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ABSTRACT

The molecular interaction between common polymer chains and the cell membrane is unknown.
Molecular dynamics simulations offer an emerging tool to characterise the nature of the interaction
between common degradable polymer chains used in biomedical applications, such as
polycaprolactone, and model cell membranes. Herein we characterise with all-atomistic and coarse-
grained molecular dynamics simulations the interaction between single polycaprolactone chains of
varying chain lengths with a phospholipid membrane. We find that the length of the polymer chain
greatly affects the nature of interaction with the membrane, as well as the membrane properties.
Furthermore, we next utilise advanced sampling techniques in molecular dynamics to characterise the
two-dimensional free energy surface for the interaction of varying polymer chain lengths (short,
intermediate, and long) with model cell membranes. We find that the free energy minimum shifts from
the membrane-water interface to the hydrophobic core of the phospholipid membrane as a function
of chain length. Finally, we perform coarse-grained molecular dynamics simulations of slightly larger
membranes with polymers of the same length and characterise the results as compared with all-
atomistic molecular dynamics simulations. These results can be used to design polymer chain lengths
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and chemistries to optimise their interaction with cell membranes at the molecular level.

1. Introduction

The cell membrane acts as a selective permeability barrier, sur-
rounding cells of living organisms. The membrane can allow
the diffusion of certain hydrophobic molecules passively into
the membrane, but block the entry of hydrophilic molecules.
Self-assembled block copolymers in solution can act as com-
mon drug delivery vehicles [1] that are designed to transport
small molecular cargo across the membrane barrier. A widely
used, biodegradable polymer commonly used for drug delivery
is polycaprolactone (PCL) [2-5]. PCL is also used for the design
of other biomaterials such as stents [6] and is commonly used
in tissue scaffolds [7]. PCL is a hydrophobic, semi-crystalline
polymer [8,9]. However, the nature of the interaction between
PCL polymers and the cell membrane is unknown. For
example, it is unknown if a single PCL polymer itself can
cross the cell membrane due to its hydrophobic nature; more-
over, if the polymer is intercalated into the membrane, the
polymer chains may affect the membrane properties, such as
the ordering of the phospholipid tails, the area per lipid, and
membrane thickness. Block copolymer interactions with the
membrane have been shown to perturb and even porate the
membrane using simulation studies [10-12]. In this study, we
focus on the molecular level characterisation of the interaction
of hydrophobic polymers such as PCL with model cell mem-
branes such as POPC using both large-scale all-atomistic and
coarse-grained simulations. POPC (1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine) is chosen since it is a model lipid
found in the cell membrane and is commonly used for bio-
physical measurements. PCL is a biodegradable, hydrophobic
polymer that has been approved by the Food and Drug Admin-
istration (FDA) widely used in biomaterial applications [6] due
to its gradual hydrolysis to monomers [13]. A variety of hydro-
phobic drugs have been encapsulated within PCL self-assem-
blies for controlled release and targeted drug delivery, such as
the anti-cancer drug paclitaxel [14]. Furthermore, the shape
of the self-assembled structure has been shown to influence
the solubility of the hydrophobic drug in the hydrophobic
environment of a micelle core [15].

Herein we describe results of both long-time all-atomistic
and coarse-grained molecular dynamics simulations of single
polycaprolactone (PCL) chains of varying lengths interacting
with model POPC phospholipid membranes. We find that
the nature of the interaction of the PCL chain with the lipid
membrane varies as a function of chain length, finding that
shorter chains prefer to sit at the membrane-water interface
while longer chains prefer to behave as slightly distended
hydrophobic globules in the centre of the hydrophobic lipid
membrane core. We find that this variation of the strength
of interaction by polymer length also affects the membrane
properties, such as area per lipid and membrane width. Sur-
prisingly, we find that shorter chain lengths thin the mem-
brane the most during the length of these simulation
studies. We next characterise the complete interaction free
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energy surface of the polymer with the membrane using
advanced sampling techniques in molecular dynamics, namely
metadynamics [16]. Advanced sampling techniques such as
metadynamics, umbrella sampling [17], and ABF (Adaptive
Biasing Force methodology) [18] are emerging tools in mol-
ecular dynamics simulations that have been used to probe
the interaction of small molecules with model membranes
[19]. We have previously used metadynamics to characterise
the collapse of single hydrophobic chains of PS (polystyrene)
in water [20]. In this case, to characterise the interaction
free energy surface for PCL with the model phospholipid
membrane composed by POPC, we choose to characterise
the interaction free energy as a function of two separate collec-
tive variables: radius of gyration of the polymer and the dis-
tance between centre of masses of the POPC membrane and
the PCL chains. We find results that are consistent with pre-
viously described long-time all-atomistic simulations studies,
with the free energy minimum that shifts from the mem-
brane-water interface to the centre of the hydrophobic inner
core of the phospholipid membrane as a function of polymer
chain length.

