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As numerous advances on the hardware and algorithmic as
well as in the underlying theory have been made,13−16

molecular dynamics (MD) simulation-based studies have
shown promises of being an efficient and cost-effective
alternative to measuring permeability experimentally.17−20

Although alternatives are gaining steam,21−23 an overwhelming
majority of MD-based permeation studies rely on the
inhomogeneous solubility diffusion (ISD) model.17−20,24,25

The ISD model is built upon the homogeneous solubility
diffusion model,26,27 i.e., the permeability of cells to different
permeants is proportional to their octanol−water partition
coefficient, K. Assuming a quasi-steady distribution of a solute
on both sides of the cell, Fick’s second law states that

=P KD h/ (2)

where D is the diffusivity of the permeant through the
membrane and h is the thickness of the latter. This model
assumes that the partitioning and diffusion of the permeants
are uniform throughout the membrane. However, membranes
are made of lipid molecules consisting of hydrophilic head
groups and hydrophobic tail groups, so that their interaction
with permeants varies along the transmembrane axis (conven-
tionally, the z-direction of Cartesian space). To address this
oversimplification, in 1974, Diamond and Katz28 proposed the
ISD model

=
+

P K D
1 1

( ) ( )
d

0.5

0.5

(3)

according to which the partition coefficient K and diffusivity D
depend on the position, ξ of the permeant as it traverses the
membrane. We note ξ is the reduced permeation coordinate,
which expands from the bulk solution −6.75 nm outside one
leaflet (−0.5) to the bulk solution +6.75 nm outside the
opposing leaflet (+0.5). Assuming the permeation is a near

equilibrium process, K(ξ) can be related to the free energy of
the permeation, G(ξ), as

=
[ ]

K
G
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1
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in which β = 1/kBT. Thus, eq 3 can be rewritten as
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(5)

G(ξ) can be accessed via MD simulations enhanced with
importance-sampling methods, and D(ξ) can be evaluated in
MD simulations by force or position autocorrelation function
calculation, or Bayesian inference.17,29 We emphasize that the
subscript “m” is added to the equation as the resistance R takes
into account only the membrane instead of other factors listed
in eq 1. It should not be a surprise that in spite of employing a
diverse pool of methodologies for computing G(ξ) and D(ξ),
MD simulations repeatedly demonstrate that Pm predicted by
the ISD model5,17,19,30 is routinely 3−4 orders of magnitude
larger than the intestinal perfusion permeability Peff

int.
Although numerous factors could contribute to inaccuracies
in Pm, including uncertainties associated with the force fields,31

the imperfect convergence of the free energy calculation,
G(ξ),18,20,32 the ambiguous nature of permeant diffusion inside
the membrane (i.e., diffusion vs subdiffusion),17 as well as the
oversimplified lipid bilayer employed in the simulation,18,33,34

the impact of these issues has either been well investigated or
can be mitigated.17,30 In other words, these issues alone are not
primarily responsible for the observed large discrepancies
between Pm and Peff

int. Recall eq 5, and as noted previously, the
resistance determined here, Rm, is indeed only one component
of the effective resistance (Reff, eq 1) and indicates that Pm is a
reasonable approximation of Peff only if Rm overwhelms all
other resistances. Therefore, Pm is not necessarily the

Figure 1. Illustrations of the structures, pKa, CVs, and protonation/deprotonation groups (dashed circles) for the small-molecule drugs in this
study. The distances between each of the terminal ends to the COM of the lipid bilayer are employed as CVs.
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dominating factor in controlling the permeation of the small
molecules.

The UWL adjacent to the intestinal membrane has long
been regarded as a barrier for intestinal absorption of
compounds.12,35,36 As demonstrated by Avdeef et al.,37 stirring
(thus decreasing the thickness of UWL) can increase the
permeability by up to a few orders of magnitude for a series of
small-molecule drugs. Although the exact thickness of the
UWL in the GI tract varies between experiments, most of the
reported thickness ranges between 30 and 100 μm.6,27,38−40 As
noted in a recent review,30 all MD-based permeation studies
use water layers of only a few nm above and below the
membrane. Therefore, although Pm obtained in such
simulations technically includes both Pm and PUWL, the impact
of the latter is grossly underestimated.41 To the best of our
knowledge, due to the spatial limitation of conventional MD
simulations, there has not been an MD-based study fully
characterizing the impact of the UWL as a potential resistor to
permeation. However, experimentally, it has been shown that
in the case of fast permeants (e.g., ketoprofen and
propranolol), the resistance to permeation as result of the
UWL (RUWL) completely overshadows the intrinsic membrane
resistance,42 i.e., Rm.

