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Digestion of lipid micelles leads to increased
membrane permeability
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Lipid-based drug carriers are an attractive option to solubilise poorly water soluble therapeutics.
Previously, we reported that the digestion of a short tail PC lipid (2C6PC) by the PLA2 enzyme has a sig-
nificant effect on the structure and stability of the micelles it forms. Here, we studied the interactions of

micelles of varying composition representing various degrees of digestion with a model ordered (70 mol%
DPPC & 30 mol% cholesterol) and disordered (100% DOPC) lipid membrane. Micelles of all compositions
disassociated when interacting with the two different membranes. As the percentage of digestion pro-
ducts (C6FA and C6LYSO) in the micelle increased, the disassociation occurred more rapidly. The C6FA
inserts preferentially into both membranes. We find that all micelle components increase the area per

lipid, increase the disorder and decrease the thickness of the membranes, and the 2C6PC lipid molecules

Received 9th October 2023,
Accepted 31st December 2023

DOI: 10.1039/d3nr05083a

rsc.li/nanoscale

1 Introduction

Nanoparticle formulations consisting of a range of materials
are being developed for a range of applications including
use as drug-delivery vehicles (DDVs)."** Lipid-based nano-
formulations are of particular importance due to their
biocompatability,’>” and they have been of increasing inter-
est over the past few years as a result of the success of the
various lipid nanoparticles (LNPs) used to deliver the COVID
vaccines.'®

Phosphatidylcholine (PC) lipids are the major components
of cell membranes. Due to their amphiphilic nature, PC lipids
are able to self-assemble into a variety of nanostructures
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of the analysis carried out for the various simulations, (ii) plots of the R; and
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have the most significant impact. Additionally, there is an increase in permeation of water into the mem-
brane that accompanies the insertion of C6FA into the DOPC membranes. We show that the natural
digestion of lipid micelles result in molecular species that can enhance the permeability of lipid mem-
branes that in turn result in an enhanced delivery of drugs.

including bilayers and micelles. The molecular architecture of
the lipids can be tailored in order to generate a variety of
different self-assembled structures. For example, small
changes in the lipid tail length can alter the concentration at
which the lipid self-assembles (called the critical micelle con-
centration (CMC)) as well as the structure of the aggregates
formed, with the size of the aggregates formed increasing with
the length of the hydrophobic tails of the lipid molecules?

Within the body, PC molecules are degraded via the hydro-
lysis of the PC sn-2 ester bond, a process which is mediated by
the calcium-dependent secreted phospholipase A2 (sPLA;)
enzyme.'® This hydrolysis results in the production of lysopho-
sphocholine and fatty acid molecules.”?®?" Previously we have
combined static and time-resolved small angle neutron scatter-
ing with all-atom molecular dynamics simulations to charac-
terise how the structure of micelles containing dihexanoylpho-
sphatidylcholine (2C6PC) changes as the molecule is digested
by sPLA, into 1-hexanoyl-lysophosphocholine (C6LYSO) and
hexanoic acid (C6FA) (Fig. S11).> Our results show that as the
degradation progresses the cmc of the resulting micelles
decreases and therefore potentially affect the release of any
payload that they are carrying.”

The concentration of SPLA, is elevated in various inflamma-
tory diseases, atherosclerosis and cancers, specifically prostate,
breast and pancreatic cancer.’*° As a result, the release of
anti-cancer agents contained in PC lipid-based DDVs can be
triggered by an enzyme that is upregulated in the targeted

This journal is © The Royal Society of Chemistry 2024
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tissue and therefore would not require any external stimuli to
trigger the drug release.’’* Such enzyme triggered release
cxould be beneficial in a clinical setting,*® as the localised
release of encapsulated drug(s) would reduce their side effects.

The action of the sPLA2 enzyme on these phospholipid-
based DDVs will result in the production of bioactive mole-
cules in the form of the lysolipids and fatty acids. As free fatty
acids and lysolipids have been shown to enhance drug trans-
port across lipid membranes,**° the natural production of
these molecules is an attractive way to overcome various bio-
logical barriers, to drug absorption which is one of the most
significant challenges faced when developing an effective DDV.
Specifically, for anticancer DDVs, delivering the drug to the
exterior of a solid tumor is not sufficient as the drug has to
diffuse through the tumor microenvironment and get into the
tumor cells to exert its therapeutic effect.

