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Oral administration is the preferred route for drug delivery because it has high patient
compliance and is cost effective. The aqueous solubility of modern drug candidates is often
poor, but a drug delivered orally must dissolve in the intestine so that it can be absorbed into
the circulation. Advanced formulations can be used to improve the solubility, but the possible
improvement in bioavailability from formulation varies among drug molecules. In vitro methods
can be used to assess solubility, but these are slow and consume valuable drug material that
is often rare early in development. As a non-destructive alternative, in silico methods have the
potential to predict solubility, but methods available are in need of improvement, especially for
predictions of drug solubility in intestinal fluid and for refining drug formulations.

The goal of this thesis is to use molecular dynamics (MD) simulations to investigate the
colloidal structures in intestinal fluids that affect drug solubility, and to simulate processes that
affect solubility on the molecular level. Coarse-grained MD simulation protocols for biorelevant
media, human and dog duodenal fluids, and lipid-based formulations were established based
on concentrations measured in vivo. In the simulations, colloids self-assembled to micelles
and vesicles depending on concentration and component input. Simulations with biorelevant
media resulted in micelles qualitatively similar to those experimentally measured by small-
angle X-rays. The structure of the colloids in the simulations were described in detail, and
used to qualitatively assess drug solubility enhancement in model compounds with poor water
solubility. These assessments were made by looking at the displacement of drugs and the drugs’
interactions with molecules in small intestinal fluid. The MD simulations were not able replace
current solubility-predicting in silico models, but do show that coarse-grained MD simulations
can be used for investigating the relevant processes involving intestinal fluids and lipid-based
formulations.
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“Shall I refuse my dinner because I do not fully understand  
the process of digestion?” 

 - Oliver Heaviside 
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Introduction 

Successful drug treatment requires that an active pharmaceutical ingredient 
(API) reaches its target. In general, the most successful administration route 
is the per-oral route. Its simplicity means that patient compliance is high, and 
its cost efficacy and storage stability makes it available for a large part of the 
population. However, the oral pathway does contain hurdles that must be over-
come.1 The API must pass through the stomach and its digestive, acidic envi-
ronment intact in order to enter the small intestine, where it needs to be dis-
solved by the human intestinal fluids (HIF) so that it can be absorbed into the 
systemic circulation.  

Recent searches for new drug candidates have focused on optimizing prop-
erties of APIs so that they will be potent at the site of effect, for instance, on 
finding API that have a high receptor affinity.2 This search strategy has meant 
that leading compounds are often highly lipophilic, which often comes with 
the drawback that these APIs have poor solubility in water.3–5 To counteract 
this physiochemical property, a formulation can be used that enhances bioa-
vailability by improving factors such as drug dispersion rate,6 solubility,7,8 
permeability,9 or by  a carrier that protects the drug until it reaches the sys-
temic circulation.10 Because solubility is such an important factor for bioavail-
ability, it is assessed during drug discovery and development. The most relia-
ble results would be obtained through clinical studies based on healthy volun-
teers; however, such studies would be both costly and potentially unethical for 
many drug candidates.11 Animal models like rodents12,13 and canines14,15 can 
be used, although these studies are also costly and require careful ethical con-
sideration. In vitro testing using simulated intestinal fluids16–19 (SIFs) to mimic 
the environment for drug solubility is a more cost effective alternative to in 
vivo methods. To make the screening process of drug candidates even more 
efficient, computational predictions can be used, although these methods also 
need to be improved, especially for assessing not only the solubility of a drug 
molecule in water  but, the solubility of a drug molecule in a formulation dis-
persed in intestinal fluids.20,21 
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The pathway of an orally administered drug through the 
gastrointestinal tract 
An orally administered drug moves through the mouth and esophagus down 
to the stomach, where the environment is strongly acidic, and digestive en-
zymes and the microflora can affect drug molecules.22–24 Some absorption to 
the systemic circulation can occur from the stomach, but it is more usual that 
the stomach contents (chyme) and the drug are passed to the small intestine, 
where the gut wall is more permeable and more active transporters are ex-
pressed.25–28 The human small intestine is approximately 6 m long and is di-
vided into three parts. The primary function of the first part, the duodenum, is 
to digest content released from the stomach, regulate stomach emptying, and 
trigger bile release.29,30 The duodenum is the shortest region of the small in-
testine (only around 30 cm long), but a significant amount of drug can be ab-
sorbed here.31 The second part, the jejunum, is roughly 2.5 m long, and most 
absorption of nutrients and drugs occur here due to its large absorbing surface 
area.32 The third part of the small intestine is the ileum, which can vary in 
length from 2 to 4 m long; absorption of drugs and nutrients take place here, 
including reabsorption of bile salts. The next section of intestine is the large 
intestine, or colon, which is 1.5 m long and has the primary function of ab-
sorbing water and moving intestinal content.33,34 In some cases, a significant 
amount of colonic absorption occurs.33 In both the large and small intestine, a 
drug is absorbed either by passively diffusing through the enterocytes, travel-
ing through the tight junctions between cells (parallel diffusion), or by using 
expressed transporters.35–37 All these types of absorption requires that the drug 
molecule is dissolved.   

Drug dissolution and solubility 
To be absorbed, a drug first needs to dissolve. A drug is dissolved when its 
crystal structure is broken and the drug molecules are individually surrounded 
by solvent molecules.38 A drug’s maximum concentration in a specific solvent 
before the crystal lattice no longer breaks down is its equilibrium solubility, 
or the solubility limit. Equilibrium solubility is affected by the temperature 
and the solvent’s pH in relation to the drugs acidic dissociation constant 
(pKa).39 The dissolution of a solid drug in a liquid solvent was described by 
Noyes and Whitney40 in 1897 which was later improved41 to: 

	
∗

  

The dissolution rate (dm/dt) is here described as a function of surface area of 
the undissolved drug (A), the solubility limit of the drug in the solvent (CS), 
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the concentration of the drug in the solvent (C), the thickness of the boundary 
layer (h), and the coefficient of diffusion (k). The pharmaceutical effect from 
an oral formulation is primarily dependent on the drug concentration in the 
small intestinal fluid, which is dependent on the equilibrium solubility and the 
dissolution rate, since the drug has a limited time in the small intestine. 

Small intestinal fluids 
The pH of HIF is approximately 5.4–7.0, which is significantly higher than 
the gastric tract.42 The composition of HIF is heavily influenced by bile re-
leased from the gallbladder, which is normally triggered by meal consumption 
and gastric empting.43 Bile includes a high amount of molecules like electro-
lytes, bile salts, phospholipids, cholesterol, and a low amount of peptides and 
amino acids.44  

Small molecular components in HIF 
Bile salts are synthesized in the liver, transported to the gallbladder, and sub-
sequently released into the small intestine with the bile.45 Bile salts are am-
phiphilic molecules containing a hydrophobic steroid skeleton with one or two 
hydroxyl groups (a primary bile acid, mainly cholic acid) conjugated to an 
amino acid (either glycine or taurine).46 The most commonly found bile salts 
in the small intestine are glycocholate and taurocholate and their deoxylated 
forms glycodeoxycholate, glycochenodeoxycholate, taurodeoxycholate, and 
taurochenodeoxycholate (figure 1).47,48 The pKa of bile salts is in the range of 
2–5, which makes the conjugated amino acid mainly negatively charged in the 
small intestine.49–52 The steroid rings in bile salts have a rigid structure which 
gives them a planar structure. Other amphiphilic molecules secreted into bile 
are phospholipids, which have polar heads and lipophilic tails. The phospho-
lipid phosphatidylcholine and its digestion product lyso-phophatidylcholine 
are commonly found with their corresponding free fatty acids in the small in-
testine.53 In general, phospholipids are more known for being part of cell 
membranes,54 but they do have important roles in HIF, because they enable 
colloidal structures to be formed with bile salts.55–57  
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Figure 1. Two-dimensional molecular structures of bile salts commonly found in 

HIF, with approximate pKa values.58 

Prandial states of HIF  
The contents of a consumed meal travel from the gastric tract to the small 
intestine and affect the molecular composition of HIF. Additionally, consum-
ing a meal triggers bile secretion, which elevates the levels of bile salts and 
phospholipids.59–64 A test of the post-prandial HIF of healthy volunteers (i.e. 
fed state HIF) showed an average increase in bile salts from 5 mM to 13 mM, 
and an increase in phospholipids from 1 mM to 4 mM.47 Consumed fats in 
form of various glycerides undergo digestion from lipases present in the small 
intestine, elevating the concentration of free fatty acids. Digestion will be fa-
cilitated by the ability of the bile salts to solubilize smaller droplets.65 There 
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is also variability among individuals in both states of HIF, where concentra-
tions of small molecular content can vary drastically between individuals, es-
pecially in the fed state. 