Passive permeation of charged molecules is expected to be
forbidden due to the associated high free energy barrier of an
ionized species entering a hydrophobic medium. Therefore,
almost all of the MD-based studies have focused exclusively on
the permeation of the neutral form of the molecule. Still, under
physiological conditions of gastrointestinal fluids, most of the
small molecules are charged�take ketoprofen (pKa = 4.0) as
an example, only about 0.1−1% are in the neutral form in the
gastrointestinal fluid with a pH of approximately 6.5−7.5.43,44

It is important to note that in principle, the ISD model does
not limit the free energy of permeation [G(ξ) in eq 5] to a
single protonation state and there have been pioneering
investigations (e.g., Yue et al.45) on the impact of (de)-
protonation of the permeant with constant-pH MD
simulations. However, this method is more expensive than
conventional MD simulations, hampering its application to a
series of small-molecule drugs, in general.

In this paper, we investigate the permeation of six different
small molecules (ketoprofen, metoprolol, atenolol, naproxen,
propranolol, and salicylic acid) with MD simulations (Figure
1). The new protocol reported in this paper accounts for the
impact of the UWL, which varies according to the identity of
the permeant. In addition, the (de)protonation is also

Figure 2. (A) Hybrid free energy surface for the permeation of ketoprofen. It is made by overlaying the surface of the charged permeant (enclosed
by white lines) and the surface of the neutral permeant. Black (points a and b) and white (points d and e) circles indicate configurations on the
charged and neutral surface, respectively. Point c corresponds to a configuration where the (de)protonation takes place. (B) Neutral, charged, and
hybrid MFEPs of ketoprofen, showing the separation (ΔGbulk) between the neutral and charged ketoprofen in bulk. Points a−e are synchronized
across both panels, indicating ketoprofen traversing the membrane with the protonatable group highlighted by a red arrow.

Figure 3. MFEPs of the permeation of the neutral (A) and charged (B) small-molecule drugs. The hybrid MFEPs (C) allow for the
(de)protonation during the permeation.
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accounted for by characterizing the permeation free energy at
different protonation states of the permeant. Our results show
good agreement with the permeabilities measured using the
intestinal perfusion technique, and reveal that traversing the
UWL, instead of the lipid bilayer, is the rate-limiting step for
fast permeants (e.g., ketoprofen, naproxen, or propranolol).

■ RESULTS
Free Energy of Permeation, G(ξ). All small-molecule

drugs studied in this article (Figure 1) possess only one
protonatable group, and their pKa values deviate from 7.0 by at
least 2.5 log units. Therefore, the overwhelming majority of
them should be in the ionic form when diffusing in the GI
tract. Take the permeation of ketoprofen (pKa = 4.0) as an
example again, where in a pH 7 solution, its anionic form make
up 99% + of the population.46

The minimal free energy path (MFEP) of the permeation,
calculated with the zero-temperature string method,47 suggests
that the membrane presents a major permeation barrier (+17
kcal/mol, see Figure 2B) to the anionic form of ketoprofen. In
contrast, the lipid bilayer acts as a shallow well (−4 kcal/mol;
see Figure 2B) to its neutral form. For all of the small-molecule
drugs studied, including both acids and bases, the membrane
presents a 15−20 kcal/mol barrier to the permeation of
charged species (Figure 3). This result, consistent with our
understanding that charged molecules do not traverse the
membrane via passive permeation, suggests that the net charge
overwhelms the chemical properties of the small-molecule drug
(e.g., acid vs base; hydrophobic vs hydrophilic). The neutral
form of all small-molecule drugs possess a much smaller
permeation barrier (−3 to +5 kcal/mol) compared to their
charged counterpart (Figure 3). It is indicative that the lipid
bilayer is a permeation barrier for hydrophilic molecules (e.g.,
atenolol) and a free energy well for lipophilic molecules (e.g.,
ketoprofen). A more detailed discussion on the permeation
mechanism of neutral small-molecule drugs can be found in ref
19.

The pKa value corresponds to the free energy difference
between the charged form and the neutral form of the small-
molecule drugs in the bulk (i.e., gastrointestinal fluid, assume
pH 7).

=G k T K2.3 (p pH)bulk B a (6)

ΔGbulk, the ionization free energy, gives the basis for overlaying
the free energy surfaces of permeation of the same molecule in
two different protonation states, i.e., the free energy of the
permeation of the neutral form is shifted up by ΔGbulk. The
overlaying of the free energy surfaces (Figures 2A and S1 in the
Supporting Information) result in seams that correspond to the

position where the charged and neutral forms of the molecule
have the same free energy. Their respective populations should
be equal under the assumption of chemical equilibrium. In
such a case, the true free energy of permeation is the hybrid
surface of the two, where the small-molecule drug always
resides on the lower free energy surface. The hybrid
permeation MFEP, which allows the permeant to be in
different protonation states, is obtained from the hybrid
surface. As shown in Figure 3, the hybrid MFEP significantly
reduces the effective barrier against permeation compared to
the ionic form, and slightly increases it compared to the neutral
form.

