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Partitioning of Nonsteroidal Antiinflammatory Drugs in Lipid Membranes:
A Molecular Dynamics Simulation Study
Mohan Babu Boggara and Ramanan Krishnamoorti*
Department of Chemical and Biomolecular Engineering, University of Houston, Houston, Texas
ABSTRACT Using the potential of mean constrained force method, molecular dynamics simulations with atomistic details were
performed to examine the partitioning and nature of interactions of two nonsteroidal antiinflammatory drugs, namely aspirin and
ibuprofen, in bilayers of dipalmitoylphosphatidylcholine. Two charge states (neutral and anionic) of the drugs were simulated to
understand the effect of protonation or pH on drug partitioning. Both drugs, irrespective of their charge state, were found to have
high partition coefficients in the lipid bilayer from water. However, the values and trends of the free energy change and the loca-
tion of the minima in the bilayer are seen to be influenced by the drug structure and charge state. In the context of the transport of
the drugs through the bilayer, the charged forms were found to permeate fully hydrated in contrast to the neutral forms that
permeate unhydrated.
INTRODUCTION
Therapeutic drugs often interact with cell membranes in their

pathway of final action. Among the various factors related

that govern the behavior of drugs in cell membranes, the

shape, size, hydrophobicity, and pKa are the most influential.

In light of these factors, a thorough understanding of drug

partitioning in lipid bilayers and the underlying interactions

between the drug and lipid are important first steps in drug

design that can improve the efficacy and viability of many

drugs. In this study, the primary goal is to understand the par-

titioning and interaction using molecular simulations of

nonsteroidal antiinflammatory drugs (NSAIDs) with phos-

pholipid membranes.

NSAIDs such as aspirin and ibuprofen are some of the

most widely prescribed drugs for their antipyretic, analgesic,

and antiinflammatory action (1). Although NSAIDs have

different pharmacokinetics (i.e., release profiles) and addi-

tional benefits such as reducing heart attacks and osteopo-

rosis, chronic usage can result in well-documented side

effects such as gastrointestinal (GI) toxicity, leading to

both mild and fatal ulcers. Various mechanisms have been

proposed to reconcile the cause of GI toxicity by NSAIDs,

but without agreement. On the basis of these hypothesized

mechanisms, modified NSAIDs such as Cyclooxygenase-II

specific inhibitors such as Celebrex (Pfizer, New London,

CT), Vioxx (Merck, Whitehouse Station, NJ), and nitric-

oxide (NO) releasing NO-NSAIDs have been developed

(1–3). Despite proving to be milder than unmodified

NSAIDs, long-term safety issues of modified NSAIDs are

still being evaluated (1).

One of the suggested mechanisms (supported by preclin-

ical and clinical studies using oral and systemic administra-

tion) indicates that the direct interaction of NSAIDs with
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zwitterionic phospholipids (GI tract lining) is primarily

responsible for GI toxicity (4,5). This hypothesis has led to

the development of NSAIDs preassociated with phospho-

lipids, especially phosphatidylcholine (PC), as safer alterna-

tives to unmodified NSAIDs. Such PC-NSAID adducts have

been shown to significantly reduce GI toxicity and enhance

therapeutic activity in both animal and human models (4,6).

To optimize the PC-NSAID adducts and also to bring

molecular-level insight into the interaction between NSAID

molecules and the GI tract lining, it is imperative to under-

stand in detail the thermodynamic and transport properties

of NSAIDs with lipid membranes. Although NSAIDs can

vary significantly in terms of structure, size, and complexity,

in general, all NSAIDs are amphiphilic with most possessing

carboxylic acid groups or other such polar groups (Fig. 1).

Due to this range of structures, they also have a broad range

of pKa values, resulting in significant differences in their

behavior with the lipid membranes over the range of physi-

ological pH values: from ~2 in the stomach to ~8 in the large

intestine (7).

The partitioning behavior of small solutes, drug molecules,

and drug analogs in lipid membranes has been addressed by

experiments, simulations, and theoretical methods (8–13).