Colloidal structures in HIF 
The small molecular content in HIF can self-assemble to form colloidal struc-
tures. By themselves, bile salts can form micelles, where the critical micelle 
concentration is around 2–11 mM depending on bile salt type.66,67 Early work 
on the structure of pure bile salt micelles proposed an aggregate number of 
12–100 bile salts per micelle,68,69 while subsequent X-ray diffraction work in 
the 1980s argued that pure bile salt micelles have a helical structure.70,71    

In the presence of phospholipids and free fatty acids, bile salts can form 
mixed micelles and, depending on the concentration ratios, vesicles. These 
colloids solubilize hydrophobic molecules such as nutrients and drugs which 
enhances their apparent solubility in HIF. Early work looking at the structure 
of the colloidal systems of mixed bile components described the ternary sys-
tems of sodium cholate, water, lecithin, and quaternary systems with the ad-
dition of cholesterol.72 Micelles were posited to have three paracrystaline 
phases and an isotropic phase, the latter which included the normal range of 
components quantified in bile. Based on X-ray diffraction, the structure of 
mixed micelles was subsequently proposed to be stacked disks (figure 2a).73 
A decade later, a radial shell model (figure 2b) was proposed by analysing H-
NMR spectra of lecithin and cholate mixture.74 More recently, cryo-TEM im-
aging of HIF has revealed the size ranges of various components, including 
small micelles (5–10 nm), larger micelles and vesicles (10–50 nm), larger ves-
icles (50–100 nm), and large droplets (>1 µm).75–77 

 
Figure 2. Proposed micellar structures of mixtures of bile salts and phospholip-

ids(refs). a) Stacked disk.73 b) Radial shell.73,74 
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Simulated intestinal fluids (SIFs) 
Because drug solubility in HIF affects the bioavailability of a drug and can 
differ from the drug’s aqueous solubility, it makes sense to use HIF in solu-
bility measurements and other experimental techniques related to the GI-tract 
milieu. However, obtaining HIF in clinical studies is both expensive and eth-
ically problematic. Instead, it has become standard to use simulated intestinal 
fluids, which are mixtures of lecithin and bile salts in a phosphate buffer. 
Components and ratios can be adjusted make biorelevant media that can 
mimic a variety of conditions, such as fasted and fed state HIF, gastric fluids, 
colonic fluid, and GI fluids of other species. Commercially-available dispersi-
ble powders are easy to use for these purposes.  

In silico drug solubility assessments 
In the early stages of drug discovery and development, there is often a very 
limited amount of a new API available to use for in vitro assessment, and so 
predicting its solubility solely from its chemical structure is potentially a val-
uable tool. At present there is no perfect way of doing such predictions, but 
there has been progress using information from chemical descriptors.78–81 A 
common prediction model can be made by the general solubility equation 
(GSE), which makes use of logP (which often can be calculated efficiently), 
and the melting point (which is not always available and is more difficult to 
predict).82,83 More complex models like linear solvation equation (LSE) and 
quantitative structure property relationship (QSPR) train a model with multi-
ple descriptors in combination with large solubility data sets.84–86 The draw-
back to these more complex models is often understanding the role of the de-
scriptors and the precision of the data sets,21 which usually predict intrinsic 
aqueous solubility (although a few exceptions apply models for solubility in 
intestinal fluids and oral formulations).87,88 To complement these prediction 
models, or as a potential alternative to them, information can be obtained by 
simulations at the atomic level. 

Molecular dynamics simulations 
Molecular dynamics (MD) simulation, which is a method for simulating the 
movements of molecules or atoms over time, was first performed in the 
1950s.89 Underlying MD simulations is Newton’s second law of motion, 
where force equals the change in momentum:  
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∗  

F is the acting force on an atom, m is the mass, and a is the acceleration in the 
same direction as the acting force. To calculate the motion of an atom, the 
solved differential equation is used:  

 

where xi is the position of an atom, Fi the applied force, and mi its mass. In 
classical molecular dynamics (also called all-atom MD), each atom is repre-
sented individually. Which terms are included when calculating the acting 
forces, and how they are described mathematically, is different depending on 
force field used, but is generally divided into either bonded or non-bonded 
interactions.90–92 Bonded interactions are forces from atomic bonds including 
the torsions rotations, vibration of bonds and angles. Non-bonded interactions 
can be further divided into electrostatic and non-electrostatic interactions. 
Electrostatic interactions occur between fully or partially charged atoms, usu-
ally described by an algorithm based on Coulomb’s inverse square law:  

∗  

where q1 and q2 are the charges of the two atoms, r is the distance between 
them, and k is the columbic constant. Non-electrostatic interactions are often 
described by a Lennart-Jones potential. In classical MD, positions for all at-
oms are calculated by integrating the equation of motion for a specific 
timestep. The atoms are moved according to the calculations, thereafter new 
calculations are made from the new positions of atoms using the same 
timestep. An MD integrator performs the integrations.93 Two types of integra-
tors are commonly used, namely the leap-frog integrator and the Verlet inte-
grator. The equation describing the leap-frog integrator is stated below: 

1
2
∆

1
2
∆

∆
 

	∆ 	∆
1
2
∆  

The factors calculated are the position (r) from time (t), and velocities (v) from 
t – ½ Δt. In this way, r and v are generated to leap over each other in time, like 
frogs. If no velocities are available, for instance at the start of the simulation, 
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they can be assigned by a random numbers generator. The second integrator, 
the Verlet integrator, calculates both r and v from t (it does not use ½Δt):  

∆ 	∆ 	
∆
2

 

	∆ 	
∆
2

	∆  

This integration does not take significantly longer to solve than the leap-frog, 
but it does require more communications.93 This requirement is a drawback in 
large systems, where performance can be bottlenecked by communications 
due to high parallelization. A typical timestep is usually set to 1 fs, which 
means that an all-atom simulation with a duration of 100 ns will need to in-
clude calculations for all atoms at 108 time points.  

MD simulations occur in a simulation box of a specific shape, usually cu-
boid. The box needs to have boundaries – it is possible to implement ‘walls’, 
but doing so increases the risk of unnatural behaviour in the simulation. In-
stead of ‘walls’, periodic boundary conditions are often applied, in which the 
simulation box is surrounded by infinite copies of itself. Periodic boundary 
conditions is often used with minimum-image convention, this can by applied 
by setting a cut-off for how far away atoms can interact with each other 
(shorter than half the length of the simulation box), which has the effect of 
hindering several copies of the same atom from affecting a single atom. For 
instance, in figure 3, particle a will be affected by particle b as if particle b 
was above particle a (while a is above b in the box), due to the minimum-
image convention. If particle c moves to the right towards and beyond the 
simulation box, a new copy of it would reappear on the left side (in other 
words, it ‘wraps around’). Simulations can be performed under specific tem-
perature and pressure using different methods.94 In general, either the pressure 
(isothermal–isobaric ensemble) or the volume (canonical ensemble) is static.95 
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Figure 3. Visualization of a simulation box with periodic boundary conditions ap-

plied in all directions. 

In 1964, Rahman et al. simulated a liquid system; because of the computa-
tional power available at the time, the duration of the simulation was less than 
a picosecond.96 Since that time, much greater computational power is readily 
available, which enables the possibility of larger system size and duration of 
simulation achievable; today, a classical MD simulation is usually performed 
on the time scale of hundreds of nanoseconds. With increased computational 
resources available, the number of reported simulations of liquid and biologi-
cal systems in literature have also increased. Protein structures and various 
membrane systems are interesting for investigation with MD simulations,97–

100 such biological systems could always benefit from even longer times and 
larger spatial scales to be comparable to wet-lab experiments.  