It is important to verify the assumption (i.e., the charged and
neutral form of the small-molecule drugs can interchange from
one form to another) that leads to the hybrid permeation
MFEP. The (de)protonation of these small-molecule drugs can
take place only when there is access to water molecules, e.g., in
bulk water, or near the headgroup region where lipid packing
defects allow solvent access.48,49 Figure 2 shows snapshots of a
representative configuration where ketoprofen is at different
positions along the hybrid MFEP with respect to the lipid
bilayer. As illustrated, ketoprofen is in the anionic form
approaching the lipid bilayer (point a). At the interface (from
points b and c), the hydrophobic moiety of ketoprofen inserts
into the acyl-chain region of the lipids, while leaving the
carboxylate group in the headgroup region. Further insertion
(from points c and d) requires the carboxylate group (anion)
to gain a proton and transform into the carboxyl group
(neutral). Note these actions take place via transiting from the
charged free energy surface to the neutral free energy surface at
the seam. The inserted configuration of point c reveals that the
carboxylate group is right beneath the headgroup regions of
the lipid bilayer; thus, it should have access to water molecules
to let protonation occur. Ketoprofen remains in its neutral
form as it traverses the lipid tails (points d and e) to reach the
opposing leaflet. We note that the permeation free energy
surfaces of neutral and charged species, as well as the hybrid
surfaces of all permeants studied here can be found in Figures
S2−S4, respectively. Their (de)protonation configurations are
verified to be near the lipid headgroup region (Figure S5), and,
hence, have access to water molecules.

Effective Permeability from MD Simulations, Peff
MD. As

eq 5 indicates, the position-dependent diffusion coefficients
D(ξ) is required to compute the permeability. D(ξ) for the six
small-molecule drugs are computed following the protocol
described in the Methods section and shown in Figure S6. The
diffusion coefficient profile of the neutral species agrees with
previous studies19,25 (i.e., on the order of 10−5 cm2/s in bulk
and 10−6 cm2/s in the acyl-chain). Compared to their neutral

Table 1. Physicochemical Properties and Computed Permeability (Centimeters per Second) of Six Small-Molecule Drugsa

drug pKa δUWL log Peff
int log Pm log Pm* log PUWL log Peff

MD

ketoprofen 4.0 37.7 −3.06 0.15 −1.42 −2.75 −2.77
metoprolol 9.7 36.1 −3.87 −0.12 −0.76 −2.79 −2.79
naproxen 4.2 36.9 −3.07 −0.03 −0.73 −2.77 −2.77
propranolol 9.5 51.5 −3.54 0.21 0.38 −2.48 −2.48
salicylic acid 2.8 60.0 −3.72b 0.05 −4.19 −2.35 −4.20
atenolol 9.6 38.6 −4.70 −1.86 −4.58 −2.73 −4.58

aδUWL (μm) is the effective thickness of the UWL. Peff
int is the permeability measured with the intestinal perfusion technique by Dahlgren et al.5 Pm

is the permeability calculated by the ISD model and Pm* is permeability calculated by the hybrid, protonable model. PUWL is the permeability of the
UWL. Peff

MD is the effective permeability, calculated with contributions from Pm* and PUWL (eq 1). Additional error analysis of the permeability and
UWL can be found in Table S1. bInterpolated value based on intestinal permeability of the other five small-molecule drugs (see Figure S7).
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counterparts, the diffusion coefficients of the charged species
on average are nearly halved in the bulk aqueous region. The
diffusion coefficients of neutral and charged species are
comparable within the hydrophobic core of the lipid bilayer.
Two types of ISD-predicted permeabilities (eq 5) are reported
in Table 1�one corresponds to the permeation of neutral
species Pm, and the other corresponds to the aforementioned
hybrid species that allows (de)protonation, Pm*. To compute
Pm*, the diffusion coefficient of the permeant, D(ξ), is
obtained from the corresponding protonation states. In
accordance with other MD studies,18,25,50,51 the ISD model
for neutral species (Pm) significantly overestimates the
permeability by three to 4 orders of magnitude compared to
Peff

int obtained from intestinal perfusion assays. Although more
closely mimicking the permeation process, the result of Pm*
suggests that allowing (de)protonation to occur does not fix
the overestimation observed with the ISD model, except for
the case of atenolol and salicylic acid, the MD-predicted
permeability of which is very close to Peff

int. It is noteworthy
that these two drugs are also the two most hydrophilic among
the six (Figure 1) and possess higher hybrid permeation free
energy barriers (Figure 3). It should be reminded here that
according to the ISD model, the permeability scales linearly
with the diffusion coefficient but exponentially with the free
energy (eq 5). Small differences in the diffusion coefficient are,
therefore, unlikely to address the nearly 3-order of magnitude
difference in Pm and Pm*.17

