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ABSTRACT: Itraconazole is a triazole drug widely used in the treatment of
fungal infections, and it is in clinical trials for treatment of several cancers.
However, the drug suffers from poor solubility, while experiments have
shown that itraconazole delivery in liposome nanocarriers improves both
circulation half-life and tissue distribution. The drug release mechanism
from the nanocarrier is still unknown, and it depends on several factors
including membrane stability against defect formation. In this work, we used
molecular dynamics simulations and potential of mean force (PMF)
calculations to quantify the influence of itraconazole on pore formation over lipid membranes, and we compared the effect by
itraconazole with a pore-stabilizing effect by the organic solvent dimethyl sulfoxide (DMSO). According to the PMFs, both
itraconazole and DMSO greatly reduce the free energy of pore formation, by up to ∼20 kJ mol−1. However, whereas large
concentrations of itraconazole of 8 mol % (relative to lipid) were required, only small concentrations of a few mole % DMSO
(relative to water) were sufficient to stabilize pores. In addition, itraconazole and DMSO facilitate pore formation by different
mechanisms. Whereas itraconazole predominantly aids the formation of a partial defect with a locally thinned membrane, DMSO
mainly stabilizes a transmembrane water needle by shielding it from the hydrophobic core. Notably, the two distinct mechanisms act
cooperatively upon adding both itraconazole and DMSO to the membrane, as revealed by an additional reduction of the pore free
energy. Overall, our simulations reveal molecular mechanisms and free energies of membrane pore formation by small molecules. We
suggest that the stabilization of a locally thinned membrane as well as the shielding of a transmembrane water needle from the
hydrophobic membrane core may be a general mechanism by which amphiphilic molecules facilitate pore formation over lipid
membranes at sufficient concentrations.

■ INTRODUCTION

Itraconazole (ITZ, Figure 1A) is a first-generation lipophilic,
triazole antifungal drug widely used to treat dermatologic
diseases, aspergillosis, blastomycosis, coccidioidomycosis, his-
toplasmosis, and penicilliosis.1−16 Apart from its antifungal
activity, ITZ is currently in clinical trials for treatment of cancers
such as esophageal cancer (Phase 2, ClinicalTrials.gov Identifier:
NCT04018872), basocellular carcinoma of the skin (Clinical-
Trials.gov Identifier: NCT03972748) and nonsmall cell lung
cancer (Early Phase 1 completed, ClinicalTrials.gov Identifier:
NCT02357836). Additionally, in vitro and in vivo studies have
shown ITZ to inhibit influenza A virus by altering the cellular
cholesterol concentration.17

ITZ belongs to the azole class of antifungals, and the broad
application of this class makes it a good starting structure for the
design of new formulations to treat various diseases. The general
mechanism of ITZ and triazoles is to inhibit the activity of
cytochrome P450 51 (CYP 51), also known as lanosterol 14 α-
demethylase.18 The enzyme catalyzes the removal of a methyl

group from lanosterol to produce ergosterol, a key component in
the fungal cell membrane.19 Treatment with ITZ disrupts the
synthesis of ergosterol and produces methylated sterols such as
14-α-methylated lanosterol, 4,14-dimethylzymosterol, and 24-
methylenedihydrolanosterol.20 The methyl sterols alter the
fungal cell membrane properties, eventually leading to fungal
cell death.1 In addition, CYP 51 is required for the synthesis of
cholesterol in humans and other sterols in plants.21 Thus, CYP
51 can also be targeted in humans to decrease the cholesterol
level.
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Moreover, the metabolite of ITZ, hydroxyitraconazole, is also
effective against fungal infections, thus further increasing the
potency of ITZ treatment.22 Being lipophilic, ITZ is distributed
to a larger extent in the tissues of skin, nails, lungs, muscles,
bones, kidney, and the female genital tract than in plasma.22 The
drug is administered in the form of capsules, as oral
formulations, and by intravenous methods. However, the
therapeutic benefits of the drug are reduced due to its low
solubility in water.23 To overcome the poor solubility and to
increase the bioavailability of the drug, the oral and intravenous
formulations are prepared in combination with hydroxypropyl-
β-cyclodextrin (HP-β-CD) which is marketed as Sporanox.24

Unfortunately, the elimination of HP-β-CD is reduced by 6-fold
in patients with severe renal impairment.25 Thus, the need for
oral and intravenous administration without the HP-β-CD
formulation is important.
As an alternative, lipid-based drug delivery systems such as

liposomes (spherical vesicles) are commonly used as drug
carriers. The liposomes are nontoxic and can trap lipophilic
drugs within the lipid bilayer and hydrophilic drugs in the central
aqueous space.26 But these conventional liposomes are rapidly
eliminated (∼1 h) from the bloodstream by the macrophages in
liver and spleen, thus limiting their bioavailability.27,28 To
improve the circulation half-life and stability, lipids in the
liposomes are covalently linked to polyethylene glycol (PEG)
chains which prevents rapid clearance from the bloodstream and
increases the circulation half-life to 1−2 days.27
Considering the benefits of using liposomes as drug carriers,

