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provides a very detailed view of the events mediating the 
permeation of this small and very polar drug.
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1  Introduction

Passive diffusion is the most common framework whereby 
drugs are absorbed when they are administered by an oral 
route [1, 2]. As a consequence, favorable membrane per-
meation has been recognized as a standard requirement for 
good oral bioavailability. While a high bioavailability allows 
us to reduce the amount of an administered drug necessary 
to achieve a desired pharmacological effect and the risks of 
side effects and toxicity, a low bioavailability, as the result 
of ineffective intestinal absorption and undesirable metabolic 
instability, has been considered as one of the major reasons 
why drug candidates fail to reach the market [1]. As a con-
sequence, pharmaceutical companies have implemented the 
screening of absorption, distribution, metabolism, excre-
tion and toxicity (ADME-T) properties at the initial stages 
of drug discovery, in order to avoid the downsides of poor 
pharmacokinetics.

A number of researchers, such as Lipinski [3, 4] or Veber 
[5], have defined rules that describe the most relevant molecu-
lar properties required for a molecule to be bioavailable. Apart 
from them, other researchers have also carried out analyses of 
the properties of marketed drugs and compounds under clini-
cal investigation, and a summary of their works can be found 
in a review by Lajiness [6]. These rules had a huge impact on 
how the pharmaceutical industry evaluates a drug’s behavior: 
Computational methods, for instance, are commonly used to 
calculate molecular properties in order to predict intestinal 
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absorption before embarking in the very large financial 
investment for developing a new drug. Quantitative structure–
permeability relationship (QSPR) models are the simplest, 
more economical and the most used models to predict drugs’ 
permeability based on those molecular descriptors. However, 
apart from their low transferability, due to the limited datasets 
of compounds used in its training, QSPR models do not pro-
vide a detailed atomistic insight into the permeation process. 
Physics-based and time-/position-dependent methods, such 
as molecular dynamics (MD) simulations, have been increas-
ingly applied to this field. They overcome the limitations of 
current QSPR-based methods and allow for the atomic-level 
understanding of the permeability process. However, they 
are still computationally demanding methods (comparing to 
QSPR approaches, for example), and large screening studies 
are still prohibitive without massive computational resources. 
The quality of the results is also dependent of the quality of 
the force field describing the system, and a common source of 
errors and disparities [6–9].

As many other chemical and biological processes, mem-
brane permeation is a process that can be studied by follow-
ing the free energy profile of the compounds as they cross 
membranes; so, the ability to predict these free energies pro-
files offers a great insight on how passive diffusion works. 
Accordingly, by using MD simulations we can estimate a 
drug’s free energy (ΔG) profile, known as the potential of 
mean force (PMF), ΔG(z), which describes the drug’s parti-
tion equilibrium (the relative concentration of a drug in differ-
ent regions of the bilayer), as well as its diffusion coefficients, 
D(z), its local resistance, R, and its permeability, P [9]. Math-
ematically, these properties are related according to Eq. 1:

where β is the Boltzmann factor, z is the reaction coordinate 
(reflecting the position of the compound in relation to the axis 
perpendicular to the plane of the membrane), z1 and z2 are 
opposing points along the reaction coordinate, and as it can 
be noticed, permeability depends on the diffusion across the 
membrane (D(z)) and the solubility of the penetrant into the 
membrane (W(z)) [9, 10]. We have taken the log of the per-
meability because this quantity screens at least nine orders of 
magnitude among the known drugs, and the classification of 
a compound in terms of its permeability is based on the order 
of magnitude of their permeations.

In this paper, we intend to show how passive diffusion 
works in atomistic detail for a very hydrophilic small 
drug, piracetam, by simulating its diffusion through a 
membrane model. Piracetam, a nootropic drug known to 
improve a whole series of mental activities, is an orally 
administered drug with a bioavailability of almost 100%; 
its plasma peak concentration is reached 30–60 min after 

(1)log (R) = − log (P) = − log

∫
z2

z1

exp [β�G(z)]

D(z)
dz,

being administered [11, 12]. We chose piracetam mainly 
because it is a small molecule (with a molecular weight 
of 142.15  g  mol−1) with only two rotatable bonds. The 
fact that it is very hydrophilic (logP of −3.51) adds inter-
est to the understanding of how it achieves its high bio-
availability. Table  1 summarizes the main molecular 
properties that have already been marked as important 
descriptors for the bioavailability and drug-like charac-
ter of compounds. Thus, the system we propose to study 
is small and it has few variables to study, which allows 
us to follow all the process more accurately and makes 
the understanding easier. In addition, piracetam is able 
to form an internal hydrogen bond, which consequently 
makes it to be able to tune its polar surface area and its 
internal flexibility by forming the bond. This is a relevant 
issue, since Veber et al. [5] proposed that the permeation 
rate is entropically favored by a low molecular flexibility.