Rate-Limiting Step of Small-Molecule Drug Perme-
ation. Pm and Pm* predicted from the ISD model only
accounts for the membrane as the sole resistance against
permeation. The UWL is a stagnant layer of water adjacent to
the lipid bilayer on the epithelial side of the intestine. The
UWL is not subject to the convective mixing of the bulk
solution due to peristalsis,52,53 and the diffusion through it
could act as an additional barrier against absorption of small
molecules. It has been reported since the early 70s that the
UWL could act as a significant resistance against the
permeation of small-molecule drugs. For example, Avdeef et
al.37 showed a 2−3-order of magnitude increase in in vitro
permeability if the solution is stirred (i.e., decreasing the
thickness of the UWL). The set of molecules used by Avdeef et
al. includes several molecules utilized in our study (e.g.,
propranolol, metoprolol, and atenolol). As noted in the
previous section, the thickness of the UWL is grossly
underestimated in all MD simulations, as the thickness of
the water compartments is only a few nanometers, in contrast
to 30−100 μm under physiological condition.6,27,38−40 To
compare the MD-based permeability Peff

MD with the intestinal
perfusion permeability Peff

int (see Table 1), it is important to
develop a model to account for the resistance introduced by
the UWL. This term, RUWL is estimated from the diffusion
coefficient (D) and the thickness of the UWL (δUWL)

= =R
P D

1
UWL

UWL

UWL

(7)

Although the exact thickness of UWL in the GI-tract is still
up for debate, it has been reported53 that δUWL is molecule-
dependent, e.g., small molecules with a larger diffusion
coefficient encounter an apparently thicker UWL than larger
molecules with a smaller diffusion coefficient. Qualitatively, it
has been shown that δUWL of two different molecules

(subscripts 1 and 2 in the following equation) can be related
to their diffusion coefficient in bulk water as
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(8)

In this research, δUWL for each of the small molecule is
calibrated with glucose (eq 8), the UWL thickness39 (40 μm)
and diffusion coefficient40 (8.0 × 10−6 cm2/s) have been
established from measurements in the human small intestine.
We note that this thickness is on the lower side of the
commonly accepted range of UWL thicknesses (30−100 μm of
small-molecule drugs) and, therefore, should offer a con-
servative estimate of UWL resistance. The results are
summarized in Table 1. The permeability values associated
with the UWL alone (PUWL from eq 1) are also gathered in
Table 1.

Finally, the effective permeability from MD simulations
(Peff

MD, eq 1) is computed based on both the intrinsic
permeability (Pm*) and the UWL permeability (PUWL). As
noted in the previous section, although Pm* accounts for the
potential (de)protonation of the permeants as they traverse the
membrane, it is important to emphasize that the titration of the
drug molecules is not an instantaneous event. In actuality, the
resistance associated with the chemical environment (Rc, eq 1)
results in (de)protonation kinetics that span time scales similar
to those of membrane permeation.54 Nonetheless, Peff

MD

should provide the most commensurable comparison with
Peff

int measured by means of the intestinal perfusion technique.
As shown in Table 1, Peff

MD agrees remarkably well with Peff
int

for the six permeants of this study. The minimum, maximum,
and mean absolute deviations are only 0.11 (atenolol), 1.08
(propranolol), and 0.39 log units, respectively. This agreement
is very good compared to previous state-of-the-art ISD studies
(where the role of protonation/deprotonation and diffusion
through the UWL is neglected), yielding estimates typically off
by a few log units. Given the fact that there are still other
potential sources of statistical and systematic errors (e.g., force-
field inaccuracies and suboptimal convergence) as mentioned
in the introduction, this result suggests that the proposed
model, i.e., a combination of the hybrid permeation free energy
that allows for the (de)protonation of the permeant and the
resistance arising from the diffusion through the UWL captures
the nature of permeation of small-molecule drugs very well.