In this manuscript, we present the results of all-atom mole-
cular dynamics simulations that were used to investigate the
interactions of 2C6PC micelles at various stages of digestion
with two model lipid membranes: an ordered membrane
(70:30 mole ratio 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC):Cholesterol (CHOL)) and a disordered membrane
(pure 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)). Our
findings provide insight into how the natural digestion of the
2C6PC molecules in the micelles lead to their enhanced per-
meability and in turn may increase the delivery of any encapsu-
lated drugs to the cell. In particular, we demonstrate the
unique effects that each of the different components of the
micelles has on the interfacial and structural properties of the
two different membranes. Additionally, we show the different
dynamical properties of the various molecules comprising the
micelles have once they have inserted into each of the
membranes.

2 Results

2.1 Interaction of micelles with membranes

The micelles in each of the simulated systems remained intact
throughout the equilibration stages of the simulations, and
therefore are still whole in the snapshots taken from the begin-
ning of the production simulations (0 ns snapshot of Fig. 1
and 2). However, in all six of the simulated systems investi-
gated, the micelles were found to disassociate to varying
degrees during the production simulations of the micelles
interacting with the membranes. Fig. 1 and 2 show the inter-
action and penetration of the constituent molecules of the
three different micelles in the DOPC and DPPC-CHOL lipid
membranes, respectively.

As each of the micelles begin to disassociate while interact-
ing with the DOPC bilayer, the different molecular species
approach the interface of the lipid bilayer and then penetrate
into the membranes (see Fig. 1). The snapshots show that the
C6FA, C6LYSO and 2C6PC molecules penetrate the pure DOPC
lipid bilayer in differing amounts and to different depths.
During this penetration, the C6FA molecules were the first
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species to insert into the lipid bilayer as they are small in size
and are the most hydrophobic. We have extended the simu-
lations with the product containing micelles in order to allow
more time for various components to interact with the
membranes.

We observed a significantly different behaviour of the
micelles when they were interacting with the DPPC-CHOL
membrane. Fig. 2 shows typical snapshots of the micelles
during their interaction with the more ordered membrane over
1 ps. The three main differences are: (i) fewer molecules pene-
trate into the membrane than in the DOPC membrane and in
particular there are very few C6LYSO or 2C6PC molecules
inserted into lipid bilayer even after 1 ps; (ii) aggregates of the
molecules in the Mixed and Pure-Lipids systems are observed
throughout the production simulations, which is not the case
when the micelles interacted with the pure DOPC membranes;
and (iii) Pure-Lipids micelles are more likely to remain predo-
minantly whole as some molecules are released and have less
impact on the DPPC-CHOL membrane than they did on the
DOPC membrane. The micelles destabilise as they begin inter-
acting with the lipid membranes. Via visual inspection, we
observe the micelles go through different aggregated states
during their destabilization. As 2C6PC and C6FA molecules
leave the micelles they interact with the lipid bilayers, while
the C6LYS molecules remain isolated in solution. As a result,
the different micelles demonstrate different rates of destabili-
zation. For instance, the pure-lipid micelles demonstrated a
longer duration of remaining intact compared to the other
two, indicating its higher stability, which is in line with our
previous findings.

The plots in the bottom row of Fig. 1 and 2 show the extent
to which the various constituent molecules comprising the
micelles insert into the lipid membranes. The trends shown in
the plots are consistent with the trends observed visually in
the snapshots for each system. In the DOPC membrane
systems, nearly all of the C6FA molecules are fully inserted
into the membrane after approximately 200 ns, indicating that
the C6FA can easily penetrate into the membrane. As the
2C6PC molecules are larger and have a preference to interact
with one another as opposed to inserting into the mem-
brane, they are observed to more slowly migrate to the mem-
brane’s interface and penetrate into the membrane until an
equilibrium was reached after ~1.2 ps, as seen in Fig. 1(c)
and (d). However, due to the more hydrophilic nature of
C6LYS is the least likely molecule to penetrate the mem-
brane, and as such seems to generally prefer to remain iso-
lated in solution. In the DPPC-CHOL membrane, we find
that approximately 40% less of the C6FA has inserted for the
Pure-Products and Mixed systems than observed in the
DOPC membrane (Fig. 2(b), (c) and Table 1). Additionally we
observe that very few C6LYSO (~8%) and 2C6PC (~4%) mole-
cules penetrate into the DPPC-CHOL membrane (Fig. 2(b-d)
and Table 1).