The heterogeneity in density, polarity, and packing along

the thickness of the lipid membranes is difficult to incorporate

in modeling these materials and poses a significant challenge

in the interpretation of experimental studies of such drug-lipid

adducts. The macroscopic measurable quantities in experi-

ments are a result of complicated interactions of these drugs

with the lipid membrane, which clearly depend on their posi-

tion along the membrane thickness and cannot be addressed

exclusively by experimental methods. Molecular along with

coarse-grained simulation methods have the ability to bridge

this gap between detailed membrane models and the experi-

mentally observed quantities.

In this article, atomistic molecular dynamics simulations

were performed to study the partitioning of two NSAIDs,
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FIGURE 1 Structure of aspirin and ibuprofen with labeled atoms that

have nonzero partial charges (Table S1).
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namely, aspirin and ibuprofen in a model membrane made of

dipalmitoylphosphatidylcholine (DPPC) molecules in their

liquid crystalline state. The effect of the charge state of the

drugs on the partitioning of the two drugs in the membrane

was examined by considering the neutral (pH < pKa) and

anionic forms (pH > pKa) of the drugs in these simulations.

These simulations were analyzed to enable us to understand

the thermodynamic interactions between the lipid and drug

molecules, the role of electrostatics in such adducts, and

the permeability of these drugs.
METHODS AND MODELS

Simulations were performed using the GROMACS 3.0 package (14,15). For

the initial lipid bilayer structure, a well-equilibrated system containing

128 DPPC lipids and 3655 water molecules was used (16,17). This system

of 128 DPPC lipids is one of the most widely used for MD studies in the liter-

ature and provides a reasonable tradeoff among the system size, computational

expense, and useful information which can be obtained. Studies on solute par-

titioning using smaller systems have been shown to provide information that

compare favorably with the experimental results and results that are largely

system-size independent (12,13,18). The lipid molecules (19) and NSAID

molecules (20) were modeled using the GROMOS force field and the water

molecules were modeled using the simple-point charge model (21). Both

the coordinates and partial charges of the NSAID molecules were generated

using PRODRG (20), which is based on the GROMOS force field and gener-

ates partial charges based on the concept of charge groups such that a single

molecular group of bonded atoms (e.g., COO) is assigned an integer charge

(see Table S1 in the Supporting Material for partial charges). A time step of

2 fs was used and the integration was based on a leap-frog algorithm as imple-

mented in GROMACS. The Lennard-Jones potential was switched at 1.0 nm

to go smoothly to zero at 1.2 nm. Electrostatic interactions were computed

using a particle-mesh Ewald sum (22) with a direct space cutoff at 1.4 nm

and fast-Fourier grid space of 0.12 nm with fourth-order interpolation and

a tolerance of 1 � 10�5. To calculate the short-range Lennard-Jones and the

electrostatic interactions, a neighbor list over 1.4 nm was maintained and up-

dated every 50 fs. The trajectory was saved every 20 ps for further analyses.

The pressure and temperature were maintained at 1 bar and 323K (well above

the gel-liquid transition temperature of 314K for DPPC) using a weak coupling

to an external barostat (time constant 1 ps) and thermostat (time constant 0.1

ps), respectively (23). The simulation box was allowed to vary independently

and isotropically in all directions to maintain the pressure with bilayer normal

fixed along the z direction of the box. VMD software (24) was used for visu-

alization and for drug insertion to create initial structures.

Computation of potential of mean force

The free energy of partitioning for the NSAIDs was estimated using the

potential of mean constraint force (PMF) method (25). An NSAID molecule
was constrained at different z locations (along the bilayer normal) of a pree-

quilibrated DPPC bilayer membrane by constraining the z distance between

the centers-of-mass (COM) of the drug and the bilayer. The drug molecule

was then allowed to move unconstrained in the x-y plane. The constraint

force, defined as Fi ¼ miDz/(Dt)2 (13), was monitored as a function of

time, and the PMF as a function of the position (z) along the bilayer normal

was estimated as

DGðzÞ ¼ �
Z z

bulk water ðz¼NÞ

hFðz0; tÞitimedz0; (1)

where DG(z) is the excess free energy defined with respect to that of drug

being in water and F(z,t) is the constraint force at a particular location z

along the bilayer normal. The integration of constraint force was done using

trapezoidal rule and the zero for the integration was taken to be in the bulk

water. Errors in the constraint force were first estimated by using block-

averaging method (26) as implemented in GROMACS. These errors

were then propagated on to the PMF using a trapezoidal rule. The choice

of zero is arbitrary, as the uncertainty between two points will remain the

same, with errors growing as one moves from one point in the PMF to

another (12). Four cases were examined by MD simulations, namely:

