 hour) and FaSSIF (for
1 hour) at 37°C, respectively (B). As a control, mixed micelles were also directly
diluted to the same concentration with phosphate buffer (0.067 M, pH 7.3). Results
are expressed as mean ± S.D (n = 3).
Using method 1, recovery of vitamin K in the supernatant from non-PEGylated mixed
micelles was 47.9±6.5%, indicating precipitation and a significant loss of vitamin K
during exposure to the G-I conditions. When this supernatant was added to the Caco-2
cell monolayer, the uptake of vitamin K from non-PEGylated mixed micelles was
reduced from around 16.2±2.5 nmol/mg protein (micelles in physiological buffer) to
1.6±0.2 nmol/mg protein (Fig. 6B). On the other hand, when the treated samples were
first homogenized by vortexing (method 2), recovery of vitamin K was 94.7±2.5% but

the uptake was still somewhat reduced to 7.6±0.6 nmol/mg protein. Importantly, for
PEGylated mixed micelles, recovery was 92% and uptake of vitamin K was around 8
nmol/mg protein (Fig. 6B) no matter whether these micelles were exposed to the G-I
fluids with sampling Method 1 or Method 2. Moreover, uptake was similar compared
to the control samples (micelles stored in physiological buffer: 9.6±0.9 nmol/mg
protein).
Discussion
PEG coating functions as a steric barrier and reduces the interaction between mixed
micelles and the cell membrane of Caco-2 cells, explaining the reduced cellular
uptake of the payload (33, 34). Despite this reduction, the uptake of vitamin K and
fluorescently labeled mixed micelles showed similar kinetics, both with and without
PEG coating, and their uptake ratio (defined as rhodamine fluorescence intensity
divided by the correlating uptake of vitamin K) remained constant, which indicates
that micelles (with and without PEG coating) were likely taken up simultaneously
with vitamin K. A recent study also unveiled that lipid nanocapsules as well as
polymeric micelles retained their integrity after crossing a human intestinal epithelium
model of Caco-2 cells (35, 36).
Although passive diffusion is temperature dependent (19), which can to some extent
also explain the reduced uptake of vitamin K at 4°C, our results strongly support that
the concentration and energy-dependent uptake is carrier mediated. However, an
inhibitor of NPC1L1, as being one of the possible receptors involved (22), did not
reduce the uptake of vitamin K. Together with the observation that NPC1L1 is not
expressed in undifferentiated cells (Supplemental Fig. S5B) while these were still able
to take up the micelles (Supplemental Fig. S4A), this suggests that NPC1L1 is not
involved in the uptake of vitamin K from the micelles. On the other hand, an inhibitor
of scavenger receptor B1 (BLT-1) decreased cellular uptake of vitamin K significantly,
i.e. by ∼80% compared to the uptake in the absence of this inhibitor. Therefore

Scavenger receptor B1 is suggested to be a main carrier that mediated the energy
dependent uptake of vitamin K loaded micelles (with and without PEG coating). In

another report it was shown that scavenger receptor type B1 was able to cluster in
caveolae-like domains on the surfaces of cells (37), and we hypothesize that these
clusters mediate the internalization of intact micelles into enterocytes via endocytosis.
The presence of vitamin K in chylomicrons further indicates that vitamin K is most
probably packed into chylomicrons after internalization by Caco-2 cell monolayers.
Previous studies reported a relationship between the bioavailability and their
permeability coefficients in Caco-2 cell monolayers (38-40). As a rule of thumb one
can state that drugs that are (almost) quantitatively absorbed in humans have
permeability coefficients > 1×10-6 cm/s, drugs that are absorbed > 1% but < 100%
have permeability coefficients of 0.1-1.0×10-6 cm/s, while drugs that are essentially
not absorbed (< 1%) have permeability coefficients of <1×10-7 cm/s (39). The
permeability coefficient of 3.2×10-7 cm/s as we observed for non-PEGylated micelles
would predict a bioavailability of around 40-60% according to Artursson and Karlsson
(39). Indeed, for Konakion® MM the bioavailability was reported to be 27-80% with
substantial inter- and intra-individual variations (41), and about 50% according to
Medicine Information of Konakion® MM (42). Although the permeability for the
PEGylated micelles was lower than for the non-PEGylated ones, those micelles would
still provide a reasonable bioavailability of 13-20% according to these predictions.
To summarize the above, PEGylated mixed micelles displayed a two-to-three-fold
reduction in both cellular uptake and transport at neutral pH, as compared to nonPEGylated micelles. However, this reduction was counterbalanced by the observation
that the uptake of vitamin K from PEGylated mixed micelles increased four-to-five
fold at simulated cholestatic gastrointestinal conditions, because those PEGylated
micelles showed good colloidal stability at this low pH, whereas non-PEGylated
mixed micelles showed coalescence and precipitation at low pH. Apparently, once
coalesced, the non-PEGylated particles are difficult to be re-dispersed causing poor
uptake by the Caco-2 cells. This phenomenon probably explains why the nonPEGylated micelles (i.e. Konakion® MM) showed poor bioavailability in human
patients suffering from cholestasis (3-5).

In summary, the present study shows that scavenger receptor B1 participates in the
absorption of vitamin K when loaded in both PEGylated and non-PEGylated mixed
micelles probably via endocytosis of intact micelles, which are likely subsequently
packed into by chylomicrons after internalization by Caco-2 cell monolayers.
Interestingly, PEGylated mixed micelles are more stable upon exposure to simulated
gastro-intestinal conditions and as a result they do show overall a higher cellular
uptake efficiency of vitamin K as compared to mixed micelles without PEG coating in
the absence of bile. Therefore, these PEGylated mixed micelles are suitable to be
orally administrated for treatment of patients with cholestasis.
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Supplementary material
1. Methods
1.1 Preparation of mixed micelles
In the present study, the preparation of mixed micelles was optimized to be more
robust as compared to the method used in our previous work (1). Rather than
hydration of a lipid film composed of vitamin K, EPC (and DSPE-PEG) with a
glycocholic acid dispersion, glycocholic acid was dissolved together with the lipids
and vitamin K in a chloroform/methanol mixture to form the film after evaporation of
the solvents. The obtained film was subsequently hydrated in phosphate buffer.
In detail, for the preparation of fluorescently labeled mixed micelles, a 50 ml round
bottom flask was filled with 0.2 ml of vitamin K stock solution in chloroform (100
mg/ml, 20 mg), 110 mg glycocholic acid hydrate (0.24 mmol) and various amounts of
lipids: 200 µmol EPC for non-PEGylated formulation or 100 µmol EPC+100 µmol
DSPE-PEG 2000 for PEGylated formulation and mixed with 3.5 ml rhodamine
conjugated DSPE solution in chloroform (59 µM) or 3.5 ml fluorescein conjugated
DSPE-PEG 2000 in chloroform (50 µM) and 1.5 ml methanol. For unlabeled micelles,
the same mixture was prepared but the fluorescently labeled lipids were omitted.
Subsequently, a film was obtained after evaporation of the solvent under reduced
pressure at 60°C and hydrated in 8 ml phosphate buffer (0.067 M, pH 7.3). After
magnetically stirring for at least 4 hours at room temperature, the dispersions were
pressed 3 times through a syringe filter (0.2 μm, Phenomenex, Torrance, CA) to
obtain small-sized vitamin K loaded mixed micelles with or without fluorescent
labeling.
1.2 Size measurements
Average size and size distribution of vitamin K loaded micelles were determined
using Dynamic Light Scattering (DLS; Zetasizer 4000, Malvern Instruments, Malvern,
UK) at 25°C and at angle of 90º.

1.3 Quantification of the fluorescent probes in the formulations
Mixed micelles (100 µl) were disrupted by adding methanol (900 µl) to the dispersion
and the concentration of rhodamine conjugated DSPE or fluorescein conjugated
DSPE-PEG 2000 was determined using fluorescence measurements (FLUOstar
Optima, BMG Labtech. For rhodamine conjugated DSPE: λex = 560 nm, λem = 590
nm; for fluorescein conjugated DSPE-PEG 2000: λex = 490 nm, λem = 520 nm).
Calibration curves were obtained using rhodamine conjugated DSPE in ethanol (linear
between 1 and 5 µg/ml) or fluorescein-DSPE-PEG 2000 dissolved in 1/1
methanol/phosphate buffer (0.067 M, pH 7.3) (linear between 1.4 and 14 µg/ml).
1.4 Quantification of vitamin K by HPLC
The HPLC method was based on the one described by Marinova et al. with minor
modification (2). The mobile phase was methanol: ACN: HAc: water (880 ml: 120 ml:
10 ml: 5 ml, in which 1.2 g ZnAc was dissolved). The eluent was flushed with
nitrogen gas for 5 minutes before use. A SunFire C18 column was used for separation,
and a reduction column (5.5 ×1.5 cm, filled with zinc powder 60-70 µm obtained from
Sigma-Aldrich, Zwijndrecht, The Netherlands) was attached to subsequently convert
vitamin K into its reduced form to allow fluorescence detection. The flow rate was 1.2
ml/min, the column temperature was 30°C, and the excitation and emission
wavelengths were 246 and 430 nm, respectively. The injection volume was 100 µl. A
calibration curve was obtained using vitamin K in ethanol (linear between 10 and 500
ng/ml).
1.5 Quantification of protein
Micro BCA working reagents were prepared by mixing reagents A, B and C (25:24:1,
v/v/v) of the Micro BCA Assay Kit. Cell lysates (150 μl) from each well were
transferred into the wells of a microplate. Then, 150 μl of working reagent was added
to the wells and mixed using a plate shaker for 30 seconds. Next, the plate was
covered using sealing tape and subsequently incubated for 2 hours at 37°C.
Subsequently, the absorbance at 562 nm was measured on a plate reader. A calibration

curve was obtained using BSA (bovine serum albumin) solutions with concentrations
ranging from 1 to 200 µg/ml.
1.6 Uptake of vitamin K loaded mixed micelles by undifferentiated Caco-2 cells
Caco-2 cells (1×105) were seeded on glass coverslips in 6-well plates for 2 days.
Fluorescein-labeled vitamin K loaded mixed micelles (with and without PEG coating,
at 1.4 mM vitamin K in blank DMEM) were incubated with the cells for 2 hours.
Subsequently, the micellar dispersions were removed and the cells were washed 3
times with PBS. Cells were fixed with 4% paraformaldehyde for 10 minutes at room
temperature and washed 3 times with PBS. Cells were permeabilized with 0.05%
TritonX-100 for 2 minutes and blocked with BSA (30 mg/ml in PBS) for 30 minutes
before staining with Alexa647-conjugated phalloidin (Thermo Fisher Scientific,
Perbio Science Nederland B.V) for 1 hour. The coverslips were mounted on glass
slides with Vectashield mounting medium containing DAPI (4', 6-diamidino-2phenylindole) to visualize nuclei. Images were acquired on a Zeiss LSM-700 using
405, 488 and 633 nm laser lines and a EC Plan-Neofluar 40x / 1.30 Oil DIC (working
distance = 0.21 mm) objective, resulting in 160 nm / pixel resolution, using Zeiss Zen
2012 software. Images were taken with 0.5 µm spacing along the z axis and 4x line
averaging in 16 bit mode. Identical intensity settings were used for all conditions
imaged. The resulting z-stacks were maximum-projected and integrated densities were
measured using ImageJ software.
1.7 Western blot analyses of scavenger receptor B1 and Niemann-Pick C1-like 1
(NPC1L1) expression in Caco-2 cells
Caco-2 cells were seeded in 6-well plates at a density of 1×105 cells per well for 2
days and 3 weeks, respectively, before they were scraped from the wells and lysed by
probe sonication at 4°C. Subsequently, cell lysates were centrifuged at 10,000 rpm for
10 minutes at 4°C. Protein concentrations in the supernatants were measured by micro
BCA assay as described in Supplementary material section 1.5. For western-blot
analysis, 15 µl supernatants containing approximately 20 µg of protein were heated at
95°C for 5 minutes in 5 µl NuPAGE® LDS sample buffer 4× (Thermo Fisher

Scientific, Perbio Science Nederland B.V) and proteins were separated by SDS-PAGE
using a Bolt 4–12% Bis-Tris Plus gel (Invitrogen, Carlsbad, CA, USA) in MES SDS
running buffer (Invitrogen, NuPAGE NP0002). After electrophoresis, proteins were
transferred onto a 0.45 mm nitrocellulose membrane. The membrane was exposed to
BSA (50 mg/ml) in Tris-buffered saline (T-TBS: 0.05% Tween 20, 0.025 M Tris, 0.14
M NaCl, and 2.5 mM KCl, pH 7.6) as blocking buffer for 1 hour at 4°C. The
membrane was subsequently incubated with the monoclonal mouse anti-(human SRBI) IgG (primary antibody, CD36 and LIMPII Analogous-1, Becton Dickinson, The
Netherlands) and anti Niemann-Pick C1-like 1 (NPC1L1) primary antibody (obtained
from Sigma-Aldrich, Zwijndrecht, The Netherlands) at 1:1000 in T-TBS overnight at
4°C. The membrane was washed 3 times with T-TBS for 20 minutes each, followed
by incubation with secondary antibody (monoclonal anti-mouse IgG at 1/5000 dilution)
for 1 hour at 37°C. The membrane was washed 3 times for 20 minutes each. Next, the
Super Signal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific,
Perbio Science Nederland B.V) was used and chemiluminescence was visualized on a
ChemiDoc XRS system (Bio-Rad Laboratories, USA).
1.8 Measurement of trans-epithelial electro resistance (TEER)
TEER was recorded using an Epithelial Volt Ohm Meter (EVOM2, World Precision
Instruments). Data were converted to Ω×cm2 based on the area of inserts of the
transwell (0.33 cm2). The inserts with TEER value above 300 Ω × cm2 were selected
for the subsequent transport study.
1.9 Determination of the extraction efficiency of vitamin K
To determine the extraction efficiency of vitamin K, known amounts of vitamin K (i.e.
1, 5 and 10 µl non-PEGylated (10 µg/ml) or PEGylated micelles or standard solution
of vitamin K in ethanol (10 µg/ml) were pipetted into 1.5 ml polypropylene tubes.
Supplemented HBSS was added, and extractions with n-hexane were performed as
described in section “Transport of vitamin K loaded mixed micelles through Caco-2
cells ” in the main text. As controls, 20 µl non-PEGylated mixed micelles (10 µg/ml),
PEGylated mixed micelles (10 µg/ml) or standard solution of vitamin K in ethanol (10

µg/ml) were diluted in 800 µl ethanol. Subsequently, the samples were vortexed for 2
minutes and centrifuged at 8000 rpm for 10 minutes. The different supernatants (100
µl) were analyzed by HPLC as described in Supplementary material section 1.4.
2. Results and discussion:
2.1 Preparation and characterization of micelles
The preparation of mixed micelles was based on the method used in our previous
publication with minor modification (1). To mention, rather than hydration of a thin
film of lipids and vitamin K by a glycocholic acid dispersion, the latter component
was dissolved together with the lipids and vitamin K in the thin film. Thus, after
subsequent hydration, the turbidity of the dispersion upon hydration was less and the
preparation is more robust as compared to the previous method, probably because the
more efficient insertion of glycocholic acid by mixing with the lipids enhanced the
rapid bilayer formation (3). The average sizes of vitamin K loaded non-PEGylated and
PEGylated micelles were 7.1±0.2 and 11.0±1.4 nm and the PDI were 0.25±0.05 and
0.23±0.07, respectively (Supplemental Fig. S1 and Supplemental Table S1). The size
difference with and without DSPE-PEG is in good agreement with the average
thickness of around 1.5-3.5 nm for a PEG 2000 corona (4, 5). The average size of
fluorescently labeled micelles (with vitamin K loading) was slightly larger than that of
mixed micelles without fluorescence labeling (7.4-8.2 nm for non-PEGylated and
11.0-12.4 nm for PEGylated micelles (Supplemental Table S1). Around 95% of the
lipids were recovered after preparation. With a feed of 0.22 molar ratio of vitamin K
versus total lipids, drug recovery was approximately 96% resulting in actual loading
of vitamin K of 11.0±0.6 weight % and 5.2±0.8 weight % for non-PEGylated and
PEGylated mixed micelles, respectively. The measured concentrations of rhodamine
conjugated DSPE or fluorescein conjugated DSPE-PEG 2000 in fluorescently labeled
mixed micelles were the same for non-PEGylated and PEGylated micelles (25 µM for
rhodamine conjugated DSPE and 20 µM fluorescein conjugated DSPE-PEG 2000,
respectively).