The size and length of a simulation is not only dependent on the hardware 
used but also the set of algorithms, i.e. the force fields, used for the simulation. 
Different levels of resolution can be used to achieve different purposes in MD. 
For instance, a lower resolution can be used to simulate systems larger than 
classical MD simulations can accommodate. For instance, there are force 
fields with implicit hydrogens and united atoms, which enables a two-fold in-
crease in the timestep.101–103 For even lower resolution, there are coarse-



 

 20 

grained (CG) forcefields that have a single representation for several heavy 
atoms.104–106 These force fields have become popular because the time and size 
scales are more suited for simulating events under experimentally-observable 
conditions. At the other end of  the spectrum, there are methods for simula-
tions with higher resolution than classical MD, such as first principle dynam-
ics, where interatomic interactions are calculated by the principles of quantum 
mechanics.107,108 Combining different resolutions in the same simulation has 
also been demonstrated.109–111 

The Martini forcefield 
With the increasing interest in the simulation of biological systems, a CG force 
field that has gained popularity is the Martini force field.112 The general idea 
behind this force field is that any molecule can be represented with the correct 
set of building blocks, called Martini beads. Martini (version 2) beads use one 
representation for 3-4 heavy atoms and interact with bonded and non-bonded 
interactions. Bonded interactions include algorithms for chemically bonded 
sites and chain stiffness, and describe a weak harmonic potential as a function 
of distance between neighbors and angle to next closest neighbors. Additional 
algorithms can be implemented for secondary structures of peptides to keep 
planar groups intact. Non-bonded electrostatic interactions are described with 
a columbic equation, and the non-electrostatic interactions are described with 
a Lennard-Jones potential: 

4ε
σ σ	

	 

where V is the potential energy, r the distance between beads, σ is the bead 
size, and ε is the strength of the interactions determined by the pair of bead 
types. There are four main classes of beads, namely polar beads (P), non-polar 
beads (C), apolar beads (N), and fully charged beads (Q). There are also spe-
cific bead-types for molecules in ring-structures (SC), which are relatively 
smaller than regular beads. A bead’s degree of polarity is given a number from 
zero to five. Several subclasses can be used if the represented group is a hy-
drogen donor (d), acceptor (a), or both (da). For instance, the bead Cd is a non-
polar hydrogen donor; the bead P2 is polar, with a polarity-degree 2 of 5. For 
each combination of pair of beads, the forcefield has a set value for ε.  

MD simulations of bile components and small intestinal fluids 
MD simulations of intestinal fluids can be used to better understand the col-
loidal landscape, and from a drug solubility aspect, how colloids interact with 
drug molecules. One of the first noticeable attempts to model human bile with 
MD simulation was performed in 2002, which used an all-atom simulation to 
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study a mixture of phospholipids (POPC), cholesterol, and cholate that self-
assembled to form a mixed micelle.113 Analysis of the micelle’s structure pro-
vided support to earlier hypothesis that mixed micelles of phospholipids and 
bile salts have a radial shell instead of being formed like stacked disks. Since 
that time, there have been several attempts to model systems with bile salts, 
phospholipids, cholesterol, and free fatty acids.114–116 Various compositions 
have been tested in systems containing a single colloid at biorelevant ratios of 
phospholipids and bile salt. Efforts have been made to investigate tertiary sys-
tems of glycocholate, lipids, and digestive products, which resulted in the for-
mation micelles and lamellar phases.117 The box size used in that study was 
large for an all-atomic force field, and the authors noted that the box size still 
may have limited the assembling to colloids.117  

Simulations of systems mimicking HIF concentrations of small molecular 
content require significantly more resources or lower resolution than all-atom 
simulations. Only a few efforts have been made to simulate the intestinal flu-
ids at relevant concentrations in combination with a large enough simulation 
box to describe the colloidal landscape.118,119 In this thesis, the main focus is 
on CG-MD simulations of intestinal fluids with input data of small molecular 
composition determined in vivo, in order to the describe colloidal systems and 
their interactions with drug molecules. 
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Aims of the thesis 

The overall aim of the thesis project was to establish molecular dynamics sim-
ulation methodologies that capture the dynamics of intestinal fluids, with the 
ultimate goal of in silico exploration of intestinal drug solubilization. The MD 
simulations were based on in vivo data acquired from aspirated HIF samples 
from healthy human volunteers and DIF samples from lab animals (Labrador 
dogs). 

The specific aims were: 

 To quantify and characterize intestinal fluid components and 
their nanostructures (papers I, IV); 

 To develop MD protocols for intestinal fluids in the fasted and 
fed states (papers II, III); 

 To develop MD simulation protocols for lipid-based dosage 
forms dispersed in water and in intestinal fluid (paper V); 

 To capture the dynamics of the restructuring of colloidal struc-
tures with developed MD simulations. (papers I–III,V). 

 To develop method(s) for in silico exploration of drug solubil-
ization by intestinal fluid colloids and relate computational re-
sults to drug solubility enhancement (papers II,III,V); 
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Methods 

Model drugs and formulations used 
Papers II and III investigated the model drugs prednisolone, fenofibrate and 
probucol, which were selected because of their low water solubility and a wide 
range in logD-values. These APIs are also neutral, which removes the pH fac-
tor in the simulation. Keeping the same model drugs for papers II and III re-
moved the need to parameterize new API molecules and made it possible to 
compare. For paper IV, carvedilol was chosen as model compound because of 
its combination of low water solubility and weak basic property, which has 
been demonstrated to have a synergistic effect with digested glycerides.120 For 
paper V, the model compounds were selected again to have low water solu-
bility and a wide range in logD-values. We also wanted to extend our range to 
include a charged molecule, so carvedilol was also included. All compounds, 
with their logD and solubility values in relevant media, are listed in Table 1. 

Table 1. Model compounds used in the papers. Solubility in relevant media16,121,122 
and predicted log-D values123 by the software ADMET predictor.  

 

logD  SpH 6.5 
(µM) 

SFaHIF 
(µM) 

SFeHIF 
(µM) 

Mw (g/mol) 

Prednisolone 1.6 375.9 481.9 507.8 360.4 

Fenofibrate 5.3 0.3 19.5 147.6 360.8 

Probucol 10 0.006 0.9 32 516.8 

Carvedilol 0.9 46 - - 406.5 

Felodipine 4.8 1 - - 384.2 

 
Papers II and V used an LBF type IIIa formulation, consisting of 32.5% soy-
bean oil, 35% Kolliphor EL (a.k.a. Cremophor EL, see below), and 32.5% 
maisine-35. Maisine-35 consists of mono-, di-, and triglycerides, while soy-
bean oil consists of long chain triglycerides corresponding to the free fatty 
acids palmitic, stearic, arachidic, oleic and linoleic acid. Kolliphor EL (the 
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new name for the addition called Cremophor EL in this text) is a polyethox-
ylated castor oil that functions as a surfactant. 

Simulated intestinal fluids (SIF) study (Paper I) 
SIF samples 
Table 2 lists the seven biorelevant media studied in paper I. FaSSIF and FeS-
SIF are commercially available and include taurocholate and lecithin. FeSSIF 
v2 is a modified version of FeSSIF in which free fatty acids and monoglycer-
ides have been added. These SIFs were chosen because they are widely used 
in the scientific community for dissolution, solubility and permeability exper-
iments. Fasted and fed mixed micelle (MM) are solutions including taurode-
oxycholate and the phospholipid DOPC in physiological concentrations, and 
were specifically composed to be able to assemble into mixed micelles. Fasted 
and fed bile salt micelle (BSM) are pure taurocholate solutions and can only 
form pure bile salt micelles. 

Table 2. SIFs investigated in paper I. 

SIF bile salt phospholipid/Lipid 

FaSSIF TC (3.0 mM) soy lecithin (0.75 mM) 

FeSSIF TC (15 mM) soy lecithin (3.75 mM) 

FeSSIF V2 TC (10.0 mM) soy lecithin (2.0 mM), glyceryl 
monooleate (5.0 mM), and sodium ole-
ate (0.8 mM) 

Fasted MM TDC (5.0 mM) DOPC (1.25 mM) 

Fed MM TDC (20.0 mM) DOPC (5.0 mM) 

Fasted BSM TDC (5.0 mM) none 

Fed BSM TDC (20.0 mM) none 

Abbreviations: FaSSIF = Fasted state intestinal fluids; FeSSIF = Fed state intestinal 
fluids; MM = mixed micelles; BSM = Bile salt micelles; TC = Taurocholate; TDC = 
Taurodeoxycholate; DOPC = Dipalmitoylphosphatidylcholine.  
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SIF characterization 
The seven biorelevant media were characterized with synchrotron small angle 
X-ray scattering (SAXS), dynamic light scattering (DLS), and Cryogenic 
Transmission Electron Microscopy (Cryo-TEM). Colloidal size, shape and 
density was determined. Measurements were performed by colleagues at 
Monash University, Australia.  