several experiments have been designed to encapsulate ITZ in
liposomes. Studies with PEGylated liposomes showed ITZ
encapsulation efficiency to increase with low concentration,
where 90% efficiency was reached with lipid concentration of 25
mg/mL and drug concentration at 0.3% (w/w).29 In another
study, tissue distribution was observed after loading ITZ into
conventional uncoated liposomes composed of dipalmitoyl-
phosphatidylcholine (DPPC) lipids.30 Intravenous administra-
tion of DPPC liposomes-ITZ showed high concentration of the
drug in the infected tissues (lung, brain, and liver) with higher in
vivo efficacy when compared to formulation made of cyclo-
dextrin.30 To further increase the circulation half-life and
biodistribution of the drug, a study was performed with
liposomes coated with carboxymethyl chitosan (CMC-ITZ-
Lips).31 Intravenous administration of the formulation showed
CMC-ITZ-Lips to have a longer half-life when compared to ITZ

in solution or when loaded in conventional uncoated lip-
osomes.31

Despite in vivo experiments providing convincing evidence
toward ITZ encapsulated in PEGylated liposome formulations
being effective and a gold-standard method in drug delivery, it
remained unknown how ITZ partitions into conventional and
PEGylated liposomes and in liposomes containing cholesterol.
Recently, using atomistic molecular dynamics (MD) simula-
tions in combination with experimental techniques, structural
and dynamic properties of the ITZ-liposomes system were
studied. MD simulations were performed with ITZ payload in 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)mem-
branes varying in concentration from 3 to 16.6 mol %.32 For
comparison, membranes coated with 7 mol % PEG chains were
also simulated. In both nonpegylated and pegylated membranes,
ITZ orients parallel to the membrane surface and occupies a
position between the glycerols and the double-bonds of the
POPC acyl chain. Nevertheless, ITZ had no or only little effects
on the lipid structure. In addition, ITZ was also seen partitioning
into the PEG layer. Next, to evaluate the significance of
cholesterol in liposomal-based drug delivery, simulations were
performed with ITZ in POPC/cholesterol membranes.33 The
simulations revealed ITZ and cholesterol to separate out in
membranes, and fluorescence measurements showed ITZ to
have reduced affinity for lipid membrane in the presence of
cholesterol. The findings suggest cholesterol not to be a suitable
component of the formulation in liposome-based drug delivery.
Furthermore, MD simulations also revealed that when ITZ-
membranes bilayers are loaded with 1,6-diphenyl-1,3,5-hexa-
triene (DPH) fluorescent probes, ITZ affects DPH orientation
by pushing DPH to the membrane center.34 This further affects
the fluorescence measurements of lipid order parameter and
other dynamic parameters. Thus, MD simulations have become
a promising technique complementing experimental methods to
gain structural insights into the dynamics of the molecules.
Although the advantages of using liposomal-based ITZ

delivery are quite promising, very little is known about the
ITZ release mechanism into the target tissues. Drug release
pathways from nanocarriers can be grouped into the following
four release mechanisms:35,36 (a) diffusion, drug release due to
the concentration gradient across the membrane; (b) solvent
influx, drug release driven by movement of solvent into the drug
carrier; (c) degradation, drug release by enzyme degradation of
nanocarrier; and (d) stimuli, drug release due to electric field,

Figure 1. Stick representation of (A) itraconazole and (B) DMSO colored by element: carbon (green), oxygen (red), nitrogen (blue), chlorine (cyan),
hydrogen (white), and sulfur (yellow).
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sound, pH, temperature, ionic strength, etc. The release
mechanisms depend on several factors, such as the properties
of the drug molecule and the nanocarrier, the drug−lipid ratio,
and the interactions between drug and carrier. The efficiency of
different pathways are expected to be inversely correlated with
membrane stability. Namely, increased propensity of the
membrane for forming aqueous defects would render the
membrane more sensitive to stimuli, and defects would increase
solvent influx. In addition, membrane defects might render
liposomes more fusogenic and ITZ more accessible to enzymes.
Therefore, we here used MD simulations and potential of

mean force (PMF) calculations to quantify the effect of ITZ on
the stability of a POPC model membrane. To this end, we
computed the PMF of pore formation along a recently
developed reaction coordinate (RC) for membranes with
increasing ITZ content.37 The RC quantifies the connectivity of
a polar defect over the membrane, hence referred to as “chain
coordinate” ξch, rendering the RC highly suitable to follow the
nucleation of a pore. However, the RC is not designed to follow
pore expansion (after pore nucleation) along increasing pore
radii. We previously found that quantifying the connectivity is
critical to avoid undesired hysteresis effects during PMF
calculations of pore nucleation, as found for previously used
RCs.38,39 Indeed, the chain coordinate resolved for the first time
a nucleation barrier of pore formation over certain membranes,
demonstrating that aqueous defects may be metastable (long-
living).40 Such metastable pores have first been proposed based
on memory effects observed during electroporation experiments
in the 1970s and 1980s.41,42 Henceforth, the RC was used to
study pore formation by cationic polymers.43