Apart from the permeability and diffusion coefficients, 
we analyzed several of piracetam’s properties during its 
permeation through the bilayer: the flexibility, the polar 
surface area (PSA) and the formation of the internal 
hydrogen bond. Moreover, we also analyzed its orienta-
tion and rotation dynamics as it was crossing the mem-
brane. This study highlights the capabilities of MD-based 
methods in attaining a level of detail over the permeation 
process of compounds through lipid bilayers. Ultimately, 
these tools could definitely have a direct impact on drug 
design campaigns, as these could be easily integrated in 
drug design efforts in order to understand the pharma-
cokinetics of drug candidates.

2 � Computational details

The lipid membrane system was built using CHARM-
GUI, a membrane builder Web-based graphical user 

Table 1   Piracetam’s molecular properties

a  Predicted using the online plugin chemaxon.com, which is based on 
a modified version of the method Viswanadhan et al. [13]

Molecular weight (g mol−1) 142.15

logPa −3.51

Hydrogen bond donors 1

Hydrogen bond acceptors 4

Non-terminal heavy atom rotatable 
bonds

2

Polar surface area (Å2) 64.39

Structural formula
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interface [14–17]. The 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) glycerophospholipid was carefully 
chosen because it has been one of the most employed 
lipids for constructing bilayer system for in silico models 
[18–22]. DOPC has a transition temperature of −16.5 °C, 
which means that it is in the fluid phase state at room tem-
perature [23]. The Slipids force field [24–26] was used 
for describing the DOPC molecule, whereas the GAFF 
force field was used for piracetam. Water molecules 
were described with the TIP3P water model—the same 
water model employed in the validation of Slipids [27]. 
The topology parameters of piracetam were generated 
using the ANTECHAMBER suite [28] and the GAUSS-
IAN 03 [29] program. Firstly, the molecule’s geometry 
was optimized at the HF/6-31G(d) level of theory in gas 
phase; secondly, a RESP approach was used to generate 
the molecule’s point charges at the same level of theory, 
also in gas phase [30]. The structure and topology files 
were converted to GROMACS’ compatible files using the 
ACPYPE tool [31]. The complete system consisted of 
72 DOPC molecules, 1 piracetam molecule, 3399 water 
molecules and 21 molecules of Na+ and Cl− (0.154 M) to 
mimic physiological conditions. The system had 20,195 
atoms in total.

Before starting the umbrella sampling simulations, the 
system was equilibrated for 40  ns. Membranes have a 
complex phase behavior, and to have a realistic descrip-
tion of their structural parameters, good-quality force 
fields (FF) are required. Many studies have shown that 
some improved FF like Slipids, the one we use in this 
work, represent accurately those structural parameters 
[24–26, 32]. This FF was specially developed to repro-
duce lipid bilayers’ structural and dynamic data and, 
according to Paloncyova et  al. [32], it proved to be the 
best to calculate the partition coefficients than other all-
atomic force fields like CHARMM36 and GAFFlipids.

All MD simulations were carried out using the 
GROMACS program, version 4.6.7 [33]. The system 
was equilibrated through a steepest descent minimization 
algorithm with a gradient of 10 kJ mol−1 nm−1, an NVT 
stage of 250 ps, a NPT stage of 1 ns and an MD produc-
tion under the NPT ensemble over 40 ns. The integration 
of Newton’s equations of motion was carried out using a 
leap-frog MD integrator with a time step of 2  fs. Short-
range non-bonded interactions were calculated using the 
Verlet cutoff scheme [34] at a distance of 1.2  nm, and 
long-range electrostatics was calculated using the PME 
algorithm. The Verlet cutoff scheme was required to cal-
culate the non-bonded interactions on GPU accelerators, 
whereas bonded and non-bonded interactions were calcu-
lated on standard CPU hardware. Dispersion corrections 
were applied to energy and pressure terms to account for 
truncation of the van der Waals terms. Periodic boundary 

