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Zusammenfassung

Zusammenfassung
Hydrophobizität ist ein Begriff, der die Bildung molekularer Strukturen im wässrigen
Milieu beschreibt und findet daher in nahezu jedem biomolekularen Kontext Anwendung.
Hydrophobizität lässt sich nicht durch einen präzisen Formalismus begründen; es handelt
sich dabei um ein abstraktes Konzept, welches das strukturbildende “Verhalten” von
Molekülen in Wechselwirkung mit Wasser beschreibt. Die Terminologie ist dabei
irreführend, da eine Abstoßung zwischen unpolaren Molekülgruppen und Wasser
impliziert wird, wobei in der Tat anziehende Kräfte vorliegen, die sich auf atomare Dipole
zwischen Elektronen und Protonen zurückführen lassen. Obwohl es längst als gesichert
gilt, dass sich die zentrale Triebkraft von Hydrophobizität nicht auf die „Scheu vor
Wasser“ sondern eher auf eine Art „Narzissmus des Wassers“, d.h. auf die präferierte
Interaktion von Wassermolekülen mit ihresgleichen, zurückführen lässt, ist der Begriff
Hydrophobizität im wissenschaftlichen Sprachgebrauch fest etabliert. Dies lässt sich auf
die Arbeiten von Kautzmann zurückführen, in denen Proteinstabilität mit hydrophoben
Wechselwirkungen korreliert wurde. Gegenstand dieser Dissertation sind im weitesten
Sinne die Arbeiten des Autors bezüglich struktureller und dynamischer Charakterisierung
hydrophober Effekte in biomolekularen Systemen, wobei Systeme in drei verschiedenen
Größenordnungen untersucht wurden: Binäre Methanol-Wasser Mischungen, die
Aggregation von Triglyzeridtröpfchen in wässriger Lösung, sowie die Interaktion von
Enzymen mit großflächigen Triglyzerid-Wasser-Grenzflächen. In der Studie “Incomplete
Mixing versus Clathrate-Like Structures: A Molecular View on Hydrophobicity in
Methanol-Water Mixtures” (Chapter 4.1) wurden unterschiedliche Eigenschaften von
Methanol-Wasser Mischungen analysiert und hinsichtlich der molekularen Grundlagen von
Exzessgrößen untersucht, insbesondere in Bezug auf Entropie und der Diskrepanz
zwischen realem und idealem Mischungsverhalten. Hierbei wurde die Hypothese von
Frank und Evans untersucht, welche besagt, dass sich diese Abweichungen auf
strukturierte Wassermoleküle bei der Solvatisierung unpolarer Moietäten in Lösung
zurückführen lassen. Darüber hinaus wurde die Hypothese incomplete mixing analysiert,
welche besagt, dass sich das Phänomen lediglich durch molekulare Entmischung erklären
lässt. In der zugrundeliegenden Studie wurde incomplete mixing durch einen neu
eingeführten Parameter, den molecular association bias, bestätigt. Dieser Parameter wurde
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aus einer statistischen Evaluierung atomarer Nachbarschaftsbeziehungen abgeleitet.
Unterstützende Indizien für die Hypothese von Frank und Evans konnten bei der
Untersuchung

geeigneter

dynamischer

und

struktureller

Kenngrößen

der

Mischungssysteme nicht erhoben werden. Ein intuitiv zugängliches Modell wurde
daraufhin vorgeschlagen, welches die variable molekulare Selbstdiffusionskonstante in
Abhängigkeit des Mischungsverhaltens beschreibt. Die Selbstdiffusionskonstante wurde
dabei

mit

der

Formation

bzw.

dem

Zusammenbruch

von

systemweiten

Wasserstoffbrückennetzwerken in Verbindung gebracht. In einer Folgestudie “Molecular
Dynamics Simulations of Self-Emulsifying Drug Delivery Systems (SEDDS): Influence of
Excipients on Droplet Nanostructure and Drug Localization.” (Chapter 4.2) wurde die
molekulare Strukturbildung im Kontext selbstemulsifizierender Systeme untersucht.
Hierbei konnte die Bildung von Lipidtröpfchen bestehend aus Wasser, Triglyzerid, Tensid
und hydrophoben Wirkstoffmolekülen auf Grundlage zufällig verteilter Startstrukturen
modelliert und dabei eine Hierarchie von Assoziationspräferenzen zwischen molekularen
Moietäten aufgezeigt werden. Während die Tröpfchenbildung auf der präferentiellen
Selbstassoziation von Wassermolekülen beruht, konnte die Formation von Nanostrukturen
im Inneren der Tröpfchen auf die Aggregation von hydrophilen Triglyzerid-Kopfgruppen
zurückgeführt werden. Lamellare Substrukturen, induziert durch selbstassoziierte
hydrophile Triglyzerid-Kopfgruppen, wurden als dominantes strukturbildendes Motiv im
Inneren von SEDDS-Tröpfchen identifiziert. Es konnte gezeigt werden, dass sich durch
Exzipientenvariation, wie z.B. der Kettenlänge von Triglyzerid, dem Zusatz von Di-,
Monoglyzerid oder Polyethylenglycol, eine spezifische Nanoumgebung für die
Stabilisierung

von

Wirkstoffmolekülen

einstellen

lässt.

Durch

die

gezielten

Modulationsmöglichkeiten der Nanostruktur von Tröpfchen ergeben sich Designpotentiale
für SEDDS Formulierungen bezüglich der Stabilisierung von Wirkstoffen, der Kontrolle
von

Wirkstoff-Abgabe-Raten

und

dem

Schutz

vor

abbauenden

Enzymen

im

Verdauungstrakt. Zu diesen Enzymen zählen Hydrolasen, welche Esterverbindungen von
Triglyceriden in wässrigem Milieu spalten, wodurch die Oberfläche von SEDDSTröpfchen sukzessive abgebaut wird. In der Studie “The Solvent Flux Method (SFM): A
Case Study of Water Access to Candida Antarctica Lipase B” (Chapter 4.3) wurde die
hydrolytische Aktivität der Hydrolase Candida antarctica lipase B (CALB) in ihrer
katalytisch aktiven Konformation modelliert, d.h. adsorbiert an einer phasenseparierten
Grenzschicht bestehend aus Triglyzerid und Wasser. Hierbei war der Substratzugangskanal
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zum aktiven Zentrum in Richtung der Grenzschicht orientiert und darin eingebettet. Die
eingesetzten Triglyzeridschichtkoordinaten stellten ein Modell der Oberfläche eines
großflächigen

Triglyzeridaggregats

Oberflächenkrümmung

des

dar,

Aggregats

unter
in

der

der

Voraussetzung,

Größenordnung

dass

von

die

Proteinen

vernachlässigbar ist. Es konnte gezeigt werden, dass Triglyzerid und Wasser nicht
vollständig phasensepariert vorliegen, d.h. Wasser drang in großen Mengen in die
Triglyzeridschicht ein, wodurch sich eine wasserreiche Übergangsphase in der
Größenordnung von einigen Angstrom ausbildete. Im Anschluss an eine Analyse der
Dynamik und der Assoziationspräferenz von Wassermolekülen wurde vorgeschlagen, dass
der Influx von Wasser in die Grenzschicht durch die lamellaren Assoziationsstrukturen von
polaren Triglyzeridmoietäten induziert wird. Des Weiteren konnte gezeigt werden, dass
CALB während der Simulation nicht lediglich an der Schicht adsorbiert, sondern darin
leicht eintaucht, was auf die wasserreiche Übergangsphase zurückgeführt wurde, in der
CALB effektiv „schwimmen“ kann. Die solvent flux method (SFM) wurde als
allgemeingültige molekulardynamische Methode für synthetisches Hydrolase-Engineering
konzipiert und wurde eingesetzt, um den Einfluss von Wasser in das aktive Zentrum von
CALB in aktiver Konformation zu modellieren. Signifikanter Einfluss von Wasser durch
den Substratkanal konnte hierbei identifiziert werden, obwohl der Substratkanal
vollständig in der Triglyzeridphase eingebettet vorlag. Zwei polare Aminosäurereste wurde
an der Oberfläche von CALB identifiziert, die repräsentativ für präferierten Einfluss von
Wassermolekülen via der Triglyzerid-Wasser Grenzschicht sein könnten. Es wurde
vorgeschlagen, dass die kooperative Interaktion zwischen polaren Aminosäureresten und
selbstassoziierten polaren Triglyzeridmoitäten zur Diffusion von Wasser in der
Grenzschicht

beitragen.

Wassermoleküle

könnten

daher

zwischen

Protein

und

Grenzschicht „hindurchsickern“. Darüber hinaus konnte ein potentieller sekundärer
Wasserkanal identifiziert und die Existenz eines bekannten primären Wasserkanals
bestätigt werden. Daraus wurde geschlossen, dass SFM in Verbindung mit akkuraten
Grenzflächenmodellen einen nützlichen Beitrag zum Design substratspezifischer
Enzymvarianten mit hydrophoben Aminosäuresubstitutionen leisten kann, wobei die
Konzentration von Wassermolekülen im aktiven Zentrum verringert und der Einfluss von
präferierten Nukleophilen in synthetischen Applikationen erhöht wird.
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Summary
Hydrophobicity is a term commonly used to discuss the formation of molecular structures
in aqueous solution, and since water is ubiquitous in cellular systems, it may be applied in
virtually every biomolecular context. Hydrophobicity is not a first-principle parameter but
an abstract concept to describe the “behavior” of molecules in aqueous environments. The
terminology of hydrophobicity is misleading, because it implies repulsion or a lack of
attraction between nonpolar groups and water, when in fact attractive interactions persist
due to atom dipoles. Although it has long been recognized that the driving force of
structure formation in aqueous environments is founded in water’s “narcissism”, i.e., water
self-preference, rather than in a general “fear of water”, the term hydrophobicity has
established itself ever since Kautzmann related protein stability to hydrophobic
interactions. Due to its false implications, hydrophobicity can be a cause of confusion and
the culprit of misleading deductions. Presented in this dissertation is the author’s work on
the structural and dynamical characterization of hydrophobic effects in biomolecular
systems in the broadest sense, whereby molecular systems on three different size scales are
covered: binary mixtures of methanol and water, aggregation of triglyceride droplets in
aqueous solution and enzymes that interact with triglyceride-water interfaces of large-scale
triglyceride aggregates. The study on “Incomplete Mixing versus Clathrate-Like
Structures: A Molecular View on Hydrophobicity in Methanol-Water Mixtures” (Chapter
4.1) models methanol-water mixture properties to investigate the molecular mechanisms of
excess effects, particularly relating to the origins of entropy deviations from ideal mixture
behavior. Thereby, the hypothesis of Frank and Evans is examined, which relates entropy
deviations from ideal mixture behavior to the existence of structured water molecules
involved in the solvation of nonpolar moieties. The hypothesis of incomplete mixing is
also examined, which states that a simple demixing of molecules is sufficient to explain the
entropy deviation. In the aforementioned study, incomplete mixing was supported by
evidence derived from a proposed parameter, the molecular association bias, which was
conceived from a statistical evaluation of atomistic nearest neighbor relationships.
Conversely, no evidence was found to support the Frank and Evans hypothesis in
methanol-water mixtures, after investigating dynamic properties of water molecules in the
first solvation shell of the methyl moiety of methanol. Furthermore, a pictorial model was
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proposed to explain the variable molecular mobility in different ratios of methanol-water
mixtures, which is quantifiable by the molecular self-diffusion coefficient. The selfdiffusion minimum was thereby linked to the formation or the breakdown of the systemwide hydrogen bonding network of water. In a follow-up study “Molecular Dynamics
Simulations of Self-Emulsifying Drug Delivery Systems (SEDDS): Influence of Excipients
on Droplet Nanostructure and Drug Localization.” (Chapter 4.2), the structural
implications of hydrophobicity in the context of self-emulsifying lipidic droplets were
explored. Droplets were shown to aggregate from a random distribution of mixtures
consisting of water, triglyceride, surfactants and hydrophobic drug molecules. In a
hierarchy of molecular association preferences, triglyceride droplets formed as a
consequence of water self-preference, while the nanostructure within droplets was found to
be affected by the tendency of polar triglyceride moieties to self-associate. It was shown
that through excipient variations, such as triglyceride fatty acid chain length, the addition
of di- and monoglyceride molecules or surfactant poly(ethylene glycol), it is possible to
facilitate different nanoenvironments for the solubilization of drug molecules. Lamellarlike patterns due to self-associated polar triglyceride moieties were observed to be a
dominant structural feature in SEDDS droplets. It was shown that SEDDS nanostructure
could be altered by the presence of other excipient molecules, especially by the surfactant
monoglyceride. The ability to rationally engineer the nanoenvironments of SEDDS
droplets by controlled excipient variations could prove beneficial to SEDDS formulation
design and could potentially allow for a tuning of drug stabilization, drug release-rates and
for protecting drugs from degradative enzymes of the gastrointestinal tract. Among those
enzymes are hydrolases, which cleave ester bonds of triglyceride molecules in the presence
of water and thus successively degrade the surface of SEDDS droplets during digestion. In
the study “The Solvent Flux Method (SFM): A Case Study of Water Access to Candida
Antarctica Lipase B” (Chapter 4.3), hydrolase activity of Candida antarctica lipase B
(CALB) was modeled in its catalytically active conformation, i.e., attached to a triglyceride
layer with its active site substrate channel oriented towards a triglyceride-water interface.
The applied planar interface layer model was thereby representative of large-scale
triglyceride aggregate surfaces, on the premise that the surface curvature is negligible in
relation to the protein size. It was found that the triglyceride-water interface is wet, i.e., the
aqueous solvent environment and the triglyceride phase were not strictly separated in the
model. Water was shown to penetrate into the layer in significant amounts, effectively
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creating a water-rich transitional phase with a thickness of several angstroms. After
analyzing water molecule dynamics and association preferences, it was proposed that the
influx of water into the triglyceride layer is mediated by the lamellar structures induced by
the self-association of polar triglyceride moieties. Moreover, CALB did not simply adsorb
onto the layer in simulation, instead it slightly immersed into the triglyceride layer, which
was perceived to be a consequence of the water-rich transitional phase, in which CALB
may effectively “swim”. The solvent flux method (SFM), which was developed as a
general-purpose MD method for hydrolase engineering, was applied to model the influx of
water molecules to the active site of CALB in its attached conformation. Significant water
influx was thereby detected through the substrate channel, despite it being fully enveloped
by the triglyceride phase. Two polar residues were identified at the surface of CALB that
could be representative for preferred entryways for water molecules via the triglyceridewater interface. It was proposed that the cooperative interaction between the polar amino
acid residues and the self-associated polar triglyceride moieties may facilitate water
diffusion. Water molecules were thus considered to “leak” in between the protein and the
water-rich transitional phase of the triglyceride layer. Beyond the identification of these
water entryways, SFM also revealed the presence of a potential secondary water channel
and confirmed a known water channel in CALB. It was thus concluded that in conjunction
with accurate interface models, SFM could prove beneficial for the engineering of
substrate-specific hydrophobic enzyme variants that exclude water molecules from the
active site and increase the influx of preferred nucleophiles in synthetic applications of
hydrolases.
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1 Introduction
In this chapter, fundamental methods, concepts and theory of molecular dynamics
simulations (MD) are outlined (Chapter 1.1 and 1.2), followed by a brief presentation of
the models that are applied in the core studies of this dissertation (Chapter 1.3).

1.1 Molecular Dynamics Simulations

1.1.1 Method Context
MD simulations provide atomistic detail on the molecular structures and dynamics of
biomolecular systems and can thus provide insights that are otherwise inaccessible or
difficult to obtain by experimental means. X-ray crystallography offers only limited
information on dynamic properties, which were shown to systematically underestimate the
flexibility of protein B-factors (Kuzmanic et al. 2014), and it relies on the ability to
generate crystals of a sample, which is not always feasible. NMR is currently restricted by
an extensive data evaluation process and size limitations (Marion 2013), which can be
particularly problematic when resolving the dynamics of large proteins or protein
complexes. MD is not the only available computational method to assess the molecular
structure of biomolecular systems, but offers some key advantages over other methods. For
the characterization of dynamic properties, for example, it is better suited than Monte
Carlo methods (MC), which rely on the sampling of ensemble conformations by
performing random displacements and thereby evaluating relative energies. While the
characterization of energy barriers is thus more deliberate with MC and often more
efficient, MC does not rigorously resolve the dynamic evolution of molecular systems as
well as MD. Both MD and MC suffer from the fact that bond-breaking cannot be modeled
and also that its parameters are kept constant during simulation in conventional
implementations of the methods. Quantum mechanical (QM) approaches are in principle
better suited for this task, but suffer from the drawback that they are computationally
extremely demanding and therefore only viable for the characterization of small systems.
Hybrid QM/MM approaches are typically coupled to MD and have been successfully
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applied in exploring catalytic functions of proteins (van der Kamp et al. 2013). In large
biomolecular systems, these hybrid approaches are a means to implement a QM level of
detail to specific structural elements as required, while utilizing the computational
efficiency of MD to model the dynamics of the remaining interactions. Thus, MD
distinguishes itself in the efficient computational characterization of the time-propagation
of molecular systems, provided the phenomena of interest may be resolved within
computationally accessible timescales.

1.1.2 Outline of Formalism
Methodically, MD solves the equations of motions of classical mechanics for systems
consisting of N interacting particles (eq.1).

(eq.1)

(eq.2)

The forces Fi acting between atoms are negative derivatives of the potential functions that
define the interactions (eq.2). Technically, it is not feasible to solve these equations in a
continuous manner; instead, discrete time-steps ∆t need to be defined, typically in the
timescale of a femtosecond (10-15s = 1fs) to resolve the fastest motions within the system,
which in the biomolecular context are usually hydrogen bond vibrations. By constraining
bond-stretching vibrations or bond-angle vibrations with algorithms such as SHAKE
(Ryckaert et al. 1977) or LINCS (Hess et al. 1997), it is possible to increase the time-step
and therefore enable simulation to either finish faster or to increase the overall timeframe
that is achievable with available computational resources. Time-steps of 2-5fs are thus
made viable for systems containing organic compounds. In MD, the equations of motions
are solved by an integrator, e.g., with the leap-frog algorithm (Hockney et al. 1974).
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(

)

(

)

(eq.3)
(

)

(eq.4)

A trajectory can thus be generated that consists of a succession of system conformations at
time-steps ∆t, whereby each conformation depends on the coordinates ri and the velocities
vi of the preceding conformation, as well as the potential functions Vi that define the
interactions between the N atoms in the system. The potential functions Vi determine the
time-dependent propagation of a simulated system in accordance with the conditions
applied at the beginning of a simulation, which involves a set of atom coordinates r0 and a
distribution of velocities v0 over all atoms. The potential functions Vi can be divided into
two subgroups, the bonded and the non-bonded interactions and can furthermore be
supplemented by additional potential terms, such as restraints or other external forces. A
large variety of viable combinations of potential functions exist for protein simulations
alone (Adcock et al. 2006) and the choice of which combination to apply for a given model
is by no means trivial. In the following, the most common implementation in the
GROMACS MD simulation engine (van der Spoel et al. 2005) is briefly outlined to
introduce fundamental concepts.

1.1.3 Potential Functions
Bonded potential functions (eq.5-8) describe intramolecular interactions, i.e., define the
geometry of molecules and are often modeled with a harmonic oscillator. The modeled
interactions include bond-stretching between atoms i and j (eq.5), bond-angle vibrations
between an atom triplet i-j-k (eq.6), proper dihedrals or torsion angles between the ijk and
the jkl planes of consecutive atoms i-j-k-l (eq.7) and improper dihedrals, a potential
function that is applied to specific groups of atoms to maintain chirality of atom groups or
the planarity of planar groups (eq.8).
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Bonded-potentials
(

Harmonic Bonding Potential
Harmonic Angle Potential

(

)

(eq.5)

)

(eq.6)

Proper Dihedral Potential

(

)

(eq.7)

Improper Dihedral Potential

(

)

(eq.8)

: force constants ||

: reference values ||

: variables

Non-bonded potential functions (eq.9-10) define intermolecular interactions and are most
commonly split into two parts, the Coulomb potential (eq.9), which models the long-range
attractive or repulsive forces (1/r) that occur due to atom charges, and the Lennard-Jones
potential (eq.10), which is a unified representation of the short-range repulsive (1/r12) and
the medium-range attractive (1/r6) forces that occur due to overlapping electron orbitals or
atomic dipoles respectively.

Non-bonded potentials
Coulomb Potential

(

)

(eq.9)

Lennard-Jones Potential

(

)

(eq.10)

: charges ||

: atom specific LJ-parameters ||

: vacuum and relative permittivity
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1.1.4 Statistical Mechanics
Macroscopic thermodynamic properties can be extracted from the information contained
within simulation trajectories, but not without applying fundamental concepts of statistical
mechanics, which are a necessary condition for relating the microscopic trajectory
information to the thermodynamic state. The thermodynamic state of a system can be
defined by a minimal set of state variables that is sufficient to uniquely determine all other
thermodynamic properties of a system, while the microscopic state of a system can be
defined by the positions ri and the momenta pi=mivi of all N atoms in the system, or in
statistical mechanics terms: a single point in the 6N dimensional phase space, whereby the
factor 6 refers to the 3 positions and 3 momenta coordinates of each atom. In statistical
mechanics, a set of points in phase space that satisfies the conditions of the same
thermodynamic system state is referred to as an ensemble. MD simulation trajectories
contain sets of positions ri and momenta pi, which can belong to the same ensemble if all
points in phase space represent the same thermodynamic state. To ensure that this is the
case, a minimal set of thermodynamic state variables is kept constant throughout a
simulation. One such set of variables is composed of the number of atoms N, the pressure
P and the temperature T, which is referred to as the isobaric-isothermal or abbreviated the
NPT ensemble. Strictly speaking, MD generates time averages, not ensemble averages and
the latter is the prerequisite for the aforementioned statistical mechanics approach to relate
the microscopic to the thermodynamic state in a statistically significant manner. However,
the ergodic hypothesis states that given a sufficiently long sampling period, time-averaging
and ensemble averaging are equal. Thus it becomes feasible to extract macroscopic
properties from MD trajectories, provided the simulation is conducted under ensemble
conditions.

1.1.5 Ensembles and Coupling Algorithms
The NPT ensemble is particularly useful for modeling common standard experimental
conditions (P=1bar and T=298.15K). However, different ensembles exist that could
otherwise be suitable, such as the microcanonical ensemble (NVE), with constant number
of atoms N, volume V and energy E, or the canonical ensemble (NVT) with constant
number of atoms N, volume V and temperature T. Both of the latter ensembles could, for
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example, be utilized to extract the pressure from a trajectory after appropriate MD
simulations within the ensemble constraints. An NPT ensemble can be generated by
introducing coupling algorithms to periodically rescale the temperature and the pressure
during a simulation.

(eq.11)

(eq.12)

The Berendsen thermostat (eq.11) and barostat (eq.12) thereby weakly couple their
respective quantities to a predefined constant value of an external bath (Berendsen et al.
1984). The Berendsen coupling scheme is very stable and efficient in converging systems
that are far from equilibrium back to equilibrium values. By variation of the coupling
constants τT and τp, it is also possible to modify the strength of the exponential decay when
rescaling a respective value to its predefined constant value, which is an integral part of the
solvent flux method (Chapter 4.3). However, the Berendsen coupling scheme does not
rigorously model the canonical ensemble. Thus, for equilibrium simulations, where a more
accurate ensemble representation is desired, it is considered more appropriate to choose
other coupling schemes, such as Nosé-Hoover (Nose 1984; Hoover 1985) for temperature
coupling and Parinello-Rahman (Parrinello et al. 1981) for pressure coupling. It is common
practice in MD to perform energy minimization (Zimmermann 1991) and equilibration
steps before extracting data from a simulation, to ensure that the system has adjusted to the
model environment, and hereby the different coupling schemes each hold their own merit.
While minimization does not require thermo- or barostats, equilibration is best conducted
with the Berendsen coupling scheme until appropriate observable properties converge to
their expected or constant values.

1.2 Model Simplifications and Validity
The practical application of MD generally constitutes a compromise between accuracy and
efficiency. This requires careful consideration and integration of all the following concepts
to attain reliable results coupled with high statistical significance, the latter of which is
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mostly limited by the available computational resources but also by some method-inherent
restrictions.

1.2.1 Empirical Force Fields
For reasons of computational efficiency, non-bonded interactions are commonly described
in a pairwise additive manner, i.e., interactions between a single atom and the atoms of the
surrounding system are calculated on an atom-to-atom basis and then summed up for a
representation of the full interaction energy. This excludes polarization effects that stem
from interactions of three or more atoms, which can lead to deviations between properties
calculated by MD and experimental data. Applying polarizable models can improve the
accuracy of MD, but at significant computational cost; however, development in this
regard has intensified and the near future could potentially see current pairwise approaches
fully replaced by polarizable models (Cieplak et al. 2009). A justification for the pairwise
approach is that polarizability is modeled in an effective manner by fitting the potential
function parameters to experimental data under specific environmental conditions. The sets
of parameters and the respective potential functions that are thus obtained are referred to as
force fields. During the last decades, a range of such force fields have been developed and
are frequently refined in cycles of experimental validation and empirical adjustment to
reproduce mainly condensed-state properties in the biomolecular context. Since the
creation of robust models is a very laborious task, it is not efficient or economical to repeat
this process separately for every individual system, and thus force fields are designed to be
transferable within the scope of similar systems. Among the most prominent biomolecular
force fields that were attained in this manner are the all atom AMBER (Cornell et al.
1995), OPLS-AA (Jorgensen et al. 1996) and the united atom GROMOS 53A5/53A6 force
fields (Oostenbrink et al. 2004), the latter of which introduces further simplifications to
increase computational efficiency by unifying certain groups of atoms to be represented by
a single moiety, such as treating an aliphatic carbon atom and its hydrogen atoms as a
single entity for calculations. A necessary feature of force fields of pairwise additive
potentials is that often only a single or in the best case a limited number of descriptions
exist for each atom, which is defined by an atom type and differs depending on its
molecular context. An oxygen atom, for example, will be represented by a different charge,
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dependent on whether it is involved in a hydroxyl group, in an ester bond or in a water
molecule. Once an atom type is assigned to an atom in a simulation, it cannot be changed
during the course of a simulation to a more appropriate description when it appears in a
different molecular context. Consistency of the models applied in a simulation is therefore
of utmost importance when utilizing transferable force fields. The choice of force field and
the range of applicability will most probably never be a trivial matter, regardless of
whether polarizability is added to the potential functions or not, and will likely always
entail a residual degree of chemical intuition when evaluating the results of a simulation.
Therefore, the validation of a MD model should always be a priority and if possible be
correlated to experimental data, although paradoxically enough, MD as a method seems to
be at its best in instances where experimental approaches fail.