Table 1 also paints a potentially grim picture of the MD-
based approach to estimating the membrane permeability to
small-molecule drugs as it suggests that the rate-limiting step of
the intestinal permeation is not necessarily associated with the
permeant traversing the membrane (i.e., Pm*). For all the
permeants of this study but atenolol and salicylic acid, the
resistance associated with the diffusion through the UWL
overwhelmingly contributes to the resistance against perme-
ation, e.g., the permeability associated with UWL, PUWL, is
within 0.02 log unit from the simulation predicted permeability
(Peff

MD) and has a mean absolute deviation of 0.47 log units
from the experimental intestinal permeability (Peff

int). In other
words, for ketoprofen, metoprolol, naproxen, and propranolol,
diffusing through the UWL, as opposed to permeating through
the membrane, is the rate-limiting step. This result is in
agreement with Avdeef et al.’s series of permeability measure-
ments with in vitro assays,37,55 where a strong correlation
between the stirring rate and permeability was reported.
Therefore, although MD simulations aimed at assessing the
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intrinsic membrane permeability (Pm*) consume the over-
whelming majority of the computer time (over 98% in this
study), the bulk of this computational effort can have a
negligible effect on the Peff

MD for some, if not the vast majority
of small-molecule drugs.

For atenolol and salicylic acid, traversing the membrane is
indeed the rate-limiting step. As indicated in Table 1, the
resistance of the UWL only accounts for 1.40 and 1.41% of the
total resistance against their permeation, respectively. For these
permeants, extensive MD simulations appear justified to assess
Pm* with adequate accuracy. These results, therefore, beg the
question of how one distinguishes membrane−permeation-
limited molecules from UWL−diffusion-limited molecules.
The ISD model suggests (eq 5) that those molecules
characterized by a high permeation free energy barrier also
correspond to a slow permeation across the membrane, more
likely making it the rate-limiting step. As shown in Figure 3C,
atenolol and salicylic acid have significantly higher free-energy
barriers against permeation than other permeants�they are
the ones demonstrating the most membrane−permeation-
limited behavior. In addition, it is also important to note that
in order to obtain an accurate account of Pm*, the permeation
free energy should be obtained from the hybrid MFEP, which
mirrors the (de)protonation of the permeants as they
translocate across the membrane, instead of keeping them in
a neutral form. All other small-molecule drugs have a small
enough barrier such that the effective permeability, Peff

MD, is
completely dominated by the diffusion through the UWL,
PUWL.

To efficiently obtain MD-based permeability (Peff
MD) that

agrees well with the intestinal perfusion permeability Peff
int, a

guiding principle should, therefore, be established based on the
hybrid free energy barrier�if it is less than a certain threshold,
then the focus should be on computing the effective thickness
of the UWL and diffusion coefficient, instead of the long,
laborious free-energy calculation of membrane permeation. To
assess this threshold, we put forth a hypothetical molecule of
permeation free energy, Gx(ξ), expressed as an ad-hoc
combination of the permeation free energy of atenolol
[membrane-limited, hybrid Ga(ξ) in Figure 3C] and
ketoprofen [diffusion-limited, hybrid Gk(ξ) in Figure 3C]

= +G cG c G( ) ( ) ( )x a a k k (9)

where ca and ck are the weight associated with Ga(ξ) and Gk(ξ),
respectively, and ca + ck = 1. By varying ca and ck, it turns out
that the intrinsic membrane permeability, Pm*, will contribute
more than 10% of Peff

MD if the height of the barrier is more
than 4.67 kcal/mol [maximum of Gx(ξ)]. This number is
calculated by assuming that the diffusion coefficient of the
hypothetical molecule is also a linear combination of the
diffusion coefficient of atenolol and ketoprofen with the same
weights [i.e., Dx(ξ) = caDa(ξ) + ckDk(ξ)]. In other words, for
the purpose of faster screening, one only needs to focus on the
diffusion through the UWL if the height of the permeation
barrier is less than 4.67 kcal/mol. However, it is important to
realize that the hybrid free energy barrier is not the readily
available partitioning coefficient between the aqueous and oil
phase. As shown in Figure 3, although arguments can be made
based on the hydrophobicity of the permeant, assessing its
hybrid free energy barrier accurately is not trivial (e.g., atenolol
vs salicylic acid) and requires appropriate free-energy
calculations. However, one can still expect that as more
computational studies are conducted, a database of hybrid free

energy barriers could be built for small-molecule drugs and one
can make a reasonable inference as to whether the major
resistance against permeation for a new, chemically analogous
permeant stems from membrane crossing or diffusion through
the UWL.