MD simulation of SIFs 
CG-MD simulations representing the same characterized systems were per-
formed. Taurocholate, taurodeoxycholate and DOPC was randomly distrib-
uted in simulation boxes of 40 nm box length to mimic the concentration in 
each media. Ions were added to neutralize the systems, and Martini polarized 
water beads were added to fill the empty spaces of the box. Simulation dura-
tions were set to 2 µs. Colloids were analyzed for size, shape factor and mo-
lecular distributions in micelles.  

Human Intestinal fluids study (Papers II and III) 
HIF samples 
In papers II and III, simulations were constructed from concentration values 
of aspirated human duodenal fluids from healthy volunteers that had been col-
lected and quantified in a previous study by Riethorst et al.47 Briefly, 20 
healthy volunteers had fluid from the duodenum aspirated by intestinal tubing 
at predetermined time points over a duration of 120 minutes. Two collections 
were performed from each volunteer, first, after administration of water to 
collect fasted state HIF, and second, after intake of a nutrition supplement 
(Ensure Plus) to obtain fed state HIF. For both the fasted and fed state HIF, 
composition were based on pooled samples obtained over the time period of 
120 minutes for each volunteer; these were used as inputs for the simulations. 
For the fed state (paper III), we also used values at specific time points for 
simulations investigating the effect that digestion and absorption have on col-
loidal structures in HIF. 
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Table 3. Concentrations of HIF molecules from duodenal samples of five different 
healthy volunteers47 (HV) used in fasted state MD simulations. 

General MD input parameters 
All MD simulations in this thesis were performed with the Gromacs software, 
version 5, version 2016 or version 2018. The force field used for CG-MD 
simulations was the Martini force field v2.2 (see Introduction). The recom-
mended simulation parameters for Martini using Gromacs were used, which 
includes md integrator at a timestep of 30 fs, cutoff-scheme Verlet, and a 
buffer tolerance of 0.005. The coulombic interactions were calculated with a 
cutoff-scheme using potential-shift-Verlet as coulomb-modifier, with rcou-
lomb = 1, epsilon_r = 15. The Van der Waals interactions were also calculated 
with a cutoff-scheme with a Verlet-potential-shift as modifier. The tempera-
ture coupling used a v-rescale algorithm with tau = 1 and the reference tem-
perature was set to 310 K to mimic physiological conditions. The pressure was 
coupled with the Parrinello-Rahman coupling with tau = 12, compressibility 
of 0.0003, and a reference pressure of 1 bar.  

API parameterizations 
Paper II used all-atom simulations with the Amber force field124 for predniso-
lone, fenofibrate, probucol and carvedilol to compare CG-simulation when 
parameterizing the molecules for the Martini force field. All-atom simulations 
of API in water were performed in water-filled boxes. For building the CG 
representations, the bead types were chosen according to the chemical 
groups125 and by applying Auto_martini.py126 on whole and several fragments 
of API molecules. The bond and angle potentials were adjusted by comparing 
the angle distributions of CG simulation in water to the all atom simulation of 
the same API.  

 

 HV3 HV6 HV9 HV16 HV20 

Bile salts (mM) 6.5 1.2 6.3 1.8 3.2 

Phospholipids (mM) 0.4 1 1.1 0.8 0.5 

Free fatty acids (mM) 1.5 1.5 3.2 1.1 1.7 

Cholesterol (mM) 

Bile salts—phospholipids ratio 

0.1 

16.3 

0.1 

1.2 

0.04 

5.7 

0.1 

2.3 

0.1 

6.4 
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Figure 4. CG-representation of model drugs used in papers II and III. 

APIs were further investigated to explore whether self-aggregation should be 
adjusted. Aggregation behavior is important when investigating solubility, and 
Martini beads have a tendency to be ‘sticky’, that is, some compounds are prone 
to excessive aggregation, which has been improved in the newer version of the 
force field (Martini v3).127 APIs were simulated with an organic solvent that 
enabled at least 50 API molecules to be present while not going over the solu-
bility limit. Simulations were performed with concentrations under, at, and 
above the solubility limit by varying the number of API molecules. If aggrega-
tion clearly started to occur at or under the solubility limit, the Lennard-Jones 
potentials for the API-beads were adjusted based on work by Schmalhorst et al., 
who made similar parameterizations for polysaccharides.128 The Van der Waals 
interactions in Martini are described with a Lennard-Jones potential according 
to equation 1. For probucol and fenofibrate, the interactions were scaled by re-
ducing the value of ε, as described in equation 2. 
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Eq. 1 4  

 

Eq. 2: 2 2  

For the reduction to apply only to self-aggregation, we introduced new bead 
types in the force field for probucol and fenofibrate. For each bead type in the 
API, a modified bead type was added. The modified bead type had all inter-
actions kept as its original state with the exception of having reduced interac-
tion to other modified bead types, hence only interactions between the API 
molecules was reduced. The reduction was tested in different steps and calcu-
lated according to equation 2 by changing ε to a value between 0.7–0.9. The 
API was simulated at all three concentrations for several modifications, and 
an appropriate reduction was chosen by observing the aggregation pattern.  

Fasted HIF CG-MD simulations 
Molecules used in simulation of fasted state HIF (paper II) appear in table 3. 
Four different types of bile salts were used (taurocholate, taurodeoxycholate, 
glycocholate and glycodeoxycholate). The deoxylated bile salts in these sim-
ulations also represented the chenodoxycholated bile salts; since the only dif-
ference is the positioning of one hydroxyl group, we assumed there will be 
little to no difference in our CG simulations. The bile salts were parameterized 
from the cholesterol force field available at the Martini website by following 
the bead-type guideline for chemical groups; topologies for remaining mole-
cules, phospholipids, cholesterol, free fatty acids, can also be found at the 
Martini website (www.cgmartiniwhatever.nl). Phospholipids was represented 
by a dual chained DOPC and single chained PPC with the ratio 1:1. Oleic acid 
was used to represent the free fatty acids, which has a chain length that corre-
sponds to the phospholipids in the simulation. Standard Martini water beads 
and ions were used.  

Five simulation boxes were set up to mimic five different pooled duodenal 
samples (from the five HVs). All HIF molecules were randomly distributed 
with packmol,129 followed by addition of ions to neutralize the systems, and 
empty spaces were filled with water beads. Before production, the box size 
was evaluated by simulating average fasted HIF concentration with box length 
ranging from 0.25–0.75 nm to perform a simple validation (where we com-
pared number of colloids with volume of the box used). By plotting those, we 
could see a linearity from 40–75 nm. Since increase in box length has a cubic 
proportion to the resources needed, we chose to continue with a box length of 
45 nm. After energy minimization and equilibration runs with increasing 
timesteps, the production run was set to 3 µs. 
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Fasted HIF simulations analysis 
The systems were analyzed for colloid characteristics. First, the number of 
colloids was calculated at each sampled frame, using a Python script that as-
signs a molecule to a colloid if it is within 0.5 nm. The shape of each colloid 
was calculated by dividing the two largest eigenvalues. We called this ratio 
the shape factor (SF) (a value of one would be equal to a perfect sphere). To 
systematically determine the size, we calculated the maximum diameter, 
which is the furthest distance of the two beads within a colloid. We also cal-
culated the aggregation number (Nagg). Lastly, the molecular composition of 
colloids was calculated. 

Fed state HIF simulations 
In paper III, fed state HIF molecules used the same force fields as in the fasted 
state, with the addition of mono-, di-, and triglycerides. The concentrations 
from the HIF samples simulated can be seen in Table 4. Fed state HIF is more 
complex than fasted state HIF, and we used three different simulations set ups 
with simulation boxes of 45 nm to mimic the duodenal samples from five HVs 
in the fed state. In set 1, all molecules were randomly distributed. In set 2, the 
glycerides were excluded, because glycerides often form large droplets on a 
different scale then our simulations (µm-range). In set 3, we utilized the end 
of our fasted state simulations by combining the last frame with the addition 
of randomly distributed molecules to add up to the concentrations of the fed 
state. Furthermore, we looked at the effect of digestion and absorption on col-
loids. Isolated colloids from the end of simulations were subjected to artificial 
digestion or absorption by either transforming glycerides to free fatty acids or 
by removing free fatty acids. As a broader approach, we also simulated three 
different time points for one HV.  

Lastly, we looked at the API-interactions with colloids by simulating each 
colloid type with either prednisolone, fenofibrate, or probucol at four different 
concentrations.  