1.2.2 Non-Bonded Interactions
A further factor of uncertainty in MD stems from the computational requirements in the
calculation of non-bonded interactions. Typical protein simulation systems consist of 20
000 to 50 000 atoms, when explicitly including water solvent molecules, but more complex
systems can quickly exceed the 100 000 atoms mark. Calculating the pairwise interactions
between an atom and all other atoms, for every atom and at every time-step of a
simulation, is computationally not feasible for systems of the respective sizes. This
problem is enhanced by the fact that periodic boundary conditions are usually applied in
MD simulation systems, to avoid the effects of finite borders and to mimic infinitely large
systems. In practical terms, this implies that a simulation system is considered to be a cell
that is bordered on all sides by copies of itself. To make the calculation of long-range
interactions feasible, cutoffs can be introduced beyond which interactions are either
ignored entirely or no longer explicitly calculated, e.g., by a smooth convergence of the
potential to zero. The Coulomb potential (eq.9) is particularly problematic in this regard,
due to its long range (potential decay of 1/r) and the Lennard-Jones potential (eq.10) to a
lesser degree, due to its relatively short range (potential decay of 1/r6 and 1/r12). While
introducing simple cutoffs to the Lennard-Jones interactions is thus commonly accepted,
the approximation of the long-range Coloumb interactions is usually more refined. The
most frequently applied methods stem from the Ewald summation, which greatly increases
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the computational efficiency in systems with periodic boundary conditions. Ewald
summation involves splitting the Coulomb potential into two terms, a short-range term that
is calculated in real space and a long-range term that is calculated by Fourier transform in
reciprocal space. Compared to the direct summation of pairwise interactions, the sum of
the short-range and the sum of the long-range interactions both quickly converge, which
significantly increases the overall efficiency when calculating interactions between
charged atoms. This approach is further improved by methods such as the particle mesh
Ewald algorithm (Darden et al. 1993; Essmann et al. 1995), which additionally improves
the performance of the reciprocal sum.

1.3 Applied Molecular Models
When evaluating the concept of hydrophobicity with MD, special attention should be given
to the water model. Numerous water models have emerged in literature in the past decades,
many of which were crafted for general-purpose use in biomolecular systems.
Development was thereby guided by the principle of reduced computational demand while
forfeiting as little accuracy as possible. When simulating large solutes such as proteins in
aqueous solution, water molecules often tend to make up more than 80% of the coordinates
in a system, since ample space between the protein and the periodic boundaries needs to be
provided, to avoid interaction artifacts between the protein and its self-images. While it is
possible to implicitly treat solvation by dielectric continuum models, which is
computationally very efficient, studies on the widely-used generalized Born continuum
solvent model have shown that conformational ensembles for proteins greatly deviate from
experimental data (Zhou 2003), and therefore simulations in full atomistic detail are
commonly preferred if accuracy is valued above extended simulation times in
biomolecular systems. A variety of rigid and flexible explicit water models exist for use in
MD. Flexible water models should, in principle, offer a better representation of reality and
were shown to be more accurate in reproducing a range of properties, such as viscosities
(Medina et al. 2011) or dielectric constants (Mizan et al. 1996). However, for other
properties, such as molecular structure or self-diffusion, rigid models were shown to
perform amiably (Wu et al. 2006; Mizan et al 1996; Medina et al. 2011). The compromise
between rigid water models and increased computational efficiency is thus the more
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common model application in biomolecular systems. Another common simplification is
constraining hydrogen bonds and water angle-vibrations. While this introduces a further
potential to the calculations in MD and therefore increases the computational burden, it
also allows for simulations to be conducted with longer time-steps, thus making longer
simulation times more accessible overall. Moreover, the negative impact of maintaining
water molecule rigidity can be significantly decreased by applying efficient constraint
algorithms, e.g., SETTLE (Miyamoto et al. 1992), which was specifically developed to
increase the computational efficiency when implementing water constraints. Another factor
to consider is the consistency with commonly applied transferable force fields, which
partially persists simply due to historical reasons. When choosing a water model, the
choice should always incorporate the conditions under which solutes or co-solvents have
been parameterized, since the water-solute interactions will have significant impact on the
accuracy of solvation properties. The widely-used transferable force field OPLS-AA
(Jorgensen et al. 1996), for example, has originally been crafted with the intention of
modeling organic liquids in combination with rigid TIP3P and TIP4P water models
(Jorgensen et al. 1983). These water molecules differ in the number of interaction sites that
are included in the model. By increasing the number of interaction sites from three (TIP3P)
to four (TIP4P), three for representing the atoms and one for representing the dipole
between the oxygen and the lone pairs of the oxygen atom, the second peak in the oxygenoxygen radial distribution function was much improved in comparison to experimental
data (Jorgensen et al. 1983). This implies an overall improved model representation of the
molecular structure of water. The TIP4P water model in combination with the OPLS-AA
model for methanol were thus chosen for analyzing the mixture structure in respect to
excess properties in the study “Incomplete Mixing versus Clathrate-Like Structures: A
Molecular View on Hydrophobicity in Methanol-Water Mixtures” (Chapter 4.1) and also
because high correlation with experimental data on relevant properties had previously been
obtained for this force field combination by van der Spoel et al. (van der Spoel et al. 2006).
Adding a higher level of detail to a molecular model does not, however, imply an
improvement in terms of model accuracy. For example, TIP4P is capable of modeling the
isothermal compressibility κ much better than TIP3P can, while in the case of the thermal
expansion coefficient α, the roles are reversed (Table 1). It is unfortunately often not
possible to adjust a model’s parameters to represent all thermodynamic properties equally
well.
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Table 1: Calculated and experimental properties for liquid water at 25°C and 1atm. (reconstructed from
Jorgensen et al. (Jorgensen et al. 1983), experimental data from Jorgensen (Jorgensen 1982) and Dorsey (Dorsey
et al. 1940).

Since it is difficult to predict potential artifacts when combining separately parameterized
and optimized models, SPC/E (Berendsen et al. 1981), another common 3-site water model
was chosen due to the consistency with lipid parameters of Berger et al. (Berger et al.
1997) in the study “Molecular Dynamics Simulations of Self-Emulsifying Drug Delivery
Systems (SEDDS): Influence of Excipients on Droplet Nanostructure and Drug
Localization.” (Chapter 4.2). Berger lipids were originally designed for united atom bilayer
simulations of the lipid dipalmitoylphosphatidylcholine (DPPC) in an NPT ensemble,
whereby adjustments were mainly introduced to the Lennard-Jones parameters of the
aliphatic CHn groups, to improve the volume per lipid and lipid density in the layer phase,
which resulted in a model that is able to reproduce aliphatic side chain aggregation of
lipids in excellent agreement with experimental data (Berger et al. 1997). The integration
of the CHn group Lennard-Jones parameters into the united atom GROMOS 53A6 force
field (Oostenbrink et al. 2004) is seamless, considering that the Berger parameterization
was conducted using the bonded parameters of GROMOS. The Berger lipid model
assumes charge neutrality in the CHn groups in the aliphatic side chain (Figure 1, DPPC
atoms C37-C50 and C18-C31). Although the GROMOS 53A6 force field has been
developed for simulations of biomolecules in explicit water and in this context was shown
to display improved hydration and solvation properties over previous iterations of the force
field (Oostenbrink et al. 2004), a further improvement of the non-bonded interaction
parameters for oxygen compounds, including ester bonds, was recently introduced by
Horta et al. (Horta et al. 2011) that allows for a modeling of solvation properties with
improved accuracy. Thereby, the 53A6 bond-stretching and the bond-angle vibration
parameters around the oxygen compounds were modified according to optimized
molecular geometries by quantum mechanics, as well as an extensive refinement of all

24

Introduction

non-bonded parameter sets for each individual oxygen compound. The parameter
adjustment was tested by the authors of the study against the observables liquid density,
the enthalpy of vaporization and the solvation free energy of the oxygen compounds in
water as well as in cyclohexane (Horta et al. 2011). This parameterization is referred to as
53A6OXY and was used in conjunction with the remaining unmodified 53A6 standard
parameters to model the polar moieties of mono-, di-, triglyceride molecules (Figure 1).

DPPC

TRIG

Figure 1: Comparison of united atom molecular structures of dipalmitoylphosphatidylcholine (DPPC) that was
parameterized by Berger et al. and triglyceride (TRIG), for which the Berger lipid parameters were applied

Winger et al. reported that the behavior of polyethylene glycol (PEG), which is also
applied as an excipient in the SEDDS study, significantly deviates from experimental
observations when parameterized with the 53A6 force field, which was reportedly resolved
by the 53A6_OE adaptation (Winger et al. 2009). Hereby, the Lennard-Jones parameters of
the ether oxygen atoms were changed and the polarity between ether oxygen atoms and
adjacent carbon atoms was increased (Figure 2). Since this parameter optimization by
Winger et al. (Winger et al. 2009) was specific for PEG, it was preferred over the
optimized 53A6OXY parameter set.
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PEG-6

Figure 2: Polyethylene glycol (PEG-6) was parameterized in accordance to the 53A6_OE adaptation of the
GROMOS 53A3 force field (Oostenbrink et al. 2004).

Cyclosporine A (CyA) was used as a model drug molecule in conjunction with varied
excipient compositions consisting of mono-, di-, triglycerides and PEG-6. CyA is a circular
peptide consisting of 11 amino acids (Figure 3), including the nonstandard amino acids Dalanine (Dal-1), N-methyl-L-leucine (Mel-2, Mel-3, Mel-4, Mel-8, Mel-10), N-methyl-Lvaline

(Mev-4),

(4R)-4-[(E)-2-butenyl]-4,N-dimethyl-L-threonine

(Meb-5),

L-2-

aminobutyric acid (Abu-6) and N-methylglycine (Sar-7). The parameters of CyA were
parameterized according to the standard GROMOS 53A6 force field parameters.

Figure 3: Cyclosporine A (CyA), a circular peptide containing the standard amino acids valine (VAL-9), L-alanine
(ALA-11) and the nonstandard residues D-alanine (DAL-1), N-methyl-L-leucine (MEL-2, MEL-3, MEL-4, MEL8, MEL-10), N-methyl-L-valine (MEV-4), (4R)-4-[(E)-2-butenyl]-4,N-dimethyl-L-threonine (MEB-5), L-2aminobutyric acid (ABU-6), N-methylglycine (SAR-7).
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For the study “The Solvent Flux Method (SFM): A Case Study of Water Access to
Candida Antarctica Lipase B.” (Chapter 4.3), the Berger lipid model was adapted to the
OPLS-AA force field (Jorgensen et al. 1996) according to the reparameterization of Neale
an Pomès (Neale and Pomès. 2008), who introduced changes to the dihedral parameters
and thereby optimized the hydration free energies for both aqueous and hydrophobic
environments. To model the interactions of the protein Candida antarctica lipase B
(CALB) with the interface of a large triglyceride aggregation structure, a planar
triglyceride layer was created by Gruber et al. (Gruber et al. 2012) (Figure 4). The protein
CALB was parameterized according to the standard parameters from the OPLS-AA force
field.

A

B
Figure 4: A) Triglyceride molecules were equilibrated without water for ~20ns in a cubic cell to form a
triglyceride layer, a new system was created containing the triglyceride layer and water (red outline). This
system was thoroughly equilibrated for 200ns+ in an NPT ensemble with anisotropic pressure coupling, thus
separately rescaling the pressure in the x/y layer-plane and orthogonal to the plane in z-direction / B) The
protein Candida antarctica lipase B was adsorbed to the equilibrated triglyceride-water interface during 25ns of
simulation, a thorough equilibration of 500ns+ was performed hereafter (not shown) – pictures from Gruber et
al. (Gruber et al. 2012).
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2 Results
This section should be regarded as an extension of the studies presented in Chapter 4,
which were conducted in full by the author of this dissertation. Therefore, only the major
results that support the follow-up discussion (Chapter 3) on different hydrophobicity scales
are briefly outlined herein.

2.1 Mixtures of Methanol and Water
In the study “Incomplete Mixing versus Clathrate-Like Structures: A Molecular View on
Hydrophobicity in Methanol-Water Mixtures” (Chapter 4.1), the molecular origins of
excess properties in methanol-water mixtures were explored. In this context, MD was
applied to examine a range of structural (radial distribution functions, clustering) and
dynamic properties (hydrogen bond lifetimes, molecular self-diffusion and rotational
autocorrelation) for a range of methanol-water mixtures that represent the full extent of the
mixture spectrum. Two hypotheses that seek to relate observable entropy deviations from
ideal mixture behavior (excess entropy) to molecular mechanisms were thereby examined.
The Frank and Evans hypothesis (Frank et al. 1945) proposes the existence of structured
water molecules surrounding nonpolar solutes, while the more recent hypothesis of
incomplete mixing (Dixit et al. 2002; Guo et al. 2003) proposes demixing of water and
nonpolar moieties as a source for entropy deviations. To evaluate the Frank and Evans
hypothesis in methanol-water mixtures, hydrogen bond lifetimes (Figure 5A), molecular
self-diffusion (Figure 6A) and rotational mobility (Figure 5B) of water molecules adjacent
to the methyl moieties of methanol, i.e., clathrate-like water, were investigated and
compared to the respective properties of bulk water molecules. No deviations between
clathrate-like water dynamics versus bulk water dynamics were observed and thus the
Frank and Evans model was not supported by the results of the study. To examine
incomplete mixing in methanol-water mixtures, the molecular association bias parameter
MAB was conceived that relies on the statistical evaluation of nearest neighbor
relationships. Hereby, the number of molecules of type B that are found as nearest
neighbors to molecules of type A are related to the respective number of neighbors that
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would be expected of an ideal molecular distribution, whereby A and B can be either water
or methanol. For example, Mwm denotes the number of nearest methanol molecule
neighbors to water molecules, whereas Mww denotes the number of nearest water molecule
neighbors to other water molecules (Figure 6B). MAB=1 is expected of an ideal
distribution, while MAB>1 is referred to as a positive association bias and M AB<1 as a
negative association bias.

A

B

Figure 5 A: Hydrogen bond lifetime τww between water molecules - clathrate-like water (□), bulk water (○) and
all water molecules (●); deviations were only observed for mixture systems where the low water content no
longer allowed for significant statistics, which is marked by high standard deviations that were averaged over
multiple trajectory intervals. / B: Deviations between rotational autocorrelation for the clathrate-like water
group (○) and the bulk water group (■) were minor. Standard deviations were averaged over multiple
trajectory intervals and ranged from 0.01-0.1ps.

A

B

Figure 6: A) Molecular self-diffusion coefficients D for simulated water (TIP4P: ■), experimental water (□),
simulated methanol (OPLS-AA: ●) and experimental methanol (○). Standard deviation and detailed statistics
are provided in the supporting information of Chapter 4.1. Experimental data was obtained from Derlacki et al.
(Derlacki et al. 1985). Self-diffusion of clathrate-like water and bulk water was in very close agreement with the
overall diffusion (not shown). / B) Molecular association bias between different molecules - water-water Mww: ■ /
methanol-water Mmw: □ / water-methanol Mwm: ● / methanol-methanol Mmm: ○. Values differ significantly from
ideal mixture expectations (dashed line). Standard deviations were averaged over multiple trajectory intervals
and ranged from 0.15-3.45.
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Significant deviations in structural association from ideal mixture behavior were observed
in the molecular association biases and thus the hypothesis of incomplete mixing was
supported by the results of the study. Furthermore, the molecular basis for the minimum in
molecular self-diffusion was investigated (Figure 6A), which was found to coincide with
the formation or breakdown of the hydrogen bonding network of water in that both are
observable at approximately equimolar ratio (Figure 7). It was possible to contextualize
this observation with the aforementioned structural and dynamic properties to formulate a
holistic perspective on the molecular mobility in methanol-water mixtures (Chapter 4.1).
The mixture system was thereby perceived to be separated into two hydrogen bonding
regimes: hydrogen-bonded water clusters embedded in methanol for mixtures with low
water content and methanol molecules within a system-wide hydrogen-bonded water
network for mixtures with high water content.

A

B

Figure 7: Clustering with cutoff criterion 3.5Å in methanol-water mixture systems containing 1000 molecules –
A) Distribution (percentage) of water molecules that are involved in clusters of different size N; for molar
fraction χwat<0.5 water is contained in small clusters of size N<100, while for χwat>0.5 all water molecules are
interconnected in a system-wide hydrogen bonding network. Continuous lines are applied for the purpose of
visual distinction. / B) Largest water molecules clusters in methanol-water mixtures (biggest overall cluster: ■ /
largest cluster on average: ■ / smallest overall cluster: □); at χwat~0.5, the system-wide hydrogen bonding
network forms or collapses upon changing the mixture composition.
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2.2 Lipid Droplet Formation: Self-Emulsifying Drug Delivery Systems
The molecular association bias analysis was extended to systems of lipid emulsions in the
MD study “Molecular Dynamics Simulations of Self-Emulsifying Drug Delivery Systems
(SEDDS): Influence of Excipients on Droplet Nanostructure and Drug Localization.”
(Chapter 4.2). Herein, the formation of SEDDS droplets was simulated to ascertain
whether insights into the droplet nanostructure may be utilized for the design of drug
delivery

formulations.

Common

SEDDS

formulation

excipients

were

thereby

systematically varied, including the fatty acid chain length, PEG-6 concentration, monoand diglyceride content as well as droplet loading. The analyzed properties included the
molecular association bias, to contextualize the implications of excipient changes with
changes in droplet nanostructure, as well as the immersion depth of the model drug
molecule cyclosporine A (CyA), to evaluate whether changes in droplet nanostructure
induce different forms of drug localization within SEDDS droplets. In the following, all
results associated with the nanostructure and drug localization are presented in form of
depictions of droplets. A full quantitative description in form of molecular association
biases and CyA immersion depths may be referenced in Chapter 4.2. A standard system
consisting of capric (C10) triglyceride molecules, a single drug molecule and water served
as a reference to evaluate the implications of excipient variations and is outlined in green
in the following figures. Drug loading was investigated by increasing the amount of drug
molecules contained in the system. A preferred localization of the circular peptide CyA in
the outer periphery of the droplet and in close proximity to the aqueous solvation shell was
determined, as well as a negligible impact of CyA on the nanostructure of the droplet
(Figure 8). In the system containing 10 CyA molecules, CyA displayed an increased
molecular association bias towards the aqueous environment, which implies drug
precipitation due to droplet overloading.
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Figure 8: Drug loading variation in SEDDS droplets consisting of drug molecule CyA (red surface) in
capric triglyceride molecules with polar (blue spheres) and nonpolar (grey lines) moieties – left: 0x
drug molecules, middle: 1x drug molecule, right: 10x drug molecules. The standard reference system
is outlined in green.

The fatty acid chain lengths of triglyceride excipients were varied to reveal distinctively
different nanostructures, which were classified as “unstructured” for caproic (C6),
“lamellar-like” for capric (C10) (standard system) and “vesicle-like” for myristic (C14)
triglyceride systems (Figure 9). The propensity of CyA to accumulate in the interfacial
region of the droplet and the aqueous environment was maintained in all systems.
However, CyA was shown to intermittently immerse more deeply into the droplet
nanostructure in the capric (C10) system, which was attributed to the highly ordered
lamellar-like self-association structure of polar triglyceride moieties and accredited to the
fact that a stabilization of the polar moieties of CyA is thereby possible on two sides of
CyA, instead of a single side as in vesicle-like systems.

Figure 9: Fatty acid chain length variation in SEDDS droplets consisting of drug molecule CyA (red
surface) in capric triglyceride molecules with polar (blue spheres) and nonpolar (grey lines) moieties
– left: caproic (C6) triglycerides, middle: capric (C10) triglycerides, right: myristic (C14)
triglycerides. The standard reference system is outlined in green.
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Poly(ethylene glycol) (PEG-6) was added to the capric (C10) standard system in 1:4 and
2:3 ratios respectively. The addition of PEG-6 enhanced the preexisting molecular
association bias and accumulated as an encasing shell on the surface of the droplet, thereby
partially shielding CyA from the aqueous environment (Figure 10). CyA was therefore
slightly more immersed in the droplet, particularly in the C10 3:2 PEG-6 system. The
nanostructure of triglyceride was preserved. The positive molecular association bias of
CyA towards triglyceride molecules implied that triglyceride molecules facilitate the
solubilization of CyA and not PEG-6.

Figure 10: Addition of surfactant poly(ethylene glycol) (PEG-6) (polar moieties: yellow) to SEDDS
droplets consisting of drug molecule CyA (red surface) in capric triglyceride molecules with polar
(blue spheres) and nonpolar (grey lines) moieties – left: no PEG-6 added, middle: ratio of triglyceride
4:1 PEG-6, right: ratio of triglyceride 3:2 PEG-6. The standard reference system is outlined in green.

The addition of capric (C10) di- and monoglyceride to the capric (C10) triglyceride
standard system in 1:1 ratios yielded significant changes in the overall droplet
nanostructure and the localization of CyA therein. The polar moieties of di- and, to a
higher degree, monoglyceride molecules preferentially associated at the aqueous interface,
while their respective nonpolar moieties protruded into the droplet nanostructure. This was
perceived as the major cause for the observable changes in respect to the standard system.
While the preferential localization of CyA close to the droplet surface was still maintained
for diglyceride, the impact of monoglyceride nanostructure perturbance in the droplet
interior induced the formation of a core structure of polar triglyceride moieties, which
proved sufficient to facilitate a nanoenvironment that was preferential to CyA
solubilization (Figure 11).
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Figure 11: Addition of di- and monoglycerides (polar moieties: yellow) to SEDDS droplets consisting of
drug molecule CyA (red surface) in capric triglyceride molecules with polar (blue spheres) and
nonpolar (grey lines) moieties – left: only triglyceride, middle: ratio of triglyceride 1:1 diglyceride,
right: ratio of triglyceride 1:1 monoglyceride. The standard reference system is outlined in green.

The standard system was furthermore decreased and increased in size by variation of the
number of triglyceride molecules contained in the system (Chapter 4.2). The nanostructure
was thereby found to be size-invariant within the computed size range, which was
restricted to droplet diameters of no more than 10nm due to the full atomistic model
description of the systems. Although essentially no water molecules were found within the
droplet interior in all systems, the aqueous and the triglyceride phases were not found to be
clearly separated, i.e., the triglyceride-water interface was not structured in a manner that
minimizes the water-triglyceride surface area. Instead, water was found to locally penetrate
the droplet for several angstroms (Figure 12). This observation gave cause to study water
accessibility to planar triglyceride-water interfaces, which is outlined in the following
section.

Figure 12: Interface of SEDDS droplet with aqueous
environment, water (blue) is shown to slightly penetrate into
the the interior of the droplet at self-associated polar
triglyceride moieties (red).
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2.3 Triglyceride-Water Interfaces: Large-Scale Aggregates in Water

Figure 13: Simulation system consisting of Candida antarctica lipase B
attached to an interface of triglyceride (here: tricaproin (C6)) and
water (red surface: protein / dark blue spheres: polar triglyceride
moieties / orange sticks: nonpolar triglyceride molecules / water: light
blue spheres in the background).

The data presented in this section is part of an ongoing study, which has not yet been
submitted for review. Three planar triglyceride layer systems were created in accordance
with the preliminary work conducted by Gruber et al. (Gruber et al. 2012) (Figure 4), to
model the interaction of the protein Candida antarctica lipase B (CALB) with large-scale
triglyceride-water interfaces in an oil-in-water emulsion (Figure 13). The systems
consisted of water, the protein CALB and three triglycerides of different fatty acid chain
lengths, tributyrin (C4), tricaproin (C6) and tricaprylin (C8). To examine the structure of
these interfaces, atomistic profiles of the system components were created along the
coordinate z-axis orthogonal to the triglyceride layer plane (Figure 14). The protein was
found to immerse into the triglyceride layer rather than to adsorb onto its surface, while
water was found to enter the layer in significant amounts, effectively creating a transitional
water-rich interphase between the water bulk and the relatively dry core region of the
triglyceride layer. The water-rich interphase thereby coincides with the protein immersion
depth of approximately 5Å.
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Figure 14: Molecular structure of the interface of protein triglyceride (tributyrin) and water
during 100ns simulation; the coordinate profile depicts the number of atoms in 3Å increments
along the axis orthogonal to the layer plane (z-axis), triglyceride atoms are additionally split into
groups containing all atoms (all trig) as well as the polar oxygen atoms of triglyceride ester bonds
(ester oxy) and the terminal carbon atoms of the fatty acid side chains (terminal carb), to
illustrate that triglyceride molecules are not oriented with their polar moieties towards the bulk
water phase. Four phases were defined in the system in respect to water content, BULK water,
TOP and BOT as the water-rich interphases of the triglyceride layer and the CORE region of the
layer. Error bars for Z1-Z4 mark the fluctuations of z-coordinates during simulation.