To test whether the mechanism by which ITZ influences pore
formation is more general among membrane-interacting
molecules, we further studied the effect of dimethyl sulfoxide
(DMSO, Figure 1B) on the free energies of pore formation at
varying concentrations. DMSO is a commonly used organic
solvent, capable of dissolving polar and apolar solutes. The
effects of DMSO on lipid membranes have been studied in great
detail by experimental and molecular dynamics studies. DMSO
affects the structure, hydration properties, and phase behavior of
lipid membranes.44−47 In addition, it is well established that
DMSO increases the permeability of membranes for both
nonelectrolytes48 and ions.49,50 MD simulations revealed the
molecular mechanisms underlying the DMSO effects on
membrane structure, hydration, and permeability.51−54 It was
found that DMSO molecules preferentially bind at the interface
between the polar head groups and the apolar membrane core,
thereby acting as a spacer between lipids and rendering
membranes thinner and floppier.55 At higher DMSO concen-
trations, spontaneous formation of water defects has been
observed in several simulation studies.50,55−57 These studies did
not reveal the energetics of pore formation as studied here, but
instead focused on the spontaneous formation of a pore by
means of a large perturbation imposed by high DMSO content.
Complementary, Lin et al. computed the PMF for the
permeation of single water molecules in the presence of low
DMSO concentration, but this study did not consider
continuous, membrane-spanning water defects.58

Interestingly, an increased permeation of ions over cellular
membranes was found already at low DMSO concentrations of
only few mole % and, at reduced effects, even below 1 mol %.49

Since ion permeation over membranes involves the formation of
a water pore, these findings were interpreted as an increased
propensity of the cellular membrane for the formation of pores

in the presence of DMSO. This suggests that DMSO may
stabilize water defects over membranes at low concentration, at
which only minor effects on the membrane structure were
found. The mechanism by which DMSO stabilizes water defects
at such low DMSO concentrations is not understood.

■ METHODS
Simulation Setup and Parameters. POPC, ITZ, and

DMSO were described using the OPLS all-atom (OPLS-AA)
force field.59 POPC and ITZ force field parameters were taken
from previous studies.32,60−62 Details on the ITZ parametriza-
tion are described in ref 32. For DMSO, the default parameters
provided in the OPLS-AA force field package were used. Water
was described by the TIP3P model.63 The initial membranes of
pure POPC or POPC loaded with ITZ were prepared with the
MemGen64 server, which generates a symmetric lipid distribu-
tion. All systems contained a total of 162 molecules of POPC
plus ITZ. Each system was solvated with 35 TIP3P water
molecules per lipid. We studied four different systems: POPC
only, as well as POPC loaded with 4, 6, or 12 ITZ molecules,
corresponding to a molar fraction (relative to lipid) of
approximately 2.5%, 3.8%, and 8%.
The solvated POPC and POPC/ITZ systems were first

subjected to energy minimization with the steepest-descent
algorithm to remove atomic clashes. Next, the systems were
equilibrated under NVT conditions for 1 ns. Here, the
temperature of 300 K was regulated by coupling water and
POPC/ITZ separately to a v-rescale thermostat with a time
constant (τt) of 0.1 ps.65 Following NVT equilibration, the
systems were equilibrated underNPT conditions for 10 ns; here,
we switched to the Nose−Hoover thermostat (τp = 0.5 ps)66,67

to regulate the temperature. The pressure was kept at 1 bar by
coupling to a semi-isotropic Parrinello−Rahman barostat (τ = 2
ps).68 The geometry of water molecules was constrained with
the SETTLE algorithm,69 and all other bonds were constrained
with LINCS.70 The Coulombic interactions were computed
using the particle-mesh Ewald method.71,72 During NVT and
NPT equilibrations runs, the ITZ and P atoms of the lipids were
position restrained with a force constant of 1000 kJ mol−1 nm−2

and one of 500 kJ mol−1 nm−2, respectively. Following
equilibration, final production MD runs without any position
restraints were run for a 250 ns with an integration time step of 2
fs.
Systems with DMSO were built from an equilibrated POPC

system by inserting DMSOmolecules at random positions using
the GROMACS module gmx insert-molecules. Overlapping
water molecules were removed. Systems with DMSO/water
molar ratios of 2.5%, 5%, 10%, and 15% were constructed,
composed of the following number of DMSO/water molecules,
respectively: 132/5283, 248/4950, 450/4470, 612/4085. These
systems contained 162 POPC molecules. In addition, to study
the combined effect of DMSO and ITZ, we inserted 5 mol %
DMSO (relative to water) into the equilibrated system with 8
mol % ITZ (relative to lipid), giving a system with the following
number of DMSO/ITZ/water molecules: 248/12/4958. After
energy minimization with the steepest-descent algorithm, the
systems were equilibrated for at least 150 ns. We found that the
individual DMSO molecules entered and left the membrane
multiple times within this simulation time, suggesting that the
DMSO distributions were fully equilibrated. All other
parameters were identical with the POPC/ITZ simulations.
Simulations were performed on an in-house modified version

of GROMACS 2018.3,73 which implements the ξch coordi-

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c03359
J. Phys. Chem. B 2020, 124, 8811−8821