Simulations of colloids with APIs 
In both fasted and fed states, selected colloids were further simulated with 
prednisolone, fenofibrate, and probucol individually. Colloids were isolated 
from the HIF simulations and placed in new simulation boxes with the addi-
tion of API molecules. After addition of water and ions, the colloids were 
simulated with several concentration levels of APIs for a duration of 3 µs. One 
colloid from each fasted-state HV was selected for this procedure to compare 
individuals. In the fed state, one colloid of each colloid type was selected. 

Contacts were calculated between APIs and colloid and APIs and water. 
The ratio between these contacts was used as a qualitative proxy for the API’s 
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solubility enhancement in HIF compared to aqueous solubility, based on the 
assumption that a higher ratio of API-colloid to API-water would indicate a 
higher degree of solubilization. 

Table 4. Concentrations (mM) of components in MD simulation of fed state duodenal 
samples from five HVs. 

HV number: 3 6 9 16 20 

Bile salts  10.8 28.0 13.6 10.7 15.4 

Phospholipids 4.2 6.9 6.5 7.7 4.2 

Free fatty acids 11.1 13.8 44.9 38.4 27.2 

Cholesterol 0.5 1.0 0.3 1.7 0.5 

Monoacylglycerides 7.1 5.6 10.4 9.8 10.6 

Diacylglycerides 1.8 1.7 2.7 1.9 4.1 

Triacylglycerides 1.1 0.5 1.3 1.5 2.2 
 

Bioavailability and intestinal fluid characteristics in 
dogs (Papers IV and V) 
Paper IV included a study conducted at Astra Zeneca (Mölndal) on Labrador 
dogs equipped with duodenal stomas. The study was divided into two parts, 
one with collection of DIF prior to and post administration of LBF. The second 
part tested the bioavailability of carvedilol in four different formulations. The 
study was approved by the local committee for animal research ethics (Nr. 34-
2015). 

The DIF samples were later used in paper V in which the solubility of three 
APIs in DIF and aqueous buffer was measured. This was accompanied by MD 
simulation of the corresponding systems. 

Dog study part 1 
In the first part of the study, three dogs were given 75 mL of water, and then 
75 mL of 2 g LBF dispersed in water; these experiments were performed on 
different days. For 120 min, DIF samples were collected from the stomas by 
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plastic tubing into Falcon tubes with orlistat added to stop the digestion pro-
cess. Because collection of fluid by this method is sporadic, samples were 
categorized into three broad time intervals: early (0–5 min), mid (6–20 min), 
and late (21 min–120 min). Samples were aliquoted into Eppendorf tubes and 
stored at -80 °C. The samples collected were later used for quantification of 
bile salts and free fatty acids (paper IV), and for solubility studies of carvedilol 
(papers IV and V), felodipine, and probucol (paper V). 

Dog study part 2:  
In the second part of the study, the same three dogs were administered four 
different formulations of 25 mg of carvedilol (F1-F4).  

F1: pre-dissolved in 1g LBF 
F2: co-administered with 1g of LBF  
F3: co-administered with 0.5 g of LBF  
F4: as a micronized powder, without LBF 

Blood was collected at 0, 0.5, 1, 1.5 2, 3, 4, 6, 8, and 24 h. After mixing with 
EDTA and centrifuging, the plasma samples were kept at -80 °C until quanti-
fication of carvedilol with HPLC-MS. We obtained the area under the curve 
(AUC) from the time-concentration profiles and the maximum concentration 
(Cmax). For comparison of the in vivo data with in vitro experiments of lipolysis 
and permeation methods, we calculated the relative AUC (Frel) for F1-F3 com-
pared to AUC of F4. 

Quantification of components in DIF 
Free fatty acids were quantified in DIF with an enzymatic kit (Sigma Aldrich). 
Samples were centrifuged and diluted, and after enzymatic reaction, the sam-
ples were analyzed with a UV plate reader (Tecan Spark). Bile salts were also 
quantified with an enzymatic kit (Sigma Aldrich), which required the enzy-
matic reaction to occur while simultaneously being analyzed with the UV 
plate reader.  

Solubility in DIF and LBF 
In paper IV, the solubility of carvedilol was determined in DIF at three time 
points from three dogs and in simulated intestinal fluids samples from in vitro 
lipolysis of LBF.  A small scale shake flask method was performed in which 
DIF samples were added to Eppendorf tubes with an excess of carvedilol. The 
tubes were shaken in an incubator at 37 °C for 24 h, followed by a quantifica-
tion with HPLC-UV. Lipolysis was performed with two different enzymes, 
immobilized and pancreatic. 
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In paper V, a similar shake flask set up was performed for solubility meas-
urements of carvedilol, felodipine and probucol in the DIF collected at the 
early time point, and in LBF dispersed in aqueous buffer.  

In vitro absorption   
In vitro digestion and permeation was performed with a lipolysis device 
equipped with a donor and receiver compartment separated by a Caco-2 mon-
olayer. Sampling occurred from both compartments and carvedilol concentra-
tions were quantified with HPLC-UV or HPLC-MS. 

DIF and LBF molecules in CG-MD simulations 
In paper V, simulations of DIF were represented by bile salts and phospholip-
ids. The bile salts were taurocholate and taurodeoxycholate (since glycine-
conjugated bile salts are not present in DIF, they were not included in the sim-
ulations). Phospholipids were represented by DIPC. The LBF had representa-
tions for triglycerides, diglycerides and Cremophor EL. The digested stage 
had no triglycerides, rather the digestion products monoglycerides and free 
fatty acids were added.  

DIF MD simulation set up 
MD simulations were set up to mimic the characterized DIF samples with and 
without LBF. Simulation boxes of 17 nm side length were used for systems 
representing DIF. Taurocholate and taurodeoxycholate were added to bile salt 
concentration quantified in paper IV, and phospholipid was added to a ratio of 
1:4. For systems with DIF and LBF, we used an average concentration of DIF 
molecules and added LBF molecules to achieve a LBF to DIF ratio corre-
sponding to what the DIF samples should theoretically contain. Because LBFs 
are inclined to give larger structures than DIF, we increased the box size and 
concentration in LBF systems while keeping the LBF/DIF ratio intact. Fur-
thermore, we added felodipine, probucol and carvedilol in various concentra-
tions to each system (in triplicates) and simulated all different combinations 
for 3 µs with different random seed numbers.   

DIF MD simulation analysis 
To relate our simulations to the measured solubility in DIF and LBF, we in-
vestigated two approaches: the API-API interactions, and the API-colloid to 
API-water ratio (similar to what was used in papers III and IV). This ratio 
could be compared with the solubility values obtained at the early time points 
of DIF. The API-API interactions were calculated and plotted against the con-
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centration of API molecules. Further details of APIs and colloids were inves-
tigated by calculating the radial distribution function for each colloidal and 
API molecule, and by calculating which specific molecules the APIs had con-
tact with at the end of the simulations.  

Statistical analyses 
Variance was calculated as standard deviation or if stated, standard error of 
mean. Significance was calculated with either one-way ANOVA or a Kurskal-
Wallis test with multiple comparisons. 
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Results and Discussion 

Characterization of colloids in SIFs (Paper I) 
Paper I characterized various SIFs experimentally and computationally. The 
SIFs investigated were commercially available (FaSSIF, FeSSIF) and in-
house versions. We wanted to see how colloids would differ between SIFs, 
and whether the MD simulations would be in line with the experimentally ob-
tained values for colloid characteristics.  

Experimental results 
SAXS and DLS measurements of SIFs were obtained to model the size and 
shapes of colloids. Unlike BSM, the FeSSIF and MM needed a core-shell 
model (see figure 5 for a visualization of the difference between BSM and 
MM micelles), which indicates that MM differed in composition at the c sur-
faces and cores of the colloids, whereas the BSM did not. The SIFs with tau-
rodeoxycholate (fed MM, fasted MM) was best fitted as an oblate ellipsoid, 
whereas the taurocholate-inclusive SIFs were fitted better as prolate ellipsoids. 
The MM colloids (d=6 nm) were slightly larger than the BSM colloids (d= 5 
nm), but no difference was seen between the fasted and fed concentrations. 
FaSSIF had clearly larger colloids (approximately 40 nm in diameter), and a 
vesicular structure could be seen in Cryo-TEM measurements.  