Fig. S1. Size intensity weighted diameter of vitamin K loaded mixed micelles (with
and without PEG coating): non-PEGylated micelles without labeling (a) and labeled
with rhodamine-DSPE (b) or labeled with fluorescein-DSPE-PEG (c); PEGylated
micelles without labeling (d) and labeled with rhodamine-DSPE (e) or labeled with
fluorescein-DSPE-PEG (f).
Table S1. Average size of different vitamin K loaded mixed micelles (with and
without PEG coating) labeled with Rhodamine-DSPE or fluorescein-DSPE-PEG or
without labeling.

Non
PEGylated

PEGylated

Formulations

Size (nm)

PDI

Labeled with Rhodamine-DSPE

8.2±0.7

0.09±0.03

Labeled with fluorescein-DSPE-PEG

8.0±0.6

0.14±0.07

Without fluorescent labeling

7.1±0.2

0.25±0.05

Labeled with Rhodamine-DSPE

11.2±2.6

0.13±0.07

fluorescein-DSPE-PEG

12.4±1.3

0.11±0.02

Without fluorescent labeling

11.0±1.4

0.23±0.07

2.2 Uptake kinetics studies
Rhodamine-DSPE labeled micelles with and without DSPE-PEG were incubated with
Caco-2 cell monolayers and fluorescence images were recorded at different time
points as described in section “Uptake kinetics of rhodamine-DSPE labeled mixed
micelles and vitamin K by Caco-2 cells” in the main text. Reconstructed z-stack
confocal images (Supplemental Fig. S2) demonstrate that the fluorescently labeled
micelles were present in the cells. The uptake by Caco-2 cell monolayers was fast and
fluorescence intensity of rhodamine was already observed in the cells after 0.5 hour of
incubation and increased progressively between 0.5 and 4.0 hours from 1200±300 a.u.
to 3800±700 a.u. for non-PEGylated micelles and from 310±60 a.u. to 1650±330 a.u.
for PEGylated micelles (Fig. 1A in the main text). Therefore, there was a higher
degree of cellular uptake of fluorescently labeled non-PEGylated mixed micelles as
compared to the PEGylated ones. Time-dependent uptake of vitamin K, normalized by
the amount of protein in order to avoid variation of collected cells, is shown in Fig. 1A
in the main text and increased from 5.0±1.2 to 14.0±1.4 nmol/mg protein for nonPEGylated micelles and from 1.1±1.0 to 7.9±0.6 nmol/mg protein for PEGylated
micelles, when the incubation time increased from 0.5 to 4.0 hours at 37°C (at a
concentration of 0.56 mM vitamin K).

Fig. S2. Confocal microscopy images of time-dependent uptake of rhodamine-DSPE
labeled mixed micelles of two different compositions (non-PEGylated and PEGylated
micelles) by Caco-2 cell monolayers. Nuclei were stained in blue with Hoechst dye
33342 for 20 minutes at 37°C, and red shows the fluorescence from the rhodamine
emission channel (scale bar=50 µm).
2.3 Concentration dependent uptake of vitamin K by Caco-2 cells
Concentration of vitamin K loaded micelles was varied (0.22, 0.56 and 1.40 mM
vitamin K) to investigate its effect on the uptake of vitamin K loaded in mixed
micelles by Caco-2 monolayers. The uptake of vitamin K seemed to saturate at higher
concentrations of vitamin K, which implies receptor-mediated endocytosis (Fig. 2A in
the main text). Reboul et al. also demonstrated that the uptake of vitamin K by Caco-2
cells using vitamin K loaded micelles and emulsions was proportional to the
concentration of vitamin K (below 5 µM) but saturated at higher concentrations (6).
Similarly, Hollander et al. showed that the absorption of vitamin A was mediated by a
carrier-mediated absorption mechanism (7). Reboul et al. unveiled that absorption of
vitamin D loaded in phosphatidylcholine/taurocholate/ monoolein/cholesterol/oleic
acid based micelles was not a simple passive diffusion only and also involved uptake
by transporters (8). The uptake of vitamin K was concentration dependent at a
concentration range of 0.22-1.4 mM at 4°C (Supplemental Fig. S3). The vitamin K
uptake at 4°C was about a factor of 3 lower than that at 37 °C.

Fig. S3. Uptake of vitamin K upon incubation of Caco-2 cells with mixed micelles of
two

different

compositions

(PEGylated

and

non-PEGylated)

at

different

concentrations of vitamin K loaded micelles (0.22, 0.56, and 1.40 mM vitamin K)
after 2 hours at 4°C. Results are expressed as mean ± S.D. (n = 3).
2.4 Uptake by the undifferentiated Caco-2 cells
Undifferentiated and non-polarized cells were obtained by culturing for only 2 days (9,
10), while polarized and differentiated enterocytes were obtained as the cells reach
confluence after two to three weeks of culturing (11). Confocal microscope was used
to investigate the uptake of fluorescein labeled micelles (vitamin K loaded, with or
without PEG coating) by the undifferentiated Caco-2 cells after incubation for 2 hours
at 37 or 4°C, respectively. Fluorescein label (in green) was detected in the cytoplasm
as shown in Supplemental Fig. S4A (actin cytoskeleton was stained in red).

Fig. S4. A: Single focal plane of undifferentiated Caco-2 cells incubated with
fluorescein-labelled mixed micelles (with or without PEG coating) for 2 hours at 37°C
and stained to visualize actin cytoskeleton (in red) and nuclei (in blue). Scale bar is 20
µm. B: The same for 2 hours at 37 and 4°C, scale bar is 10 µm. C: Measurements of
integrated density of fluorescein signal shown in B. Bars indicate average ± SEM, ***
p<0.0001 Kurskal-Wallis test with Dunn’s multiple comparisons.

2.5 Western blot analyses of scavenger receptor B1 and Niemann-Pick C1-like 1
(NPC1L1) expression in Caco-2 cells

Fig. S5. Western blot analysis of scavenger receptors B1 (A) and NPC1L1 (B): a
comparison between undifferentiated and differentiated Caco-2 cells.
2.6 Transport studies

Fig. S6. Trans-epithelial electric resistance (TEER) values (mean+/-SD from 6 wells)
measured on Caco-2 cells on filters in Transwells during their differentiation.

Table S2. Recovery of known amounts of vitamin K dissolved in ethanol and of
different vitamin K formulations (with and without PEG coating) after extraction from
supplemented HBSS with hexane.
Recovered from

Recovered from

Recovered from

standard solution in

non- PEGylated

PEGylated micelles

ethanol (%)

micelles (%)

(%)

10 ng

81.4±3.4

81.0±7.2

85.9±6.1

50 ng

85.5±4.3

83.4±5.3

81.9±1.3

100 ng

80.7±2.9

83.8±3.1

81.2±1.2

Added
amount

Fig. S7. Cumulative amount of transported vitamin K loaded in non-PEGylated (a)
and PEGylated micelles (b) across Caco-2 cell monolayers.
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Abstract
In previous studies we have shown that PEGylated micelles loaded with vitamin K are
attractive formulations to overcome the colloidal instability of the clinically used
formulation of vitamin K (i.e. Konakion® MM) in the stomach and as a consequence
to improve epithelial uptake of vitamin K under cholestatic gastro-intestinal
conditions. The aim of this study was to investigate the stability and mobility of
vitamin K loaded mixed micelles (with and without PEG coating) in mucus, and to
investigate the effect of PEGylation on the transport of vitamin K loaded in micelles
over ileum organoid monolayers. To this end, the stability and mobility of vitamin K
loaded mixed micelles with and without PEG-coating in porcine intestinal mucus were
studied using FRET (fluorescence resonance energy transfer) and FRAP (fluorescence
recovery after photobleaching, respectively. Moreover, the effect of PEGylation of the
mixed micelles on the cellular transport of vitamin K over human ileum organoidderived monolayers was evaluated. FRET and FRAP analysis showed that both
PEGylated and non-PEGylated micelles were stable in porcine intestinal mucus, but
PEGylated micelles showed a higher mobility in mucus than the non-PEGylated
counterparts due to near neutrally-charged surfaces and avoidance of charge-repulsive
caging. Importantly, the permeability coefficients of vitamin K were statistically not
different: (7.8±2.4)×10-9 and (7.3±1.0)×10-9 cm/s for non-PEGylated and PEGylated
micelles, respectively. However, non-PEGylated micelles are not stable at gastric low
pH and therefore PEGylated mixed micelles, which are stable at low pH and show
good permeability over ileum organoid-derived monolayers, are attractive
formulations for the oral bioavailability of vitamin K.

1. Introduction
Mixed micelles composed of bile salts and lipids can improve the bioavailability of
poorly water-soluble drugs via improved aqueous solubility and enhanced
translocation over the mucus layers. These properties make mixed micelles versatile
drug delivery systems in particular for poorly water-soluble drugs (1-5).
Deficiency of vitamin K may result in spontaneous life-threatening hemorrhages (6)
and therefore newborns routinely receive vitamin K prophylaxis to prevent vitamin K
deficient bleeding (VKDB) (7-8). Intravenous/intramuscular injection of a commercial
formulation of vitamin K (i.e. Konakion® MM) can cause adverse reactions, including
flushing of the face, sweating, a sense of chest constriction, cyanosis and peripheral
vascular collapse (7). Therefore, oral administration of commercial vitamin K mixed
micelles is preferred by parents in view of its convenience and infants’ acceptance.
However, the clinically used oral formulation (Konakion® MM) is unstable in the
stomach as coalescence of this formulation occurs at gastric pH because of the
protonation of the carboxyl group of one of its components (glycocholic acid) (8). In
healthy infants, precipitated vitamin K can be emulsified after being transferred to the
intestine by naturally occurring bile salts present in the intestine (9-10). These bile
salts together with phospholipids form mixed micelles, which facilitate the absorption
of vitamin K by enterocytes (11). Infants with cholestasis, however, have a very low
level of bile salts in their small intestine (12). Consequently, the precipitated vitamin
K is not solubilized and as a consequence not absorbed (9-10), resulting in more than
80% of infants with cholestasis that developed VKDB (9). For cholestatic patients,
therefore, there is an urgent need for an oral formulation of vitamin K that has good
colloidal stability at gastric low pH and shows good bile-independent bioavailability.
To improve the colloidal stability of vitamin K loaded micelles, we previously
introduced poly(ethylene glycol) in micelles composed of egg phosphatidylcholine
(EPC) and glycocholic acid (components of the clinically used Konakion® MM
formulation) as a steric barrier (13). Furthermore, we demonstrated that upon
exposure to simulated gastro-intestinal conditions, PEGylated micelles showed a
higher uptake and transport of vitamin K through Caco-2 cell monolayers as compared
to mixed micelles without PEG coating (Chapter 3 of this thesis). Although Caco-2

cells are frequently used as a model for intestinal uptake and transport, they do not
reflect the in vivo situation because they do not produce mucus (14-16). Intestinal
organoids, derived from intestinal stem cells, are available as more physiologically
representative in vitro systems to investigate and model intestinal transport of drugs
(17-18). In the present study, we used monolayers of human ileum-derived organoid
cultures to study the in vitro transport of vitamin K loaded mixed micelles.
The objective of this study was to investigate the effect of PEGylation on the mobility
and stability of vitamin K loaded mixed micelles (with and without PEG coating) in
mucus and on the transport of vitamin K over ileum organoids derived cell
monolayers. As the first step in the epithelial transport, insights into the penetration of
mixed micelles with vitamin K loading over the mucus layers have to be obtained.
Therefore, we investigated the stability and mobility of mixed micelles in porcine
intestinal mucus using FRET (fluorescence resonance energy transfer) and FRAP
(fluorescence recovery after photobleaching), respectively. Porcine intestinal ex vivo
mucus obtained from pigs was used as model of infant intestinal mucus19. To study
cellular transport of the mixed micelles, 2D monolayers on transwell inserts from
three-dimensional (3D) human ileum organoids were developed (20).
2. Materials and Methods
2.1. Materials
Lecithin

(egg

phosphatidylcholine,

EPC)

and

1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy (polyethylene glycol)] (molecular weight of PEG 2
kDa, DSPE-PEG 2000) were purchased from Lipoid GmbH (Ludwigshafen,
Germany). Potassium phosphate monobasic (KH2PO4) and sodium phosphate dibasic
dihydrate (Na2HPO4·2H2O) were purchased from Sigma-Aldrich (Zwijndrecht, The
Netherlands) and used to prepare 0.067 M phosphate buffer (2.5 mmol KH2PO4 and
4.2 mmol Na2HPO4·2H2O in 100 ml reverse osmosis water, pH 7.3). Sodium chloride,
sodium hydroxide, zinc acetate and ethanol were purchased from Merck KGaA
(Darmstadt,

Germany).

Fluorescein

labeled

1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)] (molecular weight of PEG =
2 kD, fluorescein-DSPE-PEG) was obtained from Avanti Polar Lipid, Inc. Chloroform

was provided by Biosolve (Valkenswaard, The Netherlands). Dulbecco’s modified
eagle’s medium (DMEM) and fetal bovine serum (FBS), Hank's Balanced Salt
Solution (HBSS), rhodamine B octadecyl ester, sodium phosphate monobasic
monohydrate (NaH2PO4·H2O), vitamin K (molecular structure is shown in Fig. 1),
glycocholic acid hydrate, periodic acid and all other chemicals and reagents were
purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). Konakion® MM was
a product manufactured by Roche (Basel, Switzerland). All chemicals and solvents
were used without further purification.