neutral aspirin (AN); charged aspirin (AC); neutral ibuprofen (IN); and

charged ibuprofen (IC). Net charges of 0 and �1 for the neutral and

charged drugs were used to represent the NSAIDs below and above their

pKa, respectively (Fig. 1). For each of these cases, 16 z locations per mono-

layer (~2 Å apart) that are equidistant along the bilayer normal, ranging

from the bulk water to the middle of the bilayer, were explored. Each z

location was explored in a separate simulation (5.1 ns run time each) to

avoid any drug-drug interactions. The bilayer was assumed to be symmetric

between two monolayers and all the properties, including the PMF profile,

were calculated for one monolayer and assumed to apply to the other mono-

layer. The bilayer was modeled and all analyses were done based on the

four-region model (25), which adequately represents heterogeneity in

density, free volume, and polarity along the bilayer normal (Fig. 2 a).

The above number of z locations has been shown to provide favorable

comparison to experimental results for a number of small solutes (13,27).

The x-y coordinates for each of the z locations were generated randomly

(Fig. S1, detailed in the Supporting Material). The first 1.1 ns of the simu-

lation were ignored for equilibration, whereas the PMF and various other

analyses were done using the final 4 ns of the run. The effects of starting

configuration and equilibration time on the PMF were addressed

(Fig. S2, detailed in the Supporting Material) to arrive at the equilibration

time of 1.1 ns. Errors in PMF profiles estimated using different starting

configuration suggested (Supporting Material) that block averaging slightly

underestimates the errors, whereas the PMF profiles remained qualitatively

similar.
RESULTS AND DISCUSSION

Free energy

To understand the difference in behavior of NSAIDs below

and above their pKa, the excess free energy for both the

neutral and charged forms of aspirin and ibuprofen (namely

AN, AC, IN, and IC, respectively) incorporated at various

locations normal to the lipid bilayer were computed from

well-equilibrated MD simulations (Fig. 2). For each case,

there is a minimum in excess free energy for the incorpora-

tion of the drug in the lipid bilayer, although the z location

of the free energy minimum changes somewhat depending

on the charge-state and steric-size of the drug molecule.
Biophysical Journal 98(4) 586–595
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Nevertheless, the most significant aspects that can be dis-

cerned from these excess free energy data are:

1. The minimum excess free energy (in comparison to

water) is located in the lipid bilayer for both drugs and

both charge states.

2. The charged versions of the drugs exhibit a minimum

closer to the headgroup of the lipid, whereas the neutral

form is embedded in the central portion of the alkyl tails.

3. The neutral versions of the drugs have larger (negative)

excess free energies compared to their corresponding

charged forms.

4. The charged forms of the drugs have a positive excess

free energy when located in the center of the bilayer, sug-

gesting a strong incompatibility with this core region.

The partitioning of drugs into high density regions of the

lipid occur despite the loss of translation entropy for the drug

molecules; therefore, an enthalpically driven process though

other sources of entropic gain, such as lipid disorder, cannot

be ruled out.

The difference in positions of the free energy minima

between AN and IN is relatively small at ~0.2 nm. On the

other hand, the difference for the case of the charged drugs,

AC and IC, is nearly ~1 nm. Comparison of free energy

profiles with the location of some lipid moieties (Fig. S3)

suggests that some of these differences come from the nature

of interactions being different for aspirin and ibuprofen.

Aspirin, being a smaller molecule with three polar O atoms,

is more strongly governed by its electrostatic interactions

with the headgroup. However, due to a larger nonpolar

part, ibuprofen, even in the charged form, is primarily gov-

erned by its interactions with the hydrophobic tails. This is

clearly evident from the much deeper free energy profile for

IC as compared to that of AC. Further, the magnitudes of

the free energy change for the two neutral drugs, when scaled
Biophysical Journal 98(4) 586–595
by their respective molecular volumes (0.195 nm3 for aspirin

and 0.306 nm3 for ibuprofen), virtually superimpose (Fig. 3).

However, the magnitude of the free energy change for IC and

AC, when scaled by their respective molecular volumes, did

not lead to a convergence of the free energy profiles.

The volume-based rescaling of the free energy profiles can

be understood based on Flory-Huggins lattice theory (28).