Next, all-atom molecular dynamics (MD) simulations are
used to build a coarse grain (CG) model of polycaprolactone
(PCL) interacting with the same phospholipid bilayer
(POPC) to compare the results of all-atomistic molecular
dynamics simulations with coarse grain molecular dynamics
simulations. We find that the partitioning and conformation
of the polymer in the membrane again depend on length.
The collapsed conformation of shorter chains agrees well
with all-atomistic molecular dynamics simulations however
intermediate and longer chains reach a more extended confor-
mation in coarse grain simulations as compared with all-ato-
mistic simulations. These results may be dependent on the
finite size of the membrane as well as the method for parame-
terisation of the interaction between the CG PCL polymer and
the CG phospholipids. In order to further improve the present
model, parameters could be refined such that agreement is
found between all-atomistic and coarse grain surface tensions.
Nevertheless, with all simulations outlined we gain

fundamental insight into the qualitative trend in the interaction
behaviour of single hydrophobic polymers with phospholipid
membranes.

Figure 1. (Colour online) Snapshots of varying lengths of PCL chains in a POPC membrane at the end of 150 ns simulation: (a) 5 PCL; (b) 8 PCL; (c) 10 PCL; (d) 13 PCL; (e) 17
PCL; (f) 22 PCL; (g) 30 PCL; (h) 44 PCL; (i) 58 PCL. The polymer chain, potassium and chloride ions are displayed in a van der Waals representation while POPC membrane
chains are displayed in a CPK representation. Water is indicated by a transparent cyan background.
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Figure 2. (Colour online) Comparison of last 100 ns PCL radius of gyration versus
number of monomers for single PCL chains in POPC (150 ns total simulation time)
and last 5 ns average PCL radius of gyration versus number of monomers for PCL in
water (50 ns total simulation time) using a boxplot representation.

2. Methods

All-atomistic. The all-atomistic POPC bilayer membrane sys-
tems consisted of 59 POPC and approximately 3000 TIP3P
water molecules containing nine different monomer chain
lengths of polycaprolactone (5,8,10,13,17,22,30,44 and 58
monomers) (Supplementary Table 1) simulated with a 0.2 M
concentration of KCl salt in solution for the time period of
150 ns each after being initially equilibrated at T=300 K for
50 ns. Force field parameters were based on CHARMM?27
[21,22] for PCL. The CHARMM TIP3P model [23] was used
for water. The CHARMMS36 force field was used for POPC
[24]. Simulations were performed with the NAMD?2 software
package [25,26]. All systems used the NPT ensemble and Lan-
gevin dynamics [27] at a temperature of 300 K with a damping
coefficient y = 5 ps—", at a pressure of 1 atm using an anisotro-
pic Langevin piston method with a piston period of 200 fs and a
damping time scale of 50 fs. The SHAKE algorithm was used to
hold covalent bonds involving hydrogen rigid, allowing a 2 fs
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time step. The Particle Mesh Ewald (PME) algorithm [28]
was employed to take full electrostatic interactions into
account, with full periodic boundary conditions. The cut-oft
for van der Waals interactions was 12 A with a smooth switch-
ing function at 10 A used to truncate the van der Waals poten-
tial energy at the cut-off distance. Coordinates were saved every
2 ps for the trajectory analysis.