Fig. 1 Molecular structure of vitamin K
2.2 Preparation of vitamin K loaded mixed micelles
For the preparation of mixed micelles we refer to the method used in our previous
publication (Supplementary Material section 1.1 of Chapter 3 of this thesis). In detail,
for the preparation of fluorescently labeled mixed micelles, a 50 ml round bottom
flask was filled with 0.2 ml of vitamin K stock solution in chloroform (100 mg/ml),
glycocholic acid hydrate (0.24 mmol) and lipids: 200 µmol EPC for the nonPEGylated formulation, or 100 µmol EPC + 100 µmol DSPE-PEG 2000 for the
PEGylated formulation. For fluorescence resonance energy transfer (FRET) analysis
as described in section 2.4, the above mixture was supplemented with rhodamine B
octadecyl ester in methanol (117 µM, from 0 to 0.68 ml) and/or fluorescein
conjugated DSPE-PEG 2000 in methanol (40 µM, 0.4 ml), and 3 ml chloroform was
added to dissolve the above mentioned mixture. For the fluorescence recovery after
photo bleaching (FRAP) study as described in section 2.5, the above described

mixture was supplemented with 2.0 ml fluorescein conjugated DSPE-PEG 2000 in
methanol (40 µM); for unlabeled micelles, the same mixture was prepared but the
fluorescently labeled lipids were omitted. Subsequently, a film was obtained after
evaporation of the solvent under reduced pressure at 60°C and hydrated in 8 ml
phosphate buffer (0.067 M, pH 7.3). After magnetically stirring for 4 hours at room
temperature, the dispersions were pressed 3 times through a syringe filter (0.2 μm,
Phenomenex, Torrance, CA) to obtain small-sized vitamin K loaded mixed micelles
with and without fluorescent labeling. For methods of quantification of vitamin K and
fluorescent probes we refer to our previous publication (Chapter 3 of this thesis).
Average size and size distribution of vitamin K loaded micelles were determined
using Dynamic Light Scattering (DLS; Zetasizer 4000, Malvern Instruments, Malvern,
UK) at 25°C and at angle of 90º. Vitamin K loaded micelles (1.0 ml, labeled with
fluorescein-DSPE-PEG) were diluted with 30 mM HEPES buffer (0.5 ml, pH 7.3) and
their zeta potentials were determined by Zetasizer (Malvern Instruments Ltd.). The
instrument was calibrated using a standard (DTS1235, -42.0±4.2 mV, Malvern
Instruments, UK).
2.3 Collection of Mucus
The small intestines of freshly slaughtered pigs were collected from a local
slaughterhouse (Woerden, the Netherlands), perfused gently with PBS and kept on ice.
The freshly excised porcine proximal small intestines (jejunum) were incised
longitudinally, opened and the mucus was gently scrapped off using a spatula and
transferred into vials. The mucus was aliquoted in samples of 1 ml and stored under 70 °C until further use. The experiment was repeated three times using mucus from
three different pigs.
2.4 Stability of mixed micelles in mucus as studied by FRET (fluorescence resonance
energy transfer)
Mixed micelles (40 µl) labeled with fluorescein-DSPE-PEG (2 µM) and rhodamine B
octadecyl ester (10 µM) (F/R-MM, prepared as described in section 2.2) were mixed
with 1 ml porcine intestinal mucus. Subsequently, the samples were placed in a 10

mm path length quartz cuvette and incubated for 165 minutes at 37°C. Fluorescence
spectra were recorded every 15 minutes using a Jasco FP8300 Spectrofluorometer
(Tokyo, Japan). The occurrence of FRET from fluorescein-DSPE-PEG to rhodamine
B octadecyl ester, which were loaded in the mixed micelles, was confirmed by
recording the emission spectra in 0.067 M phosphate buffer (pH 7.3) in the 510-700
nm range with excitation wavelength of 498 nm. The excitation and emission slits
were both 2.5 nm (see Supplementary Materials Methods section 1.1). To investigate
the change of the FRET signal when the micelles were possibly not stable in mucus,
ethanol (100 µl) was added to the above samples after incubating F/R-MM in porcine
intestinal mucus for 165 minutes. The fluorescence emission spectra were recorded as
described above. As positive controls, mixed micelles (40 µl) labeled with either
fluorescein-DSPE-PEG (2 µM, F-MM) or rhodamine B octadecyl ester (10 µM, RMM), and a physical mixture of 40 µl F-MM and 40 µl R-MM (F-MM/R-MM) were
mixed with 1 ml porcine intestinal mucus and fluorescence emission spectra were
recorded as described above.
2.5 Mobility of mixed micelles in porcine intestinal mucus by FRAP (fluorescence
recovery after photobleaching)
Undiluted porcine intestinal mucus (1 ml, section 2.3) was mixed with 20 µl of
fluorescein-DSPE-PEG labeled mixed micelles prepared as described in section 2.2.
Micelles with and without DSPE-PEG were used that contained 0.05 mol% of
fluorescein-DSPE-PEG to total lipids. The mixtures were placed on a microscopy
glass slide sealed with an adhesive spacer (S24735, Secure-Seal, Life Technologies,
Paisley, UK) and a cover slip. The sample was placed in a stage top incubation
chamber (Tokai Hit, Shizuoka, Japan), to perform measurements at 37 °C. For the
procedure of FRAP experiments we refer to previous publications (21-23). In brief,
the measurements were performed using a Nikon C1si confocal laser scanning
microscope (CLSM), equipped with a Plan Apo 10×NA 1.4 objective lens. The 488
nm argon ion laser (CVI Melles Griot, CA) was used for photo-bleaching and imaging.
The fluorescence in a rectangular area (30×30 μm) of the sample was bleached at
100% laser intensity. Subsequently, using an attenuated laser beam, time-lapse image

series were recorded to visualize the fluorescence recovery in the bleached area (due
to diffusion of the fluorescently labeled micelles from the non-bleached into the
bleached area). The local diffusion coefficient in mucus (Dm) of fluorescein-DSPEPEG labeled micelles and their mobile fraction (fm) were calculated by fitting the
fluorescence recovery data to a theoretical model developed by Deschout et al. (23).
As a control, the same experiment was conducted in 1 ml of phosphate buffer, giving
the reference diffusion coefficient (Dw) and mobile fraction (fw).
2.6 Crypt isolation and organoids culture
Human ileum biopsies were obtained from patients suspected of inflammatory bowel
disease with normal pathology after written informed consent for the study, which was
approved by the Institutional Review Board of the University Medical Center Utrecht.
The organoids were cultured as described previously (24-27). Briefly, human ileum
organoids were cultured in matrigel (Corning, #356231, 1:40 dilution in PBS, pH 7.4)
in human small intestinal organoid expansion medium (hSI-EM) consisting of growth
factor (GF)-medium, 50% Wnt-conditioned medium, 20% R-spondin 1 (Rspo1)conditioned medium (stably transfected R-spondin 1 HEK293T cells were kindly
provided by C.J. Kuo, Department of Medicine, Stanford, CA) (26), 10% Nogginconditioned medium, 50 ng/ml murine epidermal growth factor (obtained from
Peprotech, Rocky Hill, United States), 10 mM nicotinamide (Sigma-Aldrich), 1.25
mM N-acetyl (Sigma-Aldrich), B27 (Gibco), 500 nM transforming growth factor-β
inhibitor A83-01 (Tocris), 10 µM P38 inhibitor SB202190 (Sigma-Aldrich), and 100
µg/ml primocin (InvivoGen, San Diego, USA). Organoids were cultured at 37°C and
5% CO2 and the medium was refreshed every 2-3 days. The organoids were passaged
1:3 to 1:6 every week after mechanical disruption.
2.7 Transport of vitamin K loaded mixed micelles through ileum organoid monolayers
Semi-permeable transwell inserts (Corning Costar 3470) were coated with 150 µl
matrigel (2.5% v/v in PBS) for 1 hour. Organoids were treated with trypsin/EDTA
(200 µl, 5 mg/ml trypsin and 2 mg/ml EDTA, pH 8.0, Sigma-Aldrich) to obtain single
cells. Subsequently, single cells were suspended in human small intestinal organoid

expansion medium (hSI-EM) with 10 µM ROCK inhibitor Y-27632 (Abcam) and
seeded at a density of 3.0×105 cells per insert (at the upper compartment of the insert).
The same medium was added to the basolateral compartment and the cells were
cultured for 7 days until the cell layers were fully confluent as established by
measuring the transepithelial electrical resistance (TEER) values (see Supplementary
Material Methods section 1.2). To induce differentiation of the cells, organoids were
cultured in differentiation medium (hSI-DM, which is hSI-EM lacking WNT3A,
nicotinamide and SB202190) for 7 days and TEER values were again recorded.
Hank's balanced salt solution (HBSS, pH 7.4, 137 mM NaCl, 5.4 mM KCl, 0.25 mM
Na2HPO4, 5.55 mM glucose, 0.44 mM KH2PO4 and 4.2 mM NaHCO3) was
supplemented with 25 mM HEPES, 600 μM BSA, 0.5 mM taurocholate and 2 mM
oleic acid. Supplemented HBSS (900 µl) was added to the basolateral compartment of
the transwell. Next, blank HBSS was added to the apical side of the transwell and the
cell monolayers were incubated for 1 hour at 37 °C. Subsequently, the medium from
the apical side of the transwell was removed and the donor solution (mixed micelle
dispersions prepared as described in section 2.2, vitamin K concentration was 1.4 mM)
was added to the apical compartment of the transwell. Samples were withdrawn at
different time points (30, 60, 90, 120, 150 and 180 minutes) from the basolateral side
of the transwell and replaced by the same volume of above mentioned supplemented
HBSS.
Each sample of the basolateral medium (200 µl) was transferred into a 1.5 ml
polypropylene tube and 300 µl ethanol was added to precipitate the proteins with brief
agitation. The extraction of vitamin K was performed as described previously
(Chapter 3 of this thesis). Subsequently, the vitamin K concentration in the different
extracts was determined by HPLC analysis as described previously (Chapter 3 of this
thesis)(28).

3. Results and Discussion
3.1 Stability of vitamin K loaded mixed micelles in mucus as studied by FRET
The characteristics of the micellar formulations used in this study (composition, size
and zeta potential) are reported in Table 1. Their stability was studied by Förster
resonance energy transfer (FRET), a process in which an excited donor molecule
transfers energy to a nearby acceptor via long-range dipole-dipole interactions (29-30).
To meet the criteria of the occurrence of FRET, the distance between the donor and
acceptor should be shorter than 10 nm and the relative orientation of the transition
dipoles molecules should not be 90° (29).
Table 1. Z-average hydrodynamic diameter and zeta potential of different vitamin K
loaded mixed micelles (with and without PEG coating) labeled with fluorescein
conjugated DSPE-PEG and rhodamine B octadecyl ester or without fluorescent
labeling, n=3 independent batches.
Formulations
Non PEGylated
(EPC,
glycocholate and
vitamin K)
PEGylated
(EPC, DSPE-PEG,
glycocholate and
vitamin K)

Label

Size (nm)

Zeta potencial

Rhodamine B octadecyl ester

8.1±0.6

-

Fluorescein-DSPE-PEG

8.2±0.3

-23.1±6.0

8.3±0.3

-

No label

7.1±0.2

-

Rhodamine B octadecyl ester

11.4±1.6

-

Fluorescein-DSPE-PEG

11.2±0.5

-4.6±1.2

11.6±0.7

-

11.0±1.4

-

Rhodamine B octadecyl ester
and Fluorescein-DSPE-PEG

Rhodamine B octadecyl ester
and Fluorescein-DSPE-PEG
No label

Fluorescein (conjugated to the PEG chain of DSPE-PEG) and the lipophilic
rhodamine B octadecyl ester were selected as donor and acceptor probes, respectively,
to obtain dually labeled F/R-MM. The sizes of the labeled mixed micelles were
around 10 nm (Table 1), which confirms that the distance of the FRET pair of
fluorophores within a mixed-micelle is below the Förster distance (29). A substantial
spectral overlap of the donor emission spectra (fluorescein conjugated DSPE-PEG
labeled mixed micelles, F-MM, λex/λem= 498/530 nm) with the acceptor absorption
spectra (rhodamine B octadecyl ester labeled mixed micelles, R-MM, λex/λem=560/590
nm) was observed, meeting the requirement for FRET occurrence (Fig. 2A). Upon
excitation of the F/R-MM in phosphate buffer at 498 nm at fixed concentration of
fluorescein DSPE-PEG conjugate (2 µM) and increasing concentration of rhodamine
B octadecyl ester (ranging from 2 to 10 µM), the fluorescein emission at 530 nm
gradually decreased along with an increase of the emission at 590 nm (Fig. 2B). As a
consequence, the emission intensity ratios (530/590 nm) decreased from 3.3 to 1.0
(Supplementary Material Fig. S1). Indeed, this indicates the occurrence of efficient
FRET from fluorescein to rhodamine B when these labels were both present in the
micelles.
Efficient FRET was observed when mixed micelles (F/R-MM) dually labeled with 2
µM fluorescein DSPE-PEG and 10 µM rhodamine B octadecyl ester were incubated
in mucus (the emission intensity ratio (530/590 nm) was 0.9, Fig. 2C). The emission
intensity ratio (530/590 nm) was 1.6 for a physical mixture of F-MM + R-MM in
mucus (Fig. 2C), indicating less FRET compared to F/R-MM. The emission intensity
ratios (530/590 nm) for both PEGylated and non-PEGylated micelles remained
constant at around 0.9 for at least 165 minutes (Fig. 2D), which demonstrates that both
micelles were stable in porcine intestinal mucus for more than 2.5 hours. The FRET
signal decreased after the micelles were destabilized by the addition of ethanol (the
emission intensity ratios (530/590 nm) increased to 1.7, Supplementary Material Fig.
S2).

