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a b s t r a c t

Molecular transport mechanisms of poorly soluble hydrophobic drug compounds to lipid membranes
were investigated using molecular dynamics (MD) simulations. The model compound danazol was used
to investigate the mechanism(s) by which bile micelles delivered it to the membrane. The interactions
between lipid membrane and pure drug aggregatesdin the form of amorphous aggregates and nano-
crystalsdwere also studied. Our simulations indicate that bile micelles formed in the intestinal fluid may
facilitate danazol incorporation into cellular membranes through two different mechanisms. The micelle
may be acting as: i) a shuttle that presents the danazol directly to the membrane or ii) an elevator that
moves the solubilized danazol with it as the colloidal structure itself becomes incorporated and solu-
bilized within the membrane. The elevator hypothesis was supported by complementary lipid monolayer
adsorption experiments. In these experiments, colloidal structures formed with simulated intestinal fluid
were observed to rapidly incorporate into the monolayer. Simulations of membrane interaction with
drug aggregates showed that both the amorphous aggregates and crystalline nanostructures incorpo-
rated into the membrane. However, the amorphous aggregates solubilized more quickly than the
nanocrystals into the membrane, thereby improving the danazol absorption.
© 2020 The Authors. Published by Elsevier Inc. on behalf of the American Pharmacists Association®. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
Introduction

Oral drug delivery is the most convenient and desirable route of
drug administration for the treatment and prevention of many
diseases. However, due to their poor aqueous solubility, absorption
through the intestinal epithelium remains a challenge for many
new oral drug candidates.1-3 In the gastrointestinal tract (GIT),
poorly soluble lipophilic drug molecules tend to form aggregates
that can exist in amorphous or crystalline forms. In the GIT, lipo-
philic drugmolecules also interact with naturally available colloidal
structures and/or mixed micelles in the intestinal fluid, typically
composed of bile salts and phospholipids.3-5 During the interaction
with the intestinal fluid, such molecules can be solubilized and
become incorporated into the intestinal colloidal structures.3 In
(C.A.S. Bergstr€om).
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these instances, the colloidal structures themselves bring the sol-
ubilized drug compounds closer to the absorption site. Previous
studies show that solubilization of lipophilic or hydrophobic drug
molecules into mixed micelles composed of bile salts and phos-
pholipids can enhance the epithelial transport of hydrophobic
compounds through transcellular routes.6-10 Thus, drug molecules
can approach the cell membrane as a free monomer or a small
amorphous aggregate (Fig. 1a), in its crystalline form (Fig. 1b), or as
a part of a colloidal structure (Fig.1c and d). However, themolecular
interaction pattern between these colloidal structures loaded with
hydrophobic drug compounds and the intestinal membrane is
poorly understood.

Danazol is a synthetic steroid with low oral bioavailability and
water solubility. The crystal structure of danazol is shown in
Supplementary Fig. 1. In model intestinal fluids, its solubility in-
creases linearly with the concentration of most prominent intes-
tinal components, bile salts and phospholipids.11,12 The flux of
danazol through the surface of the cell membrane can therefore be
highly affected by these intestinal components. The clinical impact
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Fig. 1. Four scenarios of danazol incorporation into the cell membrane considered in the study: (a) as a free monomer or a small amorphous aggregate, (b) as a nanocrystal, (c)
shuttled at the interface of the bile micelle and (d) fused as a part of a micelle.
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of solubilizing danazol in bile colloidal structures has been re-
ported, and an increased peak concentration and area-under-the-
curve (AUC) was observed for danazol solubilized in the fed state
as compared to the fasted state fluids.13 Note that, due to higher bile
secretion the presence of lipid content is higher in the fed state, and
danazol is known to favor lipids.14,15 The increased plasma con-
centration and AUC, in part, are indications of the impact of bile on
danazol bioavailability.

Various experimental studies have investigated the drug-
membrane or micelle-membrane interaction.16-21 However,
experimental studies most often can determine only macroscopic
properties like drug permeability, rate of diffusion, or changes in
the membrane such as surface area and thickness.16,17 Molecular
dynamics (MD) simulations are an alternative to experimental
methods.22,23 MD simulations can show molecular level details of
membrane permeation of drug compounds,18,24 structural changes
of the lipid membranes during the drug permeation process,19

aggregation behavior of intestinal fluid components,25-27 and
their interaction with drug components.26,28 The all-atom (AA) MD
simulationdin which each atom is represented individuallydis
more accurate, but computationally expensive and typically only
used for shorter simulations of up to several microseconds and
smaller systems length-wise. One approach for performing longer
simulations and also making use of larger boxes during simulation
is the coarse-grained (CG) methodology.29,30 Although CG lacks the
precision of the AA model by representing 3e4 heavy atoms with
one bead, the upside is that it allows longer simulations to be run.