One of the components is small (i.e., a drug) occupying

a single lattice site, whereas the other component (lipid) is

like a polymer, occupying N lattice sites per molecule. The

final free energy of mixing per site is given by
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DG=kT ¼ f1ln f1 þ f2ln f2=N þ f1f2c; (2)

where fi is the volume fraction of component i (1¼ drug and

2 ¼ lipid) and c is the interaction parameter characterizing

the strength of interactions of drug-lipid compared to that

of drug-drug and lipid-lipid. For the system studied here

with 128 lipids and one drug molecule, f1 / 0, f2 / 1,

and therefore

DG=kTz41c: (3)

From the volume-based scaling, it is noted that whereas the

drugs in neutral forms follow the above limiting case, the

charged forms do not scale with the drug volume. One of

the assumptions made in the Flory-Huggins theory is that

the interactions between lattice sites are short-ranged (near-

est neighbor). The above observation suggests that the inter-

actions between neutral drugs and the lipid are reasonably

short-ranged. However, in case of the charged forms the

interactions are long-ranged, suggesting that both size and

structure of the drugs play a role in dictating the partitioning

of the charged drugs and cannot be rescaled using a single

size parameter such as drug volume.

The strength of drug partitioning into the membrane can

be assessed by a commonly used experimental parameter,

the partition coefficient K, defined as

K ¼ exp½ � DGWB=RT�; (4)

where DGWB is the partitioning free energy for the drug to go

from water (W) to the bilayer (B). It is estimated, by the

expression given in MacCallum and Tieleman (12) and as

presented below (assuming that the drug is bound to the
TABLE 1 Comparison of free energy, permeability, and partition coe

Property*

MW (g/mol)

pKa

Aspirin

180.2

3.5y,z,x,{

Neutral (pH ~2) Anio

DGOctanol KJ/mol �35.5{{

DGmin KJ/mol �51.5 5 2.6 �16

Skin permeability (cm/s) 300–30,400 10�9k,yy 8.4

Permeability (cm/s) 244 5 3 1.3 10�

log (KOW or kIAM or KL) 1.13–1.26y,{,k,kk (�1.2)

log K ¼ log[exp(�DGmin/RT)] 8.33 5 0.42 2.7

*In first column: MW, molecular weight; OW, octanol/water system; IAM, imm
yIAM is made of monolayers of lecithin that have been immobilized (7).
zIAM is made of phosphatidylcholine residues covalently bound to silica propyl
xData from Potts and Guy (38).
{Data from Hadgraft et al. (59) and Ni et al. (60).
kData from Wenkers and Lippold (39).
yyPredicted using the model from Potts and Guy (38).
zzIAM is polymer-based (29).
xxData from Avdeef et al. (31).
{{Data from Perlovich et al. (62).
kkData from Miller et al. (61).
bilayer if it is within the region of z between �2.5 nm and

2.5 nm from the bilayer center),

DGWB ¼ �RT ln

2
41

5

Zz¼ 2:5 nm

z¼�2:5 nm

�
exp

�
� DGðzÞ

RT

��35: (5)

Experimentally the lipophilicity of NSAIDs is studied

using three different methods and parameters:

1. Octanol-water partition coefficient (KOW).

2. Reverse phased high performance liquid chromatography

with different stationary phases including immobilized

artificial membranes (kIAM) that can closely mimic lipid

biomembranes (e.g., monolayer made of lecithin) (29,30).

3. Partitioning into liposomal dispersions (9,31).

Although the octanol-water system is still a popular

method to probe the lipophilicity of the drug, it cannot

capture the specifics of the lipid, e.g., strong density varia-

tion along the bilayer normal and headgroup electrostatics.

Table 1 compares the MD results obtained here with the

values reported for aspirin and ibuprofen in the literature.

The trends in K values are in excellent qualitative agreement

with the experimental trends (log KIN> log KAN> log KIC>
log KAC).