Coarse-grained. In addition to the above, CG molecular
dynamics simulations of CG PCL [15] interacting with a zwit-
terionic lipid membrane were run using the SDK force field
parameters for phospholipids, specifically POPC [29]. Single
CG PCL chains of sizes 5,8,10,13,17,22,30,44,58,72,86 and
100 monomers were first equilibrated in water for up to
20 ns. The POPC membrane consisted of 236 CG lipids sur-
rounded by 7024 CG waters. For a summary of system sizes
and setups see Supplementary Table 2. For details concerning
the parameterisation and models of PCL or zwitterionic lipids,
we refer the reader to earlier publications [15,29] as well as to
Supplementary Tables 3-6. Intramolecular (bond, angle par-
ameters) for CG PCL were obtained from AA simulations of
PCL chains at latm and 300 K as described in Loverde et al.
[15]. All CG simulations were run using LAMMPS [30], a par-
allel molecular dynamics code developed by Sandia National
Laboratory, with a timestep of 10 fs. The temperature and the
pressure were controlled using the Nose-Hoover [31] algor-
ithm at 300 K and 1 atm. For the electrostatic interactions,
we used a particle-particle-particle mesh (PPPM) [32]. The
Lennard-Jones pair potential cut-off distance was set to 15 A.
The system was run initially in the canonical (NVT) ensemble
for 1 ns at 300 K, then for 150 ns in isothermal-isobaric (NPT)
ensemble also at 300 K and 1 bar pressure with a drag factor of
0.01 added to the barostat.

Free energy calculations. All-atomistic two-dimensional meta-
dynamics simulations were run for 150 ns for three different
polymer lengths (5,17, and 58 monomers) using the Collective
Variables Module [33,34] in NAMD2 using the radius of gyra-
tion of the polymer chain and the centre of mass distance
between the PCL chain and the phospholipid headgroups as col-
lective variables. Metadynamics [16] is a methodology whereby a
Gaussian potential is applied with time to the free energy surface
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Figure 3. (Colour online) Membrane thickness and area per lipid. (a) Last 100 ns POPC membrane thickness versus number of monomers for single PCL chains in POPC. (b)
Last 100 ns POPC area/lipid versus number of monomers for single PCL chains in POPC. Both displayed using a boxplot representation.
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Figure 4. (Colour online) Average mass density distributions of the PCL (green), water (cyan) and POPC (magenta) along the Z-axis of the simulation box, for the last 10 ns
of simulations. (a) 5 PCL (b) 8 PCL (c) 10 PCL (d) 13 PCL (e) 17 PCL (f) 22 PCL (g) 30 PCL (h) 44 PCL (i) 58 PCL.

until it can overcome free energy minima. Metadynamics has
been extensively applied to an accurate sampling of the free
energy surfaces of protein configurations [35], chemical reaction
pathways [36], and other phenomena. Briefly, in metadynamics,
an additional potential V., on a set of collective variables, &,
such that  Viea(€0)) = Y 025000, W [Ty exp( — (£(0)—
&)/ 20'3) [16]. During simulation, if the system is sampling
for long enough, the effective potential of mean force becomes
constant and —V,.4,(§) becomes an estimate of the potential
of mean force, A(§) — Viyera(§) + C. Metadynamics parameters
of hill energy (hill weight, W) were set to 0.01 kcal/mol, hill cre-
ation frequency, (i.e. integration steps required for addition of a
new hill to the metadynamics potential, 6t) was set to 100, and
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radius of gyration fluctuation amplitude o was set to 0.5 A
and centre of mass fluctuation amplitude o; was set to 10 A

3. Results and discussion

All-atomistic simulations. We highlight the chain conformation
at the end of the simulation time period as shown in Figure 1
for all polymer chain lengths (5,8,10,13,17,22,30,44 and 58
monomers). Clearly, we see a trend that for short chains, the
PCL chain is in an extended conformation close to the phos-
pholipid membrane-water interface as shown in Figure 1(a,b)
for chain lengths of 5,8 monomers. For intermediate chain
lengths (10,13,17,22,30 monomers) the polymer chain moves
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Figure 5. (Colour online) All-atomistic metadynamics (150 ns) 2D free energy distribution contour graphs as a function of the Do, distance between the centre of mass

of the phospholipid head groups and the centre of mass of the polymer, and of the R,
PCL (c) 58 PCL.