The aim of the present study was to investigate the molecular
mechanism(s) by which a poorly water-soluble drug may be
delivered and incorporated into the membrane. Danazol was used
as the model compound and MD simulations were used to evaluate
its interactions with intestinal membrane as a free monomer and
an amorphous aggregate (Fig. 1a). Incorporation and solubilization
into the lipid membrane were investigated for the monomers and
aggregates, as well as nanocrystals of danazol (Fig. 1b). Finally, we
investigated how a mixed micelle loaded with danazol interacted
with the membrane and the possible transport mechanisms of the
drug (Fig. 1c and d). Both AA- and CG MD simulations were run to
evaluate the consistency between the methods and to obtain an
improved molecular understanding of the drug-membrane in-
teraction(s). In order to validate our computational observations,
experimental measurements of colloidal size distribution and
membrane adsorption were performed.

Experimental Section

All-Atom Molecular Dynamics (AA-MD)

All-atom simulations were performed with Gromacs 2018,31

using the generalized amber force field (GAFF)32,33 and Slipids
force field.34,35 To represent the intestinal bile components, sodium
taurocholate (NaTC) and 1,2-dilinoleoyl-sn-glycero-3-
phosphatidylcholine (DLiPC) were used. 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylcholine (POPC) was selected as the model
lipid to represent lipid bilayer since phosphatidylcholine is a
common phospholipid found in the plasma membrane of intestinal
epithelial cells.36 Topologies of danazol, DLiPC and NaTC molecules
were produced via Stage software.37 The electrostatic potentials
were derived with PyRed server.38 POPCmembranewas taken from
the Slipids force field webpage.34 Simulations were run at 37 �C,
with isotropic (without membrane), or with semi-isotropic pres-
sure coupling, at 1 bar and compressibility of 4.5e-5. Nose-Hoover
thermostat39,40 and Parrinello-Rahman barostat41 were applied for
the production simulations.

Initial configurations of micelles were formed from randomly
distributed NaTC and DLiPC molecules in water. After energy
minimization and system equilibration, the production runs were
performed (at least 10 ns) to obtain the micellular structures. A
periodic boundary condition in all three box directions was applied
in the simulations.

The potential of mean force (PMF) profiles were calculated using
Umbrella Sampling (US) simulations.42 Four different US simula-
tions were performed inwhich the danazol molecule was pulled: i)
from the danazol cluster to the water phase, ii) from the micelle to
the water phase, iii) from the membrane center to the water phase,
and iv) from themicelle to the membrane center (or in the opposite
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direction) after placing the micelle adjacent to the membrane
surface (see Supplementary Fig. 2).

In the US simulations, a series of configurations was generated
along the reaction coordinate for each case described above. We
generated a number of configurations separated at a distance of
0.1 nm along the reaction coordinate which served as the starting
point for the US simulation. Each starting configuration was then
energy minimized, equilibrated for 2 ns, followed by a production
run for 20 ns. To extract the PMF along the reaction coordinate from
the US simulations, the weighted histogram analysis method
(WHAM) implemented in Gromacs as gmx wham utility was
used.43 For micellular structures, the Jacobian correction was made
according to Equation (1).44,45

UðxÞ¼U0ðxÞ þ 2 kBT lnðxÞ (1)

where U denotes free energy or potential of mean force, kB is the
Boltzmann constant, T is the temperature in Kelvin and x is the
distance along the reaction coordinate. Pulling force constant was
gradually increased from the initial 3000 to 20,000 where needed,
in order to fix the molecule at each bin across the whole range of x
values.

For the first category of the US simulations (Supplementary
Fig. 2a), 10 danazol molecules were initially randomly placed in
the simulation boxwithwater. Once the drugmolecules underwent
self-assembly and the aggregate was stable, a single danazol
molecule was pulled out of the aggregate. The second group of the
US simulations explored the effect of solubilization. One danazol
molecule was equilibrated in the systemwith a mixed micelle until
the molecule was solubilized into the micelle. The molecules of the
mixed micelle were then fixed with a flat-bottom potential at two
opposite ends (most distant heavy atoms of each molecule) and the
danazol molecule was gradually pulled out of the mixed micelle
(Supplementary Fig. 2b).

Danazol incorporation into the cell membrane was explored
next. Danazol was initially pulled to the center of the POPC mem-
brane and fixed there, until the water molecules following it to-
wards themembrane (an effect of solvent drag) were pushed out by
lipids. After equilibration, danazol was pulled out to the bulk and
sampled with the US technique (Supplementary Fig. 2c).