The behaviour of the various molecules that comprise the
micelles observed in our simulations are consistent with the
critical micelle concentrations (cmc) that have been measured
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Fig. 1 Interactions of micelles with the DOPC membrane. (a) Representative snapshots of three different lipid-based micelles (C6PC purple, C6FA

sliver, C6LYS green) interacting with DOPC (cyan) membrane over time. From left to right, they are the Pure-Lipids, Mixed and Pure-Product
systems, respectively. Water molecules and ions were removed for clarity. The fraction of the micelle molecules that have inserted into the mem-

branes are shown in the bottom row for each of the three micelles (b—d).

for these molecules experimentally. While there is not any
published cmc values for C6LYSO, there are cmc values pub-
lished for C8LYSO (57 mM), C10LYSO (5.7 mM) and C12LYSO
(0.6 mM),*® so the cmc for C6LYSO would be greater than
57 mM. The cme for 2C6PC was found to be ~14 mM.*"** As
we have studied the free hexanoic acid (C6FA), there are no
experimentally obtained cmc values, but a coarse-grain mole-

2644 | Nanoscale, 2024, 16, 2642-2653

cular dynamics simulation study reported a cmc of 9.26 mM at
50 °C, which is an order of magnitude larger than the cmc
found for the sodium salt of hexanoic acid.*’ Therefore the
fact that we find that the C6LYSO is the least likely of the mole-
cules to remain in the micelle or insert into the membrane,
and that C6FA is the most likely to be in either environment
agrees with the rank order of these cmc values.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Interactions of micelles with DPPC-CHOL membrane. (a) Representative snapshots of three different lipid-based micelles (C6PC purple,

CG6FA sliver, C6LYS green) interacting with DPPC-CHOL (DPPC cyan, CHOL grey) membrane over time. From left to right, they are the Pure-Lipids,
Mixed and Pure-Product systems, respectively. Water molecules and ions were removed for clarity. The fraction of the micelle molecules that have
inserted into the membranes are shown in the bottom row for each of the three micelles (b—d).

2.2 Effect of micelles on membranes’ structural properties

In order to determine how the insertion of the micelle com-
ponents into the membranes effect the structure of the lipid
membranes, we measured the area per lipid for each lipid
species, the membrane thickness, and the lipid order para-
meters. The area per lipid for the pure DOPC and DPPC-CHOL
membrane systems are 0.68 nm> and 0.57 nm?®, respectively,
which are consistent with those reported elsewhere.**™*¢ The
area per lipid and membrane thickness for each simulated
system as the micelles interact with the membranes are shown

This journal is © The Royal Society of Chemistry 2024

in Fig. 3. In the three DOPC systems, we observe that the area
per lipid increases and the thickness decreases as more and
more 2C6PC inserts into the membrane. In all three systems,
the area per lipid is larger and the membrane thickness is
smaller than those measured in the pure DOPC membrane
(Fig. S131). The same general trends are observed for the
DPPC-CHOL membrane as well, where even the minimal
amount of 2C6PC that is able to insert into the membrane
results in a noticeable difference in the area and thickness of
the membrane. Table 1 summarises the calculated values of
area per lipid for all of the systems with the micelles.

Nanoscale, 2024, 16, 2642-2653 | 2645
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Table 1 Structural properties of lipid membranes. The properties of the DOPC and DPPC-CHOL membranes alone (Bilayer) and when they interact
with the Pure-Lipids (PL), Mixed (Mixed) and Pure-Products (PP) listed here include: (i) the thickness (nm) and area per lipid (nm? per lipid) for the PC
(APLpc) and cholesterol (APLcpoL) lipids in each system; (i) the fraction of the micellar component molecules ( fyiymcsra. fcsiyso & facepc) that inserted
into the membrane during the final 100 ns of the simulations; (iii) the average order parameter per tail of the PC lipids ((=Sch,sn1) & (—Sch.sn2)); and
(iv) the average number of water molecules within the bilayers per lipid (ny,0) in each of the systems. Standard deviations for various quantities are
shown within parentheses