conditions were applied in all directions. Bonds involv-
ing hydrogen atoms were constrained using the LINCS 
algorithm [35]. Temperature coupling was handled by the 
Nosé–Hoover [36, 37] thermostat with a time constant 
of 0.5 ps and a reference temperature of 310 K, whereas 
semi-isotropic (separate pressure coupling in xy and z) 
pressure coupling was handled by the Parrinello–Rahman 
[38] barostat with a time constant of 10.0 ps. A reference 
pressure of 1  bar and an isothermal compressibility of 
5.0 × 10−5 bar−1 were used. Next, to verify whether the 
system was well equilibrated several structural param-
eters for the bilayer were analyzed: the deuterium order 
parameters of the acyl chains (Scd), the electron density 
profiles of the system relative to the axis perpendicular to 
the plane of the membrane, the area per lipid (AL) and the 
bilayer’s thickness (DHH).

For our equilibrated system, we found a bilayer thick-
ness (DHH) value of 3.74  nm and an area per lipid (AL) 
value of 0.659  nm2. Both values are reasonably close to 
experimental data [39, 40]. Moreover, we also verified 
whether the membrane had entered into gel phase, by 
determining the deuterium order parameters (Scd) of the 
DOPC’s acyl chains. The equilibrated system showed Scd 
values smaller than 0.30 (see SI, Fig. S1), which is charac-
teristic of a disordered hydrocarbon region [39].

After the system energy was equilibrated, 60 umbrella 
sampling windows were obtained from a pull simulation 
conducted using the cylinder geometry (with a radius of 
1.0 nm). A force constant for pulling of 100 kJ mol−1 nm−2 
and a pull rate of 0.1 nm ps−1 were applied. The pull simu-
lation was performed until a complete crossing through 
the membrane had occurred (reaching a total of 3-µm-long 
simulation), applying the same simulation conditions as in 
the membrane equilibration stage. Subsequently, frames 
for defining the umbrella sampling windows, spaced out 
every 0.1  nm, were extracted from the pull’s trajectory 
files. These frames were submitted to a NPT stage of 1 ns 
and then to an MD production under a NPT ensemble of 
50 ns. The simulation parameters were the same as above, 
apart from the ‘pull rate’, which was set to zero to hinder 
the configuration’s movement during the exploration of the 
reaction coordinate, and the harmonic restraint force con-
stant of 1000 kJ mol−1 nm−2. Finally, the PMF profile was 
obtained using the weighted histogram analysis method 
(WHAM), and the statistical errors were estimated with 
bootstrap analysis (200 bootstraps were defined) [41].

The diffusion coefficient of a solute dissolved in a spe-
cific solvent can be estimated through the calculation of 
the mean squared displacement. However, this approach is 
not applicable to a heterogeneous membrane environment. 
To estimate the position-dependent diffusion coefficient, 
D(z), we used the method described by Hummer, which 
was specially designed for calculating D(z) from umbrella 
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sampling (US) simulations [9, 42]. In this method, D(z) is 
estimated within each window according to Eq. 2:

where var(z) is the coordinate variance in each i sampled 
window, and τi is the characteristic time of its autocorrela-
tion function given by Eq. 3:

However, calculating D(z) from the same MD simula-
tions used to estimate W(z) can be inaccurate: The har-
monic potential used to calculate W(z) is commonly too 
large and, if so, the coordinate variance may not be valid 
[9]. Although, in less fluid environments, such as the mem-
brane’s polar head groups, correlation functions require 
extensive sampling (µm to ms length simulations), they can 
be calculated collecting time series from those long simula-
tions [18].

Hence, to calculate the z-dependent diffusion coeffi-
cients, D(z), we performed MD simulations of 500 ps, start-
ing from the last structure of the 50-ns simulation of each 
slab, with a harmonic potential of 10 kJ mol−1 nm−2. These 
simulations were repeated five times, with new velocities 
for each one, to get the standard error of the mean.