The final category of US simulations explored direct danazol
transfer between the bile micelle and the POPC membrane. The
micelle with solubilized danazol was rotated to place the danazol
molecule as close to the membrane as possible. Thereafter the
micelle was pulled to the surface of the membrane which posi-
tioned the danazol at the interface between the POPC and NaTC-
DLiPC micelle. The danazol molecule was then pulled along the
normal direction from the membrane to the center of the bilayer. If
water molecules followed the drug, they were removed from the
membrane layer and the terminal heavy atoms of the DLiPC and
NaTC molecules were fixed with flat-bottom potentials. After
additional equilibration, the molecule was pulled back from the
POPC membrane to the center of the micelle (Supplementary
Fig. 2d). All simulations were repeated three times.

Amorphous aggregates of danazol formed in unbiased MD
simulations were compared with the nanocrystal form by a radial
distribution function (RDF). The calculations were performed with
the gromacs function ‘gmx rdf’ on the nitrogen atoms. Collinearity
of the drug molecules was evaluated with an order parameter. For
that purpose, the coordinates of the opposite ends of the danazol
molecules were used to define vectors. The variability of the angles
was thenmeasured with respect to the average direction of all drug
molecules. The calculation was done with the in-house written
script according to Equation (2).
S¼ 1 =2
�
3 < cos2q > �1

�
(2)

where q is the angle between the vector of each drug molecule and
the average direction of all drug molecules, and S is the order
parameter.
Coarse-Grained Molecular Dynamics (CG-MD)

The CG-MD simulations were performed using the Martini force
field for systems consisting of danazol, different bile components,
and lipid membrane.46,47 To develop the CG danazol model, AA-
simulation with a single danazol molecule was performed using
the amber force field as described in the previous section.32,33 The
all-atom danazol simulation was then used as reference data to
obtain the Martini CG topology following the parameterization of
new molecules described in the Martini website.48 CG parameter-
ization of sodium taurocholate was based on Martini cholesterol
topology as described and validated in Clulow et al.25 The CG to-
pologies of phospolipids (POPC and DLiPC) are available at the
Martini website.47

The POPC membrane was generated using the method Insane
developed by Wassenaar et al.49 The resulting bilayer from Insane
was then equilibrated, resulting in a thickness of 4.05 nm and area
per lipid of 0.65 nm2 at 37 �C. These values are close to the
experimentally measured ones for POPC membrane, which are
3.91 nm and 0.64 nm2 at 30 �C, respectively, according to Ku�cerka
et al.50 The simulations were performed with the Gromacs 2018
software with semi-isotropic pressure coupling due to presence of
lipid membrane in the system.31 Each system was energy mini-
mized using the steepest descent algorithm. This was followed by
four short equilibration runs (50,000 steps) with time steps of 1, 2,
5, and 20 fs, before the final production run. A periodic boundary
condition was applied for all simulations.

To perform the simulation with a danazol nanocrystal, the po-
sitions of the danazol atoms in crystalline structure were taken
from the Cambridge Crystallographic Data Centre (CCDC), database
identifier YAPZEU01.51 The patternwas then used to construct three
nanocrystals (8, 48 and 96 molecules) in Avogadro software.52

During the CG simulation with the nanocrystal, the danazol mol-
ecules in the nanocrystal were restrained with a distance restraint
matrix using the ‘disre’ option implemented in Gromacs as gmx
genrestr utility.31 The distance restraint matrix prevented defor-
mation of the size and shape of the nanocrystals and kept the da-
nazol molecules from leaving the nanocrystals during the
simulation. These restrictions kept the nanocrystals from solubi-
lizing during the simulation. Note that the simulation time-scale (in
the range of ms) in this study was not large enough to capture
nanocrystal solubilization, which is typically minutes for poorly
water-soluble compounds.53,54 Also, due to the use of the distance
restraint matrix, a time step value of 10 fs was used in the simu-
lations with nanocrystals. However, all the other CG simulations
used a 30-fs time step.

All simulations were performed at 37 �C. CG-MD was also used
for the US simulation, with the sameworking process as for the AA-
MD simulations. The detailed system dimensions, simulation times,
and components used in AA- and CG-simulations are in
Supplementary Tables 1 and 2.
Preparation of Biorelevant Media for Experimental Measurements