Four different phases were differentiated for analysis, the water-rich triglyceride-water
interphase including the immersed protein (TOP: Z1-Z2), the relatively dry triglyceride
layer core region (CORE: Z2-Z3), the water-rich triglyceride-water interphase without
protein (BOT: Z3-Z4) and the bulk water phase (BULK) on either side of the layer. The
phase boundaries of Z2 and Z3 were thereby defined as the z-coordinates where the
measured atoms per increment reached 90% of the maximal value for the first time in
respect to the bulk water phase from either side of the layer, while Z1 and Z4 marked the
z-coordinates of the first observable triglyceride atom in respect to the bulk water phase.
The positions of Z1-Z4 varied during a 100ns MD simulation despite a periodic removal of
the center of mass movement of the triglyceride layer. The variations were attributed to
triglyceride layer fluctuations of approximately 8Å along the z-axis (Figure 15A). The
protein immersion depth was obtained by calculating the fluctuations in the z-component
of the center of mass distance between the protein and the triglyceride layer and was
shown not to correlate with the triglyceride layer fluctuations, despite being similar in scale
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(Figure 15B). It was therefore concluded that the protein is loosely embedded in the waterrich triglyceride-water interphase, which may facilitate a high degree of protein mobility or
“swimming”.

A

B

Figure 15: A) Triglyceride layer fluctuations, calculated as thickness variations in z-direction of the layer –
black: tributyrin (C4), dark grey: tricaproin (C6), light grey: tricaprylin (C8) / B) Protein immersion depth
fluctuations in the triglyceride-water interface, calculated as the deviations in the z-component of the center of
mass distances between the protein and the triglyceride layer.

Table 2: Density of water in the different phases BULK, TOP, CORE and BOT in triglyceride layers of
tributyrin (C4), tricaproin (C6) and tricaprylin (C8).

The density of water in the different triglyceride layer phases BULK, TOP, CORE and
BOT was calculated to quantify the observed water distribution (Table 2). Within the
defined boundaries, the density in the TOP phase was consistently higher than in the BOT
phase, which implies that the presence of the protein at the triglyceride-water interface may
induce an increased water penetration into the layer. For tributyrin (C4), water densities in
both TOP and BOT phases retained about half of the water density of the BULK phase.
The BULK density correlated well with the experimental value ρwat=997g/l (Mikhail et al.
1961). The relatively “dry” CORE phase still displayed water densities in the range of 58% in respect to the BULK. Elongating the fatty acid chain length of triglyceride with
tributyrin (C4), tricaproin (C6) and tricaprylin (C8) caused a sharp decline in water
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density, particularly for the BOT phase, which implies that a higher density of polar
triglyceride moieties might be favorable to water influx.
The mobility of water molecules was characterized by calculating the molecular selfdiffusion coefficients in all respective phases (Figure 16). For the tributyrin (C4) system,
the water self-diffusion coefficient DBULK=1.88·10-5 [cm²/s] of the BULK phase was
slightly lower than the experimental value of systems consisting of pure water
DEXP=2.16·10-5 [cm²/s] (Derlacki et al. 1985), which was attributed to the presence of two
continuous triglyceride surfaces that restrict water mobility along the z-axis. In the waterrich interphases TOP and BOT, water maintained more than half of the mobility of bulk
water, with DBOT=1.34·10-5 [cm²/s] and DTOP=1.10·10-5 [cm²/s]. The presence of the
protein was found to have a detrimental effect on water mobility (DTOP), which may be
related to protein hydration or simply to the additional surface area, but might also be
influenced by factors pertaining to the interaction of the protein with the triglyceride-water
interface. Even in the relatively dry triglyceride layer core, residual water diffusion was
maintained with DCORE=1.10·10-5 [cm²/s]. Analysis of water self-diffusion for tricaproin
(C6) and tricaprylin (C8) yielded similar diffusion constants. The molecular origin of this
overall high residual mobility was perceived to lie in the lamellar structural order of the
triglyceride layer, in which the nonpolar triglyceride fatty acid side chains were arranged in
tangential orientation to the triglyceride layer plane (Figure 13). The nonpolar triglyceride
moieties were thereby significantly exposed to the water bulk, while polar triglyceride
moiety association induced semi crystalline - structures and polar nanoenvironments that
expanded throughout the triglyeride layer (Figure 16). The polar nanoenvironments of the
triglyceride layer were perceived to be potential mediators for water mobility, which may
facilitate hydrogen bonds to diffusing water molecules. Since evidence for this claim
should be reflected in the molecular structure of the triglyceride layer, the molecular
association bias in hydrogen bonding distance (cutoff 3.5Å between water oxygen atoms)
was analyzed (Table 3).
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B

C
Figure 16: Mobility of water in triglyceride-water interfaces of A: tributyrin (C4), B: tricaproin (C6), C:
tricaprylin (C8) – Left Column: Mean square displacement (MSD) and corresponding molecular self-diffusion
coefficients of water in the phases BULK, TOP, CORE and BOT as defined by atomistic profiles (Figure 14). /
Right Column: Depiction of polar triglyceride moieties (red surface), which may contribute to the water
mobility in the triglyceride layer.
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Table 3: Molecular association bias (mol. assoc. bias) of water molecules in the triglyceride layer
phases TOP, BOT and CORE for tributyrin (C4), tricaproin (C6) and tricaprylin (C8) with
cutoff criterion 3.5Å, whereby Nwe denotes the bias of water oxygen towards polar ester
ogyxgen atoms of triglyceride, Nwa the bias of water oxygen towards the aliphatic carbon atoms
of triglyceride and Nww the bias of water oxygen to other water oxygen atoms. The reference
value for Nwe, Nwa and Nww in a random distribution is 1.

The preferential self-association of water (Mww) was apparent in all phases of the
triglyceride layer. In the TOP phase, Mww was consistently higher than in the BOT phase,
which implies that the presence of the protein has a direct influence on the water structure
at the triglyceride-water interface. In the CORE phase, Mww reached the highest values,
which suggests that the residual water contained therein has a high propensity to cluster.
Mwe, the association bias of water towards the polar ester oxygen atoms of triglyceride was
consistently higher in TOP, CORE and BOT phases than Mwa, the respective association
bias towards the nonpolar triglyceride atoms. Elongating the nonpolar moiety of the
triglyceride fatty acid side chains, from tributyrin (C4), tricaproin (C6) and tricaprylin
(C8), enhances the respective association biases; Mww and Mwe both significantly increased,
while Mwa decreased. The observed molecular association biases support the interpretation
of polar nanoenvironments as mediators for water diffusion; as polar atoms become scarce
in relation to nonpolar atoms for systems of longer triglyceride fatty acid side chains, the
aggregated polar triglyceride substructures become more segregated and thus water
molecules associate more strongly to this polar nanoenvironment while still retaining their
high degree of molecular mobility (Figure 16).
To obtain a holistic perspective of water mobility in the triglyceride layer, the exchange of
water molecules between the BULK, TOP, MID and BOT phases was evaluated by flux
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calculations (Table 4). Hereby, the number of water molecules that moved out of a
particular phase and into another phase after discrete time-steps of 30ps was summed up
and averaged over a 30ns simulation. The resulting value was normalized to a surface area
parallel to the layer surface plane (x-y plane) and thus the respective flux was determined
in molecules/(Å²µs). As expected, the highest water exchange occurred between the BULK
phase and the water-rich transitional TOP and BOT phases, while the water exchange
between the TOP and BOT phases and the CORE phase was significantly lower. However,
the flux rates for water molecules from BOT phase to CORE phase were found to be a
factor 10 higher than the flux rates from TOP phase to CORE phase, which implies an
involvement of the protein in water retention. The more frequent exchange of water
molecules between the BULK and TOP phases compared to BULK and BOT phases may
be ascribed to the protein as well, which effectively constitutes a barrier between bulk
water and the triglyceride surface and thus minimizes the solvent accessible surface area of
the triglyceride layer.

Table 4: Measurement of the water flux between the BULK, TOP, CORE and BOT phases in the triglyceride layer,
for tributyrin (C4), tricaproin (C6) and tricaprylin (C8).

To clarify the involvement of the protein in potential water retention as well as the
increased self-association of water molecules and the heightened water density in the TOP
phase, the solvent flux method (SFM) was developed as an accelerated MD approach to
model the influx of water molecules into the protein CALB.
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2.4 Water Influx in Proteins: The Solvent Flux Method (SFM)

Figure 17: Candida antarctica lipase B (red) attached to a triglyceride layer
(orange) in water (not shown) - a primary water channel was validated by
the solvent flux method SFM (Chapter 4.3), a potential secondary channel
was proposed and significant water influx to the active site (sticks) via the
substrate channel was observed, which is fully enveloped by triglyceride
molecules of the layer phase.

In the study “The Solvent Flux Method (SFM): A Case Study of Water Access to Candida
Antarctica Lipase B.”, the influx of water molecules to the active site cavity of the enzyme
CALB was modeled for the identification of potential water channels and positions
relevant to the solvent-related engineering of hydrolase applications (Chapter 4.3). Hereby,
external forces were periodically introduced after ∆tITER in the form of a radial velocity
pulse onto all water molecules contained within a sphere enclosing the protein and its first
solvation shell, which allowed for an accelerated passage of water molecules over energy
barriers that obstruct the entry to the active site cavity. Simultaneously, a single water
molecule was removed in close proximity to a reference atom in the active site cavity with
the same periodicity ∆tITER as the introduced velocity pulse, which induced a water
concentration gradient and provided additional space for water to occupy after influx.
Moreover, the periodic removal of water constitutes a model for enzymatic hydrolase
activity, which consumes water molecules during the cleavage of ester bonds of
triglyceride. Furthermore, after a given number of SFM iterations nEVAC, it was ensured
that the active site cavity of CALB had been evacuated of any previously present water
molecules and therefore any water molecules removed for iterations ni>nEVAC necessarily
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had to have passed through a potential entryway in the protein structure to reach the active
site. Hence, for ni it was possible to reconstruct the pathways of water molecules entering
the active site cavity in form of pseudo-trajectories with the time-step of ∆tITER. This
allowed for a highly accelerated characterization of the inherently slow water influx
process and the identification of potential avenues of water entry (Figure 18 and Table 5).

Figure 18: Contact frequencies between water molecules and amino acid positions during water
influx to the active site of Candida antarctica lipase B (details in Chapter 4.3) define hotspot
areas H1-H9 and hotspot positions that were defined as peaks above a threshold (red dotted
line).

All observed hotspot areas and hotspot positions were evaluated on the basis of the relative
contact frequency (Table 5), the positioning in the protein structure (Figure 19A) and the
superimposition of influx pathways (Figure 19B).
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Table 5: Evaluation of hotspot areas H1-H9 and hotspot positions according to relative contact frequencies (rel.
freq.) and localization in the protein structure (details in Chapter 4.3).

H1
H2
H3
H4
H5
H6
H7
H8
H9

pos. AA
38 PRO
42 THR
47 SER
73 LEU
104 TRP
106 GLN
134 ASP
154 VAL
189 ILE
223 ASP
277 LEU
278 LEU
285 ILE
290 LYS

property
hphob
hphil
hphil
hphob
hphob
hphil
neg
hphob
hphob
neg
hphob
hphob
hphob
pos

rel. freq.
0.71
1.00
0.85
0.27
0.96
0.98
0.54
0.56
0.96
0.65
0.77
0.88
0.94
0.52

dact [Å]
5.7
7.8
8.5
10.8
4.8
4.8
11.5
12.0
9.4
12.7
8.7
6.9
11.3
17.7

positioning
periphery
periphery
periphery
surface
active site
active site
periphery
periphery
surface
surface
periphery
periphery
periphery
surface

Assessment
adjacent to primary water channel
primary water channel
primary water channel
probable barrier, adjacent to Lys290
active site
primary water channel
potential secondary water channel
entrance substrate channel
entrance substrate channel
potential interfacial water entrance
probable barrier, adj. to Asp223 and Ser47
entrance substrate channel
entrance substrate channel
potential interfacial water entrance

chan
PWC
PWC
PWC
SWC
IWE1

IWE2

Four plausible avenues for water entry to CALB were thereby identified, a previously
characterized (Larsen et al. 2000) water channel (PWC), a potential secondary water
channel (SWC) and two potential interfacial water entrances (IWE1 and IWE2) that were
marked by polar residues in direct contact with the triglyceride-water interface. IWE1 and
IWE2 were hereby regarded as positions that may interact with the highly self-associated
polar triglyceride moieties that were observed in the triglyceride layer (Chapter 2.3) and
may thus serve as potential mediators for the influx of water through the substrate channel
(Figure 19 and 20).

A

B

Figure 19: A) Hotspot positions in the CALB protein structure with colors corresponding to H1-H9 of Figure 18,
dotted lines point towards the active site Ser105, protein is represented in the bottom view, i.e. from the perspective
of the triglyceride-water interface that CALB is attached to (see Figure 17) / B) Water influx pathways from five
full SFM runs are superimposed onto the same depiction as Figure 4A to illustrate potential water entryways
(arrows). PWC is a known water channel (Larsen et al. 2000), SWC a potential secondary channel, whereas IWE1
and IWE2 are hydrophilic amino acids in direct contact with the triglyceride-water interface and may contribute
to water influx via the substrate channel.
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Figure 20: Hypothetical pathways (dotted line) of water molecules to the active site
(orange spheres) along the potential interfacial water entrances IWE1/2 (red spheres) in
between the protein (light grey) and the triglyceride-water interface, where lamellar-like
association structures of polar triglyceride moieties (blue spheres) are in close contact
(green spheres) to the protein and may thus facilitate hydrogen bonds for water diffusion
through the substrate channel.
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3 Discussion
In the framework of this dissertation, molecular mobility and aggregation were
investigated by molecular dynamics simulations (MD) in condensed-phase biomolecular
systems, which ranged from methanol-water mixtures, lipidic droplets and large-scale
interfaces interacting with proteins. The studies covered in this context can be loosely
linked by concepts relating to hydrophobicity, the discussion of which is the intended focus
of this section. More detailed discussions related to the individual studies are provided in
the relevant sections of Chapter 4.
Hydrophobicity does not, as the terminology suggests, imply a water “phobia” of nonpolar
solutes in aqueous environments. The contrary is the case, attractive van der Waals forces
persist between nonpolar atoms and water molecules, which stem from permanent and
induced dipoles within atoms and originate from the spatial distribution of negatively
charged electrons surrounding positively charged protons in atom nuclei. However, the
driving force for structural assembly of nonpolar moieties in condensed-phase aqueous
environments, the hydrophobic interaction, is ascribed to the strong attractive Coulomb
force between water molecules, which supersedes the relatively weak attractive van der
Waals forces (Galli 2007) between water and nonpolar solutes. The bipolar water molecule
spans continuous networks of hydrogen bonds, each water molecule thereby associating
with up to four binding partners at a time. All nonpolar solute molecules (or moieties) that
are introduced into this system will subsequently associate and arrange in a manner that
perturbs this hydrogen bonding network as little as possible. In fact, the solvation free
energy of simple nonpolar spheres in aqueous environments is commonly regarded to be
mainly composed of energy contributions that stem from either water hydrogen bond
reorientation (entropic) or water hydrogen bond breaking (entphalpic) (Chandler 2005). To
attain, from this biologist’s perspective, an intuitively accessible parameter to evaluate the
implications of hydrophobicity on structural association in biomolecular systems, the
molecular association bias was conceived in the study “Incomplete Mixing versus
Clathrate-Like Structures: A Molecular View on Hydrophobicity in Methanol-Water
Mixtures” (Chapter 4.1). The molecular association bias is based on a simple statistical
relation between observable nearest atom neighbors and the corresponding expected value
for a random molecular distribution. It was applied to describe the segregation of
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molecules in methanol-water mixtures in terms of a descriptive hierarchy of molecular
association preferences. Water self-preference was thereby observed, but also the
preference of methanol towards water, the disfavor of water towards methanol and the
disfavor of methanol towards itself as a molecular partner for association (Figure 6B).
Local segregation of methanol and water, also known as incomplete mixing (Dixit et al.
2002; Guo et al. 2003), was previously shown to be a sufficient criterion to quantify the
methanol-water mixture entropy deviations from ideal mixture behavior (Soper et al.
2006), which contradicts the Frank and Evans (Frank et al. 1945) hypothesis of structured
water surrounding solutes as the source of excess entropy. Analysis of the dynamic
properties of hydrogen bond lifetimes (Figure 5A), rotational autocorrelation (Figure 5B)
and molecular self-diffusion (Figure 6A) of water molecules within the first solvation shell
surrounding the nonpolar methyl moieties of methanol provided no support for structured
water in the methanol-water mixture. Although Dzugutov (Dzugutov 1996) states that
excess entropy, as a measure of inaccessible configurations of a system, can in principle be
directly linked to excess self-diffusion, a pictorial description that may serve to explain the
changing molecular mobility in methanol-water mixtures was proposed. Clustering
analysis revealed that the hydrogen bonding network breaks down or forms at an
approximately equimolar ratio (Figure 7), which coincides with the minimum in the selfdiffusion coefficients for both water and methanol (Figure 6A). Chandler states (Chandler
2002) that when the size of a solute cavity in water extends beyond a threshold of
approximately 1nm, the nature of hydrophobicity changes as the number of potential
hydrogen bonds between water molecules is depleted. This concept is usually related to
large solutes that disrupt hydrogen bonding instead of small (<1nm) solutes, such as a
single methyl group of methanol, where it is proposed that existing hydrogen bonds can
instead be maintained merely by bond reorientation. However, with increasing methanol
content in methanol-water mixtures, a disruption of the system-wide hydrogen bonding
network could induce similar effects as ascribed to large solutes, which have also been
likened to cavities (Chandler 2005) in the aqueous phase. The disintegration of cooperative
water hydrogen bonding was thus considered to force water molecules into clusters within
methanol, which was also consistent with the observation that hydrogen bond lifetimes
between water molecules increased exponentially after the breakdown of the hydrogen
bonding network (Figure 5A). When further decreasing water content in methanol-rich
mixtures, the renewed increase in water diffusion was thus rationalized by the diffusion of
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water clusters, which, according to the Einstein-Stokes relation, increases as cluster size
decreases. When increasing water content in water-rich mixtures, after a system-wide
hydrogen bonding network is formed, the increase in water mobility was accredited to the
fact that more potential hydrogen bonding partners are made available. Methanol was
considered to follow water behavior similar to a small cluster of solute molecules in waterrich mixtures until the breakdown of the hydrogen bonding network, after which methanol
gradually attains its bulk mobility. This pictorial model of molecular structure and mobility
in methanol-water mixtures is consistent with the concept of incomplete mixing. It is also
consistent with the implications of the relation between diffusion and entropy by Dzugutov
(Dzugutov 1996), namely that molecular mobility can be ascribed to the configurations
that are accessible to molecules in simple liquid systems.
The molecular association bias as a quantity to describe the molecular structure in
condensed-phase aqueous mixtures was extended to lipid droplets, specifically to selfemulsifying drug delivery systems (SEDDS), which are lipidic formulations that are
routinely applied in the oral delivery of poorly water-soluble drug molecules (Singh et al.
2009). The study “Molecular Dynamics Simulations of Self-Emulsifying Drug Delivery
Systems (SEDDS): Influence of Excipients on Droplet Nanostructure and Drug
Localization.” (Chapter 4.2) focused on the investigation of the SEDDS nanostructure to
gather insight as to drug molecule solubilization, which may prove beneficial to
formulation design. The hydrophobic effects in regard to structure formation of
amphiphilic assemblies, such as SEDDS droplets, are commonly described in similar terms
as the hydrophobic effects regarding purely nonpolar solutes, with the inclusion of the
interaction between hydrophilic solvent moieties and water. Thereby, the hydrophilic
“headgroup” is considered to always be oriented towards the aqueous environment
(Chandler 2005). This can explain the molecular structure observed for a range of
microscopic assemblies, such as micelles or lipid bilayers (Larson 1999). The implications
of these considerations are that the nanostructure within amphiphilic lipid droplets is
strictly determined by water self-preference, while the interactions between the solute
molecules themselves play a subordinate role in nanostructure formation. The results of the
SEDDS study illustrate that the nanostructure within a hydrophobic lipid droplet can
significantly change upon varying the composition of SEDDS excipients. Molecular
association biases suggested that the self-association preference of polar amphiphilic
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triglycerides moieties in particular has a significant impact on nanostructure formation
within droplets (size <10nm in simulation). From this perspective, it is tempting to infer a
hierarchy of self-preferences to explain SEDDS nanostructure. Hereby, water selfpreference induces the formation of microscopic triglyceride aggregates in form of
droplets, while the self-preference of polar moieties could induce the observed
unstructured, lamellar-like or vesicle-like nanostructures within triglyceride aggregates and
finally, hydrophobic or amphiphilic drug molecules, like CyA, embed themselves into the
droplet nanostructure according to their association preferences. In this regard, drug
molecules in SEDDS droplets can be perceived as solvated within the solvent environment
of the lipid droplet, which in turn is solvated in water. Discussions on hydrophobic
phenomena commonly focus on the characterization of the interface between hydrophobic
substances and the aqueous environment, likely because nanostructures within the sizerange of lipidic droplets are very difficult to characterize experimentally (Roke et al.
2012). While interfacial characterization may be sufficient to attain a full structural
description of a micelle or a lipid bilayer, which do not exceed the length scale of two
solute molecules, triglyceride molecules are known to form emulsions of large-scale
aggregates, ranging from several hundred to several thousand nm (Chung et al. 2001;
Jurado et al. 2006). In these instances, water-induced structural formation at the surface of
an aggregate can be expected to gradually transition into the structure associated with the
condensed state of bulk triglyceride. A major focus of SEDDS formulation design,
however, is to reduce the size of emulsion droplets diameters as far as possible by
introducing surfactants to the formulations. Thereby, current self-nanoemulsifying drug
delivery systems (SNEDDS) manage to reduce droplet sizes to approximately 10nm (Singh
et al. 2009; Zidan et al. 2007), where the transition of surface-induced to bulk-like
structure may not yet have been completed. In this regard, nanostructure formation in
droplets could be influenced by the interaction between lipids and in the case of
triglyceride molecules the self-association of its polar moieties. In the SEDDS study
presented in this dissertation, droplets were modeled with diameters of 10nm, and results
obtained therein suggest that within these size scales, interior droplet nanostructures vary
greatly due to factors that cannot exclusively be linked to the interfacial interactions
between triglyceride and water. Elongation of the fatty acid chain length of triglyceride, for
example, induced significantly different polar nanoenvironments within the droplet
interior, which may be observed in the heightened molecular association bias between
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polar triglyceride moieties. Polar headgroups of triglyceride molecules were thereby shown
to not necessarily orient towards the aqueous environment. Subsequently, lamellar-like
patterns formed within the SEDDS droplets due to the presence of triglyceride, and
hydrophobic moieties of triglyceride were exposed at the aqueous interface to a significant
degree. Unlike micelles that are restricted in size due to the orientation of polar headgroups
towards the aqueous environment and the subsequent packing of hydrophobic fatty acid
side chains in micelle interiors, large-scale aggregates triglycerides do not seem to follow
that pattern. Hence, the organization of the interior nanostructure must, at least in part, be
facilitated by triglyceride interactions. The nanostructure in SEDDS droplets was thus
perceived to be influenced by both the hydrophobic effects induced at the aqueous
interface as well as the interactions between polar triglyceride headgroups. Conversely, diand monoglyceride molecules did display the familiar reorientation of polar headgroups
towards the aqueous surrounding as well as the protrusion of nonpolar tailgroups into the
interior, which significantly altered the preexisting (in respect to the standard system)
droplet nanostructures dominated by triglyceride. This marked difference in hydrophobic
behavior may explain why mono- and diglycerides may be applied as surfactants, while
triglycerides cannot. Moreover, considering poly(ethylene glycol) (PEG) in this context
illustrates how other amphiphilic molecules do not adhere to the binary hydrophobic
behavior of polar moieties oriented towards the aqueous phase and nonpolar moieties
oriented towards the oil phase, simply due to the chemical structure. Strictly speaking,
PEG is an amphiphile, but is composed of a succession of alternating polar and nonpolar
moieties (Figure 2). In SEDDS droplet simulations, it was found that PEG is localized at
the droplet surface, thereby forming encasing shells around an interior lipid droplet, with
significant exposure of nonpolar moieties towards the aqueous environment. Light
scattering studies have revealed that PEG displays extended rather than compact
conformations and does not necessarily aggregate in in aqueous environments (Devanand
et al. 1990). Evaluating the nanoscale structuring of molecules simply on the basis of
generalized hydrophobic concepts may thus not be sufficient to fully capture the extent of
observable nanostructure phenomena involving triglyceride aggregates. Analyzing
molecular association biases may help paint a clearer picture.
With the explicit modeling of water, the SEDDS system size, in terms of number of atoms,
were computationally already very costly. A simple upscaling of the droplet systems
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(10nm) to model hydrophobic effects on large-scale aggregates (1000nm+) was therefore
not feasible. Thus, the planar model by Gruber et al. (Gruber et al. 2012) was applied that
mimics the negligible interfacial surface curvature of large-scale triglyceride aggregates.
Hereby, it was found that after extensive equilibration, similar lamellae as those previously
observed in the structure of SEDDS systems aggregated in orthogonal orientation in
respect to the planar triglyceride-water interface in a highly ordered, almost crystalline
manner (Figure 13). Furthermore, water was shown to penetrate the initially dry
triglyceride system in significant amounts. This observation was extensively characterized
in terms of triglyceride layer structure, molecular association biases and water mobility, as
part of an ongoing study by the author to quantify protein interactions on triglyceride-water
interfaces. Hereby, a major focus will be to correlate the obtained results to experimentally
observable properties. Direct experimental data on the nanostructure of triglyceride
interfaces in aqueous environments is unfortunately lacking, since few experimental
methods are able to resolve droplets or micellar systems in the condensed-state and thus
few studies have been conducted in this regard (Roke et al. 2012). However, data on solid
state crystalline triglyceride aggregates is available, wherein it has been suggested that
triglycerides stack in lamellae substructures (Marangoni et al. 2012; Acevedoet al. 2010),
which supports the observations on the aggregation structure obtained from simulation.
Water uptake into the triglyceride nanostructure is also supported by experimental data, for
example by HPLC analysis studies, which have correlated water content in tricaprylin
systems with monoglyceride content (Rane et al. 2008) as well as ester concentration for
various lipids (Cao et al. 2004). Particularly the latter study corroborates the influx of
water molecules into the triglyceride-water interface at the self-associated polar
triglyceride moieties, which was found in the simulation studies by the author.
Surprisingly, few computational studies were found in literature that characterize
triglyceride systems, only one of which applied MD simulations in the condensed-phase
with modern force fields (Sum et al. 2003). Therein, it was illustrated that the OPLS force
field, which was used in the study in conjunction with the Berger lipid model (Chapter
1.3), performs well in predicting triglyceride viscosities; it also outlined the strong
tendency of polar triglyceride moieties to self-associate.
In the study “The Solvent Flux Method (SFM): A Case Study of Water Access to Candida
Antarctica Lipase B.”, a method was devised with the intention of creating a general-

51

Discussion

purpose MD approach to quantify the solvent flux in enzymes, in particular for hydrolase
related engineering. Thereby, it was possible to identify potential avenues of water entry to
the enzyme Candida antarctica lipase B (CALB), which has evolved to include water as a
co-substrate in its catalytic function of cleaving triglycerides. As was shown in an
experimental study of Larsen et al. on CALB (Larsen et al. 2000), specific mutations to
hinder water influx can be productively utilized for the engineering of hydrolase variants
that facilitate the reverse synthetic reaction instead of hydrolysis. Thus designed hydrolases
are highly beneficial for synthetic chemical processes, since water is excluded as a
competing nucleophile to the acyl-enzyme intermediate. The molecular model of the
triglyceride-water interface, which served as a benchmark for SFM, suggests that water
influx does not only occur by means of a single water channel, but also that the selfassociated polar nanoenvironments of triglyceride may play an important role in
facilitating a sufficient water resupply to the catalytic machinery at the active site of
CALB. The promising results obtained thus far motivate a continued development of such
methods in combination with refining the accuracy of models such as the triglyceridewater interfaces to attain predictive capabilities. In the context of biomolecular systems,
enzyme engineering offers the added benefit of a binary validation process in form of
functional enzyme variants to support insights gathered from molecular models. This may
reduce the necessity to conduct time-consuming and cost-intensive experimental studies or
the computational reproduction of macroscopic observable properties.
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4 Publications
4.1 Incomplete Mixing Versus Clathrate-Like Structures: A Molecular
View on Hydrophobicity in Methanol-Water Mixtures

4.1.1 Abstract
The underlying molecular mechanisms of macroscopic excess properties were studied by
molecular dynamics simulations for different compositions of methanol-water mixtures.
Structural data (nearest neighbor relationships, clustering analysis) and dynamic data
(hydrogen bond lifetimes, rotational autocorrelation, translational diffusion) were
evaluated. Nearest neighbor relationships provide quantitative evidence and a pictorial
description of incomplete mixing at the molecular level as a source for mixture anomalies,
while a comparative study of water surrounding methyl moieties versus water in the bulklike environment provides evidence against the hydrophobicity model of clathrate-like
hydration. Furthermore, the formation or breakdown of the system-wide hydrogen bonding
network at a critical threshold of approximately equimolar mixture is perceived to separate
the mixture system into two hydrogen bonding regimes: hydrogen-bonded water clusters
embedded in methanol for mixtures with low water content and methanol molecules within
a system-wide hydrogen-bonded water network for mixtures with high water content.