The analysis of piracetam’s structural and dynamical 
properties as it crossed the bilayer system was carried out 
using some of the GROMACS software integrated tolls. 
Visual inspection of the simulations and image render-
ing were performed with the visual molecular dynamics 
(VMD) software [43].

3 � Results and discussion

3.1 � Potential of mean force for bilayer crossing

Frequently, PMF profiles found in the literature are 
obtained by simulating the permeation process until the 
drug has reached the bilayer’s center, and then, the profile 
is plotted symmetrically to get the profile over the full 
bilayer. Despite being a reasonable approach, in this work 
we simulated the full permeation process, starting from 
the water phase on one side of the membrane and finish-
ing when the drug has reached the water phase interacting 
with the opposing lipid layer. In this way, it was possible 
to verify the convergence of the PMF for piracetam, in 
particular in the center of the membrane. This is expected 
to happen when full symmetry is observed around 
0.0 nm. Several WHAM analyses with different time dis-
tributions of the MD simulations were performed, and, 
as expected, the PMF convergence depends both on the 

(2)Di(z) =
var(z)

τi
,

(3)τi =
∫∞0 �δz(t)δz(0)�idt

var(z)
.

amount of data that is analyzed and on the total simula-
tion time (see SI, fig. S2). From all WHAM analysis, we 
observed that the profile based on the first 40 ns of each 
umbrella sampling window almost completely overlaps 
the total PMF profile. This means that with only 40-ns 
simulation in each US window, the profile was already 
converged (see SI, fig. S3). We also evaluated the histo-
grams configurations, which showed that the neighboring 
windows were overlapped (see SI, fig. S4).

In Fig.  1, we present the full and the symmetrized 
PMF for piracetam, considering 50-ns simulation per US 
window. This profile was symmetrized around 0.0  nm 
considering the mean of equidistant points from the 
bilayer’s center (0.0 nm). The reference value of the free 
energy in water was set (in water) to 0.0 kcal mol−1. The 
PMF shows a typical behavior of an amphiphilic drug as 
it crosses the DOPC bilayer system [44]. As piracetam 
goes from bulk water to the DOPC membrane, the free 
energy decreases to a minimum of −0.90  kcal  mol−1 at 
1.71  nm from the membrane’s center. This minimum, 
located in the high head-group density region, repre-
sents the most favorable position of the molecule inside 
the bilayer, which was expected due to the polar char-
acter of piracetam. However, before the energy reaches 
its minimum, it seems there is a slight increase in energy 
(ca. 0.3  kcal  mol−1) just before piracetam enters the 
membrane. Miguel et  al. [45] observed that the trans-
fer of a drug into the head-group region is driven by an 
entropic increase, and they have attributed this behavior 
to the energy required for the drug desolvation. In fact, 
we observed a decrease of 66% in water molecules of 
the piracetam’s first solvation shell as it reaches the high 
head-group density region. As piracetam goes deeper into 
the membrane, the free energy increases, showing a max-
imum value of 6.65  kcal  mol−1 at the membrane center 
(0.0 nm).

The affinity of the drug to the polar heads in com-
parison with the water environment can be evaluated 
from the water/lipid barrier, ΔGwat. We obtained a value 
of −0.61 kcal mol−1 for ΔGwat, which only translates a 
slight affinity of piracetam to the bilayer polar region. 
Similarly, the permeability of drugs depends on the 
bilayer center penetration barrier, ΔGpen, i.e., the free 
energy barrier that the drug should overcome to cross the 
whole membrane [7, 44]. The ΔGpen is determined by the 
difference between the minimum and maximum values of 
the PMF profile, having a value of 7.55  kcal  mol−1 for 
piracetam.

3.2 � Diffusion coefficients and permeability

According to Eq. 1, the permeability can be obtained if the 
equilibrium thermodynamics is integrated. In Fig.  2, we 



Theor Chem Acc (2017) 136:46	

1 3

Page 5 of 10  46

present the diffusion profile across the bilayer. It shows 
a fast diffusion in bulk water, in the low head-group and 
low tail density regions, and lower diffusivity in the high 
head-group and high tail density regions. Indeed, the diffu-
sion values in water (1.31 × 10−5 cm2 s−1) are three times 
larger than in the hydrophilic head-group region and in 

the dense region of the membrane (0.41 × 10−5 cm2 s−1). 
The values in the low density region of the bilayer 
(0.93 ×  10−5  cm2  s−1) are twice the values in the head-
group region or in the dense region of the membrane. This 
picture is consistent with the scenario (and the values) 
found for other similar size molecules [8, 47]. Equation 1 