8813

pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c03359?ref=pdf


nate.37 The membrane thicknesses presented in Figure 5 were
computed from the last 200 ns and last 100 ns of the ITZ- and
DMSO-containing simulations, respectively. Here, the thickness
was defined as the average distance between the phosphate
atoms of the two membrane leaflets.
PMF Calculations. PMFs of pore formation were computed

along a recently developed reaction coordinate, referred to as
“chain coordinate” ξch, which probes the connectivity of polar
atoms in the defect.37,39 The ξch coordinate is unitless and
defined between 0 and unity, where a small value (≈0.25)
indicates the planar, unperturbed membrane, and a value close
to unity indicates a continuous polar defect. In brief, the ξch is
defined using a membrane-spanning cylinder that is decom-
posed into Ns slices. Then, ξch is given by the fraction of slices
that are occupied by polar heavy atoms. The lateral position of
the cylinder in the membrane plane is dynamically defined,
allowing the cylinder to “follow” the defect. This property is
critical to avoid that the system moves along ξch by shifting the
defect laterally out of the cylinder. In this study, we used a
cylinder with radius Rcyl = 1.2 nm, composed of 28 slices with a
thickness of 0.1 nm each. Critically, Rcyl is not the radius of the
polar defect; instead, Rcyl defines the transmembrane volume
considered to quantify the connectivity of the polar defect.
Defining the RC with such a cylinder excludes the misinter-
pretation of two laterally displaced partial defects connected
with the upper and lower water reservoir, respectively, as a
continuous transmembrane defect. The saturation of a slice
upon the addition of the first polar atomwas taken as ζ= 0.75. As
polar atoms contributing to ξch, we used the oxygen atoms of
water, oxygen atoms of lipid phosphate groups, as well as the
carbonyl oxygen atoms of the ester groups.
The PMFs were computed using umbrella sampling. The

initial frames were generated by gradually pulling the system
along ξch within 100 ns, allowing us to extract frames for
umbrella windows. For systems with ITZ, 37 windows were
used, centered at ξch = (0.065, 0.145, 0.225, 0.305, 0.385, 0.465,
0.545, 0.625, 0.64, 0.66, 0.68, 0.70, 0.72, 0.74, 0.76, 0.78, 0.80,
0.81, 0.82, 0.83, 0.84, 0.85, 0.86, 0.87, 0.88, 0.89, 0.90, 0.91, 0.92,
0.93, 0.94, 0.95, 0.96, 0.97, 0.98, 0.99, 1.0). For systems with
DMSO, 27 windows were used, centered at ξch = (0.065, 0.145,
0.225, 0.305, 0.385, 0.465, 0.545, 0.625, 0.64, 0.66, 0.68, 0.70,
0.72, 0.74, 0.76, 0.78, 0.80, 0.82, 0.84, 0.86, 0.88, 0.90, 0.92, 0.94,
0.96, 0.98, 1.0). An umbrella force constant of 5000 kJ mol−1 was
used in windows at ξch < 0.7 and 10000 kJ mol−1 in all other
windows. Windows were simulated for 300 and 100 ns for ITZ-
and purely-DMSO-containing systems, respectively, where the
first 50 and 20 ns were removed for equilibration. For PMFs for
pure POPC using the Berger or Slipids force field, we used 37
windows, 100 ns of simulations per window, and we remove the
first 10 ns for equilibration. By computing PMFs from various
time blocks, we found that the equilibration times were
sufficient. Simulation parameters were identical with the
unbiased simulations. The PMFs were derived with the
weighted histogram analysis method (WHAM), as implemented
in the gmx wham74 module. Statistical uncertainties were
estimated using the Bayesian bootstrap of complete histograms.

■ RESULTS
Influence of the Force Field on the PMF of Pore

Formation. To build upon recent simulation studies on ITZ
that used the OPLS-AA force field for ITZ/POPC systems,32−34

we chose to apply the OPLS-AA force field for the present study
as well. Hence, we first evaluated the role of the applied OPLS-

AA force field on the free energies of pore formation over a pure
POPC membrane. In our previous studies,37,40 we compared
PMFs computed using Charmm36,75 Slipids76 and Berger force
fields.77 We found good agreement between Charmm36 and
Slipids for various phosphatidylcholine (PC) lipids as PMFs
differed by only∼5 kJ mol−1.40 For dimyristoylphosphatidylcho-
line (DMPC), we found in addition good agreement with the
Berger force field, although the Berger force field is slightly more
prone to form metastable (long-living) open pores as compared
to Charmm36 and Slipids.37

Figure 2 compares the PMF of pore formation for a patch of
162 POPC lipids, computed with the Slipids, OPLS-AA, and