■ DISCUSSION AND CONCLUSIONS
Applications of the Model. Studying the permeability of

the nutral form of small-molecule drugs with the ISD model
(Pm) overestimates the permeability (Peff

MD, see Table 1) by 3−
4 orders of magnitude; Pm has been largely reported as an
indicator of the relative permeability (i.e., rank the
permeability among a series of small-molecule drugs).50,51,56

As shown in Figure 4, this study supports such an assessment

(an R2 value of 0.730 for Pm). This result may appear confusing
given that (1) for four out of six small-molecule drugs, the
membrane only plays a very minor role (less than 1%) in
resisting permeation, as compared to the UWL and (2)
(de)protonation plays an important role as the permeant
traverses the membrane. It is particularly puzzling that Pm*,
which in theory should be an improved version of Pm [by
considering (de)protonation], reflects a deteriorated correla-
tion, with an R2 value of 0.408.

It therefore remains unclear how the ISD model alone has
any credibility for the prediction of the relative permeability;
the observed good correlation may simply be a fluke. It is also
noteworthy to point out that in spite of potentially being the
rate-limiting step for many small-molecule drugs, the UWL
(and associated permeability, PUWL), cannot distinguish the
relative permeability for a chemically diverse series of
permeants. Instead, since the permeability associated with
the UWL is similar for all six small-molecule drugs studied here
(Table 1), the PUWL contribution represents an upper limit of
the permeability for both hydrophobic and hydrophilic
molecules.

As noted in the previous section, the free energy differences
between the neutral and charged species in bulk water are
determined from the difference between the pH and the pKa
values (eq 6). The present work focuses on the permeation of
small-molecule drugs at pH 7 (i.e., the average pH of intestinal
fluid43) but this model can easily be extended to permeation in
different regions of the gastrointestinal tract (e.g., stomach, pH
1.5−3.5; jejunum, pH 7−8; and duodenum, pH 6), as the
hybrid free energy surface of permeation at various pH can be

Figure 4. Correlation between various MD-based permeabilities (Pm,
Pm*, PUWL, and Peff

MD) and the intestinal perfusion permeability
(Peff

int).
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created by adjusting the free energy differences between the
neutral and charged species, following the same procedure as
discussed above. Here, as an example, the permeation of
ketoprofen (a weak acid, pKa = 4.0) in a large pH range (2−8)
is shown in Figure 5. This example clearly demonstrates that as

the pH decreases, the free energy barrier against permeation
decreases, indicating that for ketoprofen absorption is limited
by its diffusion through the UWL throughout the gastro-
intestinal tract. Allowing the permeant to change its
protonation state also has potential ramifications far beyond
small-molecule drug development. For example, amino acids in
peptide-based drugs can also adopt different protonation states
when interacting with the lipid bilayer, which could play an
essential role in possible secondary-structure changes and
impact membrane permeability. It is also important to note
that the permeation hybrid free energy surface is constructed
under the assumption that the protonation state of the lipid
head groups remains unaffected at different pH values. In
principle, the protonation state of these head groups should
also be determined according to the pH.

It is also important to note that the exact calibration of the
UWL thickness depends not only on the nature of the
permeant but also on its environment. The δUWL experienced
by the reference compound has been shown to depend acutely
on the type of experimental study. For example, the current
study aims to compare with in vivo permeability, where the
δUWL has been documented to range between 30 and 100
μm.55 Therefore, the reference used here (δUWL = 40 μm for
glucose, resulting in a range between 30 and 60 μm for the six
small-molecule drugs) is in good agreement with in vivo
experiments. Although the standard deviation of δUWL of
glucose is ±11 μm, it minimally impacts the calculated effective
permeability (Peff

MD). Considering ketoprofen (diffusing
through UWL is the rate-limiting step) and atenolol
(permeating through membrane is the rate-limiting step) as
examples, the Peff

MD for atenolol (Figure S10A,B) is not
affected by the variation in the reference δUWL, while the Peff

MD

of ketoprofen is minimally impacted (Figure S10D,E). In fact,
even a δUWL of 100 μm has negligible impact to the
overwhelming resistance of the membrane to atenolol, yet a
δUWL of as thin as 10 μm is shown to be enough to overwhelm
the membrane resistance for ketoprofen (Figure S10F).
However, attention needs to be paid if one is interested in
comparing with in vitro, plate-based assays, such as Caco-2,
MDCK, or PAMPA, where a δUWL between 1500 and 4000 μm

has been reported experimentally.55 Furthermore, the stirring
of the solutions in plate-based assays has been shown to
decrease δUWL (based on the stirring speed), potentially
resulting in a comparable δUWL with the in vivo results.
Therefore, depending on the experiment being compared to
(stirred or unstirred in vitro or in vivo assay), the reference
UWL thickness should be chosen accordingly. The only
exception to the above is in the case of liposomal assays, where
the Pm* is directly determined,57 and comparable to the
differential solvation free energy calculated from MD
simulations,41 avoiding the need for approximating δUWL.