4.1.2 Introduction
Deviations from ideal mixture behavior (excess effects) in aqueous solutions are a
widespread phenomenon that is quantified mostly by macroscopically observable
properties such as entropy[1]. However, measuring macroscopic observables does not
explain the molecular origin of the anomalies in mixtures, which results from the nature of
the intermolecular interactions of the different molecule types. Solution chemical reaction
rates, ion transport in solution or membranes, protein folding and enzymatic activity are
but a few instances where an in-depth understanding of molecular mechanisms is of
paramount importance. Excess effects in aqueous solutions are generally ascribed to
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hydrophobicity. While hydrophobicity is a useful chemical concept, even after decades of
detailed investigation the underlying molecular mechanisms are still controversial[2,3]. As
prevalent and intuitive as “hydrophobicity” may seem, it is important to note that
hydrophobicity is not a first-principle parameter, but an abstract concept. The terminology
of “hydrophobicity” in itself is misleading, because it implies a lack of attraction between
polar water molecules and nonpolar groups, when in fact attractive interactions persist due
to induced dipoles[4]. The cause of hydrophobicity is widely attributed to the
comparatively strong electrostatic attraction between water molecules via hydrogen
bonding[2,3]. In this connotation, "hydrophobicity" is best described as the
“hydrophilicity” of water in preference to molecules with weaker dipoles.
One of the most seminal works on molecular association behavior in aqueous solutions is
that of Frank and Evans[5] published in 1945, which introduced the model of “ice-like”
clathrate structures of immobilized water molecules surrounding nonpolar moieties.
Kauzmann[6] later correlated the hydrophobic interaction with protein folding and stability
and introduced it as a driving force for structural assembly and phase separation in
solution. While these ideas undoubtedly had profound influence on the perception of how
water interacts with nonpolar solutes on a molecular level, the scientific evidence is
inconclusive and thus the molecular mechanisms of hydrophobicity are still a topic of high
controversy. Evidence for immobilized water molecules has been found, e.g. in early
neutron diffraction experiments[7-9] and Monte Carlo simulations[10]. However, more
recent molecular dynamics simulations[11], ab initio calculations[12,13] and diffraction
experiments[14,15] have contested these findings.
Incomplete mixing has been proposed as an alternative concept to explain the molecular
source of excess properties in aqueous mixtures[14,16,1]. In contrast to the localized
immobilization of water surrounding nonpolar solutes of the clathrate model, incomplete
mixing explains excess entropy by a system-wide molecular segregation.
Hydrophobicity is widely perceived to be a multifaceted problem that manifests itself
differently dependent on the interface between the hydrophobic compound and the aqueous
environment, such as fully miscible liquids, small micelles, proteins in solution, or fully
separated phases[2,3]. In aqueous solutions, hydrogen bonds are perturbed when small
nonpolar solutes are introduced to the mixture, which leads to a structural rearrangement of
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water molecules (entropic effect). In contrast, large hydrophobic interfaces are perceived to
reduce the number of possible hydrogen bonds in the system (enthalpic effect). This
differentiation however seems arbitrary, considering that structural rearrangement of water
molecules would also take place in the presence of large hydrophobic interfaces, while
likewise the number of possible hydrogen bonds in solution would eventually decrease as
the concentration of small nonpolar solutes increases.
To study hydrophobicity and the molecular mechanisms of excess effects with molecular
dynamics simulations, we chose water-methanol mixtures as simple model systems.

4.1.3 Methods
4.1.3.1 Simulation Details
MD simulations were performed at 298.15 K and 1 bar under periodic boundary conditions
in an NPT ensemble. The Berendsen coupling scheme[17] was used, with coupling
constants of 0.4 ps for temperature and 1.2 ps for pressure coupling. The leap-frog
algorithm[18] was used for all simulations with a time step of 2 fs. C-H and O-H bond
lengths were constrained with the LINCS algorithm[19]. Long-range electrostatics was
treated by the particle-mesh Ewald algorithm (PME)[20,21]. Lennard-Jones interactions
were capped at 1.4 nm. The transferable all atom OPLS (optimized potential for liquid
simulation) force field[22] was used for methanol; water was parameterized by the TIP4P
model[10]. During an equilibration phase of 20 ns, energy, density, and radial distribution
functions were monitored, followed by a production phase of 10 ns for analysis. The
GROMACS 4.0.7 software was used for simulations and analysis[23,24].

4.1.3.2 Molecular Self-Diffusion
The molecular self-diffusion coefficient DA is a transport property that describes the
translational mobility of particles A and can be regarded as a meaningful quantity to link
molecular mobility to the macroscopic deviation from ideal mixture behavior witnessed in
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excess properties[25]. It is calculated from the mean-square displacement and the Einstein
relation by averaging over all particles[26].

lim (ri (t )  ri (0))²
t 

A

 6 D At

(eq. 1)

4.1.3.3 Nearest Neighbor Relationships
To characterize changes in local structure for the different compositions of a binary
methanol-water mixture, the deviation of the nearest neighbor relationships in the
simulated systems from their expected values in an ideal mixture was calculated. Nearest
neighbor relationships were defined by a radial cutoff criterion of 0.35 nm (Online
Resource Fig.S4). Nixtotal denotes the total number x of molecules (methanol and water) that
are neighbors to molecule centers of type i (either methanol or water). Niiideal denotes the
number of water-water or methanol-methanol neighbor relationships as expected in an
ideal mixture. In a fully randomized molecule distribution, Niiideal may be calculated from
Nixtotal and the molar fraction χi by

Nii

ideal

 pii

ideal

 Nix

total

 i  Nix

total

(eq.2)

where pii ideal denotes the probability of finding a neighbor of molecule type i to a molecule
center of type i for an ideally randomized molecule distribution, assuming that the
difference in molecule size of both molecule types in the system is negligible (ideal
mixture criterion). In an ideal mixture, piiideal should be equal to the molar fraction χi of
molecule type i. In an ideal binary mixture, the number of nearest neighbors between two
molecules of different types Nijideal (the number of neighbors of molecule type j to centers
of molecule type i) is calculated by
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(i≠j)

The deviation between simulated (real) and ideal mixtures can thus be quantified by the
ratios Mii and Mij:
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with Niireal, Nijreal, and Nixtotal being derived from the simulation. Mii is therefore a quantity
to describe the association bias of molecules i within a binary mixture and the resulting
structural arrangement of the two molecule types. Likewise, Mij characterizes the
interaction between the different molecule types. In Mij, the first index i signifies the
central molecule type and j the neighboring molecule type (Mij≠Mji). For ideal binary
mixtures we expect Mii=1 and Mij=1 , while for incomplete mixing we expect Mii>1 if
molecules of type i favor the proximity to molecules of the same type and Mij>1, if
molecules of type i favor the proximity to molecules of the other type j.

4.1.3.4 Hydrogen Bond Lifetime
Upon separating water molecules into a clathrate-like water and a bulk water group, it is
necessary to take heed of water molecules quickly leaving the first water shell around the
methyl moieties due to fast translational diffusion. To circumvent this difficulty, the
evaluation of correlation times provides a simple and descriptive property to compare the
duration of the existence of a signal. Therefore, the hydrogen bond (HB) correlation
function ch(t)[27] was analyzed,

ch (t ) 

h(0)h(t )
h

(eq. 5)
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where h denotes the existence function and <h> the total population of HBs. The existence
function equals unity if a HB exists and is zero otherwise, under the condition that h(0)=1.
This HB lifetime description has been called the “intermittent hydrogen bond correlation
function”[28], alluding to the fact that by construction it is time-independent of bondbreaking events. From the correlation of the existence function it is possible to define the
reactive flux correlation function K(t)[27].

K (t ) 

dch (t )
 kch (t )  k ' n(t )
dt

(eq. 6)

The term k’∙n(t) describes bond-breaking and the term k∙ch(t) bond-forming. From here on
it is possible to define the HB lifetime τh as the inverse of the forward rate constant k.

h 

1
k

(eq. 7)

4.1.3.5 Rotational Autocorrelation
The rotational autocorrelation time can be calculated by integration or fitting of the
rotational autocorrelation function Ch(t).

Ch (t )  Pn u(0)  u(t )

(eq. 8)

Pn is the rank n Legendre polynomial and u(t) a vector associated with the geometry of the
molecule to be analysed. Specifically the normal vector to the water molecule plain
u(t)=rOH1 x rOH2 was used[29]. Applying the rank 2 Legendre polynomial makes calculated
data comparable to experimental NMR data[30,31]. Instead of integration, the trapezoidal
rule was used to acquire the Riemann sum between intervals of discrete time steps of 2 fs.
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4.1.3.6 Differentiation of Clathrate-Like and Bulk Water Molecules
To determine whether there is a difference in the dynamics of water molecules surrounding
nonpolar methyl moieties (clathrate-like water) and free water molecules (bulk water)
within methanol-water mixtures, the two groups were analyzed separately. Clathrate-like
water molecules were assigned by applying a distance cutoff criterion between the carbon
atom of methanol and the oxygen atom of water, where 0.45 nm corresponds to the first
minimum of the radial distribution function g(r)[Cmet-Owat] (Online Resource Fig.S4).
The full simulation trajectories were segmented into equally long parts of 500 ps and were
analyzed after redefining clathrate-like and bulk water for every segment. Since the long
tail of autocorrelation functions significantly influences results, a combined scheme of
explicit integration until 5 ps and fitting after 5 ps was applied, which has previously been
benchmarked for similar systems[29]. For mixtures below χwat<0.6, water molecules could
no longer be separated into clathrate-like water and bulk water groups when applying the
cutoff criterion of 0.45 nm, because all water molecules were assigned to the clathrate-like
water group from thereon. Therefore, the cutoff criterion was reduced to 0.35nm, which
corresponds to the first peak maximum of g(r)[Cmet-Owat]. Reducing the cutoff criterion
to 0.35nm resulted in a shift of the exponential increase of HB lifetimes τww from χwat~0.5
to χwat~0.2 (Online Resource Fig.S6), which suggests that the water molecules in the outer
half (0.35nm-0.45nm) of the first coordination sphere statistically mask the effect of
exponentially rising HB lifetimes from 0.5>χwat>0.2. The large standard deviations at low
water content are a consequence of the small number of bulk water molecules.

4.1.4 Results
Multiple molecular dynamics simulations were performed on condensed phase systems
containing pure water, pure methanol and nine intermittent methanol-water mixtures
(χwat=0.0, 0.1, 0.2, … , 1.0). The molecular systems were equilibrated thoroughly (20ns),
while monitoring potential energy, density, and radial distribution functions. A system size
of 1000 molecules with periodic boundary conditions proved sufficient for analysis, since
simulations of larger systems led to comparable results (Online Resource Fig.S3). To
explore the molecular basis for deviations from ideal mixture behavior, all simulations
were analyzed for structural properties such as density (Online Resource Fig.S1), radial
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distribution functions (Online Resource Fig.S2), nearest neighbor relationships, clustering
analysis and dynamic properties such as molecular self-diffusion, rotational autocorrelation
and hydrogen bond (HB) lifetimes. Molecules surrounding the nonpolar methyl moiety
(clathrate-like water) and “free” water molecules (bulk water) in the methanol-water
mixtures were separated into two groups and analyzed individually when appropriate, in
order to implicitly assess increased order of clathrate-like water as a possible source for the
lower than expected entropy in the mixture.

4.1.4.1 Diffusion Coefficient
Molecular self-diffusion coefficients for methanol and water molecules were analyzed to
capture excess behavior on a molecular level and to compare simulation results to
experimental data (Fig.1).

Fig.1: Molecular self-diffusion coefficients D in methanolwater mixtures for simulated water (TIP4P: ■), experimental
water[32] (□), simulated methanol (OPLS/AA: ●) and
experimental methanol[32] (○). Simulation data was obtained
from mean square displacement and the Einstein relation.
Standard deviation and detailed statistics of the calculations
are provided in the Online Resource (Fig.S5).

For low molar fractions of water, the diffusion coefficient of water molecules was found to
be high (Dχwat=0.1 = 2.02 ∙10-5 cm²/s) and decreased with increasing water content to a
minimum at χwat≈0.5 (Dχwat=0.5 = 1.81 ∙10-5 cm²/s). For χwat>0.5, the coefficient increased
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again until the maximum value (Dχwat=1.0 = 3.59 ∙10-5 cm²/s) for pure water was reached
(experimental: Dχwat=1.0 = 2.16 ∙10-5 cm²/s[32]). Similarly, the diffusion coefficient of
methanol was found to be high for low molar fractions of methanol (Dχmet=0.1=2.14 ∙10-5
cm²/s). It decreased with increasing methanol content until a minimum at χmet≈0.4
(Dχmet=0.4=1.81 ∙10-5 cm²/s) and increased again until the maximum of Dχmet=1.0=2.96 ∙10-5
cm²/s for pure methanol (experimental: Dχmet=1.0=2.5 ∙10-5 cm²/s[32]). Thus, the minima of
the diffusion coefficients for water and for methanol were both found in the vicinity of
χmet=0.4-0.6 (χwat=0.4-0.6) of the mixture, while the highest diffusion coefficients were
found for the pure substances.
Diffusion coefficients are also a meaningful quantity to probe for variations in translational
mobility between clathrate-like water and bulk water, which is a possible source for the
lower than expected entropy observed for methanol-water mixtures. However, water
molecules in both groups displayed no discernible difference in diffusion coefficients and
were in close agreement with the diffusion coefficient presented for all molecules (Fig.1).
This suggests that there is no significant difference in translational mobility between
clathrate-like water and bulk water. Compared to experimental values[33], the simulated
diffusion coefficients were consistently overestimated, but the relative trend was
adequately represented. These findings are in agreement with previously published
data[34,29].

4.1.4.2 Rotational Autocorrelation
To compare the dynamics of clathrate-like water and bulk water, the rotational
autocorrelation time τw﬩ for a vector orthogonal to the water molecule plane was separately
analyzed for clathrate-like water and bulk water. Water molecules in the clathrate-like
water and bulk water groups displayed similar rotational correlation times τw﬩ for all
mixture compositions, ranging from τw﬩(χmet=0.1)=1.83 ps to τw﬩(χmet=0.9)=3.94 ps (Fig.2),
which is in agreement to experimental values of τw﬩(χmet=0.0)~2.0 ps [30,31] and simulation
data of TIP4P water model literature of τw﬩(χmet=0.0)= 0.8-1.7 ps [29]. A linear increase for
0.1<χwat<0.5 and a convergence to maximal values for 0.5<χwat<0.9 was observed.
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Fig.2: Rotational correlation time τw﬩ of the normal vector to
the water molecule plain in methanol-water mixtures calculated
via the integral of the rotational autocorrelation function (rank 2
Legendre polynomial) of the clathrate-like water group (○) and
the bulk water group (■), after applying a spherical
differentiation cutoff criterion for clathrate-like water of 0.35nm
around the methyl group. Standard deviations averaged over
multiple trajectory intervals range from 0.01-0.1ps.

4.1.4.3 Hydrogen Bond Lifetimes
The hydrogen bond (HB) lifetime τ can be regarded as a characteristic quantity for the
dynamics of hydrogen-bonded clusters (Fig.3a). For pure water, HBs between water
molecules had a short lifetime (τww(χwat=1.0)=1.47 ps). Upon decreasing water content in
the methanol-water mixture, the lifetime of water-water HBs increased linearly up to an
equimolar ratio (τww(χwat=0.5) = 4.4 ps). When decreasing the water content further
(χwat<0.5), τww increased almost exponentially until a maximum at χwat=0.1 was reached
(τww(χwat=0.1)=10.39 ps). In contrast, the lifetime of HBs between methanol molecules τmm
changed only slightly for the different mixtures. HB lifetimes were short for low methanol
content (τmm(χmet=0.1)=1.17 ps) and slightly increased to τmm(χmet=0.6)=2.6 ps just above
equimolar composition. For higher molar fractions of methanol, the lifetime remained at
almost constant levels between τmm=2.6-3.06 ps. The lifetimes of HBs between methanol
and water τmw were found at levels between τww and τmm, with a linear increase from
τmw(χmet=0.1)=1.8 ps to τmw(χmet=0.1)=5.72 ps. When comparing water molecules in
clathrate-like water and bulk water groups, we found lifetimes τww of bulk water to be
significantly higher than τww of clathrate-like water for χwat<0.5 when applying a
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differentiation cutoff criterion of 0.45nm (Online Resource Fig.S6) and χwat<0.2 when
applying a cutoff criterion of 0.35nm (Fig.3b).

Fig.3: Hydrogen bond lifetime τ in methanol-water mixtures as the inverse of the forward lifetime of the autocorrelation
function (ACF) for (a) interactions water-water τww (■), methanol-water τmw (●), methanol-methanol τmm (○) and (b)
interactions water-water τww of the clathrate-like water group (□), the bulk water group (○) and all water molecules
(●), after applying a spherical differentiation cutoff criterion for clathrate-like water of 0.35nm surrounding the methyl
group. Error bars display standard deviations averaged over multiple trajectory intervals.

4.1.4.4 Nearest Neighbor Relationships
To find evidence for incomplete mixing at the molecular level, nearest neighbor
relationship analysis between molecules within the methanol-water mixtures was
performed by examining the ratios Mii=Niireal/Niiideal and Mij=Nijreal/Nijideal between the
number of neighbors in the simulated (Niireal) mixtures and the calculated values for ideal
mixtures (Niiideal) (Fig.4).
The neighbor relationships Mww (central water molecule to water neighbors), Mwm (central
water molecule to methanol neighbors), Mmm (central methanol molecule to methanol
neighbors) and Mmw (central methanol molecule to water neighbors) were analyzed for all
methanol-water mixtures. Starting from Mww=1.00 at χwat=1.0 (pure water), Mww increased
upon decreasing the water content, until Mww=1.21 was reached at χwat=0.3 and then
remained constant. Conversely, Mwm (water-methanol neighbors) was consistently lower
than ideal levels at the same mixture compositions as Mww, with a minimum of Mwm=0.72
at χwat=0.9. Thus, in all methanol-water mixtures the water molecules preferred other water
molecules as neighbors rather than methanol molecules (positive bias). Unlike the water63
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water nearest neighbor relation, Mmm (methanol-methanol neighbors) decreased upon
decreasing the methanol content, starting from Mmm=1.00 at χmet=1.0 (pure methanol) until
Mmm=0.67 at χmet=0.1. Mmw (methanol-water neighbors) was consistently higher than ideal
levels at the same mixture compositions as Mmm, with a maximum of Mmw=1.51 at
χmet=0.9. Thus, methanol molecules display the tendency to disfavor other methanol
molecules as neighbors (negative bias), but prefer water molecules. We therefore witness
demixing of methanol and water molecules within the molecular system, with water being
the preferred neighbor to both water and methanol molecules.

Fig.4: Nearest neighbor relationships between water and methanol
molecules within a cutoff distance representative of hydrogen
bonding (0.35nm) are presented for methanol-water mixtures by
the relation Mii=Niireal/Niiideal of neighbors Niireal found for
simulated mixture systems to neighbors Niiideal expected for ideal
mixtures of the same composition. Bias in the mixture systems due
to molecular interactions is perceived relative to ideal mixture
expectations (dashed line) – interactions: water-water Mww: ■ /
methanol-water Mmw: □ / water-methanol Mwm: ● / methanolmethanol Mmm: ○. Standard deviations averaged over multiple
trajectory intervals range from 0.15-3.45.

4.1.4.5 Cluster Formation
An analysis of largest clusters was conducted to assess hydrogen bond percolation in the
methanol-water mixture system, by applying a single-linkage algorithm with a spherical
distance cutoff criterion of 0.35nm (hydrogen bonding cutoff criterion) between oxygen
atoms. Since the size of largest clusters vary during simulation, the largest cluster N max and
the smallest cluster Nmin found throughout the entire simulation for each molar fraction was
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determined, as well as the average largest cluster size Naver. The methanol cluster sizes
(Fig.5b) decreased from Naver=25 (χmet=1.0) to Naver=2 (χmet=0.1).
The overall largest clusters were significantly larger for the entire range of mixture
compositions, spanning from Nmax=89 (χmet=1.0) to Nmax=8 (χmet=0.1), whereas the overall
smallest cluster spanned from Nmin=12 (χmet=1.0) to Nmin=1 (χmet=0.1). In general, an
exponential decrease of largest cluster size for decreasing methanol content was observed.
In contrast, the size of water largest clusters (Fig.5a) hyperbolically decreased for high
water content from Naver=996 at χwat=1.0 to Naver=421 at χwat=0.6, until an inflection point
was reached close to equimolar mixture (χwat=0.5) with Naver=107. From thereon, an
exponential decay was observed for χwat<0.5 until the minimum at Naver=4 (χwat=0.1). The
deviations of the overall largest and smallest clusters found throughout the analysis did not
vary as dramatically for water as they did for methanol, except in the vicinity of the
inflection point, where Nmax=542 (χwat=0.6) and Nmin=98 (χwat=0.6).