Berger force fields. Here, theminimum at ξch≈ 0.4 for OPLS-AA
and at ξch ≈ 0.3 for Slipids or Berger corresponds to the flat,
unperturbed membrane, while ξch ≈ 1 corresponds to the open
pore. The maximum at ξch ≈ 0.9 found in the PMFs computed
with Berger or OPLS-AA indicates the transition state of pore
formation, characterized by the presence of a membrane-
spanning thin water needle (Figure 2, red and lime; see also ref
40). Evidently, the force field has a larger effect on the PMFs for
POPC membranes as compared to the previously studied
DMPC membranes.37 First, both the Berger and OPLS-AA
force fields yield a free energy barrier for pore formation,
implying that the open pore represents a long-living, metastable
state. In contrast, the Slipids force field yields no barrier,
implying that the open pore is an unstable state, which would
rapidly close within a few tens of nanoseconds in a free
simulations. In addition, the PMFs suggest varying free energy
differences ΔGpore between the open pore (ξch = 0.95) and the
flat membrane of approximately 75, 55, and 47 kJ mol−1 for
Slipids, Berger, and OPLS-AA, respectively. Moreover, the
position of the minimum of the PMF corresponding to the flat,
unperturbed membrane differs among the three force fields.
Because ξch is defied by the fraction of cylinder slices that are
occupied by polar atoms, this difference merely reflects that the
POPC membrane modeled with OPLA-AA is slightly thinner as
compared to Slipids and Berger et al.
Taken together, both the shape of the PMF as well as the free

energy cost ΔGpore of pore formation are quite force field-
dependent for POPCmembranes. Because experimental data on
ΔGpore are to our knowledge not available, we cannot resolve at
present which force field is correct and which is wrong. The

Figure 2. PMF of pore formation over a POPC membrane, computed
with the Slipids, OPLS-AA, and Berger force fields.
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PMFs reported in Figures 3 and 7A are computed with the
OPLS-AA force field, which yields the lowest free energy of pore

formation for pure POPC.Hence, we note that theΔGpore values
reported below for membranes containing ITZ or DMSO are
likewise influenced by the force field.
High Concentration of ITZ Greatly Facilitates Pore

Formation.To quantify the effect of ITZ on pore formation, we
computed the PMF of pore formation over a POPC membrane
containing 0, 2, 4, or 8 mol % ITZ (Figure 3). Figure 4A−F
presents typical simulation snapshots during the formation of
the pore, taken from the final snapshots of the umbrella sampling
simulations with 8 mol % ITZ. The PMFs reveal that ITZ
reduces the height of the free energy barrier ΔGbar as well as the
free energy of the open pore ΔGpore in a concentration-
dependent manner (Figure 3). Namely, the addition of 2 or 4
mol % ITZ leads to a moderate reduction of ΔGbar by ∼6 kJ
mol−1, while 8 mol % ITZ leads to a large reduction of ΔGbar by
∼22 kJ mol−1. Critically, and in contrast to the effect of DMSO
discussed below, ITZ facilitates the formation of a partial defect
with a locally thinned membrane, as evident from a reduced
slope of the PMF at ξch < 0.75 (Figure 3, blue curve, and Figure
3B).
Two mechanisms for the ITZ effect on the free energies are

conceivable; first, an indirect effect on pore formation by
modifying the overall membrane properties, and second, by
direct interactions of ITZ with the aqueous defect. According to
the first mechanism, insertion of the drug might render the
membrane thinner, thereby facilitating the formation of pores. It
has previously been found that the free energy of pore formation
strongly correlates with membrane thickness, as shown by
comparing membranes of PC lipids with increasing tail
lengths.37,40,79,80 However, we found that the addition of ITZ
does not lead to thinning of the membrane (Figure 5A) but
instead even leads to slightly thicker membranes at 3.8 and 8mol
% ITZ. Hence, it is unlikely that ITZ facilitates pore formation
via such an indirect effect.
Instead, visual inspection of the simulations (Figure 4), as well

as the analysis of the densities of headgroup, water, tails, and ITZ
(Figure 6), revealed binding of ITZ to the thinned membrane
and to the water defect, strongly suggesting that ITZ stabilizes
the pore by direct interactions. Here, the densities were
computed as the average during four representative umbrella
sampling windows corresponding to a flat membrane, a thinned

membrane, the state with a thin water needle, and the open pore.
In the planar, unperturbed membrane, in line with previous
simulations,32−34 ITZ predominantly takes a horizontal
conformation (parallel to the membrane plane, Figures 4A
and 6A) where it can form polar interactions with the lipid
headgroup region and hydrophobic contacts with the tail region.
As the membrane is thinning, ITZ is greatly enriched at the
emerging defect (Figures 4B and 6B). This enrichment of ITZ
facilitates membrane thinning, as evident from the reduced slope
of the PMF in this region (Figure 3, ξch < 0.75). As a water
needle and, subsequently, the open pore form, ITZ remains
strongly enriched at the defect, albeit to a slightly reduced
magnitude as compared to the state with a thinned membrane
(Figure 4C−F and Figure 6C,D). Together, this suggests that
ITZ facilitates pore formation predominantly by stabilizing a
state with a thinned membrane, and to a lower degree by

Figure 3. PMF of pore formation over a POPC membrane, containing
0, 2.5, 3.8, or 8 mol % ITZ (for color code, see legend).