DOPC DPPC-CHOL
Bilayer PL Mixed PP Bilayer PL Mixed PP
Thickness 3.89 (0.04) 3.73 (0.05) 3.76 (0.04) 3.83 (0.04) 4.87 (0.06) 4.60 (0.07) 4.94 (0.03) 4.85 (0.06)
APLypc 0.68 (0.02) 0.74 (0.02) 0.72 (0.01) 0.71 (0.01) 0.58 (0.02) 0.57 (0.01) 0.59 (0.04) 0.58 (0.03)
APLcpor — — — — 0.40 (0.03) 0.41 (0.13) 0.40 (0.07) 0.40 (0.04)
Focerc — 0.95 0.95 — — 0.03 0.04 —
Jaera — — 0.98 0.98 0.57 0.55 — —
fosLyso — — 0.35 0.23 — — 0.07 0.08
(—=Scm,sn1) 0.122 0.115 0.115 0.117 0.425 0.422 0.421 0.422
(=Scr.snz) 0.121 0.105 0.106 0.107 0.412 0.398 0.398 0.399
N0 14.7 (0.3) 17.3 (0.6) 15.9 (0.7) 16.6 (0.4) 7.8(0.1) 6.5 (0.1) 7.2 (0.1) 6.9 (0.1)
0.70 Pure-Lipids 0.70 0.70
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Fig. 3 Effects of the micelles on the structure of the bilayers. The distribution of the area per lipid for the (a) DOPC lipids in the DOPC membrane
and the (b) DPPC and (c) CHOL lipids in the DPPC-CHOL membrane are displayed. Also the distribution of the thickness of the (d) DOPC and (e)
DPPC-CHOL membranes is also plotted. Analysis of micelle-membrane was calculated over the last 200 ns of the production simulations.

2.3 Effect of micelles on the structure of lipid bilayers

To better understand the internal structure of the different
bilayers after they interact with the molecules comprising the
micelles, mass density profiles along the z-coordinate have
been calculated (Fig. 4). In the DOPC membrane, of the three
molecules comprising the micelles, the C6FA molecules insert
the deepest into the membrane and are generally found
amongst the ester groups of the lipids. Meanwhile, the 2C6PC
molecules are found amongst the PC headgroups and the ester
groups of the DOPC lipids, while the C6LYSO molecules are
found amongst the PC headgroups.

2646 | Nanoscale, 2024,16, 2642-2653

In the DPPC-CHOL membrane, only C6FA inserts into the
membrane to a significant extent. The C6FA molecules insert
slightly further into the hydrophobic region of the lipid mem-
brane. It is note worthy that in the mixed micelle system, we
do find some C6FA at the boundary of the two leaflets of the
DPPC-CHOL membrane.

To understand the orientation of the C6FA molecules that
have inserted into the DOPC membrane, we measured the
angle formed by the vector which connects the terminal
carbon (C2) in the hydrocarbon chain of the fatty acid to the
double-bonded oxygen (02) on the other end of the molecule
and the z-axis that is normal to the membrane’s interface

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Location of molecules comprising the micelles within lipid membranes. Mass density profiles of the DOPC ((a)—(c)) and DPPC-CHOL ((d)-(f))
membrane systems which have interacted with the three micelles that were studied (Pure-Lipids, Mixed and Pure-Products, respectively).

Headgroups refers to the choline and phosphate groups in the PC lipids.

(Fig. 5 and Table S2f). The C6FA molecules are primarily
oriented with their carboxylic acid groups located in the same
plane within the membrane as the ester groups of the phos-
pholipids with water and their hydrocarbon tails in the hydro-
phobic core of the DOPC bilayer (cosé ~ 0.9). The mass
density profiles of the -COOH and C2 groups in the C6FA
molecules in the Pure-Products and Mixed micelle systems
help to identify the depth and orientation after penetration.
Fig. S8t shows that the C2 groups are closer to the mid-plane
of the DOPC bilayer while the hydrophobic tails prefer to
reside closer to the mid-plane than the COOH groups, indicat-
ing that the orientation of inserted C6FA tends to be parallel
to the z-axis. The same behaviour is observed for C6FA when
present in the DPPC-CHOL membrane, with there being a
more significant difference in the mean z-positions of the
-COOH and C2 groups indicating that the C6FA are less tilted
in the DPPC-CHOL membrane. Also in the DPPC-CHOL mem-
brane we observe that those C6FA molecules found in the
bilayer’s midplane are oriented parallel to the bilayer’s interface.

