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Lipidmembraneswork as barriers, which leads to inevitable drug-membrane interactions in vivo. These interac-
tions affect the pharmacokinetic properties of drugs, such as their diffusion, transport, distribution, and accumu-
lation inside the membrane. Furthermore, these interactions also affect their pharmacodynamic properties with
respect to both therapeutic and toxic effects. Experimentalmembranemodels have been used to perform in vitro
assessment of the effects of drugs on the biophysical properties of membranes by employing different experi-
mental techniques. In in silico studies, molecular dynamics simulations have been used to provide new insights
at an atomistic level, which enables the study of properties that are difficult or even impossible tomeasure exper-
imentally. Each model and technique has its advantages and disadvantages. Hence, combining different models
and techniques is necessary for amore reliable study. In this review, the theoretical backgrounds of these (in vitro
and in silico) approaches are presented, followed by a discussion of the pharmacokinetic and pharmacodynamic
properties of drugs that are related to their interactionswithmembranes. All approaches are discussed in parallel
to present for a better connection between experimental and simulation studies. Finally, an overview of themo-
lecular dynamics simulation studies used for drug-membrane interactions is provided.
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1. Introduction

Membranes are essential to life. They are responsible for preserving
the homeostatic environment inside a cell and maintaining crucial cel-
lular functions [1]. They are generally composed of phospholipids, pro-
teins, and glycoproteins in varying proportions, according to the
membrane type and their distinct and specific functions [1]. The mem-
branes themselves are also involved in cell signalling, and they are sig-
nificantly altered in the presence of environmental stimuli [2]. They
work as a barrier, and both cell culture and in vivo studies have already
shown that they strongly affect the pharmacokinetic properties of
drugs, namely their diffusion, transport, distribution, and accumulation
[3]. For instance, several resistancemechanisms of cancer cells are relat-
ed to the alteration of the membrane biophysics through a change in
their phospholipid composition, and consequently, their fluidity,
order, lipid packing, and membrane potential [4]. A review of the prop-
erties of cancer cells, with respect to membrane biophysics and its im-
pact on anticancer drug-membrane interactions, was recently
published [5]. The well-known P-glycoprotein multidrug efflux pump
is also a recognized resistancemechanism due to its key role as a hydro-
phobic vacuum cleaner [6]. Its function is highly related to drug-mem-
brane interactions, as reported by several studies, which confirmed
that this transporter selects drugs from the membrane rather than
from the aqueous medium [6]. Therefore, lipophilic drugs, which easily
penetrate cancer cell membranes, are also easily expelled by the P-gly-
coprotein [6]. Bacteria have also been reported to develop membrane-
related strategies, such as changing their outer membrane composition
and charge to modify their affinity to antibiotics [7,8]. Drug-membrane
interactions are unavoidable since absorption and even therapeutic ac-
tion dependon them. In fact, approximately half of the current commer-
cial drugs target a membrane protein [1]. Additionally, drugs can also
have intracellular targets or act directly on the membrane curvature
or phase behaviour [9]. However, because amembrane is a consequence
of a balanced environment, the topical action of a drugmay result in the
disturbance of its biophysical properties, including its integrity [2]. This
can result in either therapeutic or toxic effects, depending on the target
membrane.

To gain new insight into drug-membrane interactions, several bio-
physical techniques have been developed through the use ofmembrane
models. Additionally, molecular dynamics (MD) simulations have been
used to provide complementary information at the atomistic scale.
Since no data of drug-membrane interactions are used in the method
development, the simulations for these systems are predictive. There-
fore, themain advantages of MD simulations are the capabilities to pre-
dict relevant properties and to obtain detailed atomistic information,
where the latter is often not accessible by experimental methods. The
disadvantage of simulations is their computational cost, which prohibits
the possibility of performing screening studies with MD simulations.
This might change in the future, as a recent example usingMDmethods
in fragment-based drug design has demonstrated that MD might be
possible for screening studies [10]. This reviewwill provide a brief over-
viewof themost common experimental techniques applied in the study
of drug-membrane interactions. Furthermore, we will provide a theo-
retical background of MD simulations and their application in this

field, particularly their usefulness in the determination of key pharma-
cokinetic properties, such as the partition and the location of a drug
within a bilayer. Moreover, the use of MD simulations to study the ef-
fects of drugs on the biophysical properties of a membrane and on
both therapeutic and toxic mechanisms will be discussed. Hence, by
discussing MD methods and experimental techniques in parallel, the
goal of this review is to better connect the two different approaches.
In fact, the combination of experimental techniques and MD simula-
tions has recently been used to investigate drug-membrane interactions
(e.g., [11–13]). After introducing the theoretical background of the
methods, we will provide details on the most important pharmacoki-
netic and pharmacodynamic properties. For these properties, we will
discuss the corresponding experimental methods and the application
ofMD simulations to predict these properties. Additionally, wewill pro-
vide an overview of MD studies that have investigated drug-membrane
interactions, which are restricted to Food and Drug Administration
(FDA) approved drugs.

2. Theoretical background

2.1. Membrane models and experimental techniques

Although the study of drug-cell membranes interactions is impor-
tant, the complexity, heterogeneity and fragility of cells make it hard
to successfully perform biophysical studies [3]. For instance, the influ-
ence of some variables, viz., pH, temperature and ionic strength, on
cells is difficult to study since cell viability depends on a homeostatic en-
vironment. Furthermore, the study of specific bacterial membranes that
belong to pathogenic strains requires access to particular facilities and is
restricted by a number of security regulations. To overcome these diffi-
culties, membrane model systems with a lipid organization that is sim-
ilar to those observed in natural cell membranes have been developed
[3,9]. These models can be used to perform an in vitro assessment of
the membrane's biophysical properties [3,9]. The most commonly
used models are micelles, lipid monolayers, supported lipid bilayers
and liposomes [3,9]. Liposomes can vary in size (small, large or giant),
and they can be divided into unilamellar ormultilamellar liposomes de-
pending on the number of bilayers [14]. The selection of the model and
size depends on the specific aim of the study and the properties to be
investigated. For instance, the amount of a sample present in
multilamellar systems can be an advantage compared to that in
unilamellar systems for the application of some experimental tech-
niques, such as solid-state nuclear magnetic resonance, differential
scanning calorimetry and X-ray scattering analysis [14]. On the other
hand, unilamellar vesicles are reported to have a curvature that is
more similar to biological cells and, consequently, they have been ex-
tensively used to study drug-membrane interactions [9]. Similarly, mi-
celles can be used to study the effect of drugs on the structural
organization of lipids due to their hydrophilic surface and hydrophobic
core [14]. However, properties, such as the lateral pressure, packing and
topology of the surfaces, are difficult to measure in three-dimensional
sphericalmodels, such asmicelles and liposomes [14]. Thus, lipidmono-
layers at the air-water interface are useful for studying these properties
[14]. Additionally, it is easier to evaluate the effect of drugs on the
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