Figure 4. (A−F) Typical simulations snapshots of the emerging pore,
taken from the final snapshots of umbrella sampling windows with 8
mol % ITZ. Panels A−F correspond to windows restrained at ξch =
0.385, 0.74, 0.82, 0.84, 0.92, or 1.0, respectively. Water is shown as red/
white spheres, ITZ is shown as colored transparent spheres, lipid
phosphate atoms are shown as orange spheres, and other lipid atoms are
shown as transparent light gray sticks. (G) Average number of hydrogen
bonds formed by polar nitrogen and oxygen atoms of ITZ bound to the
pore (black) or bound to the flat membrane (red).
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shielding the water needle from the hydrophobic core of the
membrane. Interestingly, these trends observed for ITZ seem
inverted as compared to the effects for DMSO discussed below.
What drives ITZ to the defect? To characterize the

interactions of ITZ with the defect in atomic detail, we analyzed
the average number of hydrogen bonds formed by polar
nitrogen and oxygen atoms of ITZ, as summarized in Figure 4G.
Here, the number of hydrogen bonds were taken from an
umbrella window with an open pore, and the numbers were
obtained for ITZ in contact with the pore (Figure 4G, black
numbers) and for ITZ in contact with a patch of flat membrane
(Figure 4G, red numbers). Evidently, the hydrogen bond
numbers differ only marginally, demonstrating that the ITZ
enrichment at the pore cannot be rationalized by a direct polar
ITZ-pore interactions. In such cases, it is difficult to pin down
the driving force as it may be complex combination of competing
interaction as well as entropic effects. However, we speculate
that an indirect effect by the lipid packing may play a role; in the
flat membrane ITZ may perturb the lipid packing, and this
perturbation may be partly relieved upon ITZ enrichment at the
defect. Conversely, the entropic cost of demixing ITZ and lipid
disfavors ITZ enrichment at the pore, rationalizing why high
ITZ concentrations are required for ITZ enrichment and pore
formation (cf. Figure 3).
Effect of DMSO on Free Energies of Pore Formation.

To rationalize the effect of DMSO on membrane pores in
energetic terms, we computed the PMFs of pore formation over
a POPCmembrane in the presence of DMSO in concentrations
between 0 and 15 mol % (relative to water). Furthermore, we
aimed to clarify whether the stabilization of a locally thinned
membrane and of an aqueous defect by direct interactions with a
small solute, as found for ITZ above, could be a common
mechanism for other membrane-active compounds such as
DMSO. Figure 7A presents the PMFs for pore formation for
POPC membranes with 2.5, 5, 10, and 15 mol % DMSO,
compared with the PMF for pure POPC. Evidently, DMSO
greatly reduces the free energy barrier ΔGbar for pore formation
from 54 kJ mol−1 to values between 39 and 32 kJ mol−1. With
transition state theory, these changes of ΔGbar correspond to an
increased rate of pore formation by factors between 400 and
6700. Surprisingly, the stabilization of the open pore did not
correlate with increased DMSO concentration in the range of
2.5 to 15 mol %. Instead, the PMFs for 2.5, 5, 10, and 15 mol %
DMSO are rather similar, with slightly more pronounced effects
at 5 and 10 mol %, and slightly reduced effects at 2.5 and 15 mol

%. Overall, these findings demonstrate that only 2.5 to 5 mol %
DMSO were sufficient for a major effect on pore formation.
In line with the analysis for ITZ presented above, we

investigated whether DMSO stabilizes pores by modulating the
membrane structure or by direct interactions with the pore. In
agreement with previous studies, we found that the addition of
large amounts of DMSO leads to an increased area per lipid
(AL); however only at a concentration of ≥10 mol % (Figure
5C), whereas at 2.5 or 5 mol % DMSO AL was even slightly
decreased. This suggests that AL does not correlate with free
energy of pore formation, further implying that the AL does not
explain modulations of ΔGbar.
In contrast, modulations of the membrane thickness clearly

correlate with ΔGbar, as evident from decreased thicknesses
upon addition of DMSO (Figure 5B). For instance, in our
simulations, 5 mol % DMSO reduced the thickness of the
membrane by ∼1.3 Å. Interestingly, the reduced thickness at 5
mol % DMSO (Figure 5B) did not impose an increased area per
lipid (Figure 5C), implying a reduced effective volume per lipid,
possibly by decreasing the degree of hydration of the head
groups. Previous studies with lipids of different tail length
revealed a strong effect of membrane thickness on free energies
of pore formation;37,40,79,80 however, in the light of these studies,
a reduced membrane thickness by ∼1.3 Å, as here found in
simulations at 5 mol % DMSO, would imply a decrease ofΔGbar
by at most 10 kJ mol−1. Hence, the reduced thickness of the flat
membrane does not fully explain the observed decrease ofΔGbar
by 26 kJ mol−1, suggesting that direct interactions of DMSO
with the defect play in important role as well.
Indeed, an effect by DMSO via direct interactions with the