A commercially available fasted state simulated intestinal fluid
(FaSSIF) powder and an in-house mixture of a bile salt and
phospholipid were used to study the interactions of micelles with
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the POPC membrane. FaSSIF is commonly used and easily
reproducible, while the mixture of bile salt/phospholipid better
matches the computational setup. FaSSIF buffer (pH 6.5) was used
to prepare the biorelevant media and comprised 10.5 mM sodium
hydroxide, 28.7 mM sodium phosphate monobasic anhydrous
and 105.9 mM sodium chloride, prepared in Milli-Q water (MQ
water, Milli-Q Advantage A10, resistivity of 18.2 MU cm, Merck
Millipore, Billerica, MA, USA). A 100-fold stock solution of FaSSIF
V1 (Biorelevant.com Ltd, London, UK) was prepared from powder
according to manufacturer's instructions, containing taurocholate
and phospholipids at a 4:1 M ratio. To produce the in-house
medium, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC
Avanti Polar Lipids Inc., Alabaster, AL, US) was used as a highly
purified phospholipid. The required amount of DOPC was dis-
solved in chloroform (purity 99.0e99.4%, VWR, Stockholm, Swe-
den) and a thin lipid film was generated using a stream of
nitrogen gas. An appropriate amount of sodium taurodeox-
ycholate hydrate (NaTC, Sigma Aldrich, St. Louis, MO, US) was
added to the vial and both components were dissolved in FaSSIF
buffer to achieve a final concentration of 300 mM NaTC and
75 mM DOPC (4:1 M ratio). The solution was sonicated (Trans-
sonic T 310, Elma, Singen, Germany) for 2 h and frequently vor-
texed during sonication.

Dynamic Light Scattering (DLS) Measurements

DLS measurements were performed on a Malvern Zetasizer
Nano-S (Malvern Instruments, Worcestershire, UK) to determine
the size distribution of FaSSIF V1 and the in-house preparation.
Each of the stock solutions was diluted 1:100 with FaSSIF buffer
and samples were measured in UV-transparent disposable cu-
vettes (Sarstedt, Nümbrecht, DE) at 25 �C. Peak mean sizes are
reported from intensity distribution. The Nano DTS Software 5.0
was used for acquisition and analysis of the data. All measure-
ments were performed in triplicates.

Lipid Monolayer Adsorption Experiments

Lipid monolayer experiments were performed in a custom-
built round trough with a volume capacity of 10 mL (Kibron Inc.,
Helsinki, Finland) according to a previously reported method.55

The trough was covered to prevent temperature and humidity
loss. Before each experiment, the trough was thoroughly cleaned
with chloroform and washed with MQ water. A microbalance
equipped with a DyneProbe (Kibron) consisting of metal alloy was
used to measure the surface pressure (p) and calibrated before
each experiment. A 1 mM stock solution of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC, Avanti Polar Lipids, Inc.,
Alabama, USA) was prepared in chloroform. The POPC solution
Fig. 2. Incorporation of danazol into the POPC membrane at three stages: in bulk, at the surf
taken from all-atom molecular dynamics simulation.
was deposited onto the surface of the subphase (FaSSIF buffer)
using a Hamilton microsyringe to obtain the required initial sur-
face pressure p0 (20 mN m�1). After 10 min of solvent evaporation
a stable monolayer was formed, and each of the two variants of
biorelevant media were injected underneath the monolayer into
the subphase. A volume of 100 mL of each stock solution was
injected to achieve adequate concentration of FaSSIF V1 (3 mM
taurocholate and 0.75 mM phospholipids) and of the in-house
preparation (3 mM NaTC and 0.75 mM DOPC). All experiments
were carried out under constant stirring at 25 �C and the
adsorption isotherm of the two experiments was obtained. Data
were recorded using FilmWareX 4.0 and analyzed with Prism 5.0
(Graph-Pad, San Diego, CA, US).
Results and Discussion

Interaction of Free Drug Molecules and Small Amorphous
Aggregates with Membranes

The interaction and solubilization of free drug molecules and
amorphous aggregates with lipid bilayers were investigated by
unrestrained AA- and CG-MD simulations. First, one danazol
molecule was randomly placed near the membrane to represent an
infinite dilution of danazol. The simulations were repeated ten
times and, in all cases, resulted in the incorporation of the danazol
molecule into the membrane. The average time for danazol incor-
poration into the membrane was in the order of 100 ns and 40 ns
for AA- and CG-methods, respectively. In other words, reducing the
resolution of the method still captured the same event but reduced
the time needed by 2.5-fold. Once the danazol reached the surface
of the POPC membrane, the permeation typically occurred within
10 ns. An example of the insertion process of danazol is depicted in
Fig. 2. After inserting into the membrane, danazol molecules
remained inside the membrane for the rest of the simulation,
buried relatively deeply inside the bilayer structure.