Fig.5: Clustering analysis of molecules in methanol-water mixtures using a spherical cutoff criterion of 0.35nm
for (a) largest clusters of water molecules (biggest overall cluster: ■ / largest cluster on average: ■ / smallest
overall cluster: □) and (b) for largest clusters of methanol (biggest overall cluster: ● / largest cluster on average:
● / smallest overall cluster: ○). Error bars display standard deviations averaged over multiple trajectory
intervals.
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4.1.5 Discussion

4.1.5.1 Incomplete Mixing versus Clathrate-Like Structure
The Frank and Evans model postulates increased structural order of water molecules
surrounding nonpolar moieties in aqueous solutions, which, if it held true, could clarify the
molecular basis of hydrophobicity in general and the lower than expected entropy of
methanol-water mixtures in particular. Clathrate-like hydration is a highly controversial
topic. While some investigations of aqueous solutions confirm the existence of clathratelike hydration[35-38], others have found no evidence for structural rearrangement of water
molecules surrounding nonpolar solutes in aqueous solutions[39-45]. Indeed, excess
entropy in methanol-water mixtures was recently quantified solely based on radial
distribution functions reflecting molecular-scale segregation within methanol-water
mixtures, “without the need to invoke icebergs"[1]. It should be possible to determine if
clathrate-like water structures contribute to excess entropy by comparing dynamic
properties of clathrate-like water and bulk water molecules. Indeed, Dzugutov et al.
proposed a formalism that directly correlates diffusion and entropy[46,25]. Particularly,
reorientational correlation of water molecules has been widely used to investigate the
existence of immobilized hydrate water, but immobilization could also affect translational
diffusion. Therefore, differences in the dynamics of clathrate-like and bulk water are a
necessary condition of the Frank and Evans model. Mere structural observations such as
the existence of water clathrates around methanol molecules are insufficient to support the
model. Pratt’s statement that “clathrate is in the eye of the beholder”[47] frames this
consideration nicely, by suggesting that while conceiving clathrate-like structures may not
be necessary for a quantitative description of thermodynamic properties in aqueous
solutions, if you look for them then you are likely to find them. Despite this premise, we
did not find clathrate-like structures when comparing translational, rotational dynamics and
HB lifetimes of molecules in the clathrate-like water group with molecules in the bulk
water group. Our results are therefore in agreement with findings that refute clathrate-like
structures as a source of excess entropy in methanol-water mixtures[39-45].
In spite of the sizable evidence against clathrate-like structures and the fact that
quantitative theories in support of clathrate-like hydration are scarce[48], the Frank and
Evans model has remained popular in the general perception of hydrophobicity and is still
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the focus of widespread investigation. Human intuition plays an important role in science
as a catalyst for the development of new ideas and in this regard a pictorial model is
certainly more inspiring than less intuitive models like an abstract comprehension of the
superimposition of proximal radial information that contradicts clathrate-hydration[1]. The
conception of an equally simple and pictorial alternative model that accounts for the
molecular origin of hydrophobicity without incorporating clathrate-hydration would be
desirable. Thereby it is certainly not sufficient to merely disprove existing clathrate
models, which appears particularly challenging due to the abundance of inconclusive and
contradictory findings.
The concept of incomplete mixing[14,16,1] lays its focus on molecular-scale segregation
throughout the mixture rather than localized structural arrangements. It is widely
recognized and also confirmed by our results that molecular segregation in aqueous
solutions is driven by hydrogen bonding preference. For methanol-water mixtures, the
observed positive bias of the water-water association and the negative bias of the
methanol-methanol association, as well as the preference of methanol to associate with
water as a neighbor were demonstrated by nearest neighbor relationships. It indicates that
the distinctive preference of water as a hydrogen bonding partner leads to a system-wide
change in structural order within methanol-water mixtures. Furthermore, if hydrogen
bonding is the predominant intermolecular interaction in aqueous solutions, HB lifetimes
are expected to reflect the observed association bias. Indeed, the water-water HB lifetimes
τww for all water molecules were found to increase substantially when increasing the
methanol content in the mixture, whereas the methanol-methanol HB lifetimes τmm were
shown to be consistently lower than the HB lifetimes of both the water-water (τww) and the
mixed methanol-water (τmw) interactions. These results suggest incomplete mixing at the
molecular level as a source for the excess effects observed for methanol-water mixtures.
Thereby nearest neighbor relationships Mii quantify the degree of molecular segregation
and the bias witnessed for the different molecule types in simple, pictorial terms, based on
a single parameter, nearest neighbor relationships, which is derived from first-principles on
the molecular scale.
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4.1.5.2 Hydrophobicity in the Context of Percolation
Neither of the above mentioned models offers any explanation for the localization and the
molecular causes for the minimum in excess properties of methanol-water mixtures, such
as entropy or molecular self-diffusion. Pure water and aqueous solutions with high water
content are known to percolate[49-51], which implies that a continuous system-wide water
cluster exists, in which all water molecules are interconnected via hydrogen bonds. For
every point in time a lattice of water molecules can be constructed, in which a hydrogen
bond between lattice points may be defined as “occupied” or “empty”[52]. Bond
percolation persists as long as a single continuous graph can be constructed that connects
all lattice points within the system. A percolation threshold pc= χcwat close to equimolar
mixture has been reported for methanol-water mixtures[53,54], which was confirmed by
our clustering analysis. The discrepancy between the number of maximal and minimal
observable clusters in our largest cluster analysis (Nmax and Nmin, respectively) suggests
that the transition from one continuous water cluster (percolation) to isolated water clusters
is not precisely localized. For χwat=0.6, system-wide water molecule clusters (e.g. cluster
size Nmax=542) exist temporarily, while at other times only isolated largest clusters can be
found in the mixtures (e.g. cluster size Nmax=98). It should also be noted that the presented
data does not consider how methanol is involved in the hydrogen network, which might
slightly lower the percolation threshold with the formation of bi-percolating networks[53].
A relation between percolation and anomalies in thermodynamic quantities has previously
been suggested[53], and hydrogen bonding has been linked to macroscopic excess
properties at critical mixture compositions[55]. A crossover point for different hydrogen
bonding environments from water-rich to methanol-rich environment was previously
proposed at χwat~0.4[56]. Since the percolation threshold for water molecules at χwat~0.5
coincides with the minimum in molecular self-diffusion for both methanol and water, it is
assumed that the mobility of molecules, and thus entropy, is directly affected by
percolation. The HB lifetimes analysis underscores this hypothesis, particularly τww, which
depends linearly on χwat for χwat<0.5 and exponentially for χwat>0.5, indicating a
fundamental change in hydrogen bonding dynamics at the percolation threshold. The
difference in increased τww for bulk water in comparison to clathrate-like water suggests
that this effect arises due to the significant enhancement of water-water hydrogen bonding
in the bulk, which is exactly the opposite effect of what would be expected of clathrate-like

68

Publications

hydration and thus is in stark contradiction to the Frank and Evans model. It is however in
agreement with the view that the loss of hydrogen bonding drives the segregation of
nonpolar moieties from water[2] and offers a fresh perspective on how enthalpic and
entropic contributions to the free energy of solvation may be interpreted for methanolwater mixtures.
In general, hydrophobicity in aqueous solutions is considered to be a multifaceted
problem[2,3], where the enthalpic breaking of hydrogen bonds dominates for large solutes,
whereas for small solutes in aqueous solution, like methanol-water mixtures, the free
energy is perceived to be mainly affected by entropic reordering of hydrogen bonds. In
methanol-water mixtures, entropic reordering of water molecules to maintain bulk-like
tetrahedral hydrogen bond coordination may obviously only take place above the
percolation threshold (χwat>0.5), where a sufficient number of water molecules are
available as bonding partners. Therefore, the formation or the breakdown of the systemwide hydrogen bonding network have a major effect on hydrogen bond dynamics. On the
basis of our findings, we suggest that the percolation threshold is not only a critical
threshold for excess properties such as molecular self-diffusion, but is also a divisive
threshold for two distinctively different hydrophobicity regimes. A possible pictorial
model is described in the following subsections.

4.1.5.3 Molecular Mechanism of Water Diffusion
The observed minimum of molecular self-diffusion of water at χwat≈0.5 could thus be
explained: For high water content (χwat>0.5) in the methanol-water mixture, the percolation
in the system-wide hydrogen bonding network persists as the association bias between
water molecules becomes more prevalent and individual hydrogen bonds are maintained
for longer durations. Decreasing the water content in the mixture coincides with an
increasing nearest neighbor bias Mww and rising HB lifetimes τww, suggesting an enhanced
water-water interaction, thus reducing the overall mobility of water molecules as fewer
binding partners are available. Just above the percolation threshold (χcwat>0.5), the network
resembles a tight mesh of water molecules and its restricted mobility explains the minimal
diffusion coefficient and the high degree of structural order. Below the percolation
threshold (χwat<0.5) the hydrogen bonding network breaks down and we find isolated water
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clusters, the size of which decrease with decreasing water content. While at χwat=0.4 the
majority of clusters consist of 10-50 water molecules, at χwat=0.1 the majority of clusters
found are below size 10 (Online Resource Fig.S7b). For clusters of decreasing diameter,
the observed increase in diffusion could be explained by the Einstein-Stokes relation. This
would also explain the significant increase of the HB lifetimes τww for χwat<0.5 between
water molecules in the bulk water group, while τww in the clathrate-like water group remain
at relatively low levels.

4.1.5.4 Molecular Mechanism of Methanol Diffusion
Nearest neighbor relationships (Mmm and Mmw) suggest that methanol molecules preferably
associate with water molecules in the mixture rather than with other methanol molecules.
This conclusion is supported by the fact that HB lifetimes τmw between methanol and water
molecules are consistently higher than HB lifetimes τmm between methanol molecules. In
contrast to water, pure methanol does not form a system-wide network, but clusters into
small rings or chains[57,58]. At low water content, water molecules do not perturb this
local structure, which is in agreement with the constant HB lifetime τmm between methanol
molecules at χmet>0.5. As the water content increases, the size of the water clusters
increases and methanol molecules increasingly interact with the water clusters, which
could explain an overall decrease in diffusion of methanol adapting to decreasing diffusion
of water. At the percolation threshold χcwat≈0.5, the formation of a system-wide HB
network of water significantly perturbs the existing methanol structures by spatial
constraints. The decreasing methanol-water HB lifetimes could be explained by competing
water-water HB in the system-wide network, which would effectively result in increased
mobility of methanol molecules.

4.1.6 Summary
Clathrate-like hydration as a source for excess entropy in methanol-water mixtures could
not be observed. At high water content, the dynamic properties of clathrate-like water and
of bulk water were similar. At low water content, the hydrogen bond lifetimes of bulk
water were significantly enhanced in comparison to clathrate-like water, contradicting
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clathrate-like hydration. Instead, incomplete mixing was observed and quantified by
nearest neighbor relationships, which offers an intuitive and pictorial way to describe
hydrophobicity. Furthermore, the hydrogen bond percolation threshold (χcwat ≈0.5) in the
mixture was shown to coincide with the minimum in molecular self-diffusion. Two
distinctively different hydrophobicity regimes were conceived: At low water content,
isolated water clusters are embedded in loosely coupled methanol molecule structures,
while at high water content methanol molecules are embedded in a system-wide hydrogenbonded water network.
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4.1.8 Supporting Information

Fig. S1: Radial distribution functions g(r) C1-Ow for
methanol-water mixture compositions χwat=0.1-0.5 used to
distinguish the first coordination sphere of possible
“clathrate” water molecules (CLATH group) surrounding
the aliphatic methyl moiety of methanol molecules.
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A
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Fig. S2: Hydrogen bond lifetime τ in methanol-water mixtures as the inverse of the forward lifetime of the
autocorrelation function (ACF) for interactions water-water τww of groups CLATH (□), group REST(○), all water
molecules (●), after applying a spherical differentiation cutoff criterion for CLATH of (A) 0.35nm and (B) 0.45nm
surrounding the methyl group.

A

B

Fig. S3: Comparison of radial distribution functions (A) g(r) Ow-Ow and (B) g(r) Om-Om for methanol-water mixture
compositions χwat=0.2 and χwat=0.8 between systems of different absolute size (number of molecules N). Small systems
(N=1000) equilibrated to the same structural arrangement of molecules as large systems (N=8000), thus small systems
proved adequate for the structural analysis conducted in this work.
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Fig. S4: Density ρ(χi) of the methanol-water mixtures: In
contrast to the self-diffusion coefficient, the density
dependence on molar fractions ρ(χi) of methanol-water
mixtures was almost linear (black dots), corresponding to the
behavior expected of an ideal mixture and ranges from
ρχwat=1.0=0.995g/cm³ for pure water to ρχmet=1.0=0.770g/cm³ for
pure methanol. The standard deviation ranged from
0.003g/cm³ to 0.004g/cm³. Experimental data (Mikhail &
Kimel 1961) was added for comparison (white dots).

A

B

Fig. S5: Probability density functions of the self-diffusion coefficients of (A) all water molecules and (B) all methanol
molecules in the simulated methanol-water mixture systems. Standard deviations vary from max. 1.901 ∙10 -5 cm²/s at
χwat=1.0 to min. 1.145 ∙10-5 cm²/s at χwat=0.4 for water and from max. 2.361 ∙10 -5 cm²/s at χmet=1.0 to min. 1.120 ∙10-5 cm²/s
at χmet=0.3 for methanol.
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A

B

Fig. S6: Hydrogen bond lifetime τ in methanol-water mixtures as the inverse of the forward lifetime of the
autocorrelation function (ACF) for interactions water-water τww of groups CLATH (□), group REST(○), all water
molecules (●), after applying a spherical differentiation cutoff criterion for CLATH of (A) 0.35nm and (B) 0.45nm
surrounding the methyl group.

A

B

Fig. S7: Clustering behavior of methanol (A) and water (B) molecules in methanol-water mixtures at molar fractions χmet
and χwat, respectively. Data was gathered from a single-linkage algorithm between oxygen atoms using a spherical cutoff
radius (0.35nm). Continuous lines are applied for the purpose of visual distinction between the clustering behavior at the
different molar fractions and representative of discrete integer values for the different cluster sizes.
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4.2 Molecular Dynamics Simulations of Self-Emulsifying Drug Delivery
Systems (SEDDS): Influence of Excipients on Droplet Nanostructure
and Drug Localization

4.2.1 Abstract
In this study, molecular dynamics (MD) simulations were applied to model the lipidic
nanoscale droplets that form when self-emulsifying drug delivery systems (SEDDS)
disperse into microemulsions in the gastrointestinal (GI) tract. The major focus lay on
investigating the influence of SEDDS excipient composition on the nanostructure of
droplets and the localization of drug molecules within them, by monitoring the drug
immersion depth and the molecular association bias between hydrophilic and hydrophobic
moieties. A SEDDS standard system consisting of capric (C10) fatty acid chain length
triglycerides and drug molecule cyclosporin A (CyA) was compared to systematic
excipient variations. Investigating the drug loading capacity of droplets yielded a
negligible influence of drug molecules on the droplet nanostructure; increasing the drug
load merely resulted in increased drug exposure to the aqueous environment. The variation
of triglyceride fatty acid chain lengths yielded clearly distinguishable droplet association
patterns (unstructured, lamellar-like and vesicle-like), which could prove beneficial for
predicting and engineering drug solubilization in SEDDS. The addition of surfactant poly
(ethylene glycol) (PEG-6) revealed the formation of an encapsulating surfactant shell with
a negligible impact on the droplet interior triglyceride nanostructure, which could
potentially be utilized to protect drug molecules from digestion. Mono- and diglyceride
molecules displayed an increased tendency to accumulate at the droplet surface as well, in
accordance with their capacity to act as surfactants, while also significantly interfering
with the interior droplet nanostructure. The addition of monoglyceride molecules in
particular caused the CyA molecule to be solubilized in a hydrophilic droplet core region
consisting of polar triglyceride moieties. This mode of drug localization was in stark
contrast to that of other systems, where CyA was predominantly found in the interfacial
region of the aqueous environment.
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4.2.2 Introduction
The oral delivery of hydrophobic drugs represents a significant technical challenge for the
development of pharmaceutical products, with approximately 40% of newly launched
drugs displaying poor solubility in aqueous media. Self-emulsifying drug-delivery systems
(SEDDS) are lipidic formulations that increase the bioavailability and stabilize absorption
rates of orally administered hydrophobic drugs. Drug bioavailability is generally
considered to be a function of permeation and dissolution.1 Herein SEDDS distinguish
themselves from other lipidic formulations by the capacity to spontaneously form stable
isotropic oil-in-water (o/w) microemulsions of fine lipidic droplets upon mild agitation in
aqueous media. Drug molecules are thereby homogeneously distributed throughout the
gastrointestinal tract (GI) while being embedded in a dissolved state within a precipitationsuppressing nanoenvironment. This makes SEDDS particularly promising vehicles for
hydrophobic drug compounds that exhibit dissolution-rate-limited absorption; however, the
benefits are considered to be transferable to other drug categories as well.2,

3

SEDDS

designs are generally classified according to their excipient composition of oils,
surfactants/emulsifiers and cosolvents/coemulsifiers.4,

5

The most basic form of SEDDS

(type I) consists of drug and oil molecules, most commonly triglycerides with mediumchain-length fatty acids.3 The preference for simple triglyceride systems stems from the
fact that they are readily digested by pancreatic lipases, which entails health and safety
benefits. However, type I formulations are known to exhibit relatively poor loading
capacity. To counter this limitation, type II+ formulations are designed with the addition of
surfactants (and coemulsifiers), which reduces the size of stable dispersion droplets to the
micrometer (SMEDDS) and nanometer (SNEDDS) scales. While significant progress has
been made toward controlling the microscopic dispersion properties of SEDDS, i.e., size
and stability of droplets, few methods exist to evaluate the droplet nanostructure, which is
considered to be intimately linked to drug solubility, loading capacity, release rates, and
localization.6-15 As a recent physiology-based pharmacokinetics solubility study
demonstrates, effective methods of accurately predicting drug solubility are lacking.16
Although phase diagram studies, simplified mathematical models, and computational
studies have shown promise in predicting solubility for practical applications,17-19 most of
these methods are restricted to the microscale. However, to fully exploit the potential of
SEDDS formulation design, additional methods are desirable that can predictively assess
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and contextualize the nanostructure, drug solubilization, and SEDDS composition. In fact,
the estimation of drug solubility in the context of the complex nanostructures of lipid
aggregates has been identified as one of the major challenges in drug-delivery formulation
design.20 It is no trivial task to predetermine a phase structure of lipidic formulations, even
when its excipients are clearly defined. Besides the thermodynamics of self-assembly, the
forces between the amphiphilic lipid molecules within the aggregates as well as the
solution conditions need to be accounted for.21 Indeed, ideal solubility and regular
solubility theories were shown to fail in adequately predicting the solubility of drugs in
lipidic solutions, due to the complex and disparate interfaces that form upon mixing
different excipients.22 Under GI tract solution conditions in particular, bile salts and
hydrolytic enzymes represent additional factors of uncertainty; during the digestive phase,
they can influence the composition and nanostructure of lipid aggregates in fundamental
ways.3 Due to its rigorous first-principles methodology, molecular dynamics (MD) shows
great potential in elucidating both the SEDDS droplet nanostructure and the localization of
drug molecules therein, to the extent that MD was even advocated as the most powerful
route for predicting solubility on the basis of chemical structures20. It is therefore
surprising that although the literature on the MD characterization of liquid-phase molecular
self-assembly is broad, studies mostly cover single systems or a limited range of systems,
phase transitions or the characterization of distinct phases, e.g., lipid bilayer formation.23
To our knowledge, only a few MD studies directly focus on lipidic formulations for
pharmaceutical applications24-26 and only a single study specifically covers SEDDS, but
with a focus on the formation of o/w microemulsions and not the nanostructure of SEDDS
droplets in particular.27 This study, on the other hand, sets out to explore the potential of
MD in characterizing single SEDDS droplets, with the aim of evaluating the implications
of systematic excipient variations on droplet nanostructure (molecular association bias) and
drug localization (immersion depth).
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4.2.3 Experimental Section

4.2.3.1 Simulation Details
Molecular dynamics simulations were performed with GROMACS 4.5.328, 29 software at
T=310 K and 1 bar, using the leapfrog integrator30 with a time step of 4 fs. Simulations
were conducted in an NPT ensemble, applying Nose-Hoover31, 32 temperature coupling in
0.4 ps intervals and isotropic Parrinello-Rahman33 pressure coupling in 4.0 ps intervals.
The center-of-mass movement was removed every 0.4 ps independently for the drug,
triglycerides/surfactants, and water molecules. Periodic boundary conditions were applied
in all dimensions. All bonds were constrained with the LINCS algorithm.34 Long-range
electrostatics were calculated with the particle mesh Ewald (PME) method.35, 36 LennardJones interactions were treated with a cutoff and capped at 1.4 nm. For cyclosporin A
(CyA) parametrization the united atom GROMOS 53a6 force field37 was used, which
already incorporates the necessary nonstandard amino acid residues of CyA. Bonds,
angles, and dihedrals for cyclization were added to the force field in accordance with
standard peptide bonds with appropriate reparameterization of the termini. To parametrize
tri-, di- and monoglycerides, the Berger lipids model38 was added to the GROMOS 53a6
force field in conjunction with 53A6OXY parameters39. Surfactant poly(ethylene glycol)
(PEG) was parametrized with 53A6_OE charges and Lennard-Jones parameters.40 The
SPCE41 water model was applied.

4.2.3.2 Simulation Systems
Since the phase structure of triglyceride/water or triglyceride/surfactant/water mixtures is
known to depend on solute/solvent ratios as well as packing parameters and is susceptible
to periodic boundary condition artifacts,42 preliminary trial runs with varied size and atom
density were conducted until a single droplet of our model system was formed without
artifacts. Subsequently, the initial conformation of all systems under consideration was set
up with a constant atom number density, NATOM/[nm³]( Table 1) to ensure comparable
starting conditions. To reduce computational demand, the droplet sizes were set to the low
limit (~7.5 nm) of SEDDS droplets found in commercial applications.3 All systems were
generated as unbiased random molecular arrangements.
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Table 1. Summary of droplets under investigationα

no. CyA
1
0

excipients
C10

initial
density
NATOMS/[nm³]
4.04

no.
molecules
NSUBSTRATE
200

no.
molecules
NSURFACTANT
0

no.
molecules
NWATER
57059

composition
% wSOLUTE/wWATER
10.80

sim.
time
[ns]
200

final
diam.
[nm]
7.5

final box
volume
[nm³]
1912

2

1

C10

4.04

200

0

57424

10.84

200

7.5

1925

3

10

C10

4.04

200

0

63564

10.74

200

7.5

2126

4

1

C6

4.04

200

0

40104

10.78

200

7.3

1339

5

1

C14

4.04

200

0

75416

10.73

200

8.6

2530

6

1

C10 3 : 2 PEG-6

4.04

120

80

47636

10.53

200

7.5

1587

7

1

C10 4 : 1 PEG-6

4.04

160

40

52522

10.70

200

7.4

1756

8

1

4.04

200

0

50532

10.63

200

7.6

1689

9

1

4.04

200

0

41492

10.88

200

7.1

1388

C10 - TRI 1 : 1
DI
C10 - TRI 1 : 1
MONO

α

Molecules were randomly placed into cubic systems at an equal atom number density of 4.04 atoms / [nm³] and simulated

for a total of 200ns to form droplets of diameter ~7.5nm.

Systems were energy minimized with the steepest-descent algorithm, and equilibration was
performed for at least 100 ns in total. The convergence of the potential energy, the atom
density and the molecular association bias to constant values was monitored to ensure
equilibration. An additional 100 ns simulation time was used for analysis. The entire
process was repeated three times with varied random molecular arrangements and velocity
distributions to improve the statistical significance.

4.2.3.3 Analysis
The GROMACS 4.5.3 software package was applied to monitor the clustering behavior of
SEDDS droplets. Hereby, nonwater atoms within d<0.5 nm were defined as belonging to a
cluster. Custom-made scripts were applied to analyze the drug immersion depth and the
molecular association bias within droplets. The drug immersion depth was defined as the
distance of the center of mass (COM) of a drug molecule to the closest water molecules of
the droplet’s first water solvation shell (dcom), as well as the minimal distance of any drug
molecule atom to the water solvation shell (dmin) (Figure 1A).
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A

B

Figure 1. SEDDS simulation analysis. (A) Method of analyzing
the immersion depth: dcom, center-of-mass distance to the water
solvation shell; dmin, minimal distance of a drug atom to the
water solvation shell. (B) Method of analyzing the molecular
association bias: atoms of molecule type B were counted as
neighbors when located within a spherical cutoff distance from
central atoms of type A.

The molecular association bias43 was quantified between several groups of atoms: CyA
drug atoms, PEG-6 molecules, water molecules, and the polar (hydrophilic) or nonpolar
(hydrophobic) moieties of triglycerides. Neighboring atoms of group B with respect to
central atoms of group A within a radial cutoff of d<0.35 nm were defined as nearest
neighbors (Figure 1B). The molecular association bias MAB is defined as the probability
relation of the nearest neighbors derived from simulation pABreal to the expected values of
ideal mixtures pABideal:

M AB 

p AB
p AB

real

ideal

p AB

ideal



nB
ntotal

p AB

real



N AB
 N Ai

i  A, B, C,...

i

Hereby, nB denotes the number of atoms belonging to group B, and ntotal denotes the total
number of atoms in the analyzed system. NAB denotes the total number of neighbors of
group B to all atoms of central group A, which is divided by the total sum of all neighbors
to atoms of group A. For ideal binary mixtures, we therefore expect MAB=1, while MAB>1
is expected for a positive bias if molecules of group A favor the proximity to molecules of
group B and MAB<1 for a negative molecular association bias.
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4.2.4 Results
Single SEDDS droplets of oil-in-water (o/w) microemulsions containing the drug
cyclosporin A (CyA) were modeled by molecular dynamics (MD) simulations, with an
emphasis on droplet nanostructure and drug localization. The droplet nanostructure was
analyzed by quantifying the molecular association bias between hydrophobic (PHOB) and
hydrophilic (PHIL) moieties of SEDDS excipients, whereas drug localization was
quantified by the immersion depth of drug molecules within the droplet nanostructure. To
systematically evaluate the potential of this MD approach to SEDDS design, we defined a
standard system consisting of a single CyA drug molecule in conjunction with capric (C10)
triglyceride molecules and introduced or altered excipients that are commonly applied in
commercial SEDDS formulations (Figure 2).

Figure 2: A type I SEDDS system consisting of cyclosporin A and capric triglycerides in
aqueous solution was varied in its excipient composition. (I) Droplet loading: variation
of drug content. (II) Fatty acid chain length: caproic (C6), capric (C10), and myristic
(C14) triglycerides. (III) Surfactant concentration: addition of poly (ethylene glycol)
(PEG-6). (IV) Degree of glycerol esterification: variation of tri-, di-, and monoglyceride
composition

Droplet loading with different amounts of drug molecules, the influence of the triglyceride
fatty acid chain length, the addition of the surfactant poly(ethylene glycol) (PEG-6), and
the addition of mono- and diglycerides were evaluated. Starting from random mixtures of
all components, all systems spontaneously formed droplets within the equilibration phase
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of 100 ns (Table S2). In their equilibrated state, all triglyceride droplets were essentially
dry, with only a few residual water molecules remaining within the droplet interior.
Snapshots of the equilibrated systems are depicted in Figures 3-6.