defect is compatible with the representative snapshots of the
simulation system with 5 mol % DMSO shown in Figure 7B−E,
taken from the final simulation time of four umbrella sampling
windows. Evidently, as the aqueous defect forms from a partial
defect with a locally thinned membrane (Figure 7C), over a
transmembrane water needle (Figure 7D) to a fully established
pore (Figure 7E), DMSO frequently forms contact with the
defect. Interestingly, the effect of DMSO on the shape of the
PMF differs from the effect of ITZ, pointing toward a different
pore-stabilizing mechanism. Whereas ITZ at high concentration
flattened the PMF at ξch < 0.75 as a consequence of binding to
the thinned membrane, the PMFs are hardly altered by DMSO
in this region. Instead, DMSO reduces the PMF mostly in the
region where the water needle penetrates the hydrophobic
membrane core at 0.8 ≲ ξch ≲ 0.9 (see Figure 7A, arrows). This
suggests that DMSO aids pore formation predominantly by

Figure 5. Thickness of POPC membrane quantified as the average distance of phosphate atoms from opposite leaflets, containing (A) ITZ or (B)
DMSO. ITZ and DMSO concentrations are given as mole fraction relative to the lipid and to the water, respectively, as indicated by the axis labels. (C)
Area per lipid in simulations containing DMSO. Statistical errors were computed by binning analysis.78
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shielding the water needle from the hydrophobic core, and only
to a lower degree by stabilizing a locally thinned membrane, in
contrast to the effect of ITZ.
Cooperative Effects of ITZ and DMSO on Pore

Formation. Because ITZ supports pore formation predom-
inantly by stabilizing the thinned membrane, whereas DMSO by
stabilizing the water needle, we asked whether these distinct
effects can be combined. To this end, we computed the PMF
over a POPC membrane in the presence of 8 mol % ITZ
(relative to lipid) plus 5 mol % DMSO (relative to the water),
presented in Figure 8A (orange curve). Indeed, combining ITZ
and DMSO stabilizes the open pore by another 10 kJ/mol
relative to the effect of each of themolecules alone. Interestingly,
the shape of the PMF for the combined ITZ/DMSO reveals the
pore-stabilizing effects specific to ITZ or DMSO alone: the PMF
for ITZ/DMSO exhibits a reduced slope during membrane

thinning, in line with the PMF for ITZ (Figure 8, compare
orange with blue, ξch ≲ 0.75). In addition, the PMF for ITZ/
DMSO is nearly flat at the region of water needle formation, in
line with the PMF for DMSO (Figure 8, compare orange with
magenta, 0.8 ≲ ξch ≲ 9). These findings demonstrate that the
pore-stabilizing effects specific to DMSO and ITZ are indeed
cooperative.
Additional evidence for the distinct effects of ITZ and DMSO

is given by the densities of ITZ and DMSO at the pore,
visualized in Movie S1. Each frame of the movie presents the
average density of one umbrella window, decomposed into
contributions from head groups, water, tails, ITZ, and DMSO.
For reference, the average ξch of the respective umbrella window
is shown in the top left corner of the movie frames. Furthermore,
the average density of ITZ and DMSO at the pore center are
shown in Figure 8B. The densities confirm that ITZ is mostly

Figure 6.Mass densities during pore formation, plotted as the radial distance r and vertical distance z from the pore center. From left to right column:
lipid head groups, water, lipid tails, and ITZ (see labels on top the columns). (A) Planar, unperturbed membrane (ξ = 0.305), (B) thinned membrane
(ξ = 0.76), (C) water needle (ξ = 0.89), and (D) fully formed pore (ξ = 1.0). Evidently, ITZ binds to emerging or fully formed pores.
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enriched at the thinned membrane and only to a lower degree at
the water needle. This trend is inverted for DMSO, which is

mainly enriched at the water needle and only to a lower degree at
the thinned membrane.

■ DISCUSSION

We used PMF calculations along a recently developed reaction
coordinate37,39 to quantify the effect of two highly different
molecules on pore formation over a POPC membrane. We
found that both molecules, the antifungal ITZ and the organic
solvent DMSO, facilitate pore formation, as evident from
strongly reduced free energies of the open pore and strongly
reduced free energy barriers for pore formation. However, the
simulations suggest that these two molecules act predominantly
by distinct mechanisms. ITZmainly facilitates the formation of a
partial defect with a locally thinned membrane, characterized by
a reduced distance between the opposite head groups, but where
water does not yet penetrate the hydrophobic core. In contrast,
DMSOmainly facilitates the formation of a membrane-spanning
water needle, presumably by partly shielding the water needle
from the hydrophobic membrane core.50 The fact that ITZ and
DMSO act by distinct mechanisms rationalizes that these
mechanics act cooperatively upon adding both ITZ and DMSO
to the membrane. However, we stress that the mechanisms of
ITZ and DMSO are not exclusive; the PMFs show that ITZ also
stabilizes a water needle and DMSO slightly facilitates
membrane thinning, albeit to a lower degree (Figure 6 and
Movie S1). In addition to such effects by direct interaction with
the defect, DMSO, but not ITZ, facilitates pore formation by
reducing the thickness of the flat, unperturbed membrane; for
the concentrations studied here, however, reducing the
membrane thickness seems to play only a minor role as
compared to the direct interactions with the defect.
Clearly, an experimental validation of the free energies and the