Free drug molecules near the membrane at a concentration
higher than the aqueous solubility of the drug can lead to precip-
itation and the formation of small aggregates. These aggregates can
be amorphous or nanocrystalline. Danazol quickly forms nano-
crystals in pure water,56 but polymers and naturally occurring
components in the intestinal fluid may result in amorphous ag-
gregates.57 To investigate the interaction of amorphous aggregates
and lipid bilayer, we performed 2-ms unrestrained simulations us-
ing both AA- and CG-MD methods. A small amorphous aggregate
with 10 danazol molecules was first generated and placed near the
membrane. During both the AA- and CG-simulations, this aggregate
was incorporated into the membrane and thereafter solubilized by
the membrane, i.e., the amorphous aggregate dissolves once
incorporated into the phospholipid bilayer (Fig. 3).
ace of the membrane, and incorporated into the bilayer. Representative snapshots were



Fig. 3. Interaction of amorphous danazol aggregate and lipid membrane. Representative simulation snapshots exhibiting amorphous danazol aggregate incorporation and solu-
bilization inside the lipid membrane: all-atom simulation (upper panel; snapshots representing 0, 600 and 2000 ns) and coarse-grained simulation (lower panel; snapshots
representing 0, 900 and 2000 ns).
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Interestingly, the danazol molecules did not dissociate from the
aggregate to permeate the membrane. Note that, for amorphous
aggregate, danazol molecules were not constrained to be together
and the molecules were allowed to dissociate from the aggregate.
In all simulations, the insertion of the danazol only occurred for the
whole cluster. That might be because all danazol molecules are
similarly attracted towards the inner layer of the membrane. As
they are being pulled together during the US simulation, penetra-
tion is more likely to take place where the entire aggregate can be
sterically accommodated inside the membrane. This was observed
in both the AA and CG simulations, where the separation of the
molecules from the cluster occurred only within the membrane. In
the AA simulations, the aggregate was incorporated into the
membrane at around 600 ns after contact with the membrane.
After themembrane incorporation, the amorphous aggregate broke
up within a microsecond and the molecules were dissolved in the
membrane. The separate free danazol molecules remained inside
the membrane for the rest of the simulation. Inside the membrane,
the danazol molecules localized slightly below the lipid headgroup
region. As indicated by the mass density profiles, the positions of
the danazol molecules are found between the peaks of the lipid
head groups of the two leaflets (Supplementary Fig. 3).
Fig. 4. Analysis of danazol molecules presence in amorphous aggregate or nanocrystal. (a
omitted); (b) a crystalline organization of the molecules in solid danazol; (c) free energy p
The CG-simulations showed a similar interaction of the amor-
phous aggregate with the lipid membrane. The amorphous aggre-
gate incorporated into the membrane at around 900 ns and at
around 1000 ns, the molecules from the aggregates were solubi-
lized by the membrane. The solubilized danazol molecules
remained inside themembrane andwere located slightly below the
lipid head groups also in the CG-MD simulations (Supplementary
Fig. 3). Note that the membrane incorporation of the amorphous
aggregate during the CG-simulations required longer (900 ns) than
the AA-simulations (600 ns). This is mainly due to the fact that the
volume of the CG-simulation box was about 10 times higher than
the box used in AA-simulations.

We then performed detailed analysis of the danazol amorphous
aggregate formed in the AA simulations and compared it with its
crystalline counterpart. The trajectory files from MD simulations
were analyzed for aggregates of 5, 10 and 100 molecules of danazol
in water; for the crystalline form of danazol, the Cambridge
Structural Database was used as reference. We observed that the
hydrophobic carbon rings of danazol molecules have high affinity
to themselves, whereas the oxygen and nitrogen atoms prefer in-
teractions with like atoms or with water molecules. This affinity
leads to an alignment of themolecules, as can be seen in Fig. 4. Such
) Snapshot of a 10 API molecules cluster, as observed from AA simulations (water is
rofile of the danazol molecule pulled away from the cluster of 10 APIs.
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organization of the molecules can be observed over a short time for
smaller amorphous aggregates of molecules (5 and 10 drug mole-
cules). However, for a bigger cluster of 100 APIs, many molecules
are stuck in local energy minima and do not reorganize as a crystal
within a 200-ns simulation. We assume that head-to-tail or head-
to-head organization obtained for the smaller aggregates in-
dicates a tendency to crystallization. Nevertheless, the actual
intermolecular interactions are being overly smoothened to
observe realistic crystallization inMD simulations. We propose that
crystallization could take longer times, specifically for relatively
large clusters of molecules.

Radial distribution function (RDF) was used to analyze the dis-
tances between the oxygen and nitrogen atoms of all danazol
molecules. Even for smaller aggregates, where a good alignment
was seen in the MD simulation, the RDF profiles of danazol amor-
phous aggregates and nanocrystals differed significantly. This dif-
ference originates from the discrete form of the RDF for
nanocrystals, and from the closer packing of the molecules in the
amorphous aggregates. Another tool used to quantify the organi-
zation of the danazol was the order parameter - S. It represents the
average degree of collinearity between each individual molecule
from the cluster and the average direction of all of them. The value
of S spans from�0.5 to 1.5, where �0.5 indicates complete absence
of order in the orientation of the molecules, and 1.5 indicates ab-
solute collinearity of the molecules in the aggregate (see Eq. (2)).
We observed that even the molecules of a perfectly organized da-
nazol nanocrystal did not have a high order value, as several sub-
groups of collinear molecules are presented, that in average give a
low value of order parameter. S was calculated to be 0.06 for the
danazol nanocrystal, 0 for the amorphous aggregate of 100 mole-
cules, and 0.02 for the aggregate with 10 molecules. Thus, the
values are relatively close to each other. MD simulations are not
able to represent crystallization at such level of detail, but based on
indirect indications, we conclude that the drug molecules would
quite likely crystallize rapidly, once surrounded by water.