Fig. 2 (A) Normalized absorption and emission spectra of fluorescein-DSPE-PEG
labeled mixed micelles (F-MM) and rhodamine B octadecyl ester labeled mixed
micelles (R-MM) containing vitamin K in phosphate buffer; (B) Normalized emission
spectra of fluorescein-DSPE-PEG loaded in mixed micelles (0.01 mol% of lipids)
containing vitamin K upon co-encapsulation of 0.01 to 0.05 mol% rhodamine B
octadecyl ester (F/R-MM with indicated molar ratios) in phosphate buffer.
Fluorescein-DSPE-PEG labeled mixed micelles (F-MM) and rhodamine B octadecyl
ester labeled mixed micelles (R-MM) containing vitamin K were used as controls; (C)
Normalized emission spectra in mucus of PEGylated micelles containing vitamin K: a
comparison of dually fluorescein-DSPE-PEG and rhodamine B octadecyl ester labeled
mixed micelles (F/R-MM 1/5) with a blend of micelles singly labeled with either
fluorescein-DSPE-PEG or rhodamine B octadecyl ester (F-MM + R-MM).
Fluorescein-DSPE-PEG labeled mixed micelles (F-MM) and rhodamine B octadecyl
ester labeled mixed micelles (R-MM) containing vitamin K were used as controls; (D)
Fluorescence emission intensity ratio at 530/590 nm with dually labeled micelles

(PEGylated and non-PEGylated) with vitamin K loading incubated in mucus from 0 to
165 minutes with excitation at 498 nm.
3.2 Mobility of mixed micelles in mucus
To investigate the mobility of the mixed micelles with and without PEG coating in
porcine intestinal mucus, fluorescence recovery after photo-bleaching (FRAP)
experiments were performed (Fig. 3). The results showed that the mobile fraction of
both types of micelles in buffer as well as in mucus were close to one in both media,
indicating the absence of immobilization by steric trapping or by interactions with
mucus components (Table 2). In buffer, the diffusion coefficient (Dw) of the
PEGylated micelles was lower than that of the corresponding non-PEGylated micelles
(98±4 and 124±7 µm2/s, respectively, Table 2) in line with the relatively larger size of
PEGylated micelles (11.0±1.4 and 7.1±0.2 nm for PEGylated and non-PEGylated
micelles, respectively, DLS measurement in Table 1). In contrast, the diffusion
coefficient in mucus (Dm) of the PEGylated micelles was slightly higher than that of
the corresponding non-PEGylated micelles (39.5±2.2 and 33.0±1.3 µm2/s,
respectively, Table 2). First of all this indicates that size effects did not play a major
role because the average mesh size of the mucus network is around 200 nm with a
large size distribution (31-32). Secondly, mucin glycoproteins, as one of the main
components of mucus, can capture the negatively charged non-PEGylated micelles (23.1±6.0 mV, Table 1) via charge-repulsive caging in the negatively charged mucin
network (33-35). This caging effect is prevented by the PEG coating of the micelles as
a result of the near neutrally-charged surfaces (-4.6±1.2 mV, Table 1), and as a
consequence the micelles are more free to move through the mazes of the network
(36-37) causing a net increase in the diffusion rate.

Table 2. Diffusion coefficients and mobile fractions of vitamin K loaded mixed
micelles (PEGylated and non-PEGylated) in porcine intestinal mucus and phosphate
buffer. Mean ± SD (n=3).
Diffusion coefficient (D)

Mobile fraction (f)

Phosphate buffer Intestinal mucus
(w)
Dw (µm2/s)
NonPEGylated
PEGylated

(m)

Phosphate

Intestinal mucus

buffer (w)

(m)

Dm (µm2/s)

Dm / Dw

fw

fm

124±7

33.0±1.3

0.27

1.02±0.01

0.93±0.03

98±4

39.5±2.2

0.41

1.00±0.01

0.97±0.04

Fig. 3. Representative FRAP measurements of PEGylated and vitamin K loaded
mixed micelles in porcine intestinal mucus. The first frame shows the prebleach
image. Next, a square region (30 × 30 µm) was bleached (at t = 0), followed by a
time-lapse recording of the subsequent fluorescence recovery.

3.3 Transport of vitamin K loaded in micelles (with and without PEG coating) over
ileum organoid monolayers
The use of physiologically relevant human intestinal epithelial cell models is crucial
for predictive drug transport studies (17). Crypt-derived intestinal organoids resemble
the main characteristics of the mammalian intestine and preserve the main phenotypic
and functional features of the intestinal epithelium (18). Specifically, intestinal
organoids contain a heterogeneous population of cells, including most of the main
mature intestinal cell types like enterocytes, goblet cells and enteroendocrine cells
(38). More importantly, these organoids can produce mucus (39), which is a critical
barrier for drug transport that is lacking in the commonly used Caco-2 cell model (14).
This heterogeneous differentiation capacity makes organoids the currently best
available in vitro model to investigate intestinal transport processes of drugs and
nanoparticles (18).
Human ileum organoids were grown as monolayers on transwell inserts to study the
transport of vitamin K loaded micelles across the epithelial cell layer. Transepithelial
electrical resistance (TEER) values of the monolayers were used to evaluate their
integrity and differentiation state during culture (differentiated ileum monolayers
typically had a TEER of 700-1000 Ω×cm2) (40). The TEER increased during growth
of the monolayers from 190 Ω×cm2 and to around 1000 Ω×cm2 after 16 days
(Supplementary Material Fig. S3), which is indicative for full differentiation in full
confluency (40). To minimize adsorption of transported vitamin K onto the plate and
to increase its solubility in the medium, BSA, oleic acid and taurocholate were added
in HBSS at the basolateral site of the inserts. The permeability coefficients of vitamin
K for the different formulations were determined from the linear slope of the plots of
cumulative amounts of transported vitamin K against time (Supplementary Material
Fig. S4) and were calculated using the equation P (cm/s) = (dQ/dt)/(A×C0×60×106),
where dQ/dt is the steady-state flux (ng/s), A is the surface area of the insert
membrane (0.33 cm2 for a 24-well transwell plate), and C0 is the donor concentration
of vitamin K at the apical side.
The permeability coefficients were (7.8±2.4)×10-9 and (7.3±1.0)×10-9 cm/s for nonPEGylated and PEGylated micelles, respectively. Interestingly, the transport of

PEGylated micelles through the organoid monolayers was similar to the nonPEGylated ones. This is in contrast to our previous observation using Caco-2
monolayers and the common idea that PEGylation can reduce the cellular
uptake/transport of nanoparticles (41-42). Most likely, the enhanced mobility of
PEGylated micelles in mucus (Fig. 3) can sufficiently counterbalance the reduced
uptake rate of these micelles as compared to the non-PEGylated micelles.
The permeability values of vitamin K were 10-30 times lower than those measured for
the same micelles using Caco-2 monolayers (Chapter 3 of this thesis). One possible
explanation is that ileum organoids produce mucus (43-45), which can significantly
decrease the diffusion of micelles to the cell surface (Dm is 2.4-3.7 folds lower than
Dw, Table 2).
As discussed in Chapter 3 of this thesis, the scavenger receptor B1 (SR-B1) is the
main carrier that mediated the energy dependent uptake of vitamin K loaded micelles.
Therefore, we checked for the expression of this receptor by ileum organoid derived
cells using Western blot. Supplementary Material Fig. S5A shows that the band
intensity of SR-B1 is around 10-fold lower for ileum organoid derived cells than that
of Caco-2 cells (while Supplementary Material Fig. S5B shows the band intensity of
β-actin was similar for above samples). Besides the barrier property of the mucus
layer, this lower expression of the scavenger receptor B1 may also account for the
lower permeability values of vitamin K by the organoid monolayer as compared to
Caco-2 cell monolayers.
To summarize, PEGylation did not reduce the permeability of vitamin K loaded
micelles, through organoid monolayers. This is important because PEGylation was
necessary to increase the stability of the micelles upon exposure to simulated gastrointestinal conditions. Therefore PEGylated micelles are likely to have a relatively
higher bioavailability of vitamin K compared to non-PEGylated counterparts for
cholestatic infants, who suffer from severe malabsorption of vitamin K by nonPEGylated micelles, i.e. Konakion® MM (10) (see Introduction for detailed
explanations).

4. Conclusions
Mixed micelles (with or without PEGylation) are stable in porcine intestinal mucus
and PEGylation improves the mobility of vitamin K loaded micelles in mucus.
PEGylation does not affect the transport of vitamin K over ileum organoid monolayers
as compared to vitamin K loaded in non-PEGylated micelles. Therefore, together with
the superior stability of PEGylated micelles at low pH, PEGylation of mixed micelles
is an attractive method to increase the oral bioavailability of vitamin K. In vivo studies
are recommended to further investigate this.
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Supplementary Material
1. Methods:
1.1 Spectrofluorometry
Mixed micelles (1 ml) labeled with fluorescein-DSPE (2 µM) and various
concentrations of rhodamine B octadecyl ester (0-10 µM) in 0.067 M phosphate buffer
(prepared as described in section 2.2) were placed in a 10 mm path length quartz
cuvette. Fluorescence emission spectra were recorded in the 510-700 nm range with
the excitation wavelength at 498 nm using a Jasco FP8300 Spectrofluorometer (Tokyo,
Japan). The excitation and emission slits were both 2.5 nm.
1.2 Measurement of trans-epithelial electro resistance (TEER)
TEER was recorded using an Epithelial Volt Ohm Meter (EVOM2, World Precision
Instruments). Data were converted to Ω×cm2 based on the area of inserts of the
transwell (0.33 cm2). The inserts with TEER value above 300 Ω×cm2 were selected
for the subsequent transport study.
1.3 Western blot analyses of scavenger receptor B1 expression in human ileum
organoids and Caco-2 cells
Differentiated human ileum organoids derived cells were cultured as described
previously (1-4) and differentiated Caco-2 cells were cultured as described previously
(Chapter 3 of this thesis), before they were scraped from the wells and lysed by probe
sonication at 4°C. Subsequently, cell lysates were centrifuged at 10,000 rpm for 10
minutes at 4°C. Protein concentrations in the supernatants were measured by micro
BCA assay as described previously (Chapter 3 of this thesis). For western-blot
analysis, 18 µl supernatants containing approximately 30 µg of protein were heated at
95°C for 5 minutes in 6 µl BlotTM LDS sample buffer 4× (containing 1× Bolt sample
reducing agent, Life Technologies, Inc) and proteins were separated by SDS-PAGE
using a Bolt 4-12% Bis-Tris Plus gel (Invitrogen, Carlsbad, CA, USA) in MES SDS

running buffer (Invitrogen, NuPAGE NP0002). After electrophoresis, protein gels
were blotted using the Trans-Blot Turbo transfer apparatus and PVDF Midi transfer
packs (Bio-Rad). The membrane was exposed to BSA (50 mg/ml) in Tris-buffered
saline (T-TBS: 0.03% Tween 20, 0.025 M Tris, 0.14 M NaCl, and 2.5 mM KCl, pH
7.6) as blocking buffer for 1 hour at 4°C. The membrane was subsequently incubated
with the monoclonal mouse anti-(human SR-BI) IgG (primary antibody, CD36 and
LIMPII Analogous-1, Becton Dickinson, The Netherlands) at 1:300 dilution or β-actin
(Rabbit mAb, Cell Signaling Technology, United States) at 1:2000 dilution in T-TBS
overnight at 4°C. The membrane was washed 3 times with T-TBS for 20 minutes each,
followed by incubation with secondary antibody (monoclonal anti-mouse IgG or goat
anti-rabbit IgG at 1/2500 dilution, Abcam, UK) for 1 hour at 37°C. The membrane
was washed 3 times for 5 minutes each. Next, the Super Signal West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific, Perbio Science Nederland B.V) was
used and chemiluminescence was visualized on a ChemiDoc XRS system (Bio-Rad
Laboratories, USA). The band intensities were quantified using ImageJ software.

2. Results:

Fig. S1. Emission intensity ratio (Em 530/590 nm) of fluorescein-DSPE-PEG loaded in
mixed micelles (0.01 mol% of lipids, F-MM) upon co-encapsulation of rhodamine B
octadecyl ester (0.01 to 0.05 mol% of lipids, F/R-MM with indicated molar ratios) in
aqueous dispersion.

Fig. S2.

Normalized emission spectra of vitamin K loaded PEGylated micelles

labeled with both fluorescein-DSPE-PEG and rhodamine B octadecyl ester (F/R-MM
1/5): a comparison of before and after adding 100 µl ethanol to 1 ml mucus. Vitamin
K loaded micelles singly labeled with fluorescein-DSPE-PEG (F-MM) were used as
control.

Fig. S3. Trans-epithelial electric resistance (TEER) values (mean±SD) measured on
monolayers of organoids (ileum) derived cells in Transwell inserts during their
expansion and differentiation, n=6.

Fig. S4. Representative cumulative amount of transported vitamin K loaded in nonPEGylated (A) and PEGylated micelles (B) across monolayers of organoids (ileum)
derived cells.

Fig. S5. Western blot analysis of (A) scavenger receptors B1 and (B) β-actin: a
comparison between differentiated Ileum organoids derived cells and Caco-2 cells
(containing approximately 30 µg of protein from their cell lysates).

References:
1. Sato, T.; Vries, R. G.; Snippert, H. J.; Van De Wetering, M.; Barker, N.; Stange, D.
E.; Van Es, J. H.; Abo, A.; Kujala, P.; Peters, P. J., Single Lgr5 stem cells build crypt
villus structures in vitro without a mesenchymal niche. Nature 2009, 459 (7244), 262265.
2. Sato, T.; Stange, D. E.; Ferrante, M.; Vries, R. G.; Van Es, J. H.; Van Den Brink,
S.; Van Houdt, W. J.; Pronk, A.; Van Gorp, J.; Siersema, P. D., Long-term expansion
of epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett's
epithelium. Gastroenterology 2011, 141 (5), 1762-1772.
3. Dekkers, J. F.; Wiegerinck, C. L.; De Jonge, H. R.; Bronsveld, I.; Janssens, H. M.;
De Winter-de Groot, K. M.; Brandsma, A. M.; De Jong, N. W.; Bijvelds, M. J.;
Scholte, B. J., A functional CFTR assay using primary cystic fibrosis intestinal
organoids. Nature Medicine 2013, 19 (7), 939-945.
4. Middendorp, S.; Schneeberger, K.; Wiegerinck, C. L.; Mokry, M.; Akkerman, R. D.;
Wijngaarden, S.; Clevers, H.; Nieuwenhuis, E. E., Adult stem cells in the small
intestine are intrinsically programmed with their location-specific function. Stem Cells
2014, 32 (5), 1083-1091.

Chapter 5
A mixed micellar system stabilized with saponins for oral delivery of
vitamin K

Feilong Sun1, Chengpei Ye1, Kaushik Thanki2, Donglei Leng2, Peter M. van Hasselt3,
Wim E. Hennink1, Cornelus F. van Nostrum1,*

1

Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences, Utrecht

University, 3584 CG Utrecht, The Netherlands
2

Department of Pharmacy, Faculty of Health and Medical Sciences, University of

Copenhagen, Universitetsparken 2, DK-2100 Copenhagen Ø, Denmark
3

Department of Pediatrics, Wilhelmina Children's Hospital, University Medical

Center Utrecht, Lundlaan 6, 3584 EA Utrecht, The Netherlands

Manuscript submitted

Abstract
Poorly soluble vitamin K cannot be absorbed by patients suffering from cholestasis
due to extremely low level of bile salts in the small intestine. A formulation of vitamin
K including bile salt (glycocholic acid, i.e. Konakion® MM), does not increase
bioavailability because it is unstable due to protonation of glycocholic acid at gastric
pH. To develop a stable formulation, saponins were introduced as neutral surfactants
to (partly) replace glycocholic acid. Experimental design was used to investigate the
effect of the composition on particle size at neutral pH and upon acidification at pH
1.5. Two formulations that were within the optimized composition window were
loaded with vitamin K and those showed superior stability at low pH as compared to
Konakion® MM: sizes were between 43 and 46 nm at pH 7.3 and between 46 and 58
nm after 1 hour incubation at pH 1.5, respectively, but large aggregates were formed
at pH 1.5 for Konakion® MM. Micelles were cytocompatible with Caco-2 cells at
concentration of surfactants (saponins and glycocholic acid) up to 0.15 mg/ml. Uptake
of vitamin K by Caco-2 cells was 4.2-4.9 nmol/mg protein for saponins-containing
formulations and 7.1 nmol/mg protein for Konakion® MM. This, together with the
superior stability at low pH, makes saponins-containing mixed micelles promising
oral formulations for vitamin K.