The 2C6PC molecules are also found to insert with their
tails within the hydrophobic core of the bilayer and the head-
groups are solvated. The headgroups of the 2C6PC molecules
inserted into the DOPC membrane are generally found to
possess similar tilt angles as found for the DOPC lipids (cos 0
~ 0.34) themselves. The tilt angle distribution measured for
the DOPC lipids is similar to those reported elsewhere for
DOPC membranes.*’

This journal is © The Royal Society of Chemistry 2024

The order parameter has been calculated to study the lipid
tail flexibility and is also related to the membrane thickness. It
was computed over the trajectories for both saturated and
unsaturated acyl chain carbon atoms from the lipid molecules
in the upper and lower leaflets separately. The results for the
mixed micelle system are shown in Fig. S4,T and the behaviour
in the other systems are nearly identical. Similar values of
the lipid order parameter for DOPC (liquid-ordered) and
DPPC-CHOL (liquid-disordered) been
reported elsewhere.*®*® Interactions with the molecules from
the various micelles result in a more significant disordering of
the DOPC bilayer than the DPPC-CHOL bilayer as can be seen
from the average values of the lipid order parameter for both
of the sn1 ((—Scu,sn1)) and sn2 ((—Scu,snz)) tails shown in
Table 1. Recent studies have shown that the increased free
volume in the middle of lipid bilayers is a result of the decreas-
ing the values of the lipid order parameters.”®" In our case,
the localization of the molecules comprising the micelles
within the middle of the bilayer promotes a slight disorganiz-
ation of the carbons in both tails, which leads to the lateral
expansion of the membranes.

The radial distribution functions (RDFs) were used to deter-
mine the distribution of water molecules around the PC head-
groups of the DOPC and DPPC lipid molecules and around the
oxygen in the hydroxyl group of the cholesterol molecules in
our membranes. By calculating the integral of the RDF from 0
to a distance corresponding to the first peak minimum, the

membranes have

Nanoscale, 2024, 16, 2642-2653 | 2647
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have inserted into the DOPC bilayers and the head group tilt angles for DOPC lipids in the membrane, respectively. The scatter plots show how the
distribution of the orientation of the (d) C6FA molecules, (e) the 2C6PC lipid head group and (f) the DOPC lipid head group changes with the mole-

cule’s location in the z-dimension.

average number of waters in the first hydration shell can be
estimated. The RDFs are shown in Fig. S5 and S6.1 The calcu-
lated coordination numbers for the first shell and the coordi-
nation number of waters are reported in Table S3.1 The inser-
tion of 2C6PC in the various membrane systems was seen to
result in a dehydration of the choline group within the head-
group of DOPC. This dehydration of the nitrogen atom in the
choline group of the DOPC molecules is likely due to the large
steric barrier that exists between the headgroups when more
and more molecules were inserted into membranes. Whereas
the hydration of the phosphate group is unchanged by the
presence of the molecules comprising the micelles within the
lipid bilayer. While significantly less 2C6PC inserts into the
DPPC-CHOL membrane, there is still a slight dehydration
observed of the choline group of the DPPC lipids.

We have also determined the amount of water that is found
between the phosphorous atoms in the lipid headgroups in
the upper and lower leaflets of the bilayers. The number of
water molecules within the bilayer per lipid molecule in the
bilayer is reported in Table 1. We see that in the DOPC mem-
brane there is an increased amount of water molecules that
permeate into the bilayer when the various components of the
micelle are present. While, in contrast, in the case of the
DPPC-CHOL membranes, there is a slight decrease in the
amount of water present in the bilayer after interaction with
the various molecules comprising the micelles. As the pene-
tration of water molecules into lipid bilayers is regularly used
to investigate the permeability of a membrane,>>>* these
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results demonstrate that as the micelle components partition
into the membrane they increase the permeability of the dis-
ordered (DOPC) membranes.

2.4 Dynamics of micelle components within lipid bilayers

The motion of each molecule that was initially in a micelle was
tracked in the z-dimension in each of the simulated systems
(Fig. S10 and S117). This allowed us to see that the C6FA mole-
cules generally move to membranes’ interface quickly. 2C6PC
molecules were also found to adsorb to the membrane inter-
face, while the C6LYSO molecules, which are more hydrophilic
than the other molecules comprising the micelles, remain iso-
lated in solution for longer and when they do come to the
membrane interface they only remain there for a relatively
short period of time.