We have underscored in this work that the permeation of
small-molecule drugs primarily results from at least two sources
of resistance�traversing the membrane and diffusing through
the UWL. Depending on the chemical properties of the
permeant, one could completely overwhelm the other. Our
investigation leads to the conclusion that if the molecule of
interest has a permeation free energy that can be reasonably
inferred, then the study should focus on only the rate-limiting
factor (either traversing the membrane or diffusing through the
UWL). Conversely, should the permeation free energy of the
molecule of interest be completely unknown, the study should
start with characterizing the hybrid free energy of permeation
that allows for (de)protonation. Last, a necessary caution is the
choice of experimental environment to properly calibrate the
UWL thickness. As we have shown, experimental variations of
the UWL thickness in vivo are of little consequence to the
effective permeability determined here, but compared to in
vitro assays, may underestimate the thickness of the UWL by 2
orders of magnitude (also dependent on the rate of stirring).
Further studies are also necessary to expand this protocol to
small-molecule drugs with multiple titratable sites, such as
methyldopa or amoxicillin.

■ METHODS
G(ξ), The Free Energy of Permeation. The free energy of

the permeation, G(ξ), is computed with transition-tempered
metadynamics32 (TTMetaD). TTMetaD belongs to the family
of metadynamics58,59 (MetaD), in which sampling is facilitated
by augmenting the Hamiltonian of the system with an
additional bias potential that acts on a select number of
degrees of freedom, often referred to as collective variables
(CVs). These CVs are defined as a set of n functions acting on
the microscopic coordinates Q of the system at time t

= ···S Q t s Q t s Q t s Q t( ( )) ( ( ( )) , ( ( )) , , ( ( ))n
n

1 2 (10)

At time t, the bias potential, VG, on the CVs is then defined
as
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where τ is the Gaussian deposition stride, w is the Gaussian
height, and σi is the Gaussian width of the ith CV. TTMetaD
balances the exploration the CV space and the convergence of
the bias energy by tracking the progress of the bias energy in
filling the predefined free energy basins on the fly. Once a
transition of the system between all predefined free energy
basins is detected (e.g., an indicator of rough fulfillness of the
underlying free energy surface), the Gaussian height is
aggressively tempered to facilitate convergence. In TTMetaD,
the minimum bias on the maximally biased path connecting all

Figure 5. Hybrid MFEP of ketoprofen permeation when the aqueous
solution pH is varied between 2.0 and 8.0.
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predefined free energy basins, V*(t) is used to temper the
height of the Gaussian hills as follows
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TTMetaD has proven to be an efficient method for
computing the free energy of the permeation of small-molecule
drugs,19,20,60

Although a majority of previous in silico studies utilize only
one CV to describe the progress of the permeation [e.g., the
center of mass (COM) distance between the drug and the lipid
bilayer18,24,30,61], Sun et al. have shown that the orientation of
the small-molecule drug could have a significant impact on its
interaction with the lipid bilayer. Therefore, two CVs (the
COM distance between each of the two terminals of the small
molecule and the lipid bilayer) are employed in this study; the
mismatch between these two CVs indicates the orientation of
the small molecule with respect to the membrane. The free
energy of the permeation, G(ξ), is the minimum free energy
path (MFEP) on the two-dimensional free energy surface
calculated from the string method at zero Kelvin.47 Last,
convergence of the free energy calculations is shown in Figures
S8 and S9 as the average standard deviation between replicas
for all neutral and charged permeants, respectively.

Diffusivity of the Permeant, D(ξ). The diffusivity, D(ξ),
characterizes the speed of diffusion of the small-molecule drug
along ξ. To calculate D(ξ), a series of two-dimensional
umbrella sampling simulations62 are prepared, in each of which
the small-molecule drug is restrained to different points along ξ
(corresponding to different values of CV1 and CV2). For each
simulation, the time evolution of the system in the CV space, S
(t) is orthogonally projected onto the MFEP. The arc length
between this projected point and the origin of R is denoted as
l t( ) . l(t) is collected from the simulation and D(ξ) is
computed as63

=
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σ2(l) and Cl(t) are the variance and the autocorrelation
function of l(t), respectively. Cl(t) is computed as
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in which ts is the length of the umbrella sampling MD after
initial equilibration, Δt is the MD integration time step, and l is
the average of l(t) over ts.