1. Introduction
Vitamin K serves as an essential cofactor for γ-glutamyl carboxylase, an enzyme that
catalyzes the carboxylation of glutamic acid residues in a number of proteins that are
involved in the blood coagulation (1), and as such plays a key role in haemostasis. The
inactivity of the vitamin K-dependent clotting factors VII, IX, X, and prothrombin in
case of profound vitamin K deficiency causes spontaneous bleedings, which may be
life threatening, particularly in infants with cholestasis due to extremely low level of
bile salts and hence poor absorption of vitamin K in the intestine.
Konakion® mixed micelles (MM) is a clinically used formulation composed of
vitamin K, egg phosphatidylcholine (EPC or lecithin) and glycocholic acid (2). It is
used for both the prophylaxis and treatment of vitamin K deficiency bleeding (VKDB)
in neonates and infants. As reported in earlier studies, prophylactically administering
Konakion® MM orally fails to prevent VKDB in cholestatic infants (3), which is
thought to be due to the pathophysiological conditions in the upper gastrointestinal
tract of those infants. It was found that Konakion® MM is unstable and forms large
aggregates at the low pH of the stomach because of protonation of the carboxylate
group of glycocholic acid, eventually causing coalescence of the formulation (4, 5).
Once vitamin K is phase separated in the stomach, its absorption is dependent on the
presence of sufficient amounts of endogenous bile in the intestine. After stomach
passage in healthy infants, the coalesced vitamin K can be solubilized by endogenous
bile in the small intestine (6-8). However, in cholestatic patients, the levels of
endogenous bile salts are very low to zero, which in turn results in extremely low
absorption of vitamin K even from Konakion® MM (9). Thus, avoiding coalescence
and subsequent phase separation of the formulation at gastric low pH is important for
a high absorption of vitamin K.
To improve the colloidal stability of micellar formulation of vitamin K at gastric low
pH, one strategy is to introduce poly(ethylene glycol) (PEG) as a steric barrier,
however these PEGylated mixed micelles displayed a pronounced reduction in both
cellular uptake and transport through Caco-2 cell monolayers (manuscript in
preparation). PEG is a synthetic polymer and previous studies have demonstrated that

PEGylation can indeed reduce the cellular uptake of nanoparticles (10-12). Another
strategy to improve micelles’colloidal stability is to partially replace glycocholic acid
in Konakion® MM by a non-ionic surfactant. To be biocompatible, safe and costeffective for scale-up production in the future, saponins, which are of natural sources
were chosen. Saponins are constituents of a wide variety of plants (such as quillaja
bark and soybean) and consist of polycyclic aglycone as the hydrophobic tail, which is
attached to one or several saccharide chains through a glycoside bond. The aglycone
part is either a steroid or a triterpene, and the sugar chain can vary in both numbers
and length (13-15) (Fig. 1). Saponins can self-assemble into micelles in aqueous
solution, in which the non-ionic hydrophilic sugar chains point towards the aqueous
phase and the hydrophobic aglycones form the inner core (16-18). Because saponins
have no charged groups, they are pH inert and form micelles independent of the pH
(19). Recently, saponins gained clinical interest because of their membrane
permeabilizing properties toward intestinal epithelial cells and these compounds have
shown to increase the oral bioavailability of therapeutic drugs (20-23).
The aim of this work was to develop a gastric-stable mixed micellar formulation for
oral vitamin K delivery in which glycoholic acid is partially substituted by saponins
aiming to prevent acid induced micellar coalescence. An experimental design
approach revealed two formulations of mixed micelles that were the most stable at
gastric pH and those were selected to load with vitamin K. Caco-2 cells were used to
investigate the cytocompatibility and cellular uptake of vitamin K loaded mixed
micelles. Cellular uptake by Caco-2 cells is well predictive for epithelial transport (24,
25).

Fig. 1. Chemical structures of (A) steroidal and (B) triterpenoid saponins, R=glucose,
galactose, rhamnose, xylose, hexose, etc. (26, 27).

2. Materials and methods
2.1 Materials
Lecithin (egg phosphatidylcholine, EPC) was bought from Lipoid GmbH
(Ludwigshafen, Germany). Chloroform was purchased from Biosolve (Valkenswaard,
the Netherlands). Ethanol was supplied by Merck KGaA (Darmstadt, Germany).
Konakion® MM ampoules were purchased from Roche (Basel, Switzerland). Saponins
(8-25% sapogenin, product number 84510), sodium glycocholate hydrate, vitamin K,
fetal bovine serum (FBS) and all other chemicals and reagents were purchased from
Sigma-Aldrich (Zwijndrecht, The Netherlands). Dulbecco’s Modified Eagle’s
Medium (DMEM) was provided by GibCo BRL Life Technologies (Carlsbad, CA,
USA). CellTiter 96® Aqueous One Solution Cell Proliferation Assay kit was obtained
from Promega (Leiden, the Netherlands). Hoechst dye 33342 was bought from
Molecular Probes (Eugene, OR, USA). Syringe filters (0.2 μm) were acquired from
Phenomenex (Torrance, CA). Ultrapure water was produced by a Synergy UV water
delivery system from Millipore (Billerica, MA, USA).

2.2 Construction of ternary phase diagrams
An extreme vertices design (28) was chosen in order to analyze the effects of mixture
components on size of mixed micelles at both neutral and acidic pH (7.3 and 1.5,
respectively). Ternary diagrams of saponins (S), glycocholic acid (G) and EPC were
plotted, each of which represents an apex of the triangle. The weight fractions of S, G
and EPC were varied from 0.00 to 0.50 (w/w), 0.00 to 0.50 (w/w) and 0.45 to 0.90
(w/w), respectively (see section 2.3 for method of preparation of mixed micelle
formulations). For all mixtures, the total of S, G and EPC weight fractions always
added to 1. Twenty-seven mixtures with varying compositions were prepared
(Supplementary material Table S1). The response variables were set as size of
micelles after preparation at pH 7.3 and after 1 hour incubation at pH 1.5, in water at
37°C, and the corresponding ratio of size (pH 1.5) / size (pH 7.3). A twenty-seven run design
was executed, response variables for each run were recorded (Supplementary material
Table S1, all formulations were prepared in triplicate and responses were presented as
mean ± SD, n=3). Ternary diagrams were employed for graphical representations of
the obtained response variables using Design-Expert software (Trial Version 10.0,
Stat-Ease Inc., MN). The responses were separately fitted into various polynomial
models and the statistically valid model was chosen as a best-fit model (28). The
obtained responses were model fitted using analysis of variance in a manner to have (i)
statistically significant model at 95% confidence interval (ii) acceptable R-squared
values (>0.7), (iii) difference between adjusted R-squared and predicted R-squared is
less than 0.2, and (iv) adequate precision value is more than 4 (29, 30).
2.3 Preparation of mixed micelle formulations
For the preparation of empty micelles, glycocholic acid (from 0 to 42 mg) and EPC
(from 19-58 mg) were dissolved in 8 ml of chloroform/ethanol (1/1, v/v) in a 100 ml
round-bottom flask and the solvents were evaporated under vacuum at 60°C for 20
minutes to form a film. Next, saponins (from 0 to 42 mg) were dispersed in 5 ml water
and this mixture was used to hydrate the film. Next, the dispersions were magnetically
stirred for at least 1 hour at room temperature, subsequently transferred into a 15 ml
Falcon tube (Becton Dickinson) and sonicated for 90 seconds with 30 seconds

intervals for 6 cycles using a probe sonicator (18% intensity, Cole-Parmer 4710
Ultrasonic Homogenizer, Instrument Co., Chicago, IL). Next, the tubes were
immersed in ice cold water to cool down the dispersions during the sonication. Finally,
the resulting dispersions were extruded 2 times through a syringe filter (pore size is
0.2 µm). The pH of the above dispersions was adjusted to 7.3 by 1 M NaOH.
Selected stable formulations of mixed micelles (F8 and F9 in Supplementary material
Table S1) were loaded with vitamin K. To investigate the vitamin K loading capacity,
38, 50 or 100 µl of vitamin K stock solution (100 mg/ml in chloroform) were added
and mixed with EPC (feeding ratio of vitamin K against total lipid was 10.0, 13.2 and
26.3% (w/w), respectively) and glycocholic acid (7.8 or 9.4 mg) to form a film. For
the preparation of vitamin K loaded fluorescently labeled mixed micelles, 1.3 ml of
rhodamine conjugated DSPE solution in chloroform (117 µM) was added to the
mixture. The rest of the procedure was the same as described above for preparation of
empty micelles.
2.4 Characterization of mixed micelle formulations
Average size and size distribution of empty micelles at pH 7.3 were determined by
Dynamic Light Scattering (DLS, Malvern Instruments, Malvern, UK) at 25°C and at
angle of 90º. The pH of the dispersions (1 ml) was lowered to pH 1.5 with 1 M HCl
and the dispersions were subsequently incubated for 1 hour at 37°C. Then particle
sizes were determined again by DLS measurements.
Average size and size distribution of vitamin K loaded micelles were determined
using DLS. The lipid recovery was determined by measuring the amount of
rhodamine conjugated DSPE as described in section 2.6. Vitamin K loaded micelles
(1.0 ml) were diluted with 30 mM HEPES buffer (0.5 ml, pH 7.3) and their zeta
potentials were determined by Zetasizer (Malvern Instruments Ltd.). The instrument
was calibrated by a standard (DTS1235, −42.0±4.2 mV, Malvern Instruments, UK).
The morphology of vitamin K loaded F8K was visualized using Transmission
Electron Microscopy (TEM, Tecnai 10, Philips, and 100 kV). The samples for TEM
visualization were prepared as follows. A sample of the mixed micelles dispersion (10

μl) was pipetted onto parafilm and a carbon-coated copper grid was placed on the
sample for 4 minutes. Next, the excess liquid was removed by a filter paper and the
grid was negatively stained by pipetting a 10 μl droplet of 2% uranyl acetate in
demineralized water for 1 minute. Next, the excess liquid was removed using a filter
paper and the grid was dried for 5 minutes at room temperature before TEM analysis.
2.5 Stability of vitamin K loaded mixed micelles at low pH
The pH of vitamin K loaded formulations F8 and F9 in water (1 ml) was lowered to
pH 1.5 with 1 M HCl and the dispersions were subsequently incubated for 1 hour at
37°C. The size of the micelles was determined by DLS measurements at different time
points (0, 10, 20, 40 and 60 minutes).
2.6 Determination of vitamin K and fluorescent probe concentrations in the
formulations
The concentration of vitamin K in different micellar dispersions was determined by
RP-HPLC after dilution of the dispersions with ethanol using the same method as
described in our previous study [5]. Briefly, a SunFire C18 column was used and
absorption at 254 nm was used for detection. The mobile phase was ethanol/water
(95/5, v/v). The column temperature was 30°C and the injection volume was 20 µl. A
calibration curve was obtained using vitamin K dissolved in ethanol with
concentrations ranging from 10 to 100 µg/ml.
For determination of the concentration of the fluorescent probe, mixed micelles (100
µl) were dissolved by addition of ethanol (900 µl) and the concentration of
rhodamine-conjugated DSPE was determined using fluorescence measurements
(FLUOstar Optima, BMG Labtech; for rhodamine conjugated DSPE: λex = 560 nm,
λem = 590 nm). Calibration curves were obtained using rhodamine conjugated DSPE
in ethanol (linear between 1 and 5 µg/ml).

2.7 Cytocompatibility of the mixed micellar formulations
The viability of Caco-2 cells incubated with vitamin K loaded formulations F8K and
F9K was evaluated by the MTS assay. In short, Caco-2 cells were seeded in 96-well
plates at a density of 1×105 cells per well and incubated in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C
with 5% CO2 for 24 hours to allow attachment of the cells to the plates. Next, the
medium was removed and 100 µl mixed micelles diluted with blank DMEM (pH 7.4)
at different concentrations of total surfactants from 0.03 to 1.50 mg/ml were added to
the wells. After 36 hours of incubation at 37°C, the medium was removed and 20 μl
Celltiter 96® One Solution was introduced into each well. The plates were
subsequently incubated for 2 hours at 37°C, after which the absorbance at 490 nm
with a reference wavelength of 655 nm was measured by ELISA microplate reader
(Biorad Novapath).
2.8 Cellular uptake of vitamin K
Caco-2 cells (1×105 cells per well) were seeded in a 24 well plate and grown in
DMEM supplemented with 10% fetal bovine serum (FBS) at 37°C with 5% CO2 for 3
weeks to form a confluent monolayer. Subsequently, the cells were incubated with
F8K, F9K and Konakion® MM dispersed in blank DMEM at concentrations of 0.24
mM vitamin K for a period of 2 hours at 37°C. Cells were 3 times washed with PBS
and subsequently exposed to RIPA lysis buffer (150 mM NaCl, 1.0% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, 2 mM EDTA, pH 8.0) for 10
minutes at 37°C and the obtained cell lysates were analyzed with micro BCA protein
assay kit (Thermo Fisher Scientific, Perbio Science Nederland B.V) and HPLC to
determine the protein and vitamin K concentrations, respectively. The HPLC method
described by Marinova et al. was used with minor modification (31). The mobile
phase was methanol: ACN: HAc: water (880 ml: 120 ml: 10 ml: 5 ml, in which 1.2 g
ZnAc was dissolved). The eluent was flushed with nitrogen gas for 5 minutes before
use. A SunFire C18 column was used for separation, and a reduction column (5.5 ×1.5
cm, filled with zinc powder 60-70 µm) was attached to subsequently convert vitamin
K into its reduced form to allow fluorescence detection. The flow rate was 1.2 ml/min,

the column temperature was 30°C, and the excitation and emission wavelengths were
246 and 430 nm, respectively. The injection volume was 100 µl. A calibration curve
was obtained using vitamin K in ethanol (linear between 10 and 500 ng/ml).
For protein quantification, a micro BCA working reagent was prepared by mixing
reagents MA, MB and MC (25:24:1, v/v/v) of the Micro BCA Assay Kit. Cell lysates
(150 μl) from each well were transferred into the wells of a microplate well. Then, 150
μl of working reagent was added to the wells and mixed using a plate shaker for 30
seconds. Next, the plate was covered using sealing tape and subsequently incubated at
37°C for 2 hours. Subsequently, the absorbance at 562 nm was measured on a plate
reader. A calibration curve was obtained using BSA (bovine serum albumin) solutions
with concentrations ranging from 1 to 200 µg/ml.
2.9 Cellular uptake of vitamin K loaded rhodamine labeled mixed micelles studied by
confocal microscopic analysis
Caco-2 cells (1×105 cells per well) were seeded in a 96 well plate and grown in
DMEM supplemented with 10% fetal bovine serum (FBS) at 37°C with 5% CO2 for 3
weeks to form a confluent monolayer. Next, rhodamine-DSPE labeled vitamin K
loaded mixed micelles (100 µl, 5 µM rhodamine-DSPE) were incubated with the cells
for 2 hours. Subsequently, mixed micelles were removed and the cells were washed
with PBS three times. The nuclei of live Caco-2 cells were stained with Hoechst dye
33342 (5 µM in blank DMEM) for 20 minutes and the monolayers of Caco-2 cells
were washed with PBS 3 times and exposed to 150 µl blank DMEM. Next, images
were acquired using a high content imaging system (Cell Voyager CV-7000,
Yokogawa) with excitation at 405 nm (nuclei staining) and 561 nm (rhodamine
staining) at 60 × objective.
2.10 Statistical analysis
Statistical analysis was performed using Prism 7.0 software (GraphPad Software Inc.).
Unpaired two-tailed student t-test ( p<0.0001 or 0.001) or Kurskal-Wallis test with
Dunn’s multiple comparisons test (**** p<0.0001 and ** p<0.001) were used as
indicated in the figure legends.