Hydrogen bonding

The presence of hydrogen bonds were established using two

criteria: 1), the distance between the donor and acceptor is

<0.35 nm; and 2), the angle made by the donor, the

hydrogen, and the acceptor atom is <30� (32,33). The total

number of hydrogen bonds between the ibuprofen polar O

(OAE and OAD) and water were estimated as the average
fficient values from our MD simulations with that in the literature

Ibuprofen

206.3

4.4–5.2y,z,x,{,k,yy,zz,xx

nic (pH ~7) Neutral (pH ~2) Anionic (pH ~7)

�40.2{{

.9 5 1.5 �81.6 5 3.9 �36.6 5 3.0

4 10�9yy 170–8440 10�9{,k,yy 172–333 10�9{,yy

5
5 0.2 10�5 92 5 6 0.03 5 0.04

–(�0.95)y,kk 3.5–4.21y,{,k,zz,xx (�0.05)–1.81y,z,xx,kk

4 5 0.24 13.20 5 0.63 5.93 5 0.49

obilized artificial membrane; L, liposomal system.

amine (58).

Biophysical Journal 98(4) 586–595
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number of H-bonds in each 20-ps time frame over 4 ns and

plotted with the free energy profile for the charged form

(Fig. 4). The errors were estimated using the block-averaging

method (26) as implemented in GROMACS. Clearly, IC has

roughly an order-of-magnitude higher H-bonding than the

corresponding neutral form IN (Fig. 4). Comparing the

H-bonding profiles for charged and neutral drugs, it can be

conjectured that H-bonding plays a key role in the partition-

ing of charged drugs. However, unlike aspirin (with three

O atoms, Fig. S4), the location of maximum H-bonds for

IC does not correlate with free energy minima—suggesting

that as the drug size increases, the influence of H-bonding

on the partitioning decreases. This indicates that the

H-bonding opportunities alone (i.e., number of polar O

atoms) cannot be attributed for the differences in the free

energy profiles between AC and IC. As discussed before,

drug structure and the interactions with the acyl chains

play a crucial role for the charged forms.

Drug hydration

The hydration of NSAIDs was quantified by estimating the

total number of water molecules in the first hydration shell

(i.e., N, the hydration number) of the radial distribution func-

tion (g(r)) (RDF) between the NSAIDs and water,

N ¼
Zr¼ r at first min

r¼ 0

NðrÞ ¼
Zr¼ r at first min

r¼ 0

4pr2 rgðrÞdr; (6)

where N(r) is the number of water molecules in the shell of

thickness dr at a distance r from the COM of the NSAID
FIGURE 4 Average H-bonds/20 ps (each time frame) between the polar

O atoms of ibuprofen and water along with the free energy profiles for IC.

Free energy profiles and H-bonds were estimated for half of the bilayer

and assumed to be symmetric across the bilayer center.
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molecule and r is the number density of water molecules.

The RDF between the drug and water was examined for

one representative case, in which the drug was located

deep inside the bilayer (~0.4 nm from the bilayer center),

to evaluate the maximum extent of hydration possible

(Fig. 5). The RDF data show significant increase in hydration

for the charged drugs compared to their neutral counterparts,

as quantified by the hydration numbers (34).

The hydration numbers at z ~0.4 nm, obtained by inte-

grating Eq. 6 up to the first minimum in the RDF, are

0.13 5 0.02 and 0.09 5 0.02 for AC and IC, respectively,

although lying between 0 and 0.002 for the two neutral drugs

(see Table S4 for list of hydration numbers at all z locations).

Similar large differences in hydration were observed for

other drug locations in each case. Clearly, for the charged

cases the hydration is significantly enhanced compared to

the neutral ones, indicating that the drugs in their charged

state reside in the lipid bilayer as hydrated moieties. As dis-

cussed in detail later, this increase in hydration of the

charged drug imparts significant local perturbation to the

lipid molecules. The lipid molecules, adjacent to the incorpo-

rated drug molecule, tilt considerably to reduce the penalty

of accommodating the water molecules in the hydrophobic

region of the bilayer.

Permeability

The permeability of a small solute in the lipid bilayer can be

estimated based on inhomogeneous solubility-diffusion

mechanism in which the solute permeates in a three-step

process involving partitioning-in, diffusion, and
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partitioning-out. Based on this mechanism, the steady-state

flux J of solutes across the membrane depends on the ther-

modynamic driving force Dm, and is given by (35,36)

J ¼ �Dm

RT

0
@2

Zz¼ 0

z¼ bulk

dz

KðzÞDðzÞ

1
A
�1

; (7)

where K(z) ¼ exp(�DG(z)/kT) and D(z) are the local parti-

tion coefficient and local diffusion coefficient of the drug

at a given z location along the bilayer normal, respectively.