Table 2: Drug molecule immersion depth dmin and dcom in SEDDS droplets of varying excipient composition –
dmin represents the minimal distance between the drug molecule and the droplet’s first water solvation shell,
whereas dcom represents the distance between the center of mass of the drug molecule and the closest water
molecule of the first water solvation shell. All depicted data is taken from single 100ns MD simulation runs after
initial 100ns of equilibration. dcom of the “droplet loading” system is averaged over its 10 CyA drug molecules
contained within in the system. More detailed data is available in the supporting information (Table S2).
standard

dropl. loading

fatty acid chain length

surfactant concentration

glycerol esterification

C10

10xCyA/C10

C6

C14

trig 4:1 surf

trig 3:2 surf

tri 1:1 mono

tri. 1:1 di

time
[ns]

dmin/dcom
[Å]

dcom/s.d.
[Å]

dmin/dcom
[Å]

dmin/dcom
[Å]

dmin/dcom
[Å]

dmin/dcom
[Å]

dmin/dcom
[Å]

dmin/dcom
[Å]

0

12.0

22.1

14.1

±

3.8

3.6

10.8

3.6

12.2

10.8

18.0

8.6

17.1

17.8

24.5

6.0

13.3

5

14.8

22.5

13.3

±

3.3

3.8

10.2

3.6

10.3

13.9

20.5

8.8

15.8

17.2

25.7

3.5

10.6

10

13.2

19.7

13.7

±

3.3

5.2

12.0

3.5

11.6

11.8

19.6

7.4

15.2

16.5

25.2

3.5

10.4

15

13.0

20.9

14.2

±

2.7

4.1

13.4

3.8

13.1

11.2

17.7

8.1

16.7

17.9

28.0

4.8

12.5

20

12.5

23.0

14.1

±

3.0

3.6

11.7

3.7

11.8

14.4

20.0

11.8

18.9

20.0

26.1

3.7

10.3

25

11.2

19.4

14.0

±

3.8

3.6

11.2

3.5

11.3

10.5

18.0

7.5

15.0

16.7

26.7

3.8

9.6

30

12.1

18.1

15.1

±

3.7

3.5

9.9

3.7

10.5

10.8

18.2

4.6

13.1

18.1

25.1

3.5

11.9

35

13.1

21.8

14.6

±

2.8

3.5

10.2

3.7

10.8

14.3

21.0

8.1

15.5

14.6

21.5

4.1

10.3

40

11.9

19.3

14.5

±

3.4

3.6

10.3

3.6

11.4

11.2

23.1

7.2

14.7

17.0

26.3

3.6

10.2

45

11.3

19.3

13.7

±

3.5

3.5

10.2

3.5

12.2

12.1

17.6

9.8

17.3

17.4

24.9

3.6

9.7

50

12.4

21.1

13.9

±

2.5

3.5

10.8

3.5

10.5

11.5

19.1

8.9

16.2

17.7

24.5

3.6

10.8

55

11.9

22.5

13.6

±

2.1

3.7

11.3

3.6

11.8

10.4

16.6

7.3

15.2

16.9

23.7

3.5

9.7

60

11.5

19.0

15.3

±

3.6

3.5

11.2

3.5

10.6

10.6

18.2

6.3

13.6

16.6

24.1

3.7

10.5

65

10.9

17.9

13.9

±

2.9

3.7

11.0

3.6

11.8

11.7

21.9

7.5

14.7

18.2

25.0

3.5

9.6

70

10.5

19.3

14.6

±

3.3

3.6

12.1

3.7

12.5

11.9

19.2

8.1

15.3

21.1

27.4

3.6

10.3

75

10.7

21.7

13.7

±

2.3

3.7

12.3

4.0

12.7

11.3

20.4

7.0

13.7

19.0

26.1

3.6

10.7

80

5.0

13.5

14.0

±

2.6

4.4

13.9

3.6

10.7

15.2

25.9

6.3

14.5

18.0

24.5

3.6

12.8
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3.5

15.2

13.1

±

3.7

3.6

11.6

3.7

13.1

11.4

21.8

6.6

14.9

18.3

27.6

3.5

11.9

90

6.2

14.1

13.1

±

3.5

7.1

14.1

3.5

12.0

12.5

21.2

7.3

16.0

20.7

27.2

3.7

11.1

95

7.4

17.8

13.9

±

3.2

3.7

10.6

3.6

10.4

11.8

21.7

6.9

14.0

17.5

23.6

3.5

11.9

100

7.3

15.6

13.0

±

3.1

3.6

10.1

3.7

11.0

10.7

22.1

7.6

15.5

20.1

29.5

3.6

10.4

4.2.4.1 Standard System: Nanostructure, Drug Localization and Size Variation
Common solution-phase structures involving amphiphilic molecules, e.g., micelles,
vesicle, or lipid bilayers, are known to display a bias of hydrophilic moieties toward water
molecules at the aqueous interface. For the triglyceride-water phase structure of the type I
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SEDDS standard system however, the appropriate molecular association bias was not
pronounced (Table 3: TRIGPHIL-WAT: 0.81). Instead, lamellar-like substructures within
the droplet interior were observed (Figure 3E), which is reflected in the high association
bias of hydrophilic triglyceride moieties (TRIGPHIL-TRIGPHIL: 2.13). Considering that
the bias between hydrophobic triglyceride moieties was merely slightly increased
(TRIGPHOB-TRIGPHOB: 1.11) suggests that the tendency of hydrophilic triglyceride
moieties to associate is indeed what drives the formation of SEDDS droplet nanostructures.
Furthermore, drug molecule CyA displayed a strong association bias toward hydrophilic
triglyceride moieties (DRUG-TRIGPHIL: 2.76) and to a lesser degree to the water
solvation shell of the droplet (DRUG-WAT: 1.23). A potential explanation for this
preference may be inferred when monitoring the drug molecule immersion depth (Table 2)
after equilibration (t>100 ns). While the drug molecule could indeed come into direct
contact with the droplet’s aqueous interface (t=185 ns: dmin~3.5 Å), a complete
submergence in the outer periphery of the droplet nanostructure (~10 Å) was the more
common form of drug localization. The capacity of the drug molecule to diffuse into the
droplet’s interior during the simulation may be accredited to the lamellar-like droplet
nanostructure and the subsequent potential of hydrophilic stabilization on two sides of
amphiphilic circular peptide CyA. The effect of droplet size was investigated by increasing
the number of capric triglyceride (C10) molecules from 200 to 500 (droplet diameters of
75 and 100 Å, respectively) and by decreasing the number of triglyceride molecules to 100
(droplet diameter of 60 Å). The presence of lamellar-like nanostructures (Figure S7), the
molecular association biases (Figure S8), and the immersion depth of CyA in the droplet
(Table S2) were independent of droplet size.
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4.2.4.2 I: Droplet Loading

A

B

C

D

E

F

Figure 3: Depiction of drug localization and molecular association
in SEDDS droplets (for larger image versions see Figure S2) –
upper row: drug (red surface) immersion in droplet (grey
surface), lower row: molecular association of hydrophilic
triglyceride moieties (blue), left column: capric triglycerides (C10)
without drug molecule, middle column: capric triglycerides (C10)
with single drug molecule, right column: capric triglycerides
(C10) with ten drug molecules

Table 3: Molecular association bias between hydrophilic (PHIL)
and hydrophobic (PHOB) triglyceride (TRIG), water (WAT) and
drug (DRUG) moieties – Variation of droplet loading (0x/1x/10x
drug molecules), data taken from final 25ns of a 200ns
simulation
atom groups

0xCySA

1xCySA

10xCySA

-

WAT

0.28 ± 0.02

0.27 ± 0.01

0.27 ± 0.01

WAT

0.80 ± 0.02

0.81 ± 0.03

0.75 ± 0.02

WAT

n.a. ± n.a.

1.23 ± 0.12

2.68 ± 0.77

TRIGPHOB

1.10 ± 0.00

1.11 ± 0.00

1.11 ± 0.00

TRIGPHIL

0.96 ± 0.00

0.98 ± 0.00

0.97 ± 0.00

TRIGPHOB

0.52 ± 0.00

0.53 ± 0.00

0.53 ± 0.00

TRIGPHIL

2.13 ± 0.01

2.13 ± 0.01

2.14 ± 0.00

TRIGPHOB

n.a. ± n.a.

0.20 ± 0.04

0.30 ± 0.02

TRIGPHIL

n.a. ± n.a.

2.76 ± 0.12

2.42 ± 0.23

TRIGPHOB
TRIGPHIL
DRUG
TRIGPHOB
TRIGPHOB
TRIGPHIL
TRIGPHIL
DRUG
DRUG
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The removal of the drug molecule or the addition of further drug molecules did not
significantly alter the droplet nanostructure, even when loading up to 10 drug molecules
(10xCyA) into a single droplet with diameter <10 nm (Figure 3F). Merely the positive
molecular association bias of drug molecules toward the aqueous environment (TRIGDRUGTRIGWAT)

increased from 1.23 in standard system 1xCyA to 2.68 in the 10xCyA system

(Table 3), which is likely a consequence of droplet overloading. With immersion depths of
dcom≈10 Å (Table 2), the CyA molecules were preferentially localized at the droplet
surface and in contact with the aqueous environment (Figure 3B,C). Few exceptions were
observed in the overloaded 10xCyA system, where the aqueous interface seems to be too
small to accommodate all CyA molecules and a submerged localization of CyA seems to
be favored over CyA aggregation.

4.2.4.3 II: Fatty Acid Chain Length Variation

A

B

C

D

E

F

Figure 4: Depiction of drug localization and molecular
association in SEDDS droplets (for larger image versions see
Figure S3) – upper row: drug (red surface) immersion in
droplet (grey surface), lower row: molecular association of
hydrophilic triglyceride moieties (blue), left column: caproic
triglycerides (C6), middle column: capric triglycerides
(C10), right column: myristic triglycerides (C14)
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Table 4: Molecular association bias between hydrophilic (PHIL) and
hydrophobic (PHOB) triglyceride (TRIG), water (WAT) and drug
(DRUG) moieties – Variation of fatty acid chain length
(C6/C10/C14), data taken from final 25ns of a 200ns simulation
atom groups

CAPROIC (C6)

CAPRIC (C10)

MYRISTIC (C14)

-

WAT

0.32 ± 0.02

0.27 ± 0.01

0.25 ± 0.00

WAT

0.59 ± 0.02

0.81 ± 0.03

1.08 ± 0.02

WAT

1.35 ± 0.51

1.23 ± 0.12

1.95 ± 0.71

TRIGPHOB

1.05 ± 0.01

1.11 ± 0.00

1.11 ± 0.00

TRIGPHIL

1.10 ± 0.01

0.98 ± 0.00

0.93 ± 0.01

TRIGPHOB

0.66 ± 0.00

0.53 ± 0.00

0.47 ± 0.00

TRIGPHIL

1.52 ± 0.01

2.13 ± 0.01

2.68 ± 0.01

TRIGPHOB

0.29 ± 0.13

0.20 ± 0.04

0.26 ± 0.09

TRIGPHIL

1.83 ± 0.22

2.76 ± 0.12

3.08 ± 0.39

TRIGPHOB
TRIGPHIL
DRUG
TRIGPHOB
TRIGPHOB
TRIGPHIL
TRIGPHIL
DRUG
DRUG

When the fatty acid chain length is varied, a clear discrepancy in the molecular aggregation
behavior of hydrophilic and hydrophobic moieties within the droplet interior was observed.
For triglycerides of shorter (C6) fatty acids chain length, no segregation patterns were
visually distinguishable (Figure 4D), like the lamellar-like patterns of the C10 systems
(Figure 4E). Elongating the fatty acid chain lengths (C14) leads to the formation of a
hydrophilic core and a hydrophilic droplet surface, reminiscent of a vesicular phase
structure (Figure 4F). This prominent change in nanostructure is particularly apparent in
the strong molecular association bias of hydrophilic triglyceride moieties (TRIGPHILTRIGPHIL),

which increased from C6 (1.52), C10 (2.13), and C14 (2.68) (Table 4), but also

in the increasing bias of hydrophilic triglyceride moieties toward the aqueous environment
(TRIGPHIL-WAT), which varied from C6: 0.59 to C10: 0.81 to C14: 1.08. The positive
hydrophilic association bias is also reflected in the direct environment of the CyA
molecule, which is increasingly hydrophilic for longer fatty acid side chains, in terms of
both triglyceride association (DRUG-TRIGPHIL) and the water environment (DRUG-WAT).
Consequently, for the vesicle-like C14 system the drug was not immersed deeply in the
droplet, but remained localized at the surface within a hydrogen bonding distance of
dmin≈3.5 Å with respect to the solvent environment (Table 2). In the unstructured C6
system, the drug molecule was mostly found at the surface as well but occasionally was
immersed up to dmin≈7.1 Å, which is well below the immersion depths of up to dmin≈14.8 Å
for the lamellar-like C10 system, with its potential of stabilizing the hydrophilic moieties
on two sides of circular peptide CyA.
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4.2.4.4 III: Addition of Surfactant PEG-6

A

B

C

D

E

F

Figure 5: Depiction of drug localization and molecular association
in SEDDS droplets (for larger image versions see Figure S4) –
upper row: drug (red spheres) immersion in droplet (grey
surface), lower row: drug surface accessibility of hydrophilic
triglyceride moieties (blue) and surfactant (yellow), left column:
capric triglycerides (C10) without surfactant, middle column:
capric triglycerides (C10) in 4:1 ratio with polyethylene glycol
(PEG-6), right column: capric triglycerides (C10) in 3:2 ratio with
polyethylene glycol (PEG-6)

Table 5: Molecular association bias between hydrophilic (PHIL) and
hydrophobic (PHOB) triglyceride (TRIG), water (WAT), surfactant
(SURF) and drug (DRUG) moieties – Variation of surfactant PEG-6
content (TRIG only/TRIG 4:1 PEG/TRIG 3:2 PEG), data taken
from final 25ns of a 200ns simulation
atom groups

TRIG

TRIG 4 : 1 PEG

TRIG 3 : 2 PEG

-

WAT

0.27 ± 0.01

0.23 ± 0.01

0.17 ± 0.01

WAT

0.81 ± 0.03

0.64 ± 0.02

0.51 ± 0.03

WAT

1.23 ± 0.12

2.05 ± 0.84

0.47 ± 0.53

TRIGPHOB

1.11 ± 0.00

1.28 ± 0.01

1.54 ± 0.01

TRIGPHIL

0.98 ± 0.00

1.11 ± 0.01

1.34 ± 0.01

SURF

n.a. ± n.a.

0.05 ± 0.01

0.06 ± 0.01

TRIGPHOB

0.53 ± 0.00

0.60 ± 0.00

0.71 ± 0.00

TRIGPHIL

2.13 ± 0.01

2.43 ± 0.01

2.94 ± 0.02

SURF

n.a. ± n.a.

0.13 ± 0.02

0.13 ± 0.01

TRIGPHOB

0.20 ± 0.04

0.45 ± 0.07

0.49 ± 0.16

TRIGPHIL

2.76 ± 0.12

2.23 ± 0.30

3.22 ± 0.29

SURF

n.a. ± n.a.

0.15 ± 0.24

0.39 ± 0.23

TRIGPHOB
TRIGPHIL
DRUG
TRIGPHOB
TRIGPHOB
TRIGPHOB
TRIGPHIL
TRIGPHIL
TRIGPHIL
DRUG
DRUG
DRUG
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The standard system was modified to contain capric (C10) triglyceride molecules in 4:1
and 3:2 ratios with poly(ethylene glycol) (PEG) molecules. The addition of PEG-6
molecules only slightly enhanced the molecular association bias of hydrophilic and
hydrophobic triglyceride moieties (Table 5). This can be accredited to a general
segregation of triglyceride and PEG-6 molecules and can be deduced from the negative
association bias of triglyceride molecules toward surfactant molecules (TRIGPHIL-SURF and
TRIGPHOB-SURF).

PEG-6 molecules predominantly covered the surface of the droplet,

encasing the drug molecule partially (Figure 5B, TRIG 4:1 PEG-6) or fully (Figure 5C,
TRIG 3:2 PEG-6). Hence, the CyA molecule was immersed more deeply (Table 2) within
the droplet than in systems without PEG-6, depending on the thickness of the
encapsulating shell. Judging from the negative drug molecule association bias toward
surfactants and the positive drug association bias toward hydrophilic triglyceride moieties,
CyA molecules were preferentially localized at the triglyceride-surfactant interface,
partially or fully shielded from the aqueous environment. The positive association bias
toward polar triglyceride molecules (DRUG-TRIGPHIL) implies that CyA solubilization might
be facilitated by triglyceride molecules rather than by surfactant molecules.

4.2.4.5 IV: Addition of Mono- and Diglycerides
Mono- and diglyceride molecules were added to the standard system in an equimolar ratio.
Due to the additional hydrophilic hydroxyl groups, the polar glycerol moieties of both
mono- and diglycerides were predominantly located at the droplet surface, in direct contact
with the aqueous surrounding. While diglycerides were also found within the droplet in
sizable amounts (Figure 6E), monoglycerides were almost exclusively localized at the
droplet surface (Figure 6F). Consequently, triglyceride and mono/diglyceride molecules
were segregated similarly to the surfactant systems (Table 6). However, two disparate
drug-stabilization schemes could be distinguished. For the tri-/diglyceride system, the CyA
molecule was accessible to the water solvation shell at the droplet surface (Figure 6B),
similarly to the previously discussed systems, while in the tri/monoglyceride system the
CyA molecule was stabilized at the droplet core, without any exposure to the aqueous
environment (Figure 6C).
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A

B

C

D

E

F

Figure 6: Depiction of drug localization and molecular
association in SEDDS droplets (for larger image versions see
Figure S5) – upper row: drug (red surface) immersion in
droplet (grey surface), lower row: drug surface accessibility
of hydrophilic triglyceride (blue), diglyceride (yellow),
monoglyceride (yellow) moieties, left column: capric
triglycerides (C10), middle column: capric tri- and
diglycerides in equimolar ratio, right column: capric tri- and
monoglycerides in equimolar ratio

Table 6: Molecular association bias between hydrophilic (PHIL) and
hydrophobic (PHOB) triglyceride (TRIG), water (WAT) and drug
(DRUG) moieties – variation of degree of glycerol esterification (TRI
only/TRI 1:1 DI/TRI 1:1 MONO), data taken from final 25ns of a
200ns simulation
atom groups

TRI

TRI 1 : 1 DI

TRI 1 : 1 MONO

-

WAT

0.27 ± 0.01

0.16 ± 0.00

0.15 ± 0.01

WAT

0.81 ± 0.03

0.48 ± 0.03

0.45 ± 0.02

WAT

1.23 ± 0.12

2.10 ± 0.25

0.00 ± 0.00

TRIGPHOB

1.11 ± 0.00

2.00 ± 0.01

1.75 ± 0.01

TRIGPHIL

0.98 ± 0.00

1.73 ± 0.02

1.51 ± 0.01

nGLYCPHOB

n.a. ± n.a.

0.01 ± 0.00

0.03 ± 0.00

nGLYCPHIL

n.a. ± n.a.

0.06 ± 0.01

0.06 ± 0.01

TRIGPHOB

0.53 ± 0.00

0.91 ± 0.01

0.81 ± 0.01

TRIGPHIL

2.13 ± 0.01

3.71 ± 0.02

3.26 ± 0.02

nGLYCPHOB

n.a. ± n.a.

0.04 ± 0.01

0.06 ± 0.02

nGLYCPHIL

n.a. ± n.a.

0.28 ± 0.00

0.21 ± 0.02

TRIGPHOB

0.20 ± 0.04

0.26 ± 0.08

0.42 ± 0.14

TRIGPHIL

2.76 ± 0.12

3.11 ± 0.25

4.76 ± 0.30

nGLYCPHOB

n.a. ± n.a.

0.36 ± 0.09

0.00 ± 0.00

nGLYCPHIL

n.a. ± n.a.

0.77 ± 0.22

0.00 ± 0.00

TRIGPHOB
TRIGPHIL
DRUG
TRIGPHOB
TRIGPHOB
TRIGPHOB
TRIGPHOB
TRIGPHIL
TRIGPHIL
TRIGPHIL
TRIGPHIL
DRUG
DRUG
DRUG
DRUG
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In the latter case, the droplet nanostructure consisted of an outer shell of monoglyceride
molecules with its hydrophilic headgroups oriented toward the aqueous phase and a central
hydrophilic core of polar ester groups of triglyceride molecules. While monoglyceride
molecules formed a micellar-phase structure, triglyceride molecules formed an inverted
micellar-phase structure. The CyA molecule was hereby deeply immersed within the
droplet at dmin≈25-30 Å (Table 2), where it was stabilized via polar interactions at the
surface of the hydrophilic triglyceride core.

4.2.5 Discussion
4.2.5.1 Implications of Droplet Loading
The potential of MD simulations for determining the nanostructure and the localization of
drug molecules within SEDDS droplets was evaluated by modeling systems of varied lipid
excipients that are common to SEDDS design (Figure 2), in conjunction with the
immunosuppressant CyA drug molecule, which is applied in a range of commercial
applications.44-47 The solubilization capacity of drug molecules in lipidic formulations is of
relevance to SEDDS not only to avoid drug precipitation but also to define the minimal
volume per unit dose. We have therefore analyzed the effect of increasing drug content in
SEDDS droplets. No significant alterations of the molecular association behavior between
triglyceride moieties were observed, even in the case of overloading, which implies that
the influence of the drug-triglyceride interaction on the nanostructure of the droplet may
indeed be negligible. We did, however, observe a significant increase in the molecular
association bias of drug molecules toward the aqueous environment, which points toward
increased drug precipitation. While the solubilization of drug molecules is of primary
concern for improving bioavailability,20 controlling drug release profiles is also of
significance,48-50 and indeed, recent studies on supersaturated SEDDS have shown that
high drug concentration in droplets can be beneficial for bioavailability.51, 52 In instances
where poorly water-soluble drug molecules are stabilized too strongly within the
hydrophobic droplet nanostructure, increasing the drug load is possibly a remedy. In this
regard, the molecular association bias of drug molecules toward the aqueous environment
may be an interesting parameter not only to quantify the propensity of drug molecules to
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precipitate but also potentially tune release rates of drug molecules from the nanostructure.
The fact that no significant aggregation of CyA was observed during the simulation
signifies that the preferred equilibrium environment of amphiphilic peptides is indeed the
triglyceride droplet nanostructure, which further encourages the possibility of engineering
the nanostructure of droplets toward accommodating drug-specific requirements in SEDDS
formulation.

4.2.5.2 Implications of Fatty Acid Chain Length Variation
The simulated systems of varied fatty acid chain lengths aggregated to distinctly different
nanostructures, ranging from seemingly unstructured (C6) to lamellar-like (C10) to
vesicle-like (C14) molecular arrangements. The unifying feature of the observed
aggregation patterns was the positive molecular association bias of hydrophilic and
hydrophobic triglyceride moieties, which is substantiated by a previous study of Sum et al.,
where similar bilayer-like substructures within the interior of larger triglyceride aggregates
were observed.53 Current SEDDS formulations focus primarily on the droplet
microstructure. While the droplet size distribution can be engineered by the addition of
surfactants,3 the nanostructure of the droplets and the location of the drug molecules are
currently not addressed by SEDDS design. Controlling the nanostructure and thus the
localization of drug molecules in droplets would greatly contribute to the efficacy of
SEDDS formulations. It seems feasible when considering that the preferred equilibrium
environment of any molecule is defined by its chemical structure13 and that drug
localization and solubility are clearly correlated.20 For a predetermined droplet size,
triglyceride excipients offer the highest potential for nanostructure engineering, since the
choice of triglycerides is independent of the droplet size. Variability in drug precipitation
for formulations of different triglyceride chain lengths has been reported,54, 55 which could
be caused by the discrepancies in nanostructures that enable different forms of drug
solubilization. For the vesicle-like nanostructure (C14), we observed the formation of a
hydrophilic core of polar triglyceride moieties, a highly hydrophobic interphase and a
hydrophilic surface environment. Thus, particularly polar and amphiphilic drug molecules
could also be accommodated in a vesicle-like nanostructure in the core region of the
droplet as an alternative to the commonly observed stabilization at the droplet surface in
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the case of CyA. The potential for core stabilization of CyA was in fact observed for the
mono/triglyceride systems, which featured a vesicle-like nanostructure similar to that of
the C14 system (see below). Surely, the preferred localization will depend on and vary
with the unique chemical structure of a drug molecule. For shorter chain systems C6 and
C10, no discernible nanostructure could be identified that would suggest the core
stabilization of CyA molecules, which were exclusively found at the interface between the
droplet and the aqueous environment. While this localization might be considered to be
beneficial in some instances,20 it would be detrimental to peptides such as CyA, which are
susceptible to digestion. Furthermore, in C10 systems a partial submergence of CyA within
the droplet was observed, which could be attributed to the lamellar-like aggregation type
that allows for hydrophilic contacts on either side of the circular peptide. If systematically
reproducible, this would constitute a compromise between accessibility and protection
from the GI tract and could therefore be of relevance to SEDDS design considerations.
From these findings we gather that for SEDDS applications it should be feasible to affect
the droplet nanostructure through variations of triglyceride fatty acid chain lengths and
thus improve the solubilization of drug molecules within droplets. However, the influence
of surfactant molecules on the nanostructure would also need to be accounted for.

4.2.5.3 Implication of Adding Surfactants
Surfactants are amphiphilic molecules that are commonly applied in the stabilization of
emulsions/dispersions by acting as mediators between hydrophobic and hydrophilic
moieties at oil-water interfaces. The choice of surfactant in SEDDS formulations varies
greatly,

3

and due to the capacity to engineer stable dispersions of defined droplet size,

surfactants have to be regarded as a necessity for any rational SEDDS design approach.
While the impact of surfactants on the microscopic dispersion characteristics of
microemulsions is well established in experiments and literature, the effect of surfactants
on the nanostructure within droplets is not as straightforward. The PEG-6 surfactant
chosen in this study consists of chains of alternating strongly polar and weakly polar
moieties. The observed aggregation of PEG-6 at the droplet surface is therefore not
surprising. Next to a slight pronunciation of the existing molecular association bias in the
triglyceride phase of the droplet, the formation of prominent surfactant shells was
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observed, which partially covered CyA molecules to a degree that varied with surfactant
concentration. Although CyA molecules were localized at the interphase between
triglyceride and PEG-6 in all instances, the molecular association bias suggests that drug
stabilization is mainly facilitated by the triglyceride phase. Effectively, PEG-6 could
therefore be utilized not only to define the dispersion droplet size but also to facilitate a
protective layer, encasing a preserved triglyceride phase, shielding drug molecules from
the GI tract environment, and interfering with the rate at which triglyceride molecules are
digested. The observed encapsulation would, however, be specific to PEG or surfactants of
a similar chemical structure. Contrary to PEG, it is to be expected that polar surfactants
which feature a marked hydrophobic moiety should interact more strongly with the
hydrophobic nanostructure of the triglyceride phase. In this study this was modeled in
mono- and diglycerides.