 
Figure 5. Ellipsoidal models with best fit for mixed micelles (MM) and bile salt mi-

celles (BSM). 
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MD simulations of SIFs 
MD simulations of SIFs resulted in micellar structures for all systems simu-
lated (figure 6). Both MM and pure BSM formed ellipsoidal micelles. BSM 
micelles were more prolate, and in particular the fed concentrations assembled 
micelles with high shape factors. The mixed micelles seen in MM and FeSSIF 
had a phospholipid dense core with an outer shell of bile salts and phospho-
lipid head groups. This displacement of molecules in the MD simulations is 
well in line with the core-shell model used for fitting the experimental scatter-
ing data. The size of the colloids was in general smaller in the simulations 
compared to sizes measured experimentally. Comparing the Nagg in the simu-
lations to the experimental micellar volume, the MD simulation results were 
in qualitative agreement, with a few exceptions. The volume rank order from 
SAXS measurements was: fasted and fed BSM (44–50 nm3), FeSSIF (75–80 
nm3), fasted and fed MM (88–114 nm3). In the MD simulations, the BSM mi-
celles were smaller than the MMs and FeSSIF micelles, and the latter two 
were similar in size, which is in agreement with the trend from the experi-
ments. A divergence in the MD simulations was that the fed versions of BSM 
and MM resulted in larger micelles than in the fasted versions, as inferred by 
the micelles Nagg (figure 7).  
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Figure 6. Micelles assembled in systems mimicking SIFs. Phospholipid tails are 

green, heads are yellow and red, and bile salts are grey. 

 
Figure 7. Number of CG beads in micelles, with clusters ranked in order of size from 

largest (Cluster ID 1) to smallest. 
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Colloids in fasted state HIF (Paper II) 
Since the MD simulations of SIFs in paper I were in qualitative agreement 
with experimental results, we continued with a similar approach for simula-
tions of the fasted state. In paper II, MD simulations were set up with the aim 
of representing HIF in the fasted state, using concentrations quantified from 
duodenal samples to build systems representing intestinal fluids from different 
HVs from the previous study by Riethorst et al.47 Colloids from the simula-
tions were further simulated with APIs to investigate solubilization.  

Fasted state HV simulations 
Five simulation boxes representing duodenal samples from five different HVs 
were simulated for 3 µs (figure 8). The last frames of simulations can be seen 
in Figure 8a. Several small micelles assembled quickly at the beginning of the 
simulation, which fused to larger micelles over time, and no new micelles 
formed during the final 500 ns, which indicates that our simulations duration 
was reasonable because an equilibrium was reached (figure 8b).  

Self-assembled colloids present were all prolate micelles. These were sim-
ilar in structure to the previous SIF-micelles from our MD simulations (paper 
I), with a bile salt shell and phospholipid core. A major difference from the 
SIFs micelles was the addition of free fatty acids, which had their charged 
head groups pointing outwards to the surface. The shape factors were also 
similar to the micelles in the SIFs simulations, but the HVs micelles were 
slightly larger (the sizes and shapes of these micelles are in Figure 8c-d). The 
colloids in the simulations (larger colloids = 5–7 nm) were smaller than what 
has been reported in previous Cryo-TEM measurements (10–50 nm), but is 
still close to the lower fraction of colloids reported.75,76  

The polydispersity was high in all HV simulations when looking at indi-
vidual micelles sizes; a clear interindividual difference was difficult to inter-
pret from average values of the HV simulations. The shape factors were 
slightly lower for HV6 and HV16, making their micelles slightly more spher-
ical, which could possibly be explained by their bile salt to phospholipid ratios 
being the lowest of the HVs. The most pronounced size difference was be-
tween HV3 (which had the highest overall concentration of bile salts and phos-
pholipids) and HV6 (which had the lowest overall concentration of the same).  
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Figure 8. MD simulation representing duodenal samples from five HVs. a) Final 
frame for each HV. b) Micelles formed over time during the simulation. c) Shape 

factors and d) size of micelles obtained at the end of the simulations. 

Drug solubilization 
Solubilization enhancement of model drugs was explored with further simu-
lations. One colloid from each HV simulation was isolated and further simu-
lated separately with prednisolone, fenofibrate and probucol. Drug solubiliza-
tion was evaluated by calculating the ratio between drug-micelle and drug-
water contacts, which we here call micelle affinity. For all model drugs, the 
micelle affinity was above unity, implying that presence of a micelle increases 
the apparent solubility (figure 9a). Probucol had the strongest micelle affinity 
followed by fenofibrate and prednisolone, which should indicate that probucol 
would have the strongest enhancement in solubility in HIF (compared to sol-
ubility in water). Comparing the trend from our simulations to values found 
in the literature 16,121,122, we can see that the simulation results agree with re-
ported solubilities in fasted HIF and water.  

The interindividual differences were less distinct. Probucol tending to have 
a stronger affinity to HV3, HV9 and HV20, which can be explained by looking 
at the drug displacement of probucol. Probucol was positioned closer to the 
core of the micelles in these HVs, and slightly more towards the surface in 
HV6 and HV16, making more water contacts possible. Since the number of 
micelles are not taken into account in figure 9a, we extrapolated the micelle 
affinities in contrast to the whole simulated HV systems micellar volume frac-
tions (figure 9b). Doing so enlarged the gap larger between HV3 and HV6 due 
to the larger micellar volume fraction in HV3, while HV20 decreased its af-
finity.  
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Figure 9. a) Micelle affinities from simulations with model drugs. b) Micelle affini-
ties normalized to micellar fraction from the HV simulations without model drugs. 

Error bars indicate the standard deviation. 

Colloids in fed state HIF (Paper III) 
Having simulated fasted state HIF in which mixed micelles self-assembled, 
we next looked at the fed state. Paper III’s MD simulations aimed to mimic 
the fed state HIF from duodenal samples of the same five HVs used in paper 
II. We attempted to obtain colloid characteristics and drug solubility enhance-
ment from the simulations. Since the fed state is more complex than the fasted 
state, we used three different protocols for setting up the simulations, as de-
scribed in the Methods section. We also investigated the impact on colloids 
from digestion and absorption of HIF molecules. 

Fed state HIF simulations 
The three simulation sets, each with systems representing 5 HVs, resulted in 
self-assembly of four major types of colloids: prolate, vesicles, oblate, and 
elongated micelles (figure 10). Prolate micelles were similar in shape and sur-
face to the fasted state micelles (paper II), but the addition of glycerides posi-
tioned in the core of the fed state prolate micelles made them significantly 
larger. The oblate micelles had none or only a few glycerides, which made 
their structure flatter or more oblate than the prolate (glyceride-rich) micelles.  

The vesicles observed all had inner cores of water beads, with glycerides 
positioned furthest away from the water on both sides. While phospholipid 
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head groups mainly pointed towards the outer water surface, the free fatty ac-
ids clearly had their head groups pointing either towards the inner core of wa-
ter or the outer water surface, with bile salts covering both surfaces towards 
water beads.  

 
Figure 10. The different types of colloids seen in the MD simulations: a) prolate mi-
celle, b) vesicle, c) oblate micelle, d) elongated micelle. Bile salts are grey, glycer-

ides yellow, fatty acid head groups red, and tails green, phospholipids green. 

Interindividual variability  
Looking closely at the final frame of each simulation (figure 11a), it was clear 
that the system representing HV6 differed from the others, which could be due 
to the high concentration of bile salts in the system. HV6 had more free mon-
omeric bile salts than the other HVs in all three simulation set ups. HV6 was 
also the most problematic system to simulate: a substitution of up to 10% anti-
freeze beads instead of water beads was not sufficient to stop artificial freezing 
from occurring frequently. Again, this was linked to the high number of bile 
salts. It was also observed that HV6 did not assemble any vesicles, which is 
in line with cryo-TEM imaging performed on samples from HV6, although 
vesicles were found in all other HVs.76  
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Comparing simulation sets 
The simulated HV systems were, as in the fasted state, polydisperse when 
looking at colloidal characteristics (figure 11c-e). Overall, the simulated col-
loids were smaller than reported experimental values (4–20 nm), but clearly 
larger than colloids in previous simulations of SIFs (paper I) and fasted state 
HIF (paper II). Simulation set 1 (randomly distributed molecules) and set 3 
(starting from fasted state) were similar in type of colloids present at the end 
(figure 11b), implying that starting from the fasted state structure is not really 
necessary with the simulation parameters used, compared to randomly distrib-
ute all molecules. Simulation set 2 (absence of glycerides), however, had no 
vesicles assembled at all. Instead, there was a clear increase of elongated mi-
celles, which were barely present in the other simulation sets. Glycerides seem 
to be vital for vesicles to be formed in these simulations. Vesicles are more 
commonly found in the fed state, however, they can also be found in both 
fasted HIF and FaSSIF (as seen in paper I), where no glycerides are present.  