yr, fadius of gyration of the polymer. PCL placed in POPC membrane: (a) 5 PCL (b) 17
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Figure 6. (Colour online) Snapshots for all-atomistic metadynamics simulations, showing the PCL polymer chain conformation in the energy wells. For (a,b), the con-
formation of a 5 monomer PCL chain in the energy well at (a) 0 kcal/mol; (b) 14.66 kcal/mol. For (c-f) the conformation of a 17 monomer PCL chain in the energy
well at (c) 0 kcal/mol; (d) 5.32 kcal/mol; (e) 7.48 kcal/mol; (f)12.17 kcal/mol. For (g)-(i) the conformation of a 58 monomer PCL chain in the energy well at (g) 0 kcal/

mol; (h) 14.79 kcal/mol; (i)18.39 kcal/mol.

towards the membrane interface, however, chain ends wrap
around or else intercalate into the centre of the hydrophobic
core of the membrane as shown in Figure 1(c-g). For the long-
est chain lengths as shown in Figure 1(h,i) the chain remains in
a collapsed conformation that slightly opens up and maintains
contacts with the membrane-water interface. Overall, we find
that - for the timescales simulated - shorter PCL chains
move towards the membrane-water interface in an extended
conformation, while longer chains remain in a more collapsed
conformation in the centre of the phospholipid membrane.
We next characterise the size of the PCL chain by calculating
its radius of gyration (R,) and end-to-end distance (R.) and
averaging over the last 100 ns simulation time for the range
of chain lengths from 5 to 58 monomers. Comparing R, for
PCL in the membrane and PCL in water as a function of
chain length as shown in Figure 2, there is a clear trend. For
longer chain sizes of more than 20 monomers, R, values are
higher for the simulation performed for PCL surrounded by
a POPC membrane environment (Figure 2) compared with
the simulations in which PCL is simulated in water (a poor sol-
vent). This trend is also true for smaller and intermediate chain
lengths. The R, of the PCL chain is always larger in the POPC

membrane than in pure water. For smaller chains (5,8,10,13,17
monomers PCL), R, average increases with the number of
monomers in the chain, from 8.96 to 17.83 A. Longer chains
(22,30,44,58 monomers PCL), however, display a decrease in
average R, with values close to each other, fluctuating around
15 A. This tendency is also observed for PCL in water, for
longer chains leveling of R, around 10 A. While PCL chains
evolve to a globular state when placed in water, the POPC
membrane environment opens up the collapsed globule, with
smaller chains opening up to an extended conformation and
moving towards the interface as shown in Figure 1.

When single PCL chains are inserted into the membrane,
the effect of the polymer chain on membrane thickness varies
according to the chain length as shown in Figure 3(a). Small
(8,10 monomers PCL) chains cause a slight thinning of the
membrane, from an average ~ 35 A without polymer chains
to ~ 33 A for an 8 monomer chain. Longer chains, however,
display an increase in membrane thickness, as compared to
intermediate length chains, with an increase ~ 39 A for a
44 monomer chain. On the contrary, the smallest chain
lengths thin the membrane. They are completely absorbed
to the interface, in an extended conformation (Figure 1).
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Figure 7. (Colour online) Snapshots of coarse-grained PCL in a POPC membrane at the end of 150 ns simulation PCL: (a) 5 PCL; (b) 8 PCL; (c) 10 PCL; (d) 13 PCL; (e) 17 PCL;
(f) 22 PCL; (g) 30 PCL; (h) 44 PCL; (i) 58 PCL; (j) 72 PCL; (k) 86 PCL; (I) 100 PCL. The polymer chain, potassium and chloride ions are displayed in a van der Waals rep-
resentation while POPC membrane chains are displayed in a CPK representation. Water is indicated by transparent conformation background.
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Figure 9. (Colour online) AA-CG average PCL mass density distributions of the PCL (green), water (cyan) and POPC (magenta) along the Z-axis of the simulation box, for
the last 10 ns of simulations. (a) 5 PCL; (b) 8 PCL; (c) 10 PCL; (d) 13 PCL; (e) 17 PCL; (f) 22 PCL; (g) 30 PCL; (h) 44 PCL; (i) 58PCL.