4.2.5.4 Implications of Adding Mono- and Diglycerides
Mono- and diglycerides differ from surfactants such as PEG in the long aliphatic fatty acid
side chains and the polar glycerol moiety, which gives them an overall molecular polarity.
Therefore, they act as surfactants for condensed-phase triglyceride aggregates;
consequently, the hydrophilic moieties of monoglyceride and to a lesser degree diglyceride
were abundantly localized at the droplet surface. In simulation, the aliphatic side chains
protruded into the hydrophobic droplet interior and directly interfered with the droplet
nanostructure, which enhanced the existing molecular association bias between triglyceride
moieties in comparison to that of the capric (C10) type I standard system. While lamellarlike nanostructures were still present in the diglyceride system, in the monoglyceride
system a vesicle-like nanostructure with a distinguishable core of hydrophilic triglyceride
moieties was formed, where drug molecule CyA was solubilized. This form of drug
localization should be highly desirable and feasible for many amphiphilic drugs,
particularly for strongly polar molecules; the hydrophilic moiety could be accommodated
at the core, and the hydrophobic moiety, in the hydrophobic droplet interphase. However,
the same considerations apply to drug localization at the aqueous interface as well, which
was indeed observed in simulations of the myristic (C14) type I SEDDS systems that
featured a similar hydrophilic droplet core (see above). Predicting drug localization with
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statistically significant MD studies of single systems with defined excipients could be a
feasible approach to predetermining the preferred locus of drug solubilization in the
formulation design phase.

4.2.5.5 Molecular Modeling Approach for SEDDS Design
This study takes a more general approach of analyzing different SEDDS excipient
variations and assessing the potential of MD on SEDDS design. One should bear in mind
that the preferred locus of drug solubilization is never a binary problem but always a
matter of probability and that the MD method accommodates this by converging
thermodynamic systems to local potential energy minima. It should be computationally
feasible to extend the approach applied in this study to single systems with defined
excipients and thereby generate statistics that significantly represent the preferred drug
localization in a specific SEDDS formulation. Due to the computational demand of this
study, we excluded the influence of bile salts and digestion-induced changes to the droplet
composition3. The force field combination applied in this work constitutes a wellestablished parameter set, which was specifically refined for modeling comparable
condensed-phase lipidic systems and should therefore adequately reproduce the
interactions that govern the molecular association of SEDDS droplets. The general united
atom GROMOS 53a6 force field37 used as a basis for this study has been parametrized to
reproduce thermodynamic properties of liquids, liquid mixtures and polar amino acid
analogues in particular. The 53a6OXY parameter set39 represents a specific redesign for
improved solvation properties for a range of oxygen moieties, including esters, while the
53A6_OE parameter set has been optimized for poly(ethylene glycol)40. The Berger lipids
model38 has been optimized to reproduce lipid properties accurately.

4.2.5.6 Influence of the Aqueous Interface and the Droplet Size
The association bias between hydrophilic triglyceride moieties (TRIGPHIL-TRIGPHIL) was
consistently higher than the association bias of polar triglyceride moieties with water
(TRIGPHIL-WAT), which implies that the influence of the triglyceride-water interface plays a
subordinate role in droplet nanostructure formation. This can be directly observed in the
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structural features of the droplets (Figure 3-6). Instead of associating in a manner that
minimizes the water-accessible hydrophobic surface area of triglycerides, lamellar-like
patterns of the polar triglyceride moieties formed and the hydrophobic fatty acid chains
were significantly exposed to the bulk water. While these observations might appear to be
counterintuitive, they are in agreement with the notion that in aqueous solution the
dominant driving force for molecular structuring is the self-association of water into
hydrogen bonding networks.43 In this regard, the aqueous surroundings merely define the
spherical, minimal volume of the droplet in order to maximize hydrogen bonding within
the bulk water. Likewise, the nanostructure of the droplet is driven by the self-association
of polar triglyceride moieties, indicated by their high association bias. Therefore, it is
expected to be a result of excipient variations and droplet size, e.g., upon formation of
lamellar structures. As a consequence, larger droplets are expected to feature multiple
layers as observed for the model systems of this study, which is in agreement with prior
reports on bulky triglyceride aggregates.53 Generalized correlations between droplet size
and drug molecule localization are, however, difficult to deduce on the basis of the
presented data, and in light of the variable chemical composition of drug molecules should
be evaluated on a case-by-case basis. While variations of the number of triglycerides
between 100 and 500 molecules revealed no significant changes in the droplet
nanostructure or in the localization of the drug molecules, these observations should not be
extrapolated to significantly larger aggregates. Modeling larger systems in atomic detail is
computationally demanding. However, since the droplets were essentially dry, in future
studies an implicit treatment of water would allow for increasing the droplet size by a
factor of 10 and thus studying aggregates on the micrometer scale.

4.2.6 Conclusion
The bioavailability and controlled release rates of orally administered drugs are
significantly affected by how drugs are solubilized in lipidic drug-delivery systems. Being
able to rationally predetermine the optimal environment and the localization of drug
molecules in the nanostructure of SEDDS droplets would allow for a more holistic strategy
in formulation design, which is currently focused on engineering the droplet size of
microemulsions. In this study, the dependence of the droplet nanostructure and drug
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localization on the SEDDS excipient composition was systematically demonstrated by
molecular dynamics simulations. Hereby, the molecular association bias of hydrophilic and
hydrophobic excipient moieties was introduced as a simple parameter to distinguish
specific droplet nanostructures. Fatty acid chain length variations were shown to induce
clearly distinguishable aggregation patterns of hydrophilic triglyceride moieties from
seemingly unstructured (C6) to lamellar-like (C10) to vesicle-like (C14). Mono- and
diglyceride molecules were shown to interfere with the droplet nanostructure and to feature
the surfactant-specific aggregation of polar moieties at the lipid-water interface. PEG-6
surfactants were found to accumulate at the droplet surface, without perturbing the
encapsulated triglyceride droplet. Increasing the amount of drug molecules loaded into a
droplet did not display any alteration of its nanostructure; however, increased exposure of
the drug molecules to the aqueous environment was observed. The findings encourage the
transfer of the approach taken in this study to more specific SEDDS applications, where it
could be more rigorously developed and refined.
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Table S1: Molecular association bias of the standard system (1x CyA / 200x capric (C10) triglyceride) in
aqueous solution - During 200ns of NPT simulation (310K/1bar) systems equilibrated into a single SEDDS
droplet of diameter ~7.5nm, starting from a random molecular arrangement. Fluctuations in drug molecule
values reflect the variability of CyA immersion in the standard system (Table S2). Data for t<100ns may
contain artifacts due to periodic boundary conditions, which are not accounted for in the calculation.
TRIGPHIL
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TRIGPHOB

DRUG

[ns]
0

WAT

TRIGPHOB

TRIGPHIL

WAT

TRIGPHOB

TRIGPHIL

WAT

TRIGPHOB

TRIGPHIL

0.67

0.60

2.47

0.47

1.38

1.07

3.43

0.19

1.56

5

0.75

0.56

2.12

0.32

1.15

1.01

3.68

0.21

1.59

10

0.77

0.55

2.12

0.29

1.15

0.99

3.33

0.26

1.66

15

0.77

0.55

2.11

0.29

1.14

1.01

3.40

0.52

1.30

20

0.86

0.53

2.10

0.27

1.12

0.98

2.81

0.33

1.92

25

0.84

0.52

2.13

0.26

1.13

0.97

2.78

0.05

2.57

30

0.80

0.53

2.11

0.28

1.12

0.98

2.36

0.34

2.07

35

0.81

0.53

2.11

0.27

1.12

0.98

1.93

0.52

1.81

40

0.80

0.53

2.12

0.27

1.12

0.98

2.88

0.41

1.75

45

0.78

0.53

2.12

0.28

1.11

0.98

3.34

0.28

1.87

50

0.84

0.53

2.12

0.29

1.12

0.97

2.04

0.22

2.42

55

0.77

0.53

2.14

0.32

1.12

0.97

1.93

0.24

2.44

60

0.83

0.53

2.12

0.29

1.11

0.98

1.75

0.44

2.07

65

0.77

0.54

2.12

0.29

1.11

0.98

1.20

0.24

2.69

70

0.77

0.53

2.13

0.29

1.11

0.97

1.52

0.31

2.43

75

0.77

0.53

2.12

0.27

1.11

0.98

1.86

0.25

2.48

80

0.78

0.53

2.13

0.28

1.11

0.97

1.92

0.25

2.44

85

0.79

0.52

2.15

0.29

1.11

0.96

0.84

0.33

2.60

90

0.83

0.52

2.12

0.26

1.11

0.97

1.38

0.19

2.74

95

0.81

0.53

2.12

0.28

1.11

0.98

0.43

0.31

2.75

100

0.79

0.52

2.14

0.29

1.11

0.96

0.43

0.31

2.75

105

0.81

0.52

2.12

0.27

1.10

0.98

2.59

0.10

2.62

110

0.80

0.53

2.13

0.28

1.11

0.97

2.30

0.17

2.52

115

0.81

0.52

2.13

0.30

1.11

0.96

1.96

0.15

2.66

120

0.80

0.53

2.13

0.27

1.11

0.97

2.62

0.17

2.42

125

0.80

0.53

2.12

0.27

1.10

0.97

2.07

0.20

2.53

130

0.83

0.52

2.13

0.28

1.11

0.97

1.67

0.27

2.49

135

0.84

0.52

2.13

0.28

1.11

0.97

0.88

0.06

3.19

140

0.80

0.53

2.12

0.28

1.11

0.97

0.98

0.13

3.00

145

0.81

0.52

2.14

0.28

1.11

0.97

1.67

0.10

2.87

150

0.78

0.52

2.14

0.29

1.10

0.97

1.27

0.30

2.53

155

0.79

0.52

2.13

0.28

1.11

0.97

0.65

0.17

3.01

160

0.85

0.53

2.11

0.25

1.11

0.99

1.78

0.24

2.52

165

0.82

0.52

2.13

0.28

1.11

0.97

2.15

0.23

2.40

170

0.80

0.53

2.12

0.25

1.11

0.98

1.35

0.24

2.64

175

0.86

0.52

2.12

0.26

1.12

0.98

1.18

0.21

2.75

180

0.84

0.52

2.12

0.27

1.11

0.98

1.09

0.22

2.76

185

0.80

0.53

2.11

0.27

1.11

0.98

1.40

0.26

2.59

190

0.77

0.53

2.14

0.29

1.11

0.98

1.07

0.15

2.93

195

0.79

0.53

2.13

0.27

1.11

0.97

1.28

0.14

2.89

200

0.79

0.53

2.13

0.28

1.11

0.97

1.35

0.25

2.63

Table S2: Clustering of SEDSS systems (clust.) and immersion depth of drug molecule CySA over time. The 500xC10 system required a further 100ns to cluster into a single
droplet; the first 100ns and the last 100ns are shown.
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Figure S3: Larger size depiction of manuscript Figure 3: Drug CyA localization and molecular association in SEDDS
droplets – upper row: drug (red surface) immersion in droplet (grey surface), lower row: molecular association of
hydrophilic triglyceride moieties (blue), left column: caproic triglycerides (C6), middle column: capric triglycerides
(C10), right column: myristic triglycerides (C14)

104

Publications

Figure S4: Larger size depiction of manuscript Figure 4: Drug CyA localization and molecular association in
SEDDS droplets – upper row: drug (red surface) immersion in droplet (grey surface), lower row: molecular
association of hydrophilic triglyceride moieties (blue), left column: caproic triglycerides (C6), middle column:
capric triglycerides (C10), right column: myristic triglycerides (C14)
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Figure S5: Larger size depiction of manuscript Figure 5: Drug CyA localization and molecular association in
SEDDS droplets – upper row: drug (red spheres) immersion in droplet (grey surface), lower row: drug surface
accessibility of hydrophilic triglyceride moieties (blue) and surfactant (yellow), left column: capric triglycerides
(C10) without surfactant, middle column: capric triglycerides (C10) in 4:1 ratio with polyethylene glycol (PEG-6),
right column: capric triglycerides (C10) in 3:2 ratio with polyethylene glycol (PEG-6)
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Figure S6: Larger size depiction of manuscript Figure 6: Drug CyA localization and molecular association in
SEDDS droplets – upper row: drug (red surface) immersion in droplet (grey surface), lower row: drug surface
accessibility of hydrophilic triglyceride (blue), diglyceride (yellow), monoglyceride (yellow) moieties, left column:
capric triglycerides (C10), middle column: capric tri- and diglycerides in equimolar ratio, right column: capric triand monoglycerides in equimolar ratio
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Figure S7: Implications of system size variation on the molecular association in a SEDDS droplet nanostructure of
capric (C10) triglyceride excipients (blue spheres: hydrophilic moieties / grey lines: hydrophobic moieties) and the
localization of drug CyA (red surface) in a SEDDS droplet nanostructure – depicted from left to right: systems of 100,
200 and 500 triglyceride molecules of diameters 60, 75 and 100Å respectively

Figure S8: Molecular association bias of size variations of the capric (C10)
triglyceride SEDDS standard system, ranging from 100, 200 to 500 triglyceride
molecules
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4.3 The Solvent Flux Method (SFM): A Case Study of Water Access to
Candida Antarctica Lipase B

4.3.1 Abstract
The solvent flux method (SFM) was developed to comprehensively characterize the influx
of solvent molecules into the active site of a protein and to thereby detect possible
entryways in the protein structure as well as amino acid positions relevant to solventrelated enzyme engineering, particularly to improve reverse hydrolysis reaction rates in
non-aqueous media. SFM introduces a solvent concentration gradient and adds artificial
forces to accelerate solvent influx to the active site in molecular dynamics simulations and
thus allows for an evaluation of solvent entryways with high statistical significance in short
timescales. Candida antarctica lipase B (CALB), with its active site entrance channel
oriented towards a triglyceride-water interface, i.e., its functionally active conformation,
served as a model system for SFM to evaluate the influx of water molecules. A known
water channel in CALB was thereby identified as a proof of principle for SFM, a
secondary water channel and two avenues for water entry that contribute to the general
propensity of water molecules to “leak” in between the protein and the triglyceride-water
interface.

4.3.2 Introduction
The diversity of proteins has evolved under aqueous solution conditions of the cytosol in
living organisms, creating an inseparable link between form and function of proteins and
the presence of water. Aqueous environments determine protein folding, allow for educts
and products to diffuse in and out of enzymes or between enzymes in cascade reactions;
multiple enzymes may interact or assemble into complexes and work in unison within
elaborate metabolic networks. Water may be directly involved in enzyme reactions; the
enzyme class (EC) that hereby stands out in regards to commercial interest are hydrolases
(3.-.-.-), specifically those cleaving ester bonds (3.1.-.-), where water acts as a nucleophile
on an acyl-enzyme intermediate and thus facilitates the release of alcohol and acid
constituents. While this natural degradative enzyme function is of substantial interest to a
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range of industrial applications1, such as food processing, breaking down of natural
materials or waste treatment, significant strides have been made during the last decades to
shift the chemical equilibrium towards the reverse synthesis reaction by transferring
hydrolases into non-natural organic solvent environments2-4 or more recently ionic liquids5.
A broad range of substrates may thus be introduced to the reaction media as competing
nucleophiles to the acyl-enzyme intermediate, which enables a diverse set of synthetic
possibilities, such as transesterification, aminolysis or thiolysis2,

4-6

. Owing to the

evolutionary adaptation of hydrolases to aqueous environments, transferring enzymes to
anhydrous conditions raises new challenges like maintaining enzyme stability and
optimizing the activity of the desired synthetic reaction. This is addressed by diverse
avenues of biotechnological engineering, such as chemical modifications of enzyme
surfaces7-9, crosslinking10, lyophilization11 that exploits the phenomenon of pH memory3,
enzyme immobilization techniques12, engineering solvent conditions13 with appropriate log
P values14 or developing solvent tolerant variants by directed evolution15, 16. Despite these
efforts, the presence of residual hydration water seems to be a prerequisite for enzyme
activity in non-aqueous environments, which raises the fundamental problem of competing
native hydrolysis reaction and the desired reverse synthetic reaction2. Moreover, defining
and maintaining “dry” conditions is difficult as well as costly to achieve on the industrial
scale, which motivated Larsen et al.17 to propose an approach to suppress water as a
nucleophile in Candida antarctica lipase B (CALB) by rationally devising variants that
diminish the influx of water to the active site cavity and thus dramatically increase
transacylation rates for vinyl butyrate over hydrolysis rates in butanol-water mixtures.
CALB catalyzes hydrolysis of triglycerides in its native physiological setting; the natural
substrate triglyceride being poorly water-soluble forms phase-separated interfaces in
aqueous environments and thus CALB needs to attach to these interfaces in its active
conformation, which is with its substrate channel oriented towards the triglyceride phase.
The most obvious entryway for water molecules is thus blocked by a hydrophobic barrier.
However, a constant influx of water to the active site cavity is a prerequisite for hydrolysis
to occur and therefore, Larsen et al.17 proposed the existence of a water channel, which was
targeted for mutation and implicitly validated by experiment. The aforementioned study
supports the notion that a molecular understanding of the role of residual water in nonaqueous reaction media is an integral part for furthering the development of hydrolase
applications4. Due to the difficulty of examining individual water molecules by
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experimental means, molecular dynamics (MD) studies have been conducted extensively
to elucidate enzyme-solvent interactions under various conditions, which are
comprehensively summarized in a recent review by Lousa et al.18. Herein it is outlined how
MD analysis on overall protein stability19-21 and flexibility22-24 in organic solvents or ionic
liquids25,

26

may offer deductions on mechanistic principles such as pH memory or the

required minimal water content27, or even how significant parameters such as water
activity may be modeled in a manner28, 29 that is consistent with experimental data30. By
analyzing hydration water and its influence on protein secondary structure flexibility, it
may also be possible to indirectly identify water entrance channels31. In the present study,
we set out to contribute to this vibrant area of research by proposing an MD-based
approach, the solvent flux method (SFM), which allows for a holistic characterization of
the influx of solvent molecules through the protein structure and into the active site cavity.
We hereby detect structural features relevant to the solvent influx, as well as positions that
may prove beneficial to the rational design of enzyme variants for hydrolase applications.
In this context, SFM was benchmarked for the influx of water molecules to the active site
of CALB by comparing predictions to the experimental results by Larsen et al.17

4.3.3 Experimental Section

4.3.3.1 Simulation Details
Molecular dynamics simulations were performed with the GROMACS 4.5.332, 33 software
in an NPT ensemble at 298.15K and 1bar, using the leap-frog integrator34 with a time step
of 2fs. The Berendsen thermo- and barostats were applied for reasons of robustness and
efficiency when converging systems far from equilibrium to the equilibrated state. This
was deemed necessary since the method developed in this study introduces significant
periodic rescaling and reorientation of water molecule velocity vectors close to the protein
(see results section for SFM details). Water molecules with adjusted velocity vectors were
relatively loosely coupled in intervals of 50ps to prolong the velocity rescaling effect under
Berendsen temperature coupling (Figure S9 and S10), while the remaining bulk water
molecules, the triglyceride molecules and the protein were coupled relatively tightly in
intervals of 0.1ps. To ensure that the structural integrity of the system remained intact
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during simulation, i.e. to avoid protein denaturation or distortions in the proteintriglyceride interface, position restraints with force constants of 1000 kJ mol-1 nm-2 were
applied to the protein backbone and the triglyceride molecules in all spatial dimensions
(Figure S7). To avoid artifacts due to position restraints under NPT conditions, the
reference coordinates of each molecule group’s center of mass were rescaled periodically.
Semi-isotropic pressure coupling was applied independently to the x-y plane and in zdimension for a more accurate pressure representation of the planar triglyceride layer 35 in
the model system. Pressure coupling intervals were set to 100ps for the adjusted water
molecules and to 5ps for the protein, triglyceride and bulk water molecules. The center of
mass movements were removed every 100 simulation steps independently for all system
components. Periodic boundary conditions were applied in all three dimensions. Hydrogen
bonds were constrained with the LINCS algorithm36. Long-range electrostatics were
calculated with the Particle-Mesh Ewald (PME) method37, 38. Lennard-Jones interactions
were treated with a cutoff and capped at 1.2nm. The OPLS/AA all-atom force field39 was
used to parameterize the protein lipase B from Candida antarctica (CALB). Structural
information of CALB was obtained from the Protein Data Bank (PDB: 1TCA40).
Triglyceride molecules were parameterized with the Berger lipid model41 and the 1-4
interactions adapted with the half-ε double-pairlist method of Neale and Pomès42 for
consistency with the OPLS-AA force field. Water molecules were parameterized with the
TIP3P43 model.

4.3.3.2 System Creation and Equilibration
A model system was created to mimic the conditions of the functionally active
conformation of CALB at the triglyceride-water interface. As a prerequisite step, a random
molecular arrangement of caproic (C6) triglyceride molecules and water molecules had to
be equilibrated into a phase-separated triglyceride layer, according to the approach of
Gruber et al.44. The resulting triglyceride-water interface hereby represents a model for a
droplet surface found in triglyceride in water emulsions (Figure 1). This model was
deemed appropriate considering that the diameter of CALB (~5nm) is three orders of
magnitude smaller than experimentally determined droplet diameters (~2.0µm)45; hence
the droplet surface curvature is expected to be negligible on the model scale. Furthermore,
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when considering that the Coulomb potential decays with 1/r, a layer thickness of ~7nm
should be sizeable enough to ensure that the most significant Coulomb contributions to the
non-bonded potential between the protein and the triglyceride surface are accounted for.
Moreover, the lamellar-like nanostructures observed for the triglyceride layer model
(Figure 1) are in agreement with previously published results on large-scale triglyceride
aggregates46. The potential implication of these structural features on the mobility of water
molecules are subject of a detailed follow-up study and will therefore not be elaborated on
in this context. CALB was added to the triglyceride-water system and was attached to the
layer with the active site entrance pointing towards the triglyceride phase, thus
representing a model for the active binding configuration for triglyceride hydrolysis. The
system was equilibrated for a further 500ns, while monitoring protein adhesion and
immersion depth (unpublished data).

B

A

C

Figure 1: Simulation system consisting of Candida antarctica lipase B attached to a triglyceride-water
interface (red surface: protein / dark blue spheres: polar triglyceride moieties / orange sticks: nonpolar
triglyceride moieties) – A) Side view of full system including water (light blue spheres in the background) /
B) Top view of protein and triglyceride layer / C) Bottom view of protein, white circle depicting the
entrance to the active site, Leu147, Leu219 and Val272 are anchor residues by which CALB attaches to the
triglyceride layer44.
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4.3.3.3 The Solvent Flux Method (SFM)
The design and benchmarking of SFM was tightly coupled to the test case system of
CALB at the triglyceride-water interface, with water as the influx solvent. Two major
technical considerations were formative for SFM during the design phase. Firstly, it was
necessary to differentiate solvent molecules that pass through an entryway and into the
active site cavity from other bulk solvent molecules. This was achieved in a recursive
manner, by exploiting the fact that solvent molecules present within the active site cavity
necessarily had to have passed through an entryway of the protein at a preceding point in
time. It was thus possible to reconstruct a solvent molecule pathway through the protein
and therefore to detect general avenues of entry on a statistical basis. To identify such
water molecules and to ensure that they had indeed passed into the active site cavity from
the exterior, the water molecule closest to the reference atom at the intended influx site
(here: oxygen atom of Ser105 of the catalytic triad of CALB) and within a spherical water
removal cutoff of 0.35nm was periodically removed from the simulation system after
∆tITER=10ps (Figure 2). Not only did this ensure that after a given number of iterations all
solvent molecules previously present within the active site cavity were evacuated, it also
introduced an increased influx of solvent molecules due to the solvent concentration
gradient between the active site of the protein and the exterior solvent bulk. Moreover, the
removal of water served as a mechanistic model for water consumption during the native
CALB hydrolysis reaction. The induced solvent influx ties in with the second major
technical consideration, which is the acceleration of conventional MD to rapidly overcome
rate-limiting energy barriers specific for water influx and thus realize a significant data
depth in a feasible duration of real-time. This was achieved by introducing a reorientation
and rescaling of velocity vectors of water molecules that were located within a water
velocity rescaling cutoff of 3nm surrounding the active site reference, which was adjusted
to incorporate the entirety of the protein and its first solvation shell. At the beginning of
every iteration, velocity magnitudes of water molecules present within this cutoff were
rescaled with a constant factor vMULT, which effectively defines the strength of a periodic
velocity pulse that is introduced to overcome the influx-rate-limiting energy barriers in a
timely manner. The orientation of the new vectors was defined by assigning a fraction vOLD
of the respectively rescaled vector magnitudes to the unit vectors in the original direction,
while a larger fraction vCENT=100%-vOLD was assigned to unit vectors pointing towards the
active site reference (Figure 2). Summation of these vector pairs yielded the new velocity
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vectors vNEW, which were used to update the initial conditions at the beginning of an
iteration. Thereafter, temperatures were allowed to converge back towards equilibrium
during ∆tITER. It proved necessary to additionally fine-tune the duration of this effect by
modulating the temperature coupling parameter τITER, thus coupling of the velocityadjusted water molecules more loosely than the other system elements. The process of
single water molecule removal, velocity readjustment and simulation continuation was
repeated for a predefined number of iteration steps nITER. With ∆NWAT denoting the sum of
all water molecules removed during a full SFM run, we can express the total water removal
rate at the active site reference as ∆NWAT/nITER, with ∆NWAT/nITER=1 signifying water
removal at every iteration.