Interestingly, we found that all of the micelle components
have the ability to flip-flop across the lipid membranes,
although we only observed the flip-flop of C6FA molecules
across the DPPC-CHOL membrane. Table 2 contains the total
number of flip-flops observed and the flip-flop rate for each
molecule type in both membranes. The flip-flop rate is
unchanged by the presence of the different molecules from
the micelles within the membranes. However, as would be
expected, we observe significantly less flip-flop of C6FA mole-
cules within the more ordered DPPC-CHOL membrane than
within the DOPC membrane.

In order to determine whether the micelle components
aggregate with one another within the DOPC membrane, we

This journal is © The Royal Society of Chemistry 2024
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Table 2 Flip flop of micelle components across model bilayers. The
total number of flip-flip events and the flip-flop rates (number per
microseconds, in parentheses) across the DOPC and DPPC-CHOL mem-
branes when they interact with the Pure-Lipids (PL), Mixed (Mixed) and
Pure-Products (PP)

DOPC DPPC-CHOL
System PL Mixed PP PL Mixed PP
2C6PC 3(0.1) 2(0.2) — 0(0) 0(0) —
C6FA — 42 (1.8) 54(1.9) — 11 (0.7) 22(0.8)
C6LYSO — 16(0.8) 18(0.9) — 0(0) 0(0)

have calculated the lipid enrichment index over the final 200
ns of each of those simulations. The lipid enrichment values
are representative of the local environment in the mem-
branes.>® Fig. S121 shows that none of the micelle components
(2C6PC, C6FA & C6LYSO) aggregate with one another within
the membrane, as generally their respective enrichment
indices are lower than 1.

3 Conclusion

In this manuscript, we have used all-atom molecular dynamics
simulations to investigate how the C6 phosphocholine
micelles at various stages of digestion after exposure to the
sPLA, enzyme interact with a disordered and an ordered lipid
bilayer. We observed that as the micelles begin to interact with
the bilayers they disassociate and release the various com-
ponents of the micelles although each of the molecules com-
prising the micelles behaves differently. The 2C6PC molecules
are more preferably found within a micelle and therefore we
observe an aggregate remaining as the disassociation pro-
gresses, although as the molecules are released they diffuse to
the interface of the membranes and insert into the bilayers. In
contrast, the lysophosphocholine (C6LYSO) molecules become
solvated in the aqueous environment and commonly remain
isolated in solution, but occasionally they adsorb reversibly to
the interface of the bilayers. The C6FA molecules are found to
disassociate from the micelles as they appear to prefer to
absorb into the lipid bilayers.

The various types of molecules in the micelles then pene-
trate the two different lipid bilayers to differing degrees with
more of each component inserting into the disordered DOPC
membrane than into the ordered DPPC-CHOL membrane.
This is due to the fact that there is less free volume available
for the molecules to insert into the DPPC-CHOL membrane
than in the DOPC membrane. Similar trends in the absorption
of lysolipids and fatty acids with 10-16 carbons in their hydro-
carbon chains have been observedexperimentally.>®

We found that each of the micelle components impact the
structural properties of the lipid membranes to differing
degrees. However, the insertion of the molecules have the
same general effect on both membranes. Specifically, the pro-
ducts of the lipid digestion (C6FA & C6LYSO) result in a small
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increase in the area per lipid of the phosphocholine lipids in
each membrane and a slight thinning of both membranes.
This is consistent with various studies that found that when
fatty acids and lysolipids are added together to liquid ordered
and liquid disordered membranes they have little to no
effect on the permeation of small molecules into the
membranes.*®3%3%57 However, the 2C6PC molecules have
more of an impact on the area per lipid and the thinning of
the membranes.

In addition to the difference in the structural properties
caused by each micelle component, we also found that they
demonstrate different dynamic properties within the bilayers.
The C6FA molecules are found to flip-flop across the bilayers
significantly more and more frequently than either the
C6LYSO and 2C6PC molecules. This results from the C6FA
being the least hydrated of any of the micelle components
when inserted into the membrane and also they are signifi-
cantly smaller than the 2C6PC molecules. Previously, longer
fatty acid chains have been observed to flip-flop across lipid
membranes of varying composition.>*™%*

The findings presented in this manuscript provide the first
atomistic understanding of how a combination of lipids and
their digestion products affects model lipid membranes. In
doing so, we have shown that each micellar component has
differing degrees of effect on the interfacial and structural pro-
perties of the two model membranes studied. Additionally we
have shown that the molecules comprising the micelles have
significantly different dynamic properties once they are
inserted within the two bilayers. These results will be of par-
ticular interest when considering the design of novel lipid-
based drug delivery vehicles.