We then performed US simulations to evaluate the energy
associated with the removal of a danazol molecule from an amor-
phous aggregate consisting of 10 danazol molecules (as in Fig. 4a).
The danazol molecule preferred to be in the aggregate rather than
in the bulk water phase (Fig. 4c). There was no difference in energy
cost for danazol molecules pulled from the aggregate surface or the
aggregate center to the bulk. It was ~28 kJ/mol in both AA and CG
simulations.

These results indicate that, in addition to the free danazol
monomers, small amorphous danazol aggregates can also incor-
porate into themembrane. After incorporation, solubilization of the
aggregate occurs fairly quickly and the danazol molecules diffuse
within the lipid bilayer. While MD simulations cannot confirm a
rapid crystallization of the danazol molecules, it seems likely when
the molecules are surrounded by water. This is in line with litera-
ture reports of rapid crystalline precipitation of danazol when at
concentrations higher than solubility limit.58
Incorporation of Danazol Nanocrystals in Cell Membrane

To investigate the incorporation of danazol nanocrystals in the
lipid membrane, an approach similar to the one described for the
amorphous aggregate was adopted. The danazol nanocrystal was
placed near the lipid membrane and CG-MD simulations were run
for 2 ms. Three differently sized crystals of 8, 48 and 96 danazol
molecules were used in the simulations. Details of the crystalline
dimensions are shown in Supplementary Table 3. Note that the
crystalline structures were modelled in such a way that molecules
could not detach from the crystal and its size and shape could not
be deformed (see methods section Coarse-Grained Molecular
Dynamics (CG-MD)).

Similar to the amorphous aggregates, all three nanocrystals
incorporated into the membrane within 200 ns of the simulation
and remained there for the rest of the simulation (2 ms). Note that,
membrane incorporation of hydrophobic nanoparticle with various
sizes and shapes were also observed in both experimental and
computational studies.59,60 The initial and final snapshot of the
simulation for each nanocrystal size is presented in Supplementary
Fig. 4. The interaction of the nanocrystals with the membrane
differed depending on crystal size. The smallest nanocrystal (8
molecules) inserted into themembrane andmostly remained in the
upper leaflet of the membrane. This is indicated by the mass den-
sity profiles where the peak of the lipid headgroup for the upper
leaflet is at 5.77 nm and the density of the danazol cluster spans
between 3.35 and 5.50 nm (Supplementary Fig. 5). Note that the
center of the membrane is estimated to be at 3.75 nm. Both the
medium-sized (48 molecules) and largest nanocrystal (96 mole-
cules) immersed themselves into the membrane and spanned both
leaflets. The largest nanocrystal also significantly affected the
membrane properties and displaced some of the lipid molecules
from the membrane. The loose lipid molecules then attached to the
surface of the nanocrystal as shown in Supplementary Fig. 4c.

The simulation results here suggest that nanocrystals of the
hydrophobic drug danazol preferred to interact with the lipid
membrane rather than the water phase. Like the amorphous ag-
gregates, the nanocrystals became incorporated into the mem-
brane. Upon membrane incorporation, the amorphous aggregates
were quickly solubilized within the lipid bilayer. Note that, due to
the lack of proper drug-drug interaction parameter values within
the nanocrystal when incorporated into the membrane as well as
the (still) limited time scale of the simulations, the solubilization
mechanism of the nanocrystals in the membrane was not possible
to investigate using MD. In our simulations, a restraint to keep the
drug molecules within the nanocrystal was used. However, the
literature seems to offer a consensus that the nanocrystals can often
form a strong crystal lattice which show a limited capacity to
dissociate from solid form. Therefore, the observations in this sec-
tion i.e. the lack of nanocrystals dissociation capacity in the mem-
brane and changing membrane properties might be relevant for
such compounds at smaller time scale. Indeed, this may be one
reason why amorphous solid formulation achieve better perme-
ability through the intestinal membrane than crystalline
formulations.61,62

Interaction of Membrane and Danazol Loaded FaSSIF Micelle

In the intestine, lipophilic drug molecules can be solubilized by
the intestinal colloidal structures, and once near the membrane,
those colloidal structures interact with the membrane. To investi-
gate how such drug-loaded intestinal micelles interact with the
lipid membrane, the simulations used a small micelle typically
observed with FaSSIF components. These micelles were loaded
with danazol and the potential of mean force was calculated from
US simulation with the AA- and CG-methods. In these simulations,
danazol was pulled:

1. from the micelle to the water phase,
2. from the membrane center to the water phase, and
3. from the micelle to the membrane center after placing the

micelle adjacent to the membrane surface.