The integral in the above equation is the total resistance of

the membrane obtained by the integration of local resistance.

The permeability, therefore, is obtained as an inverse of the

resistance as

P ¼

0
@2

Zz¼ 0

z¼ bulk

dz

KðzÞDðzÞ

1
A
�1

: (8)

The diffusion D(z) is related to the local static friction factor

xðzÞ ¼
ZN

0

hDFðz; tÞDFðz; 0Þidt=RT

as

DðzÞ ¼ RT=xðzÞ; (9)

where

DFðz; tÞ ¼ Fðz; tÞ � hFðzÞitime

is the fluctuation of the constraint force around its average

over the simulation time (13). The force autocorrelation

function was best fitted to a double-exponential function

and suggests that two processes at different timescales are

responsible for the force decay. Two relaxation times, one

in the range of tens of femtoseconds (t1) and another in

the range of tens of picoseconds (t2), were estimated from

the force autocorrelation data (Fig. S7 a), similar to the

behavior of small solutes such as benzene, ethane, etc., in

lipid membranes (13).

The diffusion coefficients from Eq. 9 are roughly indepen-

dent of the charge state, drug type, or z location, and are ~2�
10�6 cm2/s within the bilayer (Fig. S7 b). These values are

roughly an order-of-magnitude lower than those in bulk

water, and are consistent with the experimental results for

similar molecules (7,37), where, for example, the diffusion

for aspirin in the lecithin bilayer is estimated to be ~2.3 �
10�6 cm2/s. We note that the diffusion coefficients reflect

the trends observed for the slower relaxation time associated

with the force autocorrelation function, and indicates that the

slower relaxation process indeed dominates the diffusion of

the drug in the bilayer membranes. Further analysis of drug

COM movement in the x-y plane at various z locations over

5 ns shows that there are separated domains in the drug

movement (Fig. 6), suggesting that the drug hops between
domains. This was further ascertained from the mean-square

displacement (Fig. S8).

Permeability values obtained using Eq. 8 are listed in

Table 1. The permeability decrease from AN to IN to IC to

AC indicates that both size and the drug charge affect drug

permeability. The permeability data indicate that 1), the

neutral drugs permeate faster than their charged counterparts;

and 2), aspirin, the smaller drug, permeates faster than

ibuprofen, a larger drug. Given the trends observed for the

diffusion coefficient and described above, the significant

differences in the permeability values observed are governed

by the differences in partitioning between two charge states.

One of the most widely used models (38) for predicting

permeability (in skin) suggests that

log P ¼ �6:3 þ 0:71 log KOW � 0:0061 MW: (10)

This predicts a positive correlation between the permeability

and the octanol-water partition coefficient and a weak nega-

tive correlation with molecular weight (MW). The simula-

tion data indicate that the drug molecules that associate

more strongly with the lipid also tend to permeate more

slowly. This indicates a negative correlation between the

drug partition coefficient and the permeability at variance

with the above model, although in good agreement with

some experiments (39). To definitively conclude the effect

of drug size on their permeability through such membranes,

a wider range of drugs need to be explored and is the topic of

a more detailed study (M. B. Boggara and R. Krishnamoorti,

unpublished).
Biophysical Journal 98(4) 586–595
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On the other hand, two mechanisms have been widely

employed to enable us to understand the permeation of hydro-

phobic or lipophilic drugs—namely the solubility-diffusion

(SD) and the transient-pore (TP) mechanisms. In the SD

mechanism, as mentioned before the solute first partitions to

the membrane, then diffuses across the membrane and subse-

quently partitions out of the membrane (35,40). In the TP

mechanism, thermal fluctuations of the membrane are thought

to produce transient pores that would permit ion permeation

(see (41,42) and references therein). The hydrophilic defects

in the membranes are eventually covered by the tilted lipid

headgroups resulting in a hydrophilic transmembrane pore

through which charged species could pass in the membrane

(43). As these pores (water-filled) can significantly reduce

the energy of ion partitioning, the permeation of ions might

be significantly increased, if this mechanism were to domi-

nate. Some previous efforts point to the thickness of the

bilayer chains playing a role in determining which of the

two mechanisms will be dominant (13,44), whereas others

have noted that the local chain packing along with molecular

area of the drugs can significantly control the drug partitioning

(27). In addition, specific interactions between the drug and

the membrane, such as that of the reduction of the membrane

dipole potential (45), can make the understanding of drug

partitioning and permeation even more difficult.