This is of particular interest when considering the appli-
cation of phospholipid drug delivery vehicles for anticancer
therapeutics. The concentration of the sPLA, enzyme is elev-
ated in cancerous cells which would then lead to a more rapid
digestion of the phospholipids into the corresponding lysoli-
pids and fatty acids. Our previous work® showed that the phos-
pholipid micelles were stable and as the amount of lysolipids
and fatty acids increased in the micelles, they became increas-
ingly dynamic. Therefore these phospholipid micelles would
then preferentially release their payload near cancerous cells
where the action of sPLA, would be enhanced. In this manu-
script, we have gone on to show that the lysolipids and fatty
acids produced during the digestion of the phospholipids then
result in the increased permeability of lipid membranes which
would result in faster diffusion of the therapeutics into the
cancerous cells. Therefore phospholipid drug delivery vehicles
may prove to be promising anti-cancer formulations moving
forward.

4 Methods

4.1 System setup

In this study, we used all-atom molecular dynamics simu-
lations to investigate the interactions between micelles con-
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taining 2C6PC and its hydrolysis products and a model dis-
ordered and ordered lipid membranes. Firstly, two model lipid
membranes were equilibrated: (i) a DOPC membrane (dis-
ordered) and (ii) a membrane consisting of 70 mol% DPPC
and 30 mol% cholesterol (ordered). In order to insure that the
micelles would not interact with themselves through the peri-
odic boundary conditions, the interfacial area of each mem-
brane was chosen such that it was greater than twice the dia-
meter of the largest micelle we planned to investigate in sub-
sequent simulations. The chemical structures of the various
lipid molecules comprising the membranes are shown in
Fig. S21 while snapshots of the two membranes are shown in
Fig. S3.1

Both of the lipid bilayers studied were generated by using
the CHARMM-GUI Membrane Builder.®> The bilayers were
neutralised using a salt concentration of 150 mM NaCl to
mimic the physiological environment. Table S1} contains the
molecular composition of both types of bilayers. The initial
dimensions of the simulated lipid bilayer systems were
10.8 nm x 10.8 nm x 9.0 nm (x x y x z dimensions).

These bilayers were equilibrated using the simulation proto-
col prescribed by CHARMM-GUI, whereby (i) initial structures
were energy minimized using steepest descent, (ii) systems
were equilibrated using the NVT (constant number of particles,
volume, and temperature) followed by the NPT (constant
number of particles, pressure, and temperature) ensembles for
at least 1.8 ns, and (iii) finally, MD production simulations
were performed using the NPT ensemble for 200 ns.

Subsequently, we investigated the interactions between
micelles representing varying degrees of digestion of the
2C6PC molecules and each of the two lipid membranes. Three
different micelle compositions (namely, Pure-Lipid, Mixed &
Pure-Products system) were investigated according to the per-
centage of 2C6PC that had been degraded. The Pure-Lipid
micelle system contains only 2C6PC. The Mixed micelle rep-
resents the state where approximately half of the 2C6PC have
been digested and therefore contains a mixture of the parent
molecule and both of the hydrolysis products (C6FA &
C6LYSO). Finally the Pure-Products micelle represents the
aggregate formed when after all of the 2C6PC has been hydro-
lysed and as a consequence contains only C6FA and C6LYSO.
The equilibrated structure of each micelle as reported in our
previous study® was used as an initial state of the micelle in
the simulations reported here. The number of each type of
molecule in the various micelles is given in Table S1.f We then
created six different systems, each one contained a single
micelle inserted into the aqueous environment approximately
2 nm above the surface of the equilibrated ordered or dis-
ordered membrane. Additional water and ions were added to
fully solvate the system and to maintain an ionic concentration
of 150 mM NaCl. Each of the micelle and bilayer systems had
initial dimensions of 11 nm X 11 nm x 13 nm. A detailed
description of the molecular components found in the simu-
lations of the two pure lipid membranes, and the six different
micelle and membrane systems is given in Table S1{ and their
chemical structures can be found in Fig. S1 and S2.f The six
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resulting systems were then simulated by using the same pro-
tocol as described above for the two pure membrane systems,
and the parameters suggested by CHARMM-GUI. The starting
configurations were first energy minimized in order to remove
any possible bad contacts and then six short equilibration
simulations (a mixture of NVT and NPT) were performed
before the production simulations of at least 1 ps was
conducted.