Fig. 1   Piracetam’s potential of mean force (PMF) profile before (red) 
and after (black) being symmetrized around 0.0 nm considering the 
mean of equidistant points from the bilayer’s center (0.0  nm) (top) 
and system’s densities (bottom). In addition to the full system den-
sity (along the axis perpendicular to the plane of the membrane, the 
z axis), separated densities of particular groups (water, polar head 
groups and acyl chains) are also presented. Background colors rep-

resent the pure water phase (blue), and the four region-model phases 
(shades of red and orange) that from left to right correspond to the 
low head-group density, high head-group density, high tail density 
and low tail density [46]. Also depicted is the head-to-head distance 
(DHH) considering the maximum densities of the system (3.74 nm); 
the water/lipid free energy barrier ∆Gwat; and the bilayer center pen-
etration free energy barrier, ∆Gpen

Fig. 2   Piracetam’s diffusion profile before (red) and after (black) 
being symmetrized around 0.0 nm considering the mean of equidis-
tant points from the bilayer’s center (0.0 nm), which they had previ-
ously been averaged in blocks of three points (the error bars repre-

sent the standard error of the mean). Background colors represent the 
pure water phase (blue), and the four region-model phases (shades of 
red and orange) that from left to right are: low head-group density, 
high head-group density, high tail density and low tail density [46]
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provides a permeability (logPm) value of −2.74  ±  0.09, 
which lies within the range of experimental values: from 
−6 to +3 [48].

Although no experimental logPm value for piracetam 
was found in the literature for comparison, it was shown 
that the permeability of small compounds can be robustly 
estimated with this method [9]. In fact, Lee et al. [9] tested 
several methods to predict logPm, and the errors were about 
1–2 units, which was considered to be acceptable [9]. Per-
meability coefficients estimates using MD-based methods 
have a tremendous value for predicting the bioavailabil-
ity of compounds, which is a key of importance for drug 
design and toxicology [9].

3.3 � Rotatable bonds, internal H‑bond and PSA

Apart from the PMF and the permeability estimates of 
piracetam, we have analyzed important properties that lead 

piracetam’s permeation across the DOPC bilayer. Firstly, 
we have studied the piracetam’s flexibility. This property 
is related to the number of rotatable bonds, which can be 
defined as any single non-ring bond attached to a non-ter-
minal heavy atom. According to the Veber’s rules, the num-
ber of rotatable bonds in a drug has to be 10 or less for the 
drug to achieve a bioavailability larger than 20–40% upon 
oral administration in rats [5]. Piracetam has two rotatable 
bonds (see Table  1), and for each one, the dihedral angle 
population was analyzed in function of the distance from 
the bilayer center. Figure 3 shows the results. The chosen 
dihedrals are also represented (panel a). We see that the D1 
dihedral (formed by atoms 1–4) shows high flexibility in 
bulk water, as it oscillates approximately between 50° and 
150° (see Fig. 3b). Similarly, the D2 dihedral angle (formed 
between atoms 2–5) also presents high flexibility in bulk 
water. This can oscillate between 0° and 50°, or 150° and 
180° (see Fig.  3c). However, it is clear that as piracetam 

Fig. 3   Piracetam’s rotatable bonds and internal hydrogen bond 
analysis. a Studied dihedral angles (D1 and D2), together with the 
internal hydrogen bond that is formed in piracetam (dashed line). b 
Population for the D1 angle along the axis perpendicular to the plane 

of the membrane. c Population for the D2 angle along the axis per-
pendicular to the plane of the membrane. d Internal H-bond distance 
(r) and angle (θ)
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penetrates deeply into the membrane, both dihedral angles 
become more constrained, which makes piracetam stiffer. 
The population of dihedral angles becomes less and less 
broad and concentrates much more around the minimum as 
the molecule penetrates into the membrane. In the light of 
this result, we can see the logic of the empiric Veber rule: 
Molecular rigidity facilitates the diffusion process because 
less entropy is lost along the membrane penetration, due to 
conformational restriction [46, 49].