3. Results and Discussion
3.1 Formulation optimization
Glycocholic acid was (partly) replaced by saponins to prevent coalescence of the
commercial formulation (i.e. Konakion® MM) at gastric pH (4). The preparation of
mixed micelles was based on the method used in our previous publication with minor
modification (5). EPC with or without glycocholic acid was dissolved in
chloroform/methanol to form a film after evaporation of the solvent, which was
subsequently hydrated by a dispersion of saponins. Saponins are insoluble in
chloroform/methanol and therefore they could not be mixed with EPC for formation
of the thin film. Without glycocholic acid, particles with a size above 90 nm were
obtained, which were not stable and aggregated upon incubation for 16 hours at 20°C
(Supplementary material Fig. S1). The instability of such formulations can be
attributed to the existence of out-of-equilibrium and meta-stable structures (32). Bile
salts often help in transformation of such meta-stable formulations into stable micelles
(33), and therefore glycocholic acid was selected to obtain small-sized stable micelles.
A quality-by-design approach based on extreme vertices experimental design was
applied to find the optimal composition giving stable mixed micelles with sizes below
50 nm at pH 7.3 and pH 1.5 and the corresponding ratio of size(pH 1.5)/size (pH 7.3) < 2.
A quadratic model fitted the response values and the model was significant with a pvalue < 0.0001 (Table 1), which has relative high predicted Rsquared and adequate
precision (signal to noise ratio). Adequate precision values are greater than 4,
implying the suitability of the model. Equations 1, 2 and 3 represent the polynomal
equations for analysis of size at pH 7.3 after preparation and at pH 1.5 after incubating
for 1 hour, and the corresponding ratio of size (pH 1.5)/size (pH 7.3) of various formulations,
respectively:
Size (pH 1.5) = 325×A + 187×B + 619×C - 988×A×B -1927×A×C + 828×B×C (Eq. 1)
Size (pH 7.3) = 201×A + 264×B + 69×C - 593×A×B - 295×A×C -372×B×C 348×A×C×(A-C) - 324×B×C×(B-C) - 819×A×C×(A-C)2 - 855×B×C×(B-C)2
(Eq. 2)

Ratio [Size (pH 1.5) / Size (pH 7.3)] = -11×A - 7×B - 3×C + 34×A×B + 42×B×C 113×B×C×(B-C) + 94×A×B×(A-B)2 + 202×A×C×(A-C)2 + 265×B×C×(B-C)2
(Eq. 3)
where A, B and C are the weight fractions (w/w) of EPC, saponins and glycocholic
acid, respectively. Supplementary material Fig. S2 illustrates that predicted values
(also shown in Supplementary material Table S1) according to these equations and the
actual measured values were quite close to each other, especially for responses of size
at pH 7.3 (Supplementary material Fig. S2A) and ratio of size(pH

1.5)/size(pH 7.3)

(Supplementary material Fig. S2B). For responses of size at pH 1.5 (Supplementary
material Fig. S2C), the predicted values deviated from several measured ones, because
micelles composed of F11, F18 and F24-27 were not stable and aggregated upon
incubation at pH 1.5 (giving large variation in sizes by DLS shown in Supplementary
material Table S1 in bold), which makes the prediction less reliable.

Table 1. ANOVA analysis of responses of size(pH 1.5), size(pH 7.3) and ratio of size(pH
1.5)/size(pH 7.3)

of mixed micellar compositions containing saponins, glycocholic acid

and EPC.
Responses

Statistical
parameters

Size at pH 7.3

Size at pH 1.5

Ratio (size (pH 1.5)/ size (pH 7.3))

Model p-value

<0.0001

<0.0001

<0.0001

Rsquared

0.96

0.77

0.91

Adjusted Rsquared

0.95

0.72

0.87

Predicted Rsquared

0.93

0.61

0.75

Adequate precision

31.00

11.65

15.61

Fig. 2A shows that the size of micelles at pH 7.3 decreased with increasing
concentration of G at a constant concentration of S (as shown in dash line in Fig. 2A).
Glycocholic acid is inserted into the outermost planar bilayer, and subsequently large
lamellar structures are transformed into smaller micelles (5). For example, size of

micelles F11 and F26 are smaller due to relative higher composition of G compared to
the sizes of F3 and F4 at pH 7.3 (Supplementary material Table S1). However, Fig.
2B shows that at gastric pH of 1.5, a significant increase in size was observed with an
increase of the concentration of G and at a constant concentration of S (as shown in
dash line in Fig. 2B). This means that increasing concentration of G makes the
micelles instable at low pH. Correspondingly, the ratio of size(pH

1.5)/size(pH 7.3)

increased from about 1 to 40 (Fig. 2C), which can be explained by the higher amount
of glycocholic acid that results in higher risk of instability of micelles due to
protonation of the carboxylate group of glycocholic acid and a subsequent reduction in
electrostatic repulsion between the micelles. Fig. 2D shows the overlay plot, generated
after selecting the limits of sizes at pH 7.3 and 1.5 below 50 nm, and the
corresponding ratio of size(pH

1.5)/size(pH 7.3)

below 2 (yellow area in Fig. 2D ). As

representative for the optimal formulations for loading of vitamin K, two formulations
were selected according to Fig. 2D, with responses that stayed within the optimized
area, i.e. F8 and F9 (as indicated by arrows).

Fig. 2. Formulation optimization of a three-component system of saponins (S),
glycocholic acid (G) and EPC; contour plots revealing the effect of independent
variables (weight fractions of S, G and EPC) on (A) size at pH 7.3 after preparation (B)
size at pH 1.5 after incubating for 1 hour at 37°C and (C) the corresponding ratio (R)
of size

(pH 1.5)/size (pH 7.3);

(D) overlay plot for graphical optimization. Yellow area

indicates: sizes of mixed micelles at pH 7.3 and pH 1.5 < 50 nm and the
corresponding ratio of size (pH 1.5)/size (pH 7.3) < 2.

3.2 Physicochemical characterization of vitamin K loaded micelles
F8K and F9K are mixed micelle formulations of F8 and F9 loaded with vitamin K. To
get insight into the maximum vitamin K loading of the mixed micelles, an increasing
amount of vitamin K was added to a fixed amount of total lipid. Large particles with
size above 200 nm were obtained when the feeding percentage of vitamin K against

total lipid was 13.2% (w/w) and 26.3% (w/w). Supplementary material Table S2 and
Supplementary material Fig. S3 present the results of the size distribution and zeta
potential of these optimized micelles when the feeding percentage of vitamin K
against total lipid was 10.0% (w/w). The average sizes of micelles were 43 and 46 nm
(Supplementary material Fig. S3A), and their zeta potentials were -16 to -21 Mv
(Supplementary material Fig. S3B), respectively. The negative zeta potential of the
mixed micelles is caused by the presence of deprotonated carboxylic groups of
glycocholic acid at pH 7.3. Vitamin K loaded F9K had a slightly less negative zeta
potential (Supplementary material Table S2) because of its relative higher saponins
content that caused shielding of the surface charge by the sugar chain of saponins.
With the feeding percentage of vitamin K against total lipid at 10.0% (w/w), the
vitamin K recovery, defined as the percentage of recovered vitamin K divided by the
added amount of vitamin K, was 85-90% for both micellar formulations F8K and F9K.
The corresponding vitamin K loading of the mixed micelles, defined as the percentage
mass of vitamin K divided by the total mass of the mixed micelles, was 6.3-7.1%.
When rhodamine conjugated DSPE was added to the formulation, its recovery was
high as well (89-95%). The vitamin K recovery and vitamin K loading were not
measured when the feeding percentage of vitamin K against total lipid was 13.2%
(w/w) and 26.3% (w/w) due to instability of the formulations.
The morphology of the particles was investigated by TEM analysis. As formulation of
F8K has similar components and size compared to F9K, F8K was selected as a
representative formulation for TEM measurements. Fig. S3C shows that small
spherical micelles with size below 50 nm were observed, which confirmed the size as
determined by DLS in Supplementary material Table S2 and Supplementary material
Fig. S3A.
3.3 Stability of mixed micelles at gastric low pH
To investigate whether the introduction of saponins can improve the colloidal stability
of glycocholic acid/EPC based vitamin K loaded mixed micelles at gastric pH, the size
of micelles was studied up on incubation in water at pH 1.5 for 1 hour. The sizes of
these vitamin K loaded F8K and F9K increased slightly from 43.1±1.1 to 45.8±1.4

nm and from 45.9±2.3 to 58.4±2.8 nm, respectively (Supplementary material Fig.
S4). The dispersions remained transparent and no coalescence of the formulation was
observed, as opposed to Konakion® MM (which size at pH 7.3 is around 7.1 nm, and
large aggregates were formed at pH 1.5: Supplementary material Fig. S5) (4, 5).
Therefore, saponins can indeed improve the colloidal stability of glycocholic
acid/EPC based formulation at gastric pH for vitamin K loaded micelles. The sugar
moieties of saponins which are at the surface of the micelles (due to their hydrophilic
character) likely avoid particle aggregation/coalescence caused by pronation of
glycocholic acid at gastric low pH.
3.4 Cytocompatibility of saponins containing mixed micelles with vitamin K loading
In order to investigate the cytotoxicity of the saponins containing vitamin K loaded
mixed micelles, the viability of Caco-2 cells after incubation with F8K and F9K was
determined using the MTS assay. As shown in Fig. 3, the cell viability after 36 hours
of incubation with F8K and F9K was > 85% with concentration of surfactants (S and
G) between 0.03 and 0.15 mg/ml. The cell viability decreased from 85% to 32% when
the concentration of total surfactants (S and G) increased from 0.15 to 1.50 mg/ml.
The toxic effect of glycocholic acid and saponins at higher levels correlates with
previous finding (34, 35). Therefore, F8K and F9K showed good cytocompatibility at
concentrations of surfactants (S and G) below 0.15 mg/ml and were further studied for
their cellular uptake by Caco-2 cells.

Fig. 3. In vitro cell viability of Caco-2 cells incubated for 36 hours with F8K and F9K,
one representative experiment in triplicate for each sample, results represent
mean±SD.

3.5 Uptake of vitamin K loaded rhodamine labeled mixed micelles by Caco-2 cells
As absorption enhancers, both saponins and glycocholic acid can disrupt the lipid
arrangements in cell membranes and interact with the polar head groups of the lipid
bilayers (22, 36). As a consequence, the lipid membrane becomes fluidized which
promotes the diffusion of drugs and even intact micelles across the cell membrane (22,
37). To investigate the uptake of F8K and F9K by intestinal epithelium, Caco-2 cells
were selected as a model for small intestinal epithelial cells (38-40). The commercial
formulation Konakion® MM was applied as a positive control. After 2 hours
incubation with Caco-2 cells at 37°C, the vitamin K uptake by the cells was 7.1±0.2,
4.2±0.3 and 4.9±0.3 nmol/mg protein for Konakion® MM, and F8K and F9K,
respectively (Fig. 4). The uptake of vitamin K was higher for Konakion® MM
compared to saponins containing micelles, which is probably because bile salts
showed higher permeabilization of Caco-2 cells than saponins (22) and Konakion®
MM have a smaller size than saponins containing micelles (about 7 and 43 nm,

respectively). However, it is important to note that the uptake of vitamin K was not
dramatically reduced when glycocholic acid was partly substituted by saponins.

Fig. 4. Uptake of vitamin K upon incubation with Caco-2 cells for 2 hours at 37°C
with mixed micelles of Konakion® MM, F8K and F9K at a concentration of 0.24 mM
vitamin K, one representative experiment in triplicate for each sample, results
represent mean±SD, p<0.0001 or 0.001 based on two-tailed unpaired t-test.

Furthermore, the cellular uptake of the micelles was monitored by confocal
microscopic analysis using mixed micelles that were fluorescently labeled with
rhodamine-DSPE to visualize the internalization by and intracellular localization of
micelles in Caco-2 cells. The nuclei of Caco-2 cells were stained by Hoechst 33342,
which presented blue fluorescence to distinguish from the red fluorescence from the
rhodamine-PE labeled micelles (Fig. 5A). The fluorescent signal of rhodamine in red
indicates that micelles are taken up by the cells, however the fluorescent intensity of
rhodamine from micelles of F8K and F9K (Fig. 5B) displayed relatively lower
fluorescence intensity than that from micelles that lack saponins (similar to
Konakion® MM), which is consistent with the uptake of vitamin K as shown in Fig. 4.

Fig. 5. (A) Confocal laser scanning microscopy pictures of Caco-2 cell monolayers
incubated for 2 hours with rhodamine labeled vitamin K loaded mixed micelles of G
and EPC only, F8K and F9K, all at 37°C with concentration of 0.24 mM vitamin K.
The fluorescence of Hoechst (blue), rhodamine (red), and bright-field image are
merged in the right column (scale bar = 50 µm). (B) Normalized fluorescence
intensity of rhodamine signal from three different wells for each sample shown in
rhodamine channel from confocal laser scanning microscopy pictures, bars indicate
average ± SEM, **** p<0.0001 and ** p<0.001 by Kurskal-Wallis test with Dunn’s
multiple comparisons (right).

4. Conclusions
The commercial vitamin K formulation Konakion® MM is unstable and large
aggregates are formed at low pH because of protonation of the constituent bile acid,
which accounts for the reduced bioavailability under cholestatic conditions. Therefore,
improving the stability at low pH was the goal of the present work. In this study,
vitamin K loaded mixed micelles composed of saponins, glycocholic acid and EPC
were successfully prepared by a film hydration method combined with probe
sonication. Saponins-containing formulations, optimized using an extreme vertices
design approach, showed good cytocompatibility for Caco-2 cells. Cellular uptake of
saponins-containing mixed micelles was slightly reduced as compared to Konakion®
MM, however the superior stability at low pH makes it a promising oral formulations
for vitamin K for the prophylaxis and treatment of vitamin K deficiency bleeding in
neonates and infants suffering from cholestasis.
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Supplementary material

Fig. S1. Photographs of micelles composed of saponins and EPC without glycocholic
acid: freshly prepared micelles (A) and up on storage for 16 hours at 20°C (B).