The TIP3P and the CHARMMS36 forcefields®® were used for
water and all of the lipid molecules, respectively. Periodic
boundary conditions were applied in all three dimensions for
the simulated systems. All simulations were carried out using
the GROMACS MD engine.®® In the production simulations,
the temperature was maintained at 310 K with the Nosé-
Hoover thermostat with a time constant of 5 ps.®>*® Semi-
isotropic pressure coupling was used to maintain a pressure of
1 bar with the Parrinello-Rahman barostat,’”"*® using a time
constant of 5 ps and a standard compressibility of 4.5 x 107>
per bar. The Verlet cutoff scheme was employed. Electrostatic
interactions were calculated using the particle-mesh Ewald
algorithm. Both electrostatic and van der Waals interactions
were cut off beyond 1.2 nm. All bonds involving hydrogen
atoms were constrained using the LINCS algorithm.*

4.2 Analysis

In the simulated systems, the membranes are oriented such
that their component molecules lie in the xy-plane with
their normal vector in the z-direction and their hydrophilic
head groups on the exterior surfaces of the membrane. The
membrane thickness therefore was determined by calculat-
ing the difference between the average z position of the
phosphorous atoms of the PC lipid headgroups in the upper
leaflet of the membrane and the average z position of the
phosphorous atoms of the PC lipids in the membrane’s
lower leaflet.

The area per lipid (APL) was calculated using the Voronoi
tessellation scheme found in the FATSLiM python package.”®
The mass density profile for the membrane systems was
obtained utilizing the gmx density tool in the Gromacs
package. Using this tool we are able to find the average
distribution of different atom/molecules as a function of the
z-axis.

The lipid order parameter of each chain Scy was calculated
using eqn (1):

1
Son =3 (3cos*0 — 1) (1)

where 0 is the angle between carbon-hydrogen (C-H) bond
and the normal vector for the lipid leaflet. Scy is used to
describe the orientation of the C-H bond vector with respect
to the z-axis over all lipids and the sampling time. When Scy =
1, it means that the C-H bond is completely aligned with the
bilayer normal, whereas Scy = —0.5 means the C-H bond is
oriented perpendicular to the z-axis.”"”>

In order to investigate if there was any preferential inter-
action of the various components of the micelles with each

This journal is © The Royal Society of Chemistry 2024
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other or with components of the lipid membranes, a lipid
enrichment index was used, which was defined as:

Epp = —22 (2)

where E,3 is the enrichment index of species B around species
A, N is the number of molecules of species B around species
A and Ny is the average total number of species B around any
species. When the value is below 1, it corresponds to depletion
of species B in the local environment of species A. On the
other hand, if E,p is larger than 1 it corresponds to an enrich-
ment of species B within the local environment of A.”?

The tilt angles of the headgroups of the PC lipid molecules
are defined as the angle between the vector formed between
the atom P and N in the PC headgroup and the z-axis (see
Fig. S21). Meanwhile, the tilt angle of hexanoic acid (C6FA) is
measured from the angle between the vector connecting the
C2 and 02 atoms (see Fig. S8t) and the z-axis.”* Moreover, the
z-coordinates of each molecule has been measured as a func-
tion of time in order to track each molecules’ position.

Finally, radial distribution functions (RDFs) were calculated
by using the gmx rdf command. The RDF measures the prob-
ability of finding a specific particle (B) at a distance r from
another particle (A) as shown in eqn (3):

1 18

gas(r) = — ZZM 3)

<pB>NA ieA jeB 4nr?

where (pg) is the bulk density of B.

Snapshots of the simulation systems were created using
Visual Molecular Dynamics (VMD).”® In addition to using the
gromacs tools noted above, all other analysis was carried out
with a mixture of python scripts developed in house and func-
tions found in LiPyphilic.”*
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