The number of hydrogen bonds is also a relevant param-
eter that directly influences the drug lipophilicity and con-
sequently its permeability. This parameter was included 
in the Veber’s rules, in which an upper limit of 12 donors 
and acceptors, or a PSA of 140 Å2 was established. How-
ever, these single parameters are insufficient to predict the 
permeability of a drug. Indeed, apart from the fact that 
their calculation does not take into account the molecular 
conformation, there are class of drugs like renin and HIV 
protease inhibitors, or even the immunosuppressant cyclo-
sporine A, which are in disagreement with these rules and 
still show acceptable oral bioavailability [50].

Molecular flexibility allows for intramolecular H-bonds 
between pairs of functional groups to be formed as the 
medium changes [51, 52]. When piracetam reaches the 
membrane center, as no relevant electrostatic interactions 
are formed with the predominately apolar environment, 
piracetam tends to favor the formation of an internal hydro-
gen bond. This bond is established between the oxygen of 
pyrrolidone and the amide group. This H-bond was stud-
ied throughout the permeation process, through the analysis 
of the angle of the vectors connecting the acceptor–donor 
atoms and the donor–hydrogen bond (which should be less 
than or equal to 35° to fulfill the criterion of a hydrogen 
bond interaction) [53] and intramolecular distances (dis-
tance between the donor and the acceptor atoms, which 
should be less than 3.25 Å) [53].

In Fig. 3 (see panel D), we present both quantities along 
the axis perpendicular to the plane of the membrane. The 
formation of this internal hydrogen bond is an important 
structural feature, with an impact on piracetam’s polar 
character, as a decrease of 7% in PSA is observed when the 
drug penetrates into the membrane. Moreover, the major 
contribution from the H-bond for that decrease is impor-
tant to highlight. Piracetam becomes less polar when the 
internal H-bond is formed: The hydrogen bond donor and 
hydrogen bond acceptor are no longer available to form 
H-bonds with the surrounding environment. This hydrogen 
bond also has an important role in stabilizing both donors 
and acceptors when desolvation takes place, reducing the 
cost for desolvation. This ability to be more water soluble 
when the internal H-bond is not formed and more lipid sol-
uble when H-bond is formed probably increases the drug’s 
permeation [51].

3.4 � Rotation and orientation

The rotation of a molecule is influenced by its neighbor-
ing molecules; thus, owing to the density of the lipid 
bilayer environment, a slow rotational diffusion of drugs 
inside the membrane is expected. To explore the rota-
tional dynamics of piracetam, the rotational autocorrela-
tion functions (ACFs) were calculated. These functions 
indicate the degree to which the orientation of a molecule 
at time t + ∆t is correlated with its orientation at time 
t, and its value will decay to zero over time. Applying a 
single exponential fitting to these functions, the relaxa-
tion times, τ, were obtained [52, 54]. We used the ACF 
embedded on GROMACS using the first Legendre poly-
nomial and the perpendicular vector to the plane con-
taining the atoms 1, 2 and 3 (see Fig. 3a). In Fig. 4, we 
present the results of the piracetam’s center-of-mass 
rotation correlation time. In bulk water, as piracetam 
is able to rotate very freely, we see a small correlation 
time. As piracetam penetrates the bilayer, the correla-
tion time increases sharply, reaching its maximum value 
near the polar head-group and high tails density region, 
which means that rotation is severely slowed down by 
more than one order of magnitude (63 ±  3  ps in water 
vs. 740 ±  107  ps in the head groups). This result may 
be due to the loss of freedom as the solute moves into 
the membrane, a hypothesis proposed by Bemporad et al. 
[52]. The larger τ values are located in the same region 
where PMF reaches its minimum value, which means 
that the slower rotation is due to the very strong inter-
actions between piracetam and the head-group region of 
DOPC. As these interactions are electrostatic by nature 

Fig. 4   Values of the rotational autocorrelation function (ACF) (bul-
let points), plotted against the electron density profiles of the bilayer 
system, and bilayer system groups (water, polar head groups, lipid 
tails and glycerol molecular framework). The ACF values shown 
were symmetrized around 0.0 nm considering the mean of equidistant 
points from the bilayer’s center (0.0 nm), which had previously been 
averaged in blocks of two points (the error bars represent the stand-
ard error of the mean)
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(polar and ionic hydrogen bonds), and the head groups 
are highly immobilized (in terms of rotation) by the lipo-
philic chains, the strict directionality of the hydrogen 
bonds ‘freezes’ rotationally the piracetam molecules, 
with a consequent entropic penalty, obviously overcome 
by the enthalpic gains of these interactions.