The polar head groups of the membrane are highly solvated,
acting as a barrier that impedes the movement of PCL chains
to move towards water region. We see that this barrier exists
for both short chains, in extended conformations or long,
gathered-disordered chains that remain within the membrane,
without crossing the membrane-water interface. However, the
loose ends of intermediate chains, once they come in contact
with the top portion of membrane’s hydrocarbon chains, can
overcome the hydrophilic barrier of the membrane’s head
groups. The area per lipid as a function of polymer chain
length is shown in Figure 3(b). Here, we see that with the
membrane thinning of intermediate chain lengths comes an
increase in area per lipid. After an initial increase area per
lipid values decrease for intermediate chains. For longer
chains, the area per lipid tends to plateau after which area
per lipid increases for 58 monomers PCL. Clearly, such a pat-
tern indicates that with the thinning of the membrane at
intermediate chain lengths comes an increase in the area
per lipid. However, this trend does not hold at longer chain
lengths. We next computed mass density profiles for the
last 10 ns of each trajectory (Figure 4). As would be expected,
the PCL chain in the membrane shifts the mass distribution
of the membrane. For longer chains, the PCL polymer density
spreads throughout the membrane, while the density of the
membrane decreases with the increase of PCL chain length.

Additional Supplementary Information and discussion con-
cerning these all-atomistic simulations, the polymer confor-
mation, and the membrane response are in Supplementary
Figures 1-16.

Next, given the limited sampling time of the previous
simulations, we decided to perform advanced sampling simu-
lations of three representative chain lengths interacting with
the phospholipid membrane. We performed three sets of
metadynamics simulations with three different polymer
chain lengths - short (5 monomers PCL), intermediate (17
monomers PCL), and long (58 monomers PCL) - interacting
with a POPC phospholipid membrane. Two collective vari-
ables are used: the radius of gyration of the polymer chain
and the centre of mass distance from the polymer chain to
the centre of mass of the phospholipid headgroups. To sum-
marise, we find a transition of the minimum energy state for
the polymer chain at the interface moving to the centre of the
hydrophobic core; we characterise this shift in minimum
energy configuration/location of the chain with 2D metady-
namics calculations as shown in Figure 5. Snapshots of the
chain conformations in different energy wells as a function
of chain length are shown in Figure 6. Further discussion
is in the Supplementary Information and time dependence
to show the convergence of free energy calculations is
shown in Supplementary Figure 17(i)-(iii).
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Next, we describe the results of coarse-grained molecular
dynamics simulations performed for single polycaprolactone
(PCL) chains of varying lengths interacting with a POPC mem-
brane (Figure 7). We compare these results with all-atomistic
simulations. We investigate the nature of PCL chains and
POPC membrane conformational changes as a result of the
interactions between PCL chains, POPC membrane and
water. The last 100 ns R, versus number of monomers (Figure 8
(a)) indicates that shorter chains (5,8,10,13,17 PCL) show simi-
lar behaviour in both AA and CG simulations. Intermediate
and large chains follow irregular patterns of increase in Ry
with a number of monomers, where CG values for R, are
much larger than AA analogue. A power fit for R, as a function
of N, Rg(N) = 435N%42, gives a scaling coefficient v in the range
1/2 <0.42 < 1/3, a state between disordered coil and collapsed
globule.