Fig. S2. Design Expert Plot: predicted
versus actual values plot for (A) size (pH
7.3),

(B) ratio of size (pH 1.5)/size (pH 7.3) and

(C) size (pH 1.5) of micelles containing
saponins, glycocholic acid and EPC.

C

Fig. S3. Size distribution by
intensity (A) and zeta potential (B)
of F8K and F9K, respectively, and
TEM image of F8K (C). The
feeding percentage of vitamin K
against total lipid was 10.0%
(w/w).

Fig. S4. Time-dependent Z-average diameter at pH 1.5 and 37°C for F8K and F9K.
The feeding percentage of vitamin K against total lipid was 10.0% (w/w), n=three
independently prepared batches.

Fig. S5. Konakion® MM is transparent at pH 7.3, however, it is unstable and phase
separation occurred at the pH 1.5.

Table S1. Compositions of various formulations and their corresponding responses:
sizes at pH 7.3 and 1.5 and the corresponding ratio of size

(pH 1.5)/size (pH 7.3).

Constraints designs for different components (EPC, S and G) are shown as follows. S:
saponins, G: glycocholic acid. The weight fractions of S, G and EPC were varied from
0.00 to 0.50 (w/w), 0.00 to 0.50 (w/w) and 0.45 to 0.90 (w/w), respectively. For all
mixtures, the total of S, G and EPC weight fractions always added to 1. Size at pH 1.5
in bold means that formulation was not stable and the dispersion aggregated upon
incubation at pH 1.5 giving large variation in sizes by DLS (all formulations were
prepared in triplicate and responses are presented as mean ± SD, n=3).
Weight fractions
Formulations

Experimental responses (predicted values)
Size pH 7.3 (nm)

Size pH 1.5 (nm)

Ratio [size (pH 1.5)/size (pH

EPC

S

G

F1

0.77

0.03

0.20

39.4±1.7 (43.0)

37.9±1.6 (4.0)

0.96±0.05 (-1.65)

F2

0.78

0.07

0.15

43.9±1.7 (34.9)

41.4±3.2 (23.8)

0.94±0.04 (1.25)

F3

0.81

0.11

0.08

42.0±3.2 (39.6)

42.2±4.4 (51.1)

1.01±0.08 (3.83)

F4

0.83

0.14

0.03

42.8±1.1 (64.9)

45.3±3.3 (72.3)

1.06±0.02 (3.13)

F5

0.85

0.15

0.00

101.2±13.0 (99.6)

93.6±7.7 (89.3)

0.93±0.14 (0.41)

F6

0.68

0.05

0.27

38.5±0.5 (47.0)

66.8±9.8 (53.2)

1.73±0.01 (0.39)

F7

0.70

0.09

0.21

41.1±3.7 (39.0)

57.6±2.2 (63.6)

1.40±0.06 (1.08)

F8

0.74

0.15

0.11

39.7±1.2 (31.7)

42.5±2.4 (47.4)

1.07±0.03 (1.36)

F9

0.76

0.19

0.05

40.5±2.4 (47.8)

43.5±2.2 (39.2)

1.07±0.06 (1.66)

F10

0.79

0.21

0.00

108.2±21.3 (84.3)

95.1±12.8 (35.8)

0.88±0.22 (-0.57)

F11

0.52

0.07

0.41

23.3±0.4 (15.9)

539.0±123.0 (404.3)

23.10±0.01 (23.59)

F12

0.53

0.14

0.33

23.6±2.2 (33.7)

322.4±70.3 (381.6)

13.65±0.01 (16.62)

F13

0.58

0.24

0.18

43.2±1.0 (43.1)

97.4±21.5 (223.6)

2.26±0.01 (1.81)

F14

0.62

0.30

0.08

45.2±2.1 (50.3)

107.1±22.6 (102.2)

2.37±0.02 (2.18)

F15

0.65

0.35

0.00

93.2±17.8 (105.3)

79.7±8.1 (9.2)

0.85±0.22 (0.78)

F16

0.50

0.50

0.00

211.4±28.1 (209.1)

175.4±15.8 (117.4)

0.83±0.16 (0.25)

F17

0.90

0.00

0.10

51.5±0.9 (50.5)

90.4±76.7 (92.2)

1.75±0.01 (2.56)

F18

0.45

0.05

0.50

28.2±5.6 (30.1)

486.3±554.8 (648.5)

17.22±0.01 (22.63)

F19

0.45

0.50

0.05

149.5±24.7 (146.1)

222.8±50.9 (294.2)

1.49±0.11 (3.43)

F20

0.90

0.10

0.00

123.6±10.5 (124.0)

126.8±8.9 (153.1)

1.03±0.08 (0.23)

F21

0.65

0.18

0.17

43.7±1.2 (36.2)

70.3±7.5 (120.3)

1.61±0.02 (0.81)

F22

0.50

0.24

0.26

56.7±15.0 (55.2)

360.7±40.5 (454.3)

6.37±0.04 (7.40)

7.3)]

F23

0.54

0.29

0.17

52.0±8.1 (49.4)

127.7±12.5 (290.8)

2.46±0.06 (2.41)

F24

0.46

0.42

0.12

74.7±6.7 (77.5)

483.7±139.4 (405.5)

6.48±0.01 (4.45)

F25

0.49

0.15

0.36

34.8±9.8 (36.9)

639.0±158.4 (525.9)

18.36±0.02 (21.24)

F26

0.49

0.10

0.41

23.7±6.1 (20.6)

880.0±234.3 (524.3)

37.11±0.01 (27.13)

F27

0.50

0.0

0.50

34.5±18.5 (34.3)

286.1±265.0 (433.4)

8.30±0.06 (7.71)

Table S2. Z-average diameter and zeta potential of vitamin K loaded mixed micelles
based on formulations F8 and F9 (Supplementary material Table S1), with the
corresponding loading capacity of vitamin K and recovery of vitamin K and EPC.
DLS measurements were conducted at pH 7.3. The feeding percentage of vitamin K
against total lipid was 10.0% (w/w), n=three independently prepared batches, results
represent mean±SD.

Formulations

Size
(nm)

PDI

Zeta
potential

Recovery

Loading

Recovery

of vitamin

capacity of

of EPC

K (%)

vitamin K

(%)

F8K

43.1±1.1 0.26±0.01

-21.0±1.6

88.4±5.3

6.3±0.3

94.3±4.8

F9K

45.9±2.3 0.29±0.03

-16.9±1.5

85.3±6.2

7.1±0.4

89.5±5.7

Chapter 6

Summary and perspectives

1. Summary
Konakion® MM (composed of egg phosphatidylcholine, glycocholic acid and vitamin
K) fails to prevent vitamin K deficiency bleeding (VKDB) in cholestatic infants due to
impaired intestinal absorption of vitamin K (1, 2). Glycocholic acid is one of the
components of the Konakion® MM formulation and has a carboxylic acid group with
a pKa of 3.8 (3), which ensures, due to charge repulsion, a good colloidal stability of
the formulation at pH>4. However, the formulation is unstable and aggregates at low
gastric pH because of protonation of this carboxylate group, causing coalescence of
the micelles (4). In this thesis, mixed micelle formulations of vitamin K were
developed to overcome the disadvantage of the clinically used Konakion® MM
formulation (unstable at low pH) and thus potentially provide better protection against
VKDB, especially for patients suffering from cholestasis (see Chapter 1). Two
different strategies were exploited, namely the introduction of poly(ethylene glycol) as
a steric barrier (by partially replacing egg phosphatidylcholine in Konakion® MM by
DSPE-PEG 2000, a non-ionic surfactant), and the partial replacement of glycocholic
acid of Konakion® MM by non-ionic surfactants-saponins.
Chapter 1 of this thesis provides a general introduction of vitamin K and its current
commercial Konakion® MM preparation. The prevalence of vitamin K deficiency
bleeding in neonates and infants with cholestasis is summarized and discussed. The
absorption mechanism of vitamin K and the advantages of loading vitamin K in mixed
micelles for oral delivery are briefly overviewed.
In Chapter 2 a mixed micellar formulation of vitamin K with superior stability as
compared to Konakion® MM at low pH was developed by introducing DSPE-PEG
2000. Mixed micelles with mean diameters from 7.1 to 11.0 nm and a narrow size
distribution (PDI<0.2) were obtained after 3 membrane extrusion cycles. Konakion®
MM aggregated at gastric pH, which was avoided by introducing PEG at the surface
of the micelles through steric stabilization. TEM analysis showed that the formed
mixed micelles had a spherical size (diameter of around 10 nm) with a narrow size
distribution, in agreement with the DLS results. The mixed micelles showed good
cytocompatibility at concentrations of glycocholic acid between 0.12 and 1.20 mM,
that is promising for clinical applications.

In Chapter 3 the influence of PEGylation on the in vitro uptake and transport of
vitamin K loaded mixed micelles by Caco-2 cells was systematically studied. The
uptake of vitamin K and fluorescently labeled mixed micelles with and without PEG
coating showed similar kinetics and their uptake ratio (defined as rhodamine
fluorescence intensity divided by the uptake of vitamin K) remained constant.
Together with the observation that an inhibitor of the scavenger receptor B1 (BLT-1)
decreased the cellular uptake of vitamin K by ∼80% compared to the uptake in the

absence of this inhibitor, we conclude that vitamin K is mainly taken up by Caco-2

cells via endocytosis of both types of micelles (with and without PEG coating) by this
scavenger receptor. The presence of vitamin K in chylomicrons further indicates that
the association of vitamin K (released from (destabilized) micelles) with chylomicrons
after internalization by Caco-2 cells. At neutral pH, PEGylated mixed micelles
displayed a two-to-three-fold reduction in both cellular uptake and transport as
compared to non-PEGylated micelles. However, this reduction was counterbalanced
by the observation that the uptake of vitamin K from PEGylated mixed micelles
increased four-to-five fold at simulated cholestatic gastrointestinal conditions, because
non-PEGylated mixed micelles showed irreversible coalescence at low pH, whereas
the PEGylated micelles showed good colloidal stability at this low pH.
In Chapter 4, the stability and mobility of mixed micelles in porcine intestinal mucus
was investigated using FRET (fluorescence resonance energy transfer) and FRAP
(fluorescence recovery after photobleaching), respectively. The obtained results
showed that mixed micelles (with and without PEG-coating) were stable in porcine
intestinal mucus and that PEGylation improved the mobility of vitamin K loaded
micelles in mucus compared to non-PEGylated ones. Ileum organoids monolayers
offer an alternative model over Caco-2 monolayers for transport studies of vitamin K.
Intestinal organoids are composed of a heterogeneous population of cells, including
the main mature intestinal cell types like enterocytes, goblet cells, M-cells,
enteroendocrine cells, and tuft cells (7). This makes these organoids currently the best
available in vitro model to investigate intestinal transport processes of drugs and
nutrition (8). In this chapter, a previously established three-dimensional (3D) primary
intestinal epithelial stem cell culture system was adapted into a 2D monolayer in a

Transwell format for transport studies. The permeability coefficients of vitamin K
were statistically not different: (7.8±2.4)×10-9 and (7.3±1.0)×10-9 cm/s for nonPEGylated and PEGylated micelles, respectively. As non-PEGylated micelles are not
stable at gastric low pH, PEGylation of mixed micelles is an attractive method for oral
delivery of vitamin K.
In Chapter 5, non-ionic surfactants from natural sources, i.e. saponins were used to
partially replace glycocholic acid in Konakion® MM as an alternative means to
improve micelles’ colloidal stability. An experimental design was used to investigate
the effect of the composition on particle size at neutral pH and upon acidification at
pH 1.5. Two formulations that were within the optimized composition window were
loaded with vitamin K and they showed superior stability at low pH as compared to
Konakion® MM. Micelles were cytocompatible with Caco-2 cells at concentration of
surfactants (saponins and glycocholic acid) up to 0.15 mg/ml. Uptake of vitamin K by
Caco-2 cells was comparable to Konakion® MM at neutral pH. This, together with the
superior stability at low pH, makes saponins-containing mixed micelles promising
oral formulations for vitamin K as possible alternative for the PEGylated mixed
micelles as described in this chapter.
2. Perspectives
This thesis describes the development of two mixed micellar formulations of vitamin
K that are stable at low pH and therefore potentially suitable for oral administration of
this vitamin. Uptake and transport of vitamin K loaded in mixed micelles were studied
using epithelium models of Caco-2 cells and ileum organoids monolayers. The results
convincingly show that the two mixed micelle systems are promising and attractive
formulations for oral delivery of vitamin K for patients with cholestasis due to good
colloidal stability and improved epithelial uptake of vitamin K under cholestatic
gastro-intestinal conditions.
2.1 Animals and experimental procedure
In this thesis, the developed formulations were only tested in cell culture studies to
evaluate their transport over model cell layers mimicking the epithelial barrier of the

intestine. In a next step, it is recommend that an in vivo study will be carried out. It is
proposed that bile duct cannulated rats will be used to induce cholestatic conditions
(absence of bile) and the absorption of vitamin K formulation in PEGylated and nonPEGylated micelles will be studied in this model. The protocols for the animal study
were reviewed and approved by the animal welfare committee of the Utrecht
University (no. 846-1-01) and the experiments will be performed in accordance with
the Dutch Animal Welfare Act of 1997. Animals (HsdCpb: male Wistar rats, 6-8
weeks of age, 200-300 g) will be allowed to acclimatize and maintained on standard
feed for seven days prior to the surgery. The animals are divided into two groups of 6
rats: a group receiving bile duct cannulation and a group receiving a sham operation at
day 1 as shown in Fig. 1. The animals will undergo a surgical procedure as described
by Tønsberg et al. (9) with a few modifications. All surgical procedures will be
performed with sterile instruments under general anesthesia. For each animal, an
incision below the ribcage will be made and the bile duct will be located, isolated and
cannulated. The cannula will be tunneled to the back of the neck of the animal to
allow the bile to drip out using a rodent jacket (SAI Infusion Technologies, UAS). The
sham operation will consist of the same procedure, without the cannula being placed.
After surgery, the animals will rest and recover for 2 days with free access to water
and vitamin K-deficient chow in separate cages. After recovery, the animals will be
brought back to the standard animal rooms and fasted overnight before intragastric
administration of the vitamin K formulation in PEGylated and non-PEGylated
micelles (6 animals per group). In a 2-day period between operation and experiment,
the residue of bile in the intestine will be absorbed by the intestine and therefore the
influence of endogenous bile on the absorption of administered vitamin K is limited.
Blood samples (200 µl) will be collected via the tail vein at 0 (predose), 0.5, 1, 2, 3, 4,
6 and 24 h, respectively. To calculate the relative bioavailability of vitamin K, a
plasma concentration-time curve will be plotted and pharmacokinetic parameters
including the maximum plasma concentration (Cmax) and area under the plasma
concentration time curve (AUC) will be calculated.