The PMF profiles shown in Fig. 5 clearly indicate that the hy-
drophobic danazol molecule prefers to stay in association with the
micelle or inside the membrane (Supplementary Table 4). In the AA



Fig. 5. Combined free energy profiles graphs for danazol pulled from the micelle to bulk (blue lines), from the membrane to bulk (black line) and from the membrane to the micelle
(red line). Solid lines represent results from AA simulations, dashed lines e for CG. The origin along the z-axis is taken at the center of the membrane. In the micelles the molecules
were pulled not to the center, but to the potential well, where the danazol molecules are in the lowest free energy state.
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simulation of danazol pulled from micelle and membrane to water,
the energy minima were found to be near the micelle shell region
and slightly above the membrane center. The free energy differ-
ence, DG, required to move the danazol molecule from the micelle
was 54 kJ/mol and 60 kJ/mol for membrane center to the water
phase. However, when the micelle was placed adjacent to the
membrane surface, the DG required to move the danazol molecule
from themicelle to membrane center was only 14 kJ/mol. This is 3.8
and 4.3 times lower than the DG for moving the danazol molecule
from the micelle and membrane center to the water phase,
respectively. From the depths of the wells in the free energy pro-
files, one can see that the lower energy state would be reached if
the danazol molecule were placed in the POPC layer instead of in
the micelle. This suggests that during the interaction of intestinal
micelles loaded with hydrophobic drug molecules, the drug
molecule can be passively transported from the colloidal structure
to the membrane if thermal fluctuations (or other factors) cause an
excess energy equal or higher than 14 kJ/mol. As described in sec-
tion Interaction Of Free Drug Molecules And Small Amorphous
Aggregates With Membranes, the free energy difference to pull a
single danazol molecule from a cluster of 10 molecules is signifi-
cantly lower (29 kJ/mol) than the corresponding values for micelle-
to-water and membrane-to-water transitions. This further sup-
ports the concept that a danazol molecules in the form of amor-
phous aggregate will likely incorporate into the membrane or
micelle after being in contact for a certain time.

Similar results were obtained using the CG simulations. The DG
required to move the danazol molecule the micelle and membrane
center to the water phase were 51 and 57 kJ/mol, respectively. In
contrast, only 18 kJ/mol was needed to move the danazol molecule
from the micelle to membrane center. Again, the two different
simulation methodologies were in good qualitative agreement. DG
values obtained from both AA- and CG-simulations for different
systems are summarized in Supplementary Table 4. As predicted
from the experimentally observed logP value danazol should be
most attracted to the cell membrane, which is confirmed by our
simulations here. The lower energy barrier required to move a
danazol molecule from a bile micelle to the membrane center
observed in both methods suggests that the micelle may act as a
shuttle to deliver danazol to the membrane.

We then performed unrestrained simulations inwhich a micelle
containing FaSSIF and danazol was placed in the water phase above
the POPC membrane in a simulation box. Simulations of 2 ms were
performed with both the AA- and CG-methods. In the AA simula-
tion, one taurocholate detached from the micelle and inserted into
the membrane, whereas the rest of the micelle remained in the
colloidal form. However, in the CG-simulations, themicelle acted as
an elevator, fused at the membrane insertion site taking the solu-
bilized danazol with it whenmerging with the bilayer. Upon fusion,
the whole micelle becomes solubilized into the membrane. The
snapshots of the initial and final state of the simulations are shown
in Fig. 6.

In the AA simulations, the micelle released a taurocholate
molecule after a long contact timewith themicelle. Based on this, it
is expected that, with time, the micelle would fuse entirely into the
membrane. This would produce a flux of molecules from the
micelle to the membrane. Similar to the simulations with 10 da-
nazol clusters (section Interaction Of Free Drug Molecules And
Small Amorphous Aggregates With Membranes), this leads to a
higher probability for the drugmolecules to be transported towards
the POPC membrane. Supplementary Fig. 6 shows the free energy
profiles of the bile salt and phospholipid molecules pulled from the
center of the POPC membrane. The energy required to pull both the
NaTC and the DLiPC molecules from the membrane is approxi-
mately equal to 100 kJ/mol. This indicates a good affinity between
the micelle components and membrane lipids and supports the
fusion observation.