cooperative effects found here would be highly desirable.
Because it is difficult to measure the free energies of pores
directly, assays that probe the leakage of membranes with
respect to ions or polar molecules might be useful to validate our
simulations.
How ITZ is released from liposome carriers is unknown. For

several putative release pathways, the formation of membrane

Figure 7. (A) PMFs for pore formation over a POPC membrane at DMSO mole fractions of 0, 2.5, 5, 10, and 15 mol % relative to the water
concentration (see legend). (B−E) Typical simulations snapshots of the emerging pore, taken from the final snapshots of umbrella sampling windows
with 5 mol % DMSO. (B) Flat membrane, (C) thinned membrane, (D) water needle, and (E) open pore. Panels B−E correspond to windows
restrained at ξch = 0.385, 0.74, 0.82, and 0.98, respectively. Water is shown as red/white spheres, DMSO is shown as colored transparent spheres, lipid
phosphate atoms are shown as orange spheres, and other lipid atoms are shown as transparent light gray sticks.

Figure 8. (A) PMFs for pore formation with 8 mol % ITZ plus 5 mol %
DMSO (orange curve). For reference, PMFs are shown for pure POPC
(black), 5 mol % DMSO (magenta), and 8 mol % ITZ (blue). (B)
Density of ITZ (dark green) and DMSO (cyan) at the defect center
during pore formation with 8 mol % ITZ plus 5 mol % DMSO, taken
from the umbrella sampling windows used to compute the PMF in
panel A. Here, the center of the defect was taken as a cylinder with
height 0.5 nm and radius 1 nm around the defect center. To guide the
eye, dashed lines show the densities smoothed along ξch with a Gaussian
filter (σ = 0.03). The respective two-dimensional densities are shown in
Movie S1.
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defects may represent a critical step, such as pathways involving
stimuli (electric fields, sound etc.) or membrane fusion. Our
results suggest that such pathways may bemore accessible owing
to the pore-stabilizing properties of ITZ, given that ITZ is
present at sufficient concentrations. The cooperative effects of
ITZ and DMSO suggest that such pathways might be further
stimulated by the application of additional membrane-active
small molecules similar to DMSO to the membrane.
We found that DMSO strongly facilitates pore formation at

relatively low concentrations. Because the permeation of ions
requires the formation of an aqueous defect, these findings imply
that DMSO increases membrane permeability for ions at low
DMSO concentrations. These results are in line with He et al.,
who reported increased Ti+ and Ca2+ influx into CHO-K1 cells
across unspecific pores upon application of DMSO.49 However,
our results seem to contrast findings by de Meńorval et al., who
found increased Ca2+ influx into cells only at high DMSO
concentrations of 15−20 mol %.50 Hence, additional exper-
imental data, possibly based on well-controlled model
membranes, will be needed to validate the effects of DMSO
on pores at low DMSO concentrations.
Many previousMD studies used large perturbations to induce

pores, for instance by applying larger electric fields or large
concentrations of DMSO.55,56,81−83 In addition, for thin
dilauroylglycerophosphocholine (DLPC) membranes, also
spontaneous pore formation over unperturbed bilayers has
been reported.79 These studies showed that pores form by first
by locally thinning the membrane, followed by the penetration
of the membrane with a thin water needle, and subsequently
followed by lipid head groups entering the membrane core to
form a toroidal pore. PMF calculations confirmed this sequence
of events during pore formation.37,40 However, the insights into
free energies revealed that a membrane-spanning water needle
does not represent a metastable intermediate state, as occasion-
ally proposed, but that the water needle represents the
transitions state (a free energy saddle point) in membranes
that formmetastable pores. Only as the pore grows to a diameter
spanned by a few water molecules, the pore may be
metastable.37,40 Here, we found that small molecules do not
change this overall mechanism; namely, also in the presence of
ITZ andDMSO, a water needle forms, corresponding to the free
energy barrier in the PMFs (Figures 4D and 7C), before a wider
defect is established (Figures 4E,F and 7D). However, small
molecules may drastically change the free energy landscape of
pore formation, predominantly by aiding local membrane
thinning and by shielding the defect from the hydrophobic
membrane core.
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Movie S1: additional evidence for the distinct effects of
ITZ and DMSO visualized by the densities of ITZ and
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