In their neutral form, the NSAIDs, due to their compati-

bility with the lipid tail and the lack of hydration of the

drug, could plausibly diffuse by this SD mechanism.

However, for the charged forms of the drug, due to the

significant specific interactions between the drug and the

lipid and the hydration of the drugs, the SD mechanism is

unlikely to be operative. On the other hand, significant

evidence points to the TP mechanism being dominant in

the case of passive ion permeation, especially for charged

lipophilic moieties (46,47). As discussed below in more

detail, the trajectory analyses of the MD simulations indicate

that the charged forms of NSAIDs studied here are likely to

follow the TP mechanism, whereas the neutral forms follow

the SD mechanism.

To get detailed insight into the mechanism of permeation

of NSAIDs, the time-dependent trajectories of both charged

and neutral drugs at different z locations were analyzed, with

special attention paid to the ones deep inside the hydro-

phobic region (z within 51 nm from the bilayer center).

For the case of the charged drugs, the trajectories at all z loca-

tions show that a large number of water molecules are

accommodated in the bilayer, serving to hydrate the polar

group of the drug and which are sustained throughout the

simulation time (Fig. 7). The tilting of significant number

of lipid molecules dramatically reduces the energy barrier

for the presence of polar water molecules inside the hydro-

phobic tail region. These tilted lipid molecules, with their

headgroups facing the water-fingers that protrude into the

bilayer, are likely to further stabilize the water fingers. These

water-fingers, in the case of charged drugs, protrude all the
Biophysical Journal 98(4) 586–595
way up to the center of the bilayer, causing local bilayer thin-

ning (Fig. 7). However, they only extend up to the bilayer

center from one side and do not span across the entire bilayer

membrane. Such water-fingers have been observed in

a number of studies, addressing the partitioning behavior

of charged and neutral forms of drug (48) or peptide mole-

cules (49,50) as well as small polar molecules (51) in the

lipid bilayer. Analyzing the trajectories of neutral drug mole-

cules at similar z positions indicate that there is no water

protrusion, except for a rare occasion in the case of IN, which

was transient and existed for practically a very short period

of time. As observed from the trajectory analyses and quan-

tified by the hydration numbers, the charged drug permeates

into the bilayer significantly hydrated. This hydration signif-

icantly screens the electrostatic interactions between the

charged drug and the charges in the headgroup of the lipid,

resulting in a much weaker dependence of the free energy

of the drug on headgroup dipole.

Even though many protein and potassium channels that

aid in ion transport operate as transmembrane channels,

spontaneous formation of fully hydrophilic transmembrane

channels or pores are not known to occur (42,52,53). Such

pores can be caused by mechanical stress or electrical fields,

usually caused by high transmembrane potentials (54), but,

reseal within a few nanoseconds after the field is turned off

(54–57). Even in the case of smaller monovalent ions such

as Naþ and Cl� that permeate in hydrated forms, water-

fingers protrude only from one side of the monolayer extend-

ing up to the center, but never become transmembrane pores

(34). From the observations based on MD simulations, it can

be conjectured that the water-fingers are more transient in

nature and are never transmembrane. In the case of hydro-

phobic ions such as the NSAIDs studied here, the charged

drug needs both hydrophobic tails and hydration by water

to permeate through the bilayer. Considering the amphiphilic

nature of the NSAIDs along with the fact that their perme-

ation is significantly influenced by the free energy of parti-

tioning in both neutral and charged forms, it can be

conjectured that fully hydrophilic transmembrane pores, if

formed, are indeed likely to hinder the permeation rates of

these drugs. Thus, the primary mechanism of charged drug

permeation is likely to be a TP mechanism along with

hopping, whereas the SD mechanism along with hopping

might explain the permeation of neutral forms of these drugs.
SUMMARY AND CONCLUSIONS

Detailed atomistic molecular dynamics simulations were

performed to study the partitioning of two NSAIDs in

DPPC lipid membrane in its fluid state. Two charge states

of the drug were explored to account for its behavior at pH

values above and below drug pKa. This study indicates

that irrespective of the charge state, both NSAIDs partition

inside the bilayer as compared to the bulk water. However,

drug charge state, size, and structure all influence, to an



FIGURE 7 Snapshots for AC from MD trajectory anal-

ysis at 0 ps (left) and 5000 ps (right). Three features rele-

vant to charged drug permeation (to be noted on the right):

1), excess water entering the bilayer (rendered in white

space-filling representation); 2), lipid molecules tilting

(rendered in licorice) to compensate the cost of water pres-

ence inside bilayer core; and 3), local asymmetric bilayer

thinning.
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extent, specific differences in the final free energy profile.