Overall, both the unrestrained and restrained MD simulations
indicate that intestinal micelles are capable of delivering drug
molecules to the membrane via interaction with the membrane.
The higher affinity of danazol components for the intestinal mi-
celles also suggests that intestinal components can prevent the
formation of danazol nanocrystals and hence, subsequently in-
crease danazol absorption through the intestinal membrane.
Investigating the Interaction of Fasted Intestinal Fluids With Lipid
Monolayers as Model Membranes

To complement the MD simulations, two different simulated
fasted state intestinal fluids were assessed in their interaction with
lipid monolayers. Both media were prepared using FaSSIF buffer.
DLS measurements of FaSSIF V1 revealed a uniform particle size
distribution with a mean diameter of approximately 75.1 nm
(Table 1), in agreement with previously reported size distribu-
tions.63 In contrast to the homogeneous FaSSIF V1, the in-house
preparation was polydisperse, with two peak mean sizes at
267.2 nm and 6.8 nm corresponding to a relative mass composition
of 70% and 30%, respectively. A diameter of 6.8 nm is reasonably
close to the size of the micelles simulated with MD.



Fig. 6. Interaction of drug-loaded mixed micelle and lipid membrane. Snapshot of the simulations performed with (a) all-atom and (b) coarse-grained molecular dynamics methods
at the initial and final time steps. In the all-atom simulation only one bile salt molecule detached from the micelle and incorporated into the membrane during the 2 ms. In CG the
entire micelle got fused and distributed within the membrane during the same timeframe.
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To further understand the interplay between the colloidal
components within the simulated intestinal fluids and membranes
in an experimental setting, their interactions were studied using
lipid monolayers. These experiments were performed to support
the hypothesis that micelles act as an elevator that moves the
solubilized danazol with it as the colloidal structure itself becomes
incorporated and solubilized within the membrane. Though vastly
simplified, lipid monolayers provide a model of a half bilayer and
can mimic essential physical and chemical properties of biological
membranes. These films (i.e., monolayers) can be formed at the air/
water interface of a Langmuir trough by spreading the lipids of
interest. Parameters such as composition of the monolayer and the
subphase (pH, ionic strength) as well as temperature can be varied
in a controlled way.64

In our experiment, POPC was used to prepare lipid monolayers
to closely resemble the conditions used for theMD simulations. The
simulated intestinal fluid was then injected into the subphase, and
the change in surface pressure (Dp) monitored over time (Fig. 7).
Changes in surface pressure provide valuable information on
whether colloidal structures, such as the micelles present in the
biorelevant media, incorporate into the monolayer. For instance,
when components incorporate into the lipid film, surface pressure
Table 1
Size Characterization by DLS of Biorelevant Media.

Simulated Intestinal Fluid Peak Diameter (nm) Mass Composition (%)

FaSSIF V1 1 75.1 (±0.2) 100.0 (±0.0)
In-house preparation 1 267.2 (±8.5) 70.0 (±0.6)

2 6.8 (±0.1) 30.0 (±0.6)

Data is shown as mean ± SD from the intensity distribution measurements (n ¼ 3).
increases, while a negative surface pressure suggests the loss of
phospholipids from the interface into the subphase.65 When FaSSIF
V1 or the in-house medium was injected underneath a lipid
monolayer, an instant and sharp increase in surface pressure was
recorded (Dp z 15 mN m�1). This indicates that the components
found in both FaSSIF and the in-house medium adsorb to, and
incorporate into, the POPC lipid monolayer. These experiments
demonstrate the strong affinity of colloidal structures in both me-
dia for membranes and their ability to penetrate lipid layers. These
results are in agreement with the CG-MD simulation, which sug-
gests that mixed micelles composed of intestinal fluids will be
incorporated and solubilized into the lipid membrane.
Fig. 7. Representative adsorption isotherms of biorelevant media to POPC monolayers.
The samples were injected underneath the equilibrated film at time 0 min and the
change in surface pressure (Dp) was monitored over time.
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Conclusions

The transport mechanisms of danazol to lipid bilayers were
investigated in depth by a series of computational simulations
complemented with experimental studies. We found that bile mi-
celles formed in the intestinal fluid may act as drug delivery
shuttles and facilitate danazol incorporation into cellular mem-
branes. This may occur through two different mechanisms. The
micelle may shuttle the danazol directly to the membrane inwhich
case the drugmolecule does not need to pass via the aqueous phase
to become absorbed. In the other mechanism, the micelle acts as an
elevator, taking the solubilized danazol with it into the membrane
as the colloidal structure becomes incorporated. The experimental
studies confirmed the elevator hypothesis by finding that the
colloidal structures of simulated intestinal fluid incorporated into
the lipid bilayers rapidly and efficiently.

Danazol molecules that are not solubilized by the colloidal
structures may precipitate if their concentration is higher than the
aqueous solubility. In our computational simulations, both the
amorphous aggregates and nanocrystals incorporated into the
membrane. Once incorporated, the amorphous aggregates quickly
dissolved in the membrane. For this type of aggregates, membrane
solubilization may further facilitate absorption.
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