 
Figure 11. a) Snapshot of the final frames of the three sets of simulation of duodenal 

samples from 5 HVs. b) Type of colloids seen in simulation for the three different 
simulation sets. c-e) colloidal size and shape. 
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The effect of digestion and absorption on colloids 
Because digestion and absorption play important roles for fed state HIF, we 
investigated how these two factors could potentially affect the colloids formed 
by applying artificial digestion of glycerides or absorption of free fatty acids. 
Digestion of triglycerides had little to no effect on the prolate micelle and ves-
icle used, however, further digestion of diglycerides did. The vesicle structure 
became unstable and fell apart, losing its spherical shape (figure 12). The pro-
late micelle instead reconfigured to a clearly oblate shape. This result shows 
that the colloids in the simulations are indeed sensitive to digestion of glycer-
ides. During absorption of free fatty acids, the vesicles and prolate micelles 
were not affected much. Instead, oblate micelles changed shape to prolate, as 
did elongated micelles.  

 
Figure 12. Simulation of  a) a vesicle and b) a prolate micelle , without (I) and with 

(II, III) digestion of glycerides. Bile salts are grey, glycerides yellow, fatty acid head 
groups red, and tails green, phospholipids green. In a) I and a) II, the vesicle is cut in 

half to visualize the vesicular structure. Water beads are not shown. 

Drug solubilization 
Solubility assessments were performed in paper III in the same fashion as in 
paper II, but without the intent of looking at interindividual variability among 
HVs. Only the most common colloids in the simulations (a prolate micelle and 
a vesicle) were isolated and further simulated with model drugs. Disposition 
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of drug molecules in the colloids can be seen in figure 13. Both prednisolone 
and fenofibrate were closer to the surface in the micelles, while probucol was 
closer to the inner core of glycerides. This pattern was also found in vesicles, 
where probucol was found in the glyceride layer, not in the inner core, since 
the core consists of water beads.  

 
Figure 13. Disposition of drug molecules in a micelle and a vesicle. Colloid-mole-

cules are green, prednisolone orange, fenofibrate red and probucol grey. Since 
probucol was positioned away from the surface, the colloid is brighter to improve 

visibility.  

The ratio of contacts between drug-colloid over drug-water were used as a 
proxy for drug solubility enhancement (figure 14a). The average values from 
both micellar and vesicular simulations were used and the ratios did not vary 
dramatically between those colloid types. The rank order of the drugs were 
the same as in the fasted state simulations in paper III: probucol, then feno-
fibrate, then prednisolone. This ranking is again in line with reported solubility 
values in fed HIF compared to in water,16,121,122 indicating that the models used 
are working qualitatively. Because we used the same model drugs in the fasted 
state simulation, we could compare the API solubility ratio of fasted over fed 
state to the ratios resulting from the simulations (figure 14b). The ratio of fed 
over fasted from our simulations resulted in prednisolone having a higher 
value than fenofibrate, which is not the case for their reported solubility ratios. 
This result could have been obtained because the model was not accurate 
enough to compare solubility enhancement between fasted and fed state. The 
model could be in need of more detailed selection of colloids from simula-
tions, or it could be that the fraction simulated did not accurately represent the 
actual colloidal landscape, which also consists of larger colloids and droplets. 
We also did not try to extrapolate to overall system size (volume of colloids 
in a HV-simulation), which however should not have affected the comparison 
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of the two drugs. An extrapolation to overall system size would affect the in-
terindividual values, which we did not pursue in paper III. 

 
Figure 14. a) Colloidal affinity of drug molecules calculated using drug–colloid con-

tacts at the end of the simulations. b) Comparison of colloidal affinity ratios of 
fasted and fed simulations with previously reported values of fasted and fed solubil-

ity ratios.16,121,122 

API solubility in DIF and bioavailability in dogs (papers 
IV and V) 
Dogs are a commonly used animal model for testing drug absorption and sol-
ubility, and so we wanted to better understand dog intestinal fluid (DIF) and 
its interplay with LBFs and poorly water soluble compounds. In paper IV, our 
aim was to analyse DIF for bile and digested LBF components and evaluate if 
they contributed to the solubility and bioavailability of carvedilol. We also 
looked at the correlation between in vivo and in vitro measurements of solu-
bility and absorption. In paper V, we used the same DIF samples to test addi-
tional model drugs and put the solubility into the perspective of MD simula-
tions of colloidal structures from DIF and LBF. 

DIF composition  
The concentration of free fatty acids in DIF (figure 15a) was correlated to the 
amount of LBF administered. The early time point had the highest concentra-
tion for 1 g LBF (6 mM) while for 2 g LBF it was the mid time point that had 
the highest concentration (12 mM). For the bile salts (figure 15b), the early 
time points were similar for all three administrations, however, an increase 
could be seen at the mid time point. For dogs administered 2 g LBF, the bile 
salt concentration went from 5 mM in early sampling point to 22 mM in the 
mid sampling point, indicating that LBF triggered a bile release, and raised 
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the question of which medium (FaSSIF or FeSSIF) would be suitable for an 
in vitro study of LBFs.  

 
Figure 15. Composition and characteristics of DIF. a) free fatty acid concentrations, 

b) bile salt concentrations, c) pH, d) solubility of carvedilol. 

Solubility of carvedilol in DIF (paper IV) 
The solubility of carvedilol (figure 15d) followed a similar trend to the free 
fatty acid concentrations: DIF with 2 g of LBF had the highest solubility and 
the mid time points had significantly higher concentrations (which is not sur-
prising, as earlier studies, e.g. Alskär et al.,120 reported that carvedilol solubil-
ity increases in the presence of free fatty acids). Comparing the solubility from 
in vitro lipolysis samples, it was clear that the less efficient digestive Immo-
bilized enzyme (IM) had results closer to solubilities measured in sampled 
DIF, when compared the more commonly used pancreatic enzyme (PE). This 
comparison is shown in figure 16a, where both LBF doses had the same trend.  

Bioavailability of carvedilol dosage forms (paper IV) 
The AUC from the plasma concentrations of carvedilol was compared to the 
transfer of carvedilol over a Caco-2 monolayer during in vitro lipolysis (figure 
16b). For the in vivo results to be comparable from the small number of dogs 
used (which showed clear interindividual variability), the relative bioavaila-
bility was used. Relative bioavailability is the AUC normalized to the AUC of 
the formulation with micronized drug only (F4). No difference could be seen 
in either in vivo and in vitro F1 and F2, and both had higher bioavailability 
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than pre-dissolved carvedilol in half the amount of LBF. This result informs 
that formulating carvedilol as a loaded drug in this LBF is not necessary, since 
the same bioavailability is gained by co-administering the compounds with 
the LBF.  

 
Figure 16. In vivo in vitro correlation of carvedilol a) solubility and b) absorption. 

F1: carvedilol pre-dissolved in 2g LBF. F2: carvedilol co-administered with 2g LBF. 
F3: carvedilol pre-dissolved in 1g LBF. 

MD simulations of DIF and LBF (paper V) 
In paper V, the solubility studies in DIF from the early time point was ex-
tended with felodipine and probucol, and the solubility was also measured in 
aqueous buffer (figure 17). The observed trend of solubility of the APIs in all 
media used was carvedilol > felodipine > probucol. The interindividual vari-
ability was high among dogs and there was a significance difference only be-
tween carvedilol and each of the two other compounds.  

We also investigated the compositions with MD simulations. Simulated 
systems corresponding to DIF, LBF (digested and undigested) in DIF, and 
LBF in water resulted in self-assembly to micelles. The pure DIF micelles 
were clearly smaller than those with LBF (3 nm versus 13 nm in diameter). 
The structure and distribution of molecules for colloids with LBF was influ-
enced by digestion and the presence of bile components (figure 18). The di-
gested LBF made the colloid less spherical and more prolate. Cremophor had 
a significant change in distribution in the colloids. In LBF without DIF, it 
covered the surface of the colloid. The addition of DIF resulted in Cremophor 
self-aggregating in one direction, and in digested LBF, it was closer to the 
centre of the colloid.  
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Figure 17. Solubility of three APIs in DIF, DIF after administration of LBF, and 

LBF dispersed in aqueous buffer, pH6.5. 