Analyses indicate that although H-bonding primarily influ-

ences charged drug partitioning, as the drug size and hydro-

phobicity increases, it becomes less significant. It was also

demonstrated that the MD simulations capture the details

of the molecular mechanism of drug partitioning quite

well. For example, the charged drugs permeate with their

polar groups completely hydrated all the way up to the

bilayer center—resulting in an asymmetric thinning of the

bilayer. In addition, this hydration results in significant

screening of the interaction between charged drug and the

membrane dipole. Water-fingers that cause this thinning do

not span transmembrane, but only extend halfway up to

the bilayer center. However, neutral drugs are found to

permeate unhydrated, without any formation of water-

fingers. This shows that the solubility-diffusion mechanism

is the likely mechanism of permeation of NSAIDs in neutral

form, whereas charged NSAIDs are likely to follow the tran-

sient-pore mechanism. MD simulations predict the ranking

order of the partition coefficients qualitatively, as observed

in the experimental studies in the literature. From the drug

COM movement, hopping seems to be the primary diffusion

mechanism of NSAIDs both in charged and neutral forms. It

is evident from the thermodynamics of partitioning of the

two NSAIDs studied that the structure of the drug plays

a key role and subsequently NSAIDs of different structures

may induce different perturbations on the lipid membrane

structure. For the PMF method at any instant, there is only

one drug molecule as compared to 128 lipid molecules;

hence it is not able to give any meaningful insight into the

perturbation to lipid membrane structure due to drug.

Although the arguments presented in this work are

convincing in the case where drug molecules are at low

concentrations (i.e., the case of one drug molecule in the lipid

membrane afforded by the PMF method), it is not necessarily

clear as to how an ensemble of interacting drug molecules

would interact with the lipid membrane, affect the structure

of the membrane, and transport through the membrane. Based

on the understanding obtained from this work, the effect of

high concentrations of these drugs using MD simulations

will be addressed (M. B. Boggara and R. Krishnamoorti,

unpublished) in a systematic manner to enable us to understand
the perturbations to membrane structure at comparable mole

ratios to lipid (drug/lipid ratios ranging from 1:64 to 1:2) that

are clinically relevant.
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58. Péhourcq, F., M. Matoga, and B. Bannwarth. 2004. Diffusion of aryl-
propionate non-steroidal anti-inflammatory drugs into the cerebrospinal
fluid: a quantitative structure-activity relationship approach. Fundam.
Clin. Pharmacol. 18:65–70.

59. Hadgraft, J., J. du Plessis, and C. Goosen. 2000. The selection of non-
steroidal anti-inflammatory agents for dermal delivery. Int. J. Pharm.
207:31–37.
60. Ni, N., T. Sanghvi, and S. H. Yalkowsky. 2002. Independence of the

product of solubility and distribution coefficient of pH. Pharm. Res.

19:1862–1866.

61. Miller, M. M., S. P. Wasik, ., D. Mackay. 1985. Relationships

between octanol-water partition coefficient and aqueous solubility.

Environ. Sci. Technol. 19:522–529.

62. Perlovich, G. L., S. V. Kurkov, ., A. Bauer-Brandl. 2004. Solvation

and hydration characteristics of ibuprofen and acetylsalicylic acid.

AAPS J. 6:22–30.
Biophysical Journal 98(4) 586–595


	Partitioning of Nonsteroidal Antiinflammatory Drugs in Lipid Membranes: A Molecular Dynamics Simulation Study
	Introduction
	Methods and Models
	Computation of potential of mean force

	Results and Discussion
	Free energy
	Hydrogen bonding
	Drug hydration
	Permeability

	Summary and Conclusions
	Supporting Material
	References