The last 100 ns R, (Figure 8(b)) AA-CG comparison shows
that shorter chains (5,8,10,13,17 PCL) are quite similar, but
starting with 22 PCL, in AA simulation, R, is decreasing with
increasing chain length. In all-atomistic simulations, inter-
mediate chains approach the POPC-water interface in a state
of partial collapse, with a smaller R, than shorter or longer
chains. The CG power law fit, R.(N) = 13.87N%% gave a scaling
coeflicient close to 1/3, consistent with a polymer in a poor sol-
vent. Membrane thickness shows a slight increase with num-
bers of monomers, while in AA simulation membrane
thickness varies in a more irregular pattern (Figure 8(c)). The
CG area per lipid (Figure 8(d)) is far below the all-atomistic
area per lipid. Furthermore, the area per lipid is not affected
by the presence of polymer chains. These results may be depen-
dent on the finite size of the membrane as well as the method
for parameterisation of the interaction between the CG PCL
polymer and the CG phospholipids. Specifically, we used the
mixing rule to describe the interaction between polymer and
phospholipids. In order to further improve the present
model, parameters could be refined such that agreement is
found between all-atomistic and coarse grain surface tensions,
when the polymer is solubilised in the membrane. Compared
with AA simulations, PCL densities (Figure 9) are lower than
AA densities. Further comparison between AA simulations
CG simulations, such as the time evolution of the radius of
gyration and end-to-end distance of the polymer chain, mem-
brane thickness, area per lipid and surface accessible surface
area, are shown in Supplementary Figures 18-33.

4. Summary

Herein we described and characterised the biophysical inter-
actions between a model phospholipid membrane bilayer com-
posed by POPC and single polycaprolactone chains of varying
lengths. First, we characterised the equilibrium interfacial
location of the polymer in the membrane after 150 ns all-atomis-
tic MD simulations. We also characterised the shape of the poly-
mer, using the radius of gyration. We find that the polymer shifts
its behaviour from shorter to intermediate to longer chains,
moving from the membrane-water interface to the hydrophobic
core of the membrane. We also characterised the molecular tail
order parameter of the POPC bilayer, showing that longer poly-
mers display a greater disruption of the phospholipid tails. The

interaction between the polymer and phospholipid tails consists
of van der Waals attraction between polymer segments, the poly-
mer and the membrane, as well as steric and electrostatic inter-
actions between the PCL chain and the membrane, that tend to
expand the polymer. It is found that short chains cause a mem-
brane thinning, most likely due to a lateral pressure of the chain
which sits near the interface, expanding the membrane. How-
ever, as the chain becomes longer the polymer prefers to sit
inside the centre of the hydrophobic core of the membrane,
which does not lead to a membrane thinning effect. Likely, the
elasticity of the membrane is also affected by the presence of
these polymer chains at the interface or the centre of the hydro-
phobic core of the membrane. However, this would need to be
further characterised and would depend on the concentration
of polymer interacting with the membrane.

In order to improve the sampling of the conformation of
the polymer chain and characterise the interaction free energy
in detail, we next utilised metadynamics, an accelerated
sampling technique. The results confirm that the minimum
in the free energy surface shifts from the membrane-water
interface to the centre of the hydrophobic core of the mem-
brane as a function of chain length. Likely, these results
would also be concentration dependent on the number of
polymers interacting with the hydrophobic membrane.
Indeed, multiple polymers interacting with the membrane
may porate and disrupt the membrane entirely due to aggre-
gation of the hydrophobic polymer in the centre of the hydro-
phobic core of the polymer. However, this effect may depend
on the chain length of the polymer, as suggested here in these
large-scale atomistic simulations.

Following, coarse-grained simulations demonstrate the
spreading behaviour of PCL in a lipid membrane. While
the CG simulation results describe the trend in the confor-
mations of and partitioning of PCL chains in the membrane,
it did not capture the membrane thinning effects of the poly-
mer on the membrane itself as were observed in the AA
simulations. With further parameterisation of the interaction
between the polymer chain and the membrane, likely these
effects could be more accurately captured in the model pre-
sented within. Furthermore, in order to accurately character-
ise the effects of the polymer on the mechanical properties of
the membrane in large-scale models, this interaction needs to
be further investigated and refined. With a coarse-grained
model that accurately captures membrane thinning effects
of hydrophobic polymers, their cooperative interaction and
their effects on the membrane can be predicted. These results
can then be used to design polymer chain lengths and chem-
istries to optimise their interaction with cell membranes at
the molecular level.
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