 
Figure 18. Colloids assembled from simulations of LBF a) in water, b,c) in DIF. The 

repective distributions of the molecules is graphically displayed in e-f.  
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To assess solubility, all colloid types were simulated with prednisolone, fen-
ofibrate, and probucol in separate systems at several different concentration 
levels. The first attempt to assess solubility from our simulations was to look 
at the self-aggregation of the APIs, or more precisely, at which concentration 
self-aggregation starts to occur. This attempt was less successful than antici-
pated, and there were no significant differences among media. A high standard 
deviation from triplicates of systems simulated was seen, indicating that the 
initiation of self-aggregation was affected by the probability of two molecules 
meeting. A more successful assessment was the investigation of the contacts 
ratio (micelle affinity), i.e. the ratios of API-colloid and API-water (figure 
19a) in a fashion similar to papers II and III. When compared to the solubility 
ratios of the compounds (Smedium/Saq,pH 6.5), a qualitative agreement could be 
observed  (figure 19b). In general, there was also a qualitative agreement when 
comparing various media for the APIs; all APIs gained the most solubility 
from LBF in DIF. 

Since the early time point of DIF was collected 0–5 minutes after admin-
istration, the LBFs should be partially digested to various degrees. From meas-
urements of free fatty acid concentration in paper IV, it is clear that in the early 
time points, LBFs were not fully digested, which makes it slightly difficult to 
compare the simulation and experimental results, since in the simulations the 
LBF was either not digested or fully digested. For instance, according to the 
experimental measurements, both felodipine and probucol have higher solu-
bility ratios in LBF in DIF than LBF in aqueous buffer. The simulation is in 
line with this observation if the undigested LBF in DIF is used for compari-
sons; in the system with digested LBF, the micelle affinity was actually 
slightly lower than for LBF with pure water. A stronger disagreement was 
observed for carvedilol, since data is available from three time points. In paper 
IV, carvedilol clearly had a higher concentration at the mid time point, which 
should more closely resemble the simulation of the digested LBF in DIF. 
However, the micelle affinity from the simulations did not differentiate be-
tween the digested and non-digested systems. It should be noted, though, that 
at the mid time point, the bile salt concentrations were also much higher, 
which is not the case in the simulations, since they only resemble the early 
time points. 
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Figure 19. a) Calculated micelle affinity for APIs with various media. b) Solubility 

ratios of APIs. 
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Conclusions 

The focus of this thesis has been on intestinal fluids, their colloids, and their 
drug solubilizing capabilities. CG-MD protocols for simulations mimicking 
SIFs, DIF, and fasted and fed state HIF were established that use the Martini 
force field version 2. Interactions between self-assembled colloids and API 
molecules were simulated, giving insights to API displacement in colloids and 
a qualitative prediction of solubilization. DIF from Labrador dogs was char-
acterized before and after administration of LBF in terms of bile content and 
API solubility. The results were compared to in vitro experiments and in silico 
simulations. Overall, the work of this thesis has showed that MD simulations 
are useful in the exploration of colloidal structures in intestinal fluids, and 
provides insights into how these colloids are structured as well as their molec-
ular interactions with drug molecules.  

Specific conclusions from these studies are: 

 CG-MD simulations of colloidal structures in media simulating 
fasted and fed state human intestinal fluid were in qualitative agree-
ment with characterization by small angle scattering. (paper I)  

 Bile salt and free fatty acid concentrations were measured in DIF at 
different time sampling points after administration of water and dis-
persed LBF. (paper IV) 

 Colloids in fasted and fed state human intestinal fluids self-assem-
bled in CG-MD simulations, where fed state included both oblate, 
prolate and elongated micelles and vesicles. (papers II and III) 

 The structure of an LBF in DIF was explored with CG-MD, and the 
displacement of molecules in the colloids was dependent on the ex-
tent of digestion. (paper V) 

 The concentration of free fatty acids, bile salts, phospholipids and 
glycerides affected colloidal types formed in CG-MD simulations. 
(paper III) 
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 Starting with randomly-distributed molecules in a CG-MD simula-
tion of fed state HIF did not give different results than starting from 
pre-assembled colloids from the end of fasted state simulations. 
(paper III) 

 A CG-MD method for assessment of drug solubility enhancement 
from small intestinal colloids was in qualitative agreement with 
previously measured solubility data. (papers II, III, and V) 
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Populärvetenskaplig sammanfattning 

Läkemedel tas helst genom munnen, exempelvis som en tablett eller en kapsel. 
Det enkla tillvägagångssättet att svälja tabletter gör att den faktiska läkeme-
delsbehandlingen följs av patienten, samt att det är relativt billigt att inför-
skaffa, då produktionskostnaden är lägre än för andra läkemedelsformer. Ett 
problem för orala läkemedel är att de kommer utsättas för miljön i magen och 
tarmen innan det tas upp från tunntarmen till blodet. Det är endast upplöst 
läkemedel som kan ta sig genom tarmväggen, det vill säga fria läkemedels-
molekyler. I jakten på nya läkemedel har processer optimerats för att hitta lä-
kemedelskandidater som har hög verkan när de nått fram till sitt mål i kroppen. 
Detta har tyvärr resulterat i att fler och fler nya potentiella läkemedel inte kan 
lösas upp ordentligt i vatten. I tunntarmsvätskan behöver läkemedlet bli upp-
löst för att tas upp, och den vätskan består till stor del av vatten, men där i 
finns även molekyler som utsöndras från gallan. Dessa små molekyler kan 
bilda större aggregat som kan höja ett läkemedels löslighet. Något som gör 
tarmvätskan knepig är dess föränderliga beteende. Koncentrationen av mole-
kyler från gallan varierar över tid, och mellan människor. Vid födointag kom-
mer utsöndringen öka kraftigt, därför får tarmvätskan en annan karaktär efter 
en måltid. Att förstå hur bra ett läkemedel löser sig i tarmvätskan är därför 
svårt, men väldigt viktigt då den indirekt är kopplad till läkemedlets effekt. 
För att studera läkemedelsets upptag och löslighet ges bäst resultat om studier 
på människor eller djur utförs. Men dessa är dyra och etiskt problematiska i 
längden. Istället kan laborativa experiment genomföras som imiterar den mil-
jön som finns i tarmen, dock behöver läkemedelsmaterial användas i dessa 
studier, vilket är dyrbart i tidigt skede av produktutvecklingen. För att spara 
på resurser är därför datorbaserade predikterande löslighetsmodeller ett bra 
alternativ, men dagens modeller behöver förbättras. 

I denna avhandling har datorsimuleringar av tunntarmsvätska och läkeme-
delsmolekyler med låg vattenlösligt utförts. Dessa molekyldynamiska simule-
ringar bygger på klassiska fysiska lagar som bestämmer hur atomer rör sig 
relativt varandra. För att bygga upp dessa simuleringsmodeller användes ex-
perimentell data av tarmvätska från människor och från hundar. Det visade sig 
att denna typ av simuleringar resulterade i att molekyler bildade aggregat av 
olika form och struktur, som miceller och vesiklar. För de små aggregat som 
bildats kunde jämförelser göras mot experimentella resultat, från bland annat 
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studier involverande ljus- och röntgenspridning. Dessa experiment stämde ge-
nerellt överens bra med datorsimuleringarna. Från simuleringarna gick det att 
utläsa var i aggregaten olika läkemedel ville positionera sig och vilka mole-
kyler de ville ha i sin närhet. En beräkningsmodell av läkemedelsmolekylernas 
olika kontakter med vatten och molekyler från gallan, kunde prediktera den 
rangordning av läkemedel som skulle få mest nytta av tarmvätska av olika 
slag. Detta kunde jämföras mot vad tidigare forskare rapporterat för resultat, 
samt mot egna löslighetsbestämningar på läkemedel i tarmsaft från tre hundar. 
I laborativa metoder kunde läkemedelsupptag från en lipidbaserad formule-
ring jämföras mot hund-studier, där de laborativa studierna gav liknande re-
sultat, utan att använda sig av någon djurmodell.    

Avhandlingen har visat tydligt att denna simuleringsmetod kan användas 
för att studera tarmvätska och potentiellt användas för att utforska tarmväts-
kans påverkan på läkemedels löslighet. Detta kan ses som ett av flera steg som 
behöver tas för att datorbaserade modeller ska kunna ersätta djurförsök. 
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