Fig. 1 Schematic presentation of bile duct cannulated rats model for oral
administration modified from https://www.brl.uic.edu/node/38 (10).
2.2 Clinical translation of PEGylated mixed micelles
Preclinical and clinical extensive safety and efficacy studies do not have to be
repeated for a generic drug like vitamin K that is loaded in PEGylated mixed micelles
in our case when the safety of this formulation can be demonstrated based on previous
studies and the rate and extent of absorption of vitamin K do not show significant
differences with that observed for Konakion® MM (within an acceptance interval of
80-125% of the area under the concentration time curve (AUC) or Cmax at a 90%
confidence interval, i.e. bioequivalence) (11).
From a toxicological perspective, the 3-step procedure for evaluating comparative
safety of DSPE-PEG2000 in PEGylated mixed micelles (the only different excipient
present in the new formulation as compared to Konakion® MM) is illustrated and
explained in Fig. 2 and a more detailed discussion can be found in the publication of
Rayavarapu et al. (12). By evaluating published non-clinical studies (both in vivo
animal studies and in vitro cell culture systems), DSPE-PEG2000 has a good safety
profile and is widely applied in various clinically used formulations (13-15) and it is
also used as a component of the FDA approved pharmaceutical product Doxil (16, 17).

Fig. 2 Risk assessment of generic drug products for changes in their formulation
compared with an innovator formulation (Konakion® MM in our case). Risk
evaluation is performed when the excipients, residual solvents or impurities are
different/higher than in Konakion® MM. In brief, the evaluation procedure is
subdivided in 3 steps for the ease of understanding (numbered 1, 2, and 3 in the chart).
Step 1: Published non-clinical studies that are in accordance with good laboratory
practices and are conducted following the route of administration intended for purpose
of use are evaluated. Studies considered are in accordance with Code of Federal
Regulations, Food and Drug Administration and International Conference on
Harmonisation of Technical Requirements for Registration of Pharmaceuticals for
Human Use guidance. Non-clinical information is assessed within the context of the
relevance of the non-clinical species, nature of toxicity of the excipient and the
strength of data. Interspecies dose scaling (i.e., mg/kg body weight or mg/m2 body
surface area) is used to normalize exposure between species and to ultimately
determine whether appropriate margins of safety exist between the NOAEL and the
maximal human exposure to the excipient in question. Step 2: Clinical precedence for
the particular ingredient in question is evaluated. Step 3: Comparative risk analysis is
performed by consulting the reference listed drug label for the indication and the
factors such as target population, duration of use and route of administration are taken
into account for the risk assessment. It should be noted that the method described here
is a general overview and can potentially change for specific scenarios if warranted. Y,

Yes; N, No; CFR, code of federal regulation; FDA, Food and Drug Administration;
ICH, The International Conference on Harmonization of Technical Requirements for
Registration of Pharmaceuticals for Human Use (12).
2.3 Optimal regimen of vitamin K administration
Research on the optimal regimen of vitamin K administration has some limitations
and there are no studies that directly compare the effect of different routes of
administration of vitamin K to prevent bleeding (18). In the United States,
intramuscular administration of vitamin K at birth to prevent VKDB has been a
standard practice since 1961 (19). Surveillance data showed that a single
intramuscular administration of vitamin K provides better protection than the oral
administration, particularly when focusing on infants in the risk group (18). Receiving
vitamin K orally after birth can prevent VKDB for formula-fed infants, however, there
is a greater risk of a deficiency of vitamin K for infants (especially breast-fed infants)
with cholestasis (a risk group). One of the reasons is that vitamin K (in original oil
form or due to coalescence of a formulation like Konakion® MM) fails to be reliably
absorbed in the intestine in the absence of endogenous bile (i.e. in cholestatic infants)
(see Chapter 3 Introduction part for detailed explanations). Therefore, the Health
Council of the Netherlands recommends switching to a single intramuscular injection
of vitamin K shortly after birth for breast-fed infants (18). Importantly, once mixed
micelles remain their micelle stability at gastric low pH and in the intestine (for
example, PEGylated or saponins based ones), risk of a deficiency of vitamin K for
infants (especially breast-fed infants) with cholestasis will probably be minimized.
Therefore an oral formulation is still a viable option for VKDB prophylaxis.
2.4 GMP and industrial production of PEGylated mixed micelles
Solvent evaporation-film rehydration is the most frequently used method in
laboratories to prepare mixed micelles composed of lipids and surfactants (20-23).
Organic solvents are used to dissolve the lipid and a film is formed after evaporation
of the solvent(s), which process requires large surface areas and heat transfer (24) and
can thus not easily be scaled up. The industrial production of nanoparticles requires

significant energy deposition and intense shear forces (25-27). The shear forces
necessary for size reduction can be provided by mechanical agitation, for example,
stirring, high shear mixing, high-pressure homogenization or high-amplitude
ultrasound (28). High-pressure homogenization creates powerful disruptive forces
such as cavitation, collision and shearing, which disintegrates coarse particles to
nanoparticles (29, 30). The size of formed particles depends on the number of cycles,
the pressure and temperature of the homogenization process (29). Ultrasonic
techniques have been developed as an alternative to high-pressure homogenization (31,
32) and high ultrasonic amplitudes are required for efficient particle size reduction
(31). High-pressure homogenization and ultrasonic techniques are thus the most
suitable methods for industrial production of the PEGylated mixed micelles as
developed in this thesis.
2.5 Absorption of saponins based micelles using bile duct cannulated rats
The superior stability at low pH as described in Chapter 5 makes saponins-containing
mixed micelles, besides the PEGylated micelles as described in Chapter 2/3/4,
promising oral formulations for vitamin K. Their cellular uptake at neutral pH was
only slightly reduced as compared to Konakion® MM. However, the formulation
passing through the stomach is not accounted for in the present uptake study.
Therefore, the in vivo bioavailability studies of vitamin K loaded saponins based
mixed micelles using bile duct cannulated rats mimicking cholestasis have to be
carried out as discussed in section 2.1. Saponins are bio-active and can activate the
mammalian immune system (used as adjuvants in clinics) (33). Therefore, the safety
of saponins based micelles for infants has to be investigated in the future.
2.6 Mixed micelles loaded with other BCS II/IV drugs that undergo first pass effect
First-pass hepatic metabolism can significantly limit the oral bioavailability of poorly
water soluble BCS II/IV drugs (34). Drugs (typically log P>5, lipid solubility>50
mg/g long chain triglyceride) loaded in lipid based mixed micelles can be packed into
chylomicrons after uptake by intestinal enterocytes (35), which can be drained via the
lymphatic capillaries to the mesenteric lymph duct and subsequently drained into the

systemic circulation via the thoracic duct (avoiding first-pass metabolism in the liver)
(36, 37). The mixed micelle formulations developed in this thesis are likely also
systems potentially suitable to promisingly improve the oral bioavailability of BCS
class II or class IV drugs as shown by Basalious et al. for other micellar systems based
on pluronics P123, pluronic F127 and phosphatidylcholine (38, 39). Therefore,
although vitamin K is a clinically relevant compound, it can also be seen as a model
for other BCS II / IV drugs to be formulated in mixed micelles.
3. Conclusion
The results described in this thesis present evidence that both PEGylated mixed
micelles and saponins based mixed micelles show excellent biocompatibility, colloidal
stability at gastric low pH, while maintaining sufficient epithelial uptake and transport,
as compared to commercialized Konakion® MM. Therefore, they are considered
promising oral delivery systems for vitamin K and likely also for other poorly soluble
drugs.
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Nederlandse samenvatting
Het vitamine-K profilax Konakion® MM (samengesteld uit ei-fosfatidylcholine,
glycocholzuur en vitamin K) is niet in staat om bloedingen te voorkomen bij
cholestatische kinderen, als gevolg onvoldoende darmopname van vitamine K (1,2).
Eén van de componenten van de Konakion® MM formulering (glycocholzuur) heeft
een pKa van 3,8 (3) en is daarom bij neutrale pH geladen, hetgeen een goede
colloïdale stabiliteit geeft aan de micellen in de formulering als gevolg van
ladingsafstoting. De formulering is echter onstabiel en aggregeert bij de lage pH van
de maag ten gevolge van protonering van de carboxylaatgroep van het glycocholzuur,
wat coalescentie van de micellen veroorzaakt. In dit proefschrift werden gemengdemicelformuleringen van vitamine K ontwikkeld om dit probleem van de huidige
Konakion® MM formulering (d.w.z. onstabiliteit bij lage pH) te omzeilen en aldus
mogelijk een betere bescherming te bieden tegen bloedingen als gevolg van vitamine
K tekort, met name bij patiënten die lijden aan cholestase (zie hoofdstuk 1). Twee
verschillende

strategieën

werden

toegepast,

namelijk

het

gebruik

van

poly(ethyleenglycol) als sterische barrière (door het ei-fosfatidylcholine in Konakion®
MM deels te vervangen door de niet-ionogene surfactant DSPE-PEG 2000) of het
deels vervangen van glycocholzuur in Konakion® MM door saponinen als de nietionogene surfactant.
Hoofdstuk 1 van dit proefschrift geeft een algemene inleiding over vitamine K en de
huidige commerciële formulering Konakion® MM. De oorzaak van bloedingen als
gevolg van vitamine-K gebrek bij pasgeborenen en kinderen met cholestase wordt
belicht in dit hoofdstuk. Tevens wordt een kort overzicht gegeven van het
absorptiemechanisme van vitamine K en de voordelen van het gebruik van gemengde
micellen voor de orale toediening.
In hoofdstuk 2 werd een gemengde micelformulering van vitamine K ontwikkeld met
verbeterde stabiliteit ten opzichte van Konakion® MM bij lage pH, door de introductie
van DSPE-PEG 2000.
Gemengde micellen werden verkregen met gemiddelde diameters van 7,1 tot 11,0 nm
en een smalle grootteverdeling (PDI < 0,2) na 3 membraanextrusie-cycli. Het
aggregeren van Konakion® MM bij de pH van de maag werd vermeden door sterische

stabilisatie als gevolg van het introduceren van PEG aan het oppervlak van de
micellen. TEM-analyse liet zien dat de gevormde micellen bolvormig waren (diameter
rond 10 nm) met een smalle grootteverdeling, overeenkomstig de DLS resultaten. De
gemengde micellen hadden een goede cytocompatibiliteit bij concentraties van
glycocholzuur tussen 0,12 en 1,20 mM, wat gunstig is voor klinische toepassing.
In hoofdstuk 3 werd een systematische studie gedaan naar de invloed van het
PEGyleren van vitamine-K-beladen gemengde micellen op de in vitro opname en
transport door Caco-2 cellen. De opname van vitamine K en fluorescent gelabelde
gemengde micellen met en zonder PEG coating liet vergelijkbare kinetiek zien en de
verhouding tussen de fluorescentie-intensiteit en de opname van vitamine K bleef
constant gedurende de opname. Samen met de waarneming dat een inhibitor van de
scavenger receptor B1 (BLT-1) in staat was om de cellulaire opname van vitamine K
met ~80% te remmen ten opzichte van de opname in afwezigheid van deze inhibitor,
konden we voor beide typen micellen (met en zonder PEG coating) concluderen dat
vitamine K door Caco-2 cellen voornamelijk wordt opgenomen door endocytose via
deze scavenger receptor. De aanwezigheid van vitamine K in chylomicronen toonde
aan dat vitamine K vervolgens associeert met deze organellen na de opname in de
Caco-2 cellen. Bij neutrale pH lieten de gePEGyleerde gemengde micellen een tweetot drievoudige afname zien in zowel opname als transport, vergeleken met nietgePEGyleerde micellen. Deze afname werd echter teniet gedaan doordat de opname
van vitamine K via gePEGyleerde gemengde micellen vier- tot vijfvoudig toenam
onder

gesimuleerde

cholestatische

maag-darm-omstandigheden,

omdat

de

gePEGyleerde micellen een goede colloïdale stabiliteit lieten zien bij deze lage pH,
terwijl de niet-gePEGyleerde gemengde micellen onomkeerbare coalescentie gaven
bij lage pH.
In hoofdstuk 4 werd de stabiliteit en mobiliteit van gemengde micellen in
varkensdarmmucus onderzocht met behulp van respectievelijk FRET (Förster
resonance energy transfer) en FRAP (fluorescence recovery after photobleaching).
De resultaten lieten zien dat gemengde micellen (met en zonder PEG coating) stabiel
waren in varkensdarmmucus en dat PEGylering de mobiliteit van de vitamine-K
beladen micellen in mucus verbeterde ten opzichte van de niet-gePEGyleerde.

Monolagen van ileum organoïden bieden een alternatief model voor Caco-2
monolagen ten behoeve van transportstudies van vitamine K. Darmorganoïden bestaan
uit een heterogene populatie cellen, inclusief de belangrijkste gerijpte darmceltypen
zoals enterocyten, goblet cellen, M-cellen, entero-endocriene cellen, en tuft cellen (7).
Dit maakt deze organoïden momenteel tot het best beschikbare in vitro model om de
processen bij het transport van geneesmiddelen en voedingsstoffen te bestuderen (8).
In dit hoofdstuk werd een driedimensionaal (3D) primaire epitheelstamcelcultuur
aangepast tot een 2D monolaag in een Transwell format ten behoeve van
transportstudies. De permeabiliteitscoëfficiënten van vitamine K waren statistisch niet
verschillend: (7,8±2,4)×10-9 en (7,3±1,0)×10-9 cm/s voor respectievelijk nietgePEGyleerde en gePEGyleerde micellen. Aangezien niet-gePEGyleerde micellen
niet stabiel zijn bij de lage pH van de maag, is het PEGyleren van gemengde micellen
daarom een aantrekkelijke strategie voor de orale toediening van vitamine K.
In hoofdstuk 5 werden niet-ionogene surfactanten afkomstig van natuurlijke bronnen
(namelijk saponinen) gebruikt om het glycocholzuur in Konakion® MM deels te
vervangen, als alternatief om de colloïdale stabiliteit van de micellen te verbeteren.
Experimenteel ontwerp werd toegepast om het effect te onderzoeken van de
samenstelling op de deeltjesgrootte bij neutrale pH en na aanzuren naar pH 1,5. Twee
formuleringen die vielen binnen het bereik van de optimale samenstellingen werden
beladen met vitamine K en deze vertoonden een verbeterde stabiliteit bij lage pH
vergeleken met Konakion® MM. De micellen waren cytocompatibel met Caco-2
cellen bij concentraties van surfactanten (saponinen en glycocholzuur) tot aan 0,15
mg/mL. De opname van vitamine K bij neutrale pH was vergelijkbaar met Konakion®
MM. Samen met de hogere stabiliteit bij lage pH laat dit zien dat saponinenbevattende gemengde micellen veelbelovende orale formuleringen zijn voor vitamine
K, als mogelijk alternatief voor de gePEGyleerde gemengde micellen.
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