Since the ability of piracetam to rotate around its center 
is greatly diminished when it is located at the polar heads 
groups of the membrane and the kind of interactions estab-
lished are highly directional, it is probable that piracetam 
adopts a narrow range of orientations in this region. In 
Fig.  5, we present two snapshots representing the ori-
entation behavior of piracetam at opposing sites inside 
the membrane. A visual analysis of the MD trajectories 
revealed a full isotropic orientation in bulk water, but as 
piracetam moves into the membrane it tends to align its 
polar atoms toward the water phase and polar heads, as 
expected (see Fig.  5a). In the center of the bilayer, the 
drug shows a full isotropic motion, like in water, because 
the DOPC tails are hydrophobic and homogeneous; thus, 
there is no reason for a particular orientation to be favored. 
Piracetam leaves the membrane with the opposite orienta-
tion as it has entered: In the polar region of the opposing 
membrane leaflet, the piracetam’s polar atoms tend to be 
aligned toward the water phase again (see Fig. 5b).

In brief, piracetam enters the membrane with a spe-
cific orientation, and after reaching the membrane center 
it leaves the membrane with the inverse orientation, that is 
to say that its behavior is symmetric. Bemporad et al. [52] 
had already observed this preferential orientation; how-
ever, like piracetam, the molecules they studied were small 
(≤266 g mol−1), and this behavior might not hold in more 
complex molecules.

4 � Conclusions

In this article, the passive diffusion of piracetam through 
a DOPC membrane model was studied in detail by using 
MD-based methods, in particular by employing the 
umbrella sampling technique. The piracetam’s PMF profile 
showed a typical behavior for an amphiphilic drug. As the 
molecule enters the membrane, the free energy decreases, 
reaching a minimum at the lipids polar head groups. Then, 
as we approach the bilayer center, the free energy begins to 
rapidly increase, exhibiting a maximum value at the mem-
brane center.

As piracetam diffuses through the membrane, a stiff-
ening of its molecular structure was observed: As it goes 
deeper into the membrane, its dihedrals become rigidified, 
indicative also of the formation of an internal hydrogen 
bond. In turn, the internal hydrogen bond makes piracetam 
less polar, as it can be observed by a decreasing PSA value 

as the compound reaches the center of the bilayer. This 
observation is fully consistent with the Veber’s rules and 
provides a physical reasoning for its empirically derived 
observations about the influence of the number of rotatable 
bonds over bioavailability.

The rotation dynamics and the orientation that piracetam 
assumes as it diffuses across the membrane were also 
explored. While a full isotropic movement in bulk water 
and at the membrane center is observed, when piracetam is 
at the lipids’ polar head-group region, it rotates more than 
an order of magnitude slower, tending to align its polar 
groups toward the water phase, with a consequent entropic 
penalty precisely in the region where the free potential of 
mean force has a minimum, evidencing a perfect enthalpic/
entropic (over)compensation.

Fig. 5   Relevant snapshot of the permeation of piracetam through 
the DOPC bilayer system. a Snapshot of piracetam at z = −1.7 nm. 
b Snapshot of piracetam at z = 1.7 nm. In this panel of images, we 
show the interaction with the polar head groups of each lipid layer
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Piracetam is an interesting case study, as it is a very 
small and highly hydrophilic molecule that exhibits good 
permeation. The extent to which these observations will 
hold in very large and highly hydrophobic drugs is still to 
be studied. Nonetheless, the influence of its conversion of 
an external to an internal hydrogen bond along the mem-
brane crossing its permeability is undoubtedly interesting, 
as this feature may be more rationally used in drug screen-
ing campaigns.

With this work, we have shown the potential of MD-
based methods to study in atomistic detail the permeation 
of compounds through the bilayer. This is an important 
field as it is intimately linked with drug design cam-
paigns: Poor pharmacokinetics will undoubtedly influ-
ence drugs disposition in the organisms and consequently 
its efficacy.
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