Hybrid Free Energy Surface of the Permeation. The
protonation state of small molecules is highly dependent on
their local chemical environment. In bulk water (pH 7), a
drug-like small molecule is most likely to carry a net charge
(see Table 1 for the pKa values of the six small molecules in
this study). Charged species will incur a large free energy
barrier that permeates through the membrane. The high
permeation barrier can be reduced if the molecule is
neutralized via protonation/deprotonation at the surface of
the lipid bilayer. It has been demonstrated that at the bilayer−
water interface, the pKa of small drug-like molecules reaches
approximately 7.025,64 as such, protonation/deprotonation
should accompany the translocation of small molecules

through lipid membranes. A standard approach65 that has
seen promising results is to compute the free energy of the
permeation of small molecules at two different protonation
states, and these two free energies are overlaid on top of one
another, with the free energy difference of the small molecules
in bulk water shifted according to their pKa values (eq 6). The
actual free energy of the permeation is determined as (1) the
lower of the two surfaces (e.g., starting from bulk water, the
small molecule will be in a charged state) and (2) can transit to
a different state when the two surfaces intersect to ensure (1).
As such, the small-molecule permeates through the membrane
via a “path of least resistance”, the MFEP found on the hybrid
free energy surface.

Details of the Molecular Dynamics Simulations. The
lipid bilayers in this research are set up using the CHARMM-
GUI66 membrane builder67 and are composed of two leaflets
of 16 POPC molecules each, centered in a rectangular box of
approximately 3.3 × 3.3 × 13.5 nm. The bilayer is solvated by
3331 molecules of water, and periodic boundary conditions are
enforced in every direction. One small-molecule drug
(structures shown in Figure 1) is solvated into each system.
CHARMM36,68 CHARMM general force fields (CGenFF),31

and TIP369 force fields are used to model the lipids, small-
molecule drugs, and water molecules, respectively. The initial
structure of the bilayer is equilibrated with Gromacs-2020.413

patched with PLUMED2.470 (including TTMetaD32 devel-
oped by the Voth research group) following regular MD
convention. After the initial 5000 steps of steepest descent
minimization, six stages of equilibration that systematically
increase the time step and decrease the restraints on the lipid
molecules are carried out. The first two steps (NVT ensemble)
of equilibration are carried out starting with a 1 fs time step,
and the Berendsen weak coupling method71 is used as the
thermostat to maintain a temperature of 310.15 K with a time
constant of 1 ps. The third stage (NPT ensemble) is performed
using a 1 fs time step and the Berendsen weak coupling
method to maintain pressure isotropically at 1.0 bar with a
compressibility constant of 4.5 × 10−5 bar−1. For the remaining
three steps, the time step is increased to 2 fs and the restraints
continually decrease to zero. A 100 ns AA MD simulation is
then carried out to further equilibrate each system with an
NPT ensemble maintained at 310.15 K and 1.0 bar using the
Nose−Hoover thermostat72 and the Parrinello−Rahman
barostat,73 respectively. The cutoff distance for the short-
range nonbonded interactions is 1.2 nm, with electrostatic
interactions calculated using the particle-mesh Ewald meth-
od.74 Constraints are imposed on all the simulations using the
LINCS algorithm.75 The size of the system and details of MD
simulations have been proven to give accurate results for
studying the permeation of small molecules.19,20

For every small-molecule drug in their neutral and charged
state, five independent 2+ microsecond replicas of TTMetaD
simulations are carried out. These replicas start from the same
initial configuration, but the velocities of the atoms are
randomly generated from a Boltzmann distribution for each
replica. The Gaussian bias energy deposition rate (τ in eq 11)
is every 500 steps with a height of 0.015 kcal/mol (w) and a
width of 0.22 nm (σ). The height of the Gaussian is tempered
with a bias factor of 10 (i.e., ΔT in eq 4). The TTMetaD wells
are located at (0.0, 0.0) and (0.48, 0.48) in the CV space. A
bias threshold is 6.0 kJ/mol for the neutral species or 12 kJ/
mol for the charged species. The bias threshold is added to
delay the tempering of the height of the Gaussian to ensure the
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exploration of TTMetaD. The 2D free energy of the
permeation is obtained from symmetrizing and averaging the
inverse of the bias energy from each replica. After generating
the hybrid surface as previously mentioned, G(ξ) is calculated
from the MFEP. The two-dimensional umbrella sampling is
also carried out with the same system. The small-molecule
drug is first pulled to the desired position with the
“MOVINGRESTRAINT” function in PLUMED and then
restrained by a harmonic bias for a total of 200 ns. To ensure
the system is fully relaxed, the autocorrelation function is
collected from only the last 100 ns. The total simulation time
for this research exceeds 130 μs.
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