4.3.4 Results
In this study, we present the computational solvent flux method (SFM) that is devised on
the basis of non-equilibrium molecular dynamics (MD) simulations and comprehensively
characterizes the access of solvent molecules from the bulk medium to the active site
cavity of a protein. The intended purpose of SFM is to identify solvent entrance pathways
and amino acid positions for solvent-related enzyme engineering, particularly in the
context of improving reverse hydrolysis reaction rates. In the following, SFM and its
parameters are thoroughly benchmarked in a case study of the enzyme Candida antarctica
lipase B (CALB) with the solvent water (Figure 1). The feasibility of SFM analysis is then
assessed by comparing results with the successful experimental study of Larsen et al. on
the same system17, which was conducted

under the premise of the existence of a

specialized water channel.
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4.3.4.1 SFM Parameter Optimization in the CALB and Water System

Figure 2: Velocity vector magnitudes of water molecules
found within the water velocity rescaling cutoff around an
active site reference atom are rescaled by a factor of vMULT
and then transformed to vNEW after every iteration ∆tITER.
After every iteration ∆tITER a single water molecule is
removed within the water removal cutoff radius. The
direction of vNEW is defined by X% of the rescaled
magnitudes that are allocated to the original vector
directions (vOLD) and by Y% of the rescaled magnitudes
that are allocated to the direction of the active site
reference atom (VCENT), whereby X+Y=100 and Y>>X.

The major parameters to configure SFM include the factor vMULT by which velocity vectors
of solvent molecules are rescaled, the temperature coupling constants τ ITER of velocityadjusted water molecules, the strength of position restraints (pos.res.) that are applied to
the protein backbone and triglyceride molecules and the percentage vCENT that defines the
distribution of a rescaled velocity magnitude onto the vectors vOLD and vCENT (Figure 2 –
details see methods section). These parameters were extensively tuned to attain a setup that
balances the need for high water removal rates ∆NWAT/nITER at the active site, while
maintaining the structural integrity of the system despite the artificial forces introduced by
SFM (Table 1). During parameter tuning, the RMSD was monitored to assess the structural
integrity of the system. The RMSD was calculated by fitting the protein structure obtained
after nITER=100 iterations onto the initial protein structure, while ∆T ITER=|T100-T10| was
monitored to observe potential heat-buildup in the systems and is defined by the
temperature difference of the velocity-adjusted water molecules between iterations
nITER=100 and nITER=10, averaged over the predefined iteration duration of ∆tITER=10ps
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(Table 1). No significant heat build-up was observed in any of the analyzed systems
(Figure S4-S10). A system setup that corresponds to conventional MD simulation
conditions without artificial external forces (Table 1 - system no.1) served as a reference to
compare systems tested during parameter tuning. As a first step, the velocity scaling factor
vMULT was varied from 1.5 to 4.0 (systems no. 2-7), while the remaining parameters were
initially set to position restraints of 100 kJ mol-1 nm-2, vCENT=75% and τITER=0.1ps.
Increasing vMULT introduces the necessary energy to overcome barriers that water
molecules would otherwise be unlikely to pass within ∆tITER=10ps, as the water removal
rate ∆NWAT/nITER=0.02 (system no.1) demonstrates. While ∆NWAT/∆tITER increased only
slightly from initially 0.02 to 0.06, vMULT=3.5 (system no. 6) was maintained from thereon
as a relatively high velocity rescaling factor in foresight of increasing ∆NWAT/∆tITER via
adjustment of the remaining parameters. The RMSD=0.079nm (system no. 6) was slightly
increased in spite of position restraints 100 kJ mol-1 nm-2, which is why the position
restraints (pos.res.) were varied as a second step, from 0 to 5000 kJ mol-1 nm-2 (system no.
8-11) to achieve a compromise between stable structures and conformational freedom of
the protein backbone. Position restraints of 1000 kJ mol-1 nm-2 proved adequate in
maintaining the RMSD=0.059nm (system no. 10) at standard levels of RMSD=0.069nm
(system no. 1). As a third step, the amount of the rescaled water velocity magnitudes that is
assigned to vCENT was varied from 0 to 100% (system no. 12-15), which caused an increase
of ∆NWAT/∆tITER from 0.06 to 0.16 for vCENT=90%. The RMSD=0.069nm (system no. 14)
was thereby not significantly altered. A residual vOLD=10%=100%-vCENT was maintained
in the original vector directions to ensure residual sideways velocity components to
laterally bypass potential barriers. The most significant increase in ∆NWAT/∆tITER from 0.16
to 0.99 was obtained during the fourth and final parameter tuning step (system no. 16-22)
by variation of the temperature coupling constant τITER of the velocity-adjusted water
molecules from 0.5ps to 100ps. The resulting final parameter set (system no. 21) of
vMULT=3.5, pos.res.=1000 kJ mol-1 nm-2, vCENT =90% and τITER=50ps ensured the removal
of water after nearly every iteration with ∆NWAT/∆tITER=0.99, while maintaining the
structural integrity of the system with RMSD=0.059nm and without heating artifacts due to
velocity adjustment.
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Table 1: A systematic benchmarking of SFM parameters vMULT, vCENT, τITER and position restraints (pos.res.) was
conducted for nITER=100 iterations with time intervals of ∆tITER=10ps, to establish a parameter set that maximizes
the water removal rate ∆NWAT/nITER (0.00: no water molecule removed, 1.00: water molecule removed after every
iteration). Moreover, the structural integrity of the protein was monitored (RMSD), as well as the difference in
temperatures between nITER=10 and nITER=100 iterations (∆TITER), to ensure that the accelerated water molecules
do not accumulate residual heat during SFM.

temperature
coupling constant

velocity vect. position
reorientation restraints

velocity magnitude
magnitude scaling

no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

vMULT
1.0
1.5
2.0
2.5
3.0
3.5
4.0
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5

variation of
SFM parameters
pos. res.
vCENT

τITER

wat. rem. rate
at active site
∆NWAT/nITER

[kJ mol-1 nm-2]

[%]

[ps]

0.00 - 1.00

0
100
100
100
100
100
100
0
500
1000
5000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

0
75
75
75
75
75
75
75
75
75
75
0
50
90
100
90
90
90
90
90
90
90

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.5
1
5
10
25
50
100

0.02
0.01
0.03
0.10
0.05
0.06
0.11
0.08
0.09
0.14
0.18
0.07
0.09
0.16
0.24
0.40
0.65
0.55
0.57
0.73
0.99
1.00

structural integrity of protein and
heat build-up in accelerated water
RMSD†
∆TITER††
[nm]

0.069
0.064
0.068
0.060
0.081
0.079
0.078
0.112
0.076
0.059
0.050
0.060
0.065
0.069
0.065
0.067
0.069
0.081
0.074
0.070
0.068
0.067

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

[K]

0.002 0.03
0.003 0.04
0.003 0.77
0.006 0.31
0.007 0.63
0.008 0.77
0.009 1.16
0.012 0.00
0.003 0.71
0.004 1.76
0.001 0.99
0.001 0.45
0.002 0.84
0.004 0.75
0.005 0.23
0.005 1.85
0.005 4.32
0.005 6.89
0.006 4.10
0.005 0.09
0.004 0.60
0.004 10.21

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

4.78
3.51
3.90
4.27
3.69
4.54
4.06
3.88
3.60
4.13
3.43
3.71
4.57
4.44
3.98
4.88
5.58
8.57
10.61
10.83
9.37
11.38

† RMSD after nITER=100 iterations, averaged over ∆tITER=10ps after backbone fitting to starting structure of nITER=1
†† ∆TITER=T100-T10 of temperatures at nITER=100 and nITER=10, averaged over ∆tITER=10ps (largest s.d. shown)

4.3.4.2 Identifying Sources of Influx with SFM in the CALB and Water Model System
SFM was applied to test for water influx in the system of CALB attached to a triglyceridewater interface (Figure 1), using the parameter set as optimized in the previous section.
Influx occurred towards the active site reference oxygen atom of Ser105 of CALB, due to
the water concentration gradient between the protein exterior and the active site, induced
by the periodic removal of water molecules and the periodic introduction of a radial
velocity pulse to the water molecules in close proximity of the protein. After an iteration
nEVAC=100, it was ensured that all water molecules that were originally present in the
active site cavity had been removed and thus any water molecules that were consecutively
removed in ni>nEVAC necessarily had to have passed through a water entryway of the
protein to reach the active site. The pathway of any water molecule that was thus removed
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during an iteration ni, with nEVAC<ni<nITER=500, was reconstructed by superimposing the
system coordinates in a least square fit of protein backbone atoms of all prior iterations
nj<ni. Moreover, the contact frequency between the removed water molecules and the
position-specific amino acids of the protein was evaluated on the basis of the reconstructed
water pathways by counting the number of iterations during which a water molecule was
found within the contact distance rHSPOT=0.4nm to a specific amino acid. The entire
procedure was repeated 50 times for three different initial system configurations for a total
of 150 independent SFM runs, each consisting of 500 iterations of ∆tITER=10ps, amounting
to a total of 750ns of accelerated SFM analysis. The three system configurations
corresponded to the minimal, the maximal and an average RMSD value, derived from a
prior 100ns MD simulation under conventional conditions without external forces or water
removal (Figure S1). The contact frequencies from all SFM runs were normalized and
merged for a holistic and statistically significant representation of probable water molecule
entryways during influx to the active site cavity of CALB; amino acid positions
corresponding to increased contact frequencies were defined as hotspot areas H1-H9
(Figure 3).

Figure 3: Contact frequency between influx water and position-specific amino acid
are presented as the number of observed water contacts relative to all evaluated
system conformations of the SFM analysis (all potential contacts). Hotspot areas
H1-H9 were defined as peaks greater than a contact frequency cutoff value (red
dotted line) and were arbitrarily colored for reasons of easy distinction and
reference in Table 2 and Figure 4. Single positions that correspond to the highest
values of the hotspot areas were labeled and defined as hotspot positions.
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The individual hotspot positions were evaluated (Table 2) on the basis of their relative
position in the CALB structure (Figure 4A) and by analyzing reconstructed water influx
pathways (Figure 4B). Hotspot positions were predominantly found in close proximity to
the triglyceride-water interface (Figure 1), with significant influx occurring through the
substrate channel (Figure 4B), which corresponds to positions Val154 of H5, Ile189 of H6
and Leu278/Ile285 of H8. Positions Thr42/Ser47 of H1 and Gln106 of H3 coincide with
the mutational strategy on CALB of Larsen et al.17, who proposed and implicitly validated
a water channel at these exact positions. Due to the highest relative contact frequency
(Table 2), we refer to this channel as the primary water channel (PWC) in the following.
Three new potential water entryways were identified, which display high relative contact
frequencies and feature polar residues on the protein surface, at Val134 of H4, which we
refer to as the secondary water channel (SWC) and at two positions Asp223 of H7 and
Lys290 of H9 that are in immediate contact with the triglyceride interface, which we refer
to as IWE1 and IWE2 respectively. Other potential hotspot positions, such as Pro38 of H1,
Leu73 of H2 and Leu277 of H8 were estimated to be potential barriers, which obtain their
heightened contact frequency due to the close proximity to one or more probable
entryways, or as in the case of Trp104 of H3 their location next to the influx reference
residue Ser105.

Table 2: Compiled hotspot areas H1-H9 obtained from 150 SFM runs analyzing water influx into CALB attached
to a triglyceride-water interface depicted in Figure 1 – Data shown includes amino acid positions (pos.), amino
acids (AA), amino acid properties in regards to charge and hydrophobicity/-philicity (property), the relative
contact frequency calculated by SFM (rel. freq.), the distance (dact) of residue Cα carbon atoms relative to the
oxygen reference atom of Ser105 at the active site, the spatial positioning of the amino acid in the protein structure
(positioning), a general assessment of the individual hotspot positions (assessment) and a channel definition (chan),
whereby PWC is the water channel reported by Larsen et al.17, SWC a potential secondary water channel and
IWE1/IWE2 potential water entrances located at the protein-triglyceride interface that may contribute to the
water influx via the substrate channel.

H1
H2
H3
H4
H5
H6
H7
H8
H9
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pos. AA
38 PRO
42 THR
47 SER
73 LEU
104 TRP
106 GLN
134 ASP
154 VAL
189 ILE
223 ASP
277 LEU
278 LEU
285 ILE
290 LYS

property
hphob
hphil
hphil
hphob
hphob
hphil
neg
hphob
hphob
neg
hphob
hphob
hphob
pos

rel. freq.
0.71
1.00
0.85
0.27
0.96
0.98
0.54
0.56
0.96
0.65
0.77
0.88
0.94
0.52

dact [Å]
5.7
7.8
8.5
10.8
4.8
4.8
11.5
12.0
9.4
12.7
8.7
6.9
11.3
17.7

positioning
periphery
periphery
periphery
surface
active site
active site
periphery
periphery
surface
surface
periphery
periphery
periphery
surface

assessment
adjacent to primary water channel
primary water channel
primary water channel
probable barrier, adjacent to Lys290
active site
primary water channel
potential secondary water channel
entrance substrate channel
entrance substrate channel
potential interfacial water entrance
probable barrier, adj. to Asp223 and Ser47
entrance substrate channel
entrance substrate channel
potential interfacial water entrance

chan
PWC
PWC
PWC
SWC
IWE1

IWE2
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A

B

Figure 4: (A) Hotspot positions in the CALB protein structure with colors corresponding to H1-H9 of Figure 3,
dotted lines point towards the active site Ser105, protein is represented in the bottom view, i.e. from the
perspective of the triglyceride-water interface that CALB is attached to (see Figure 1) (B) Water influx pathways
from five full SFM runs of 500 iterations length are superimposed onto the same depiction as Figure 4A to
illustrate potential water entryways (arrows). Helices between the PWC and SWC channels and the triglyceride
layer stop water “leakage” in between the protein and the interface, whereas IWE1 and IWE2 significantly
contribute to the influx via the substrate channel, which is situated in the central part of the protein in both
depictions.

PWC was shown to be the most frequented water entryway (Figure 5A and Table 2); even
residue Gln46, defined as the outer entrance in the study of Larsen et al.17, was resolved by
SFM, albeit not as one of the highest contact frequency peaks (Figure 3). Based on the
nomenclature of Uppenberg et al.40, water influx via PWC occurred in the loop region
between α5 and β2 (Figure 5A). Access to channel SWC (Figure 5B) occurred in the loop
region between α5 and β5, which is located in relatively close proximity to the catalytically
active Ser105 and is structurally slightly submerged relative to the protein surface, yet fully
solvent accessible between α7 and the loop region between β6 and β7. Access to entrance
IWE1 (Figure 5C), which is located directly at the boundaries between CALB and the
triglyceride layer, occurred at the loop preceding α9, which was slightly denatured at its Nterminus due to the direct interaction with the triglyceride layer. IWE1 may thus contribute
to the influx of water via the triglyceride layer and through the substrate channel, as water
molecules were observed to “leak” in between the protein and the triglyceride layer (Figure
4B). Access to entrance IWE2 (Figure 5D) occurred in the loop region between β8 and β9
close to the C-terminus of CALB, which also directly borders the triglyceride-water
interface and can thus potentially also contribute to the interfacial leakage.
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A: PWD

B:SWC

C:IWE1

D:IWE2

Figure 5: Water influx to CALB attached to a triglyceride-water interface (Figure 1), dotted lines point towards
the catalytically active Ser105 (A) The outer PWC channel entrance is defined by Gln46 (yellow sticks) and the
residues Thr42/Ser47 (middle black sticks) (B) Channel SWC is defined by Asp134 (orange) as a potential water
entrance in close proximity to Ser105 (C) Entrance IWE1 (light green) is defined by Asp223 and is located at the
triglyceride-water interface and may thus contribute to interfacial leakage of water (D) Entrance IWE2 (light
green) is defined by Lys290 and is located at the triglyceride-water interface and may thus also contribute to
interfacial leakage of water.

4.3.5 Discussion

4.3.5.1 Water Influx to the Active Site of CALB Modeled by SFM
Results from SFM suggest that the influx of water molecules into the active site of CALB
is a more complex phenomenon than originally anticipated. It appears that the triglyceride
layer, which CALB is attached to (Figure 1), is by no means a hydrophobic barrier that
excludes water molecules from entering the enzyme via the substrate channel. On the
contrary, significant interfacial leakage in between the protein and the triglyceride interface
was observed (Figure 4B) that is comparable in significance to the water influx via the
primary water channel PWC17 and higher than the influx via the potential secondary
channel SWC (Table 2). This was not expected, because during equilibration of the
protein-triglyceride system, the protein immersed gradually into the layer (Figure S1B),
which implies that interfacial leakage is unlikely to be caused by the model of protein
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adsorption but due to the structure of triglyceride association. Interfacial leakage may be
accredited to the fact that triglyceride molecules in the layer do not appear to associate in a
manner that minimizes the interactions between the nonpolar triglyceride phase and the
polar aqueous surrounding47. If the triglyceride-water interface model is accurate (Figure
1), the lamellar-like self-association structure of polar triglyceride moieties might indeed
serve as a polar microenvironment that can facilitate an influx of water molecules through
the interface and into the active site via the substrate channel. If the interfacial model
proves to be correct, IWE1 and IWE2 are potentially such avenues for water entry at the
protein-triglyceride-water interface. These considerations are subject to an ongoing study
to clarify the involvement of triglyceride molecule association on interfacial water.

4.3.5.2 SFM Modeling Quality and Applicability
It was demonstrated that the solvent flux method (SFM) presented in this study is able to
successfully identify solvent entryways in proteins, by revealing the water channel and key
positions in CALB that may afford synthesis versus hydrolysis in non-aqueous media when
appropriately mutated, as demonstrated by Larsen et al.17. Although SFM introduces
artificial external forces to MD simulations by the periodic velocity adjustment of water
molecules and may thus raise concerns about misleading biases, one must consider the
limitations of conventional MD in sampling rare events such as the passage of a molecule
through a channel, both in real and computational time. Despite the optimistic predictions
that may be drawn from Moore’s law48 that the increase in computational power will
eventually allow for the rigorous thermodynamic ensemble modeling of even the most
complex molecular systems, present day reality lies in computational millisecond
timescales at best. Exploring complex problems such as a comprehensive modeling of the
solvent flux through an enzyme with significant statistics does therefore not seem feasible
by conventional MD approaches, at least not in the foreseeable future. Increasing the
sampling proficiency of molecular dynamics by introducing biases to the potential function
to overcome energy barriers has therefore become common practice in the application of
MD and has been applied in many variations, such as accelerated molecular dynamics
(aMD)49, replica-exchange molecular dynamics (REMD)50, steered molecular dynamics
(SMD)51 or random acceleration molecular dynamics (RAMD)52. The multitude of
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successful applications and insights attained by these methods is testament to their
usefulness in resolving questions of a biophysical nature that would otherwise be
inaccessible. SFM offers the means to rapidly and comprehensively sample solvent flux
behavior throughout a protein and thus allows for an atomistic resolution of structural
features and positions that are relevant to enzyme-solvent interactions. It is thereby unique
in its approach of simultaneously modeling the accelerated influx of multiple solvent
molecules that randomly come into contact with the protein surface from the solvent bulk,
and to extract meaningful data in form of contact frequencies and compiled pathways of
individual water molecules during influx. In this regard, other comparable methods are
either less deliberate in overcoming specific energy barriers49, 50, are restricted to single
molecules and predefined geometric reaction coordinates51, or are more suited to resolving
the efflux of single substrates52. SFM holds the potential of exploring solvent-enzyme
interactions beyond the hydration-related context20,

21, 23, 25, 26, 53

, which seems to be

required, considering that identifying the role of residual water in facilitating enzyme
activity in non-aqueous synthetic hydrolase applications has proven to be nontrivial54 and
studies of “dry” systems have shown that residual water is in fact not restricted to
hydration of the protein, but instead partitions into the solvent under equilibrium
conditions55. Understanding the behavior of this free water may thus prove particularly
useful for hydrolase applications in non-aqueous environments4, specifically to eliminate
water or to improve solvent/substrate entryways for synthesis reactions by rational enzyme
engineering. SFM may hereby aid in resolving the competition between synthesis and
degradation, which remains a fundamental problem that is difficult to overcome without a
deeper mechanistic understanding of a particular enzyme application.
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4.3.7 Supporting Information

A

B

Figure S1: 100ns of MD simulation was performed on a pre-equilibrated system consisting of CALB attached to a
triglyceride-water interface (see manuscript Figure 1) - A) The root mean square deviation (RMSD) of the protein
was monitored while performing a least square fit of backbone atoms onto the starting structure. System
conformations corresponding to the maximal, the minimal and an average RMSD value for t>50ns were selected
as starting points for three different SFM runs, each of which were repeated 50 times for 500 iterations of
∆tITER=10ps for a combined simulation time of 750ns / B) The equilibration of the aqueous protein-substrate
interface was monitored by the deviations in the vertical component of the distance between the centers of mass
(COM) of the protein and the triglyceride layer. The system equilibrated within 20ns.

A

B

C

Figure S2: Compiled contact frequency plots of data from 50 independent SFM runs with different starting
velocity distributions and starting structures corresponding to A) minimal, B) average, C) maximal RMSD values
as derived from a 100ns equilibration simulation (see Figure S1) – largest s.d. between peaks was 0.0047, all data
was combined to Figure 3A of manuscript.
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Table S3: Definition of the major SFM parameters vMULT, vCENT, τITER and position restraints that were varied to
maximize the water removal rate ∆NWAT/∆tITER at the active site while maintaining the structural integrity of the
protein and the triglyceride layer.

param

unit

description

vMULT

-

scalar factor by which the velocity vector magnitudes of all water
molecules are multiplied that are found within a cutoff distance
surrounding the active site reference atom

pos.
res.

[kJ mol-1 nm-2]

position restraints that are applied to the polypeptide backbone
atoms to protect from denaturation and to the triglyceride
molecules of the layer for maintaining its structural integrity

vCENT

[%]

percentage of vector magnitude after rescaling with VMULT that
is assigned to a new unit vector, which points from the respective
water molecule towards the center reference atom in the active
site, whereas 100% - VCENT is assigned to the inital vector's
direction

τITER

[ps]

temperature coupling constant of the Berendsen thermostat, which
rescales the temperature back to a predefined value - the higher the
coupling constant, the slower the exponential decay

A

B

Figure S4: Analysis at NPT standard conditions with solvent flux parameters vMULT=1.0, vCENT,=0, ∆tITER,=10ps,
τITER=0.1ps for iterations 20, 40, …, 100 - A) The root mean square deviation (RMSD) of the protein backbone
after a given iteration, fitted onto the protein backbone of the initial equilibrated reference structure / B) After
seeding fresh velocities, the temperature rapidly converged to the reference temperature of 298.15K under
Berendsen coupling conditions.
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A

B

Figure S5: Temperature of the VEL group water molecules under NPT standard conditions, varying the factor
vMULT=1.5, 2.0, …, 4.0 by which the VEL group velocity vectors are multiplied, while keeping vCENT=75%,
τITER=0.1ps and posre=100 kJ mol-1 nm-2 constant. Values are depicted for A) 10 iterations and B) 100 iterations of
∆tITER=10ps. After velocity adjustment, temperatures rapidly converge to the 298.15K reference temperature
under Berendsen coupling conditions. No consecutive heat build-up over the iterations is observed in any of the
systems.

A

B

Figure S6: Root mean square deviation of the protein backbone under NPT standard conditions, varying the
factor vMULT=1.5, 2.0, …, 4.0 by which the VEL group velocity vectors are multiplied, while keeping vCENT=75%,
τITER=0.1ps and posre=100 kJ mol-1 nm-2 constant. Values are depicted for A) 10 iterations and B) 100 iterations of
∆tITER=10ps. After 100 iterations, deviations from the standard conditions (dotted line) are observed for
vMULT>2.5.
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A

B

Figure S7: Root mean square deviation of the protein backbone under NPT standard conditions, varying
backbone position restraints posre=0, 100, 1000, 5000 kJ mol -1 nm-2, while keeping vMULT=3.5, vCENT=75% and
τITER=0.1ps constant. Values are depicted for A) 10 iterations and B) 100 iterations of ∆tITER=10ps. After 100
iterations, significant structural distortions are observed relative to the standard conditions (dotted line) for
position restraints <1000 kJ mol-1 nm-2.

A

B

Figure S8: Root mean square deviation of the protein backbone under NPT standard conditions, varying the
percentage vCENT=0, 50, 75, 90, 100% by which the velocity vectors are reoriented towards the active site reference
atom, while keeping vMULT=3.5, τITER=0.1ps and posre=1000 kJ mol-1 nm-2 constant. Values are depicted for A) 10
iterations and B) 100 iterations of ∆tITER=10ps. After 100 iterations, only slight structural distortions relative to
standard conditions (dotted line) are briefly observed at the onset of the velocity vector adjustment.
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A

B

Figure S9: Root mean square deviation of the protein backbone under NPT standard conditions, varying the
temperature coupling constant τITER=0.5, 1, 5, ..., 100ps applied to the VEL group, while keeping vMULT=3.5,
vCENT=90% and posre=1000 kJ mol-1 nm-2 constant. Values are depicted for A) 10 iterations and B) 100 iterations
of ∆tITER=10ps. After 100 iterations, only slight structural distortions relative to standard conditions (dotted line)
are briefly observed at the onset of the velocity vector adjustment.

A

B

Figure S10: Temperature of the VEL group water molecules under NPT standard conditions, varying the
temperature coupling constant τITER=0.5, 1, 5, ..., 100ps applied to the VEL group, while keeping vMULT=3.5,
vCENT=90% and posre=1000 kJ mol-1 nm-2 constant.. Values are depicted for A) 10 iterations and B) 100 iterations
of ∆tITER=10ps. After velocity adjustment, temperatures as expected converge more slowly for larger τITER to the
298.15K reference temperature under Berendsen coupling conditions. However, no consecutive heat build-up over
the iterations is observed in any of the systems.
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Figure S11: CALB after 100 SFM optimization iterations of vMULT (yellow), vCENT (pink), τITER (blue) and position
restraints (grey), superimposed with the starting structure (red).
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