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Abstract

nanometers in diameter.

In recent years many investigators have been concerned about the toxicity and potential health hazards of micro-
and nanoplastics. However, we are still lacking a good understanding of the methods of their transport into the
human body and subsequently within cells. This is especially true at the lower nanometer scale; these particles
are potentially more dangerous than their micrometer counterparts due to their easier permeation into cells. In
this study we used both unbiased molecular dynamics simulations and steered umbrella sampling simulations
to explore the interactions of polyethylene terephthalate (PET) and polyethylene (PE) oligomers in phospholipid
bilayers. Our simulations revealed that the bilayers did not represent significant energy barriers to the small
oligomers; not only did they readily enter the cell membrane but they also became concentrated into specific
parts of the membrane. The larger PET tetramers exhibited a strong aggregation in water but were the least
likely to permeate through or into the membranes. It is possible that PE monomers and tetramers can become
concentrated into membranes while PET monomers are more likely to pass through or concentrate just inside
the membrane surface. Passive transport of microplastics into cells is, however, likely limited to particles of a few
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Introduction

Microplastics (MPs) are now a ubiquitous feature of the
daily life of virtually all people in almost every part of
the world [1-4]. In the past few years, as investigators
have clarified the health risks of MPs, the general public
is now rather well aware of the risks that they pose. MPs
are usually considered to be plastic particles below 5 mm
in diameter, although the lower limit is somewhat vari-
able [1]. The 2022 WHO report suggested a lower limit
of 1 um with smaller particles i.e., those down to a limit
of 1 nm to be called nanoplastics. Due to the ambiguity
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of naming MPs at the smallest nanometer level, we have
applied the term oligomer here when describing plastic
polymer chains that have a chain length from 1 to 100
monomer units. It has been reported that while MP par-
ticles less than 10 pm in size can be actively translocated
into human tissues and exert effects on the immune
response [1], passive transport is much more limited [5—
7]. At sizes above 100 nm, passive permeation through
membranes becomes much less probable. There is no
clear cut-off point as the permeation depends on the
properties of the particle and membrane in question. It
seems that ease of permeation depends on multiple fac-
tors related to the particle i.e., its size, shape and surface
properties as well as its possible charge or the presence of
a corona. It has been suggested that particle sizes below
100 nm, especially those in the 1-10 nm range, could
represent potential cell toxicity hazards as their cellular
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intake is much more likely due to their propensity for
passive diffusion. The potential health effects of MPs are
still not well known, and research into the prevalence of
these particles has been somewhat limited with respect
to particles below 10 pm in size, although some toxicity
testing has been conducted with sub-10 pum particles [1].
Truly comparable studies in the field are not available due
to the lack of standardization and mismatches in particle
sizes and properties between the reports in the literature
[1, 4]. In addition, due to their relatively larger surface
area, nanoplastics may carry more toxic chemicals and
pollutants absorbed from the environment than a simi-
lar weight of larger MPs [8, 9]. The smallest nanoparticles
have been less extensively investigated than their larger
counterparts. PE has been found to trigger hepatic stress
in fish, since due to its more hydrophobic nature, it has
a tendency to absorb other hydrophobic pollutants [10].

Gastric fluid-system simulation studies have indicated
that PET MPs can affect human gut microbiota commu-
nities and thus exert a negative effect on human health
[11]. Nonetheless, the MP concentrations used in that
study were based on very high daily exposures which
were several orders of magnitude larger than those esti-
mated by Mohamed Nor et al. (2021) [12]. This raises the
question whether much more conservative MP concen-
trations would have appreciable adverse effects. Recently
published studies have also detected MP fragments in
human bloodstream and lungs [13, 14]. However, the
study published by Leslie et al. (2022) [13] may poten-
tially have suffered from significant contamination issues
that may have affected the results, as suggested by Kuhl-
man (2022) [15]. These claims have not been supported
or refuted by others; although the pattern of contami-
nation points to possible external sources that had not
been adequately addressed and the authors hypothesize
an implausible inhomogeneity of the blood. Jenner et al.
(2022) observed very large MP particles in lung tissue but
it is questionable whether these sizes of particles would
be able to reach this tissue. Contamination is a major
issue in MP studies due to the prevalence of plastics in
the laboratory and it is especially problematic in a surgi-
cal environment [16].

It not known how the MP’s shape, surface properties,
or the presence of a biomolecular corona determine
their mechanism of ingestion and/or inhalation into the
bloodstream; furthermore is it not clear whether there
are strict size limits [17]. Mohamed Nor et al. (2022)
estimated a global median intake of MP for adults as 583
ng/capita/day, although the intake can vary significantly
depending on the food, water sources and country in
question [12]. Several in vitro gut models have been used
to study the effects of MPs in the gastro-intestinal tract
with many different types of MP particles being tested
[18]. The studies are unfortunately difficult to compare
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as they rarely share a standardized methodology, and the
MP’s particle properties and doses used vary significantly
between reports making it difficult to conduct an accu-
rate assessment of the outcomes of these trials on gut
homeostasis.

The gastro-intestinal tract has an important gatekeeper
role with respect to MP bioavailability. There are sev-
eral possible mechanisms via which MPs can be taken
up: (1) endocytosis (2) transcytosis through microfold
cells (3) persorption (4) passive diffusion (5) active trans-
port [17]. Large MP particles i.e., those with dimensions
larger than >150 pm will be trapped within the intesti-
nal mucus layer but they can make contacts with epi-
thelial cells which may cause inflammation [19]. Smaller
MPs, especially those below 1.5 um, can be translocated
through the mucus layer and reach the systemic blood-
stream. However, only much smaller particles, those in
the 1-100 nm range, are able to be passively transported
through cell membranes [5, 7]. Permeability has been
experimentally widely studied, for example, using the
Caco-2 cell lines, since they differentiate spontaneously
into cells possessing the morphology of small intestinal
enterocytes [20]. The model does, however, have several
limitations, i.e., it consists of only one type of cell with no
mucus layer and there is a non-stirred water layer which
does not mimic the condition in that tissue. This means
that direct comparisons from these experiments to the in
vivo situation are inadvisable.

In our previous study, single PE and PET monomers
or tetramers showed a preference for specific parts of
the membrane and the plastic oligomers were able to
permeate the bilayer membranes in unbiased molecular
dynamics simulations [21]. It is important to undertake
molecular dynamics simulations of passive transport
since they provide details into the structure—property
relationships between taking into account the MP and via
nanoplastic or oligomer chemistry one can apply passive-
permeation thermodynamics to conduct high-through-
put screening of multiple compounds. While in vitro and
in vivo studies can provide some understandings of parti-
cle-membrane interactions in the highly complex cellular
environment unfortunately, the cost and complexity of
these tests limit high-throughput screening. Since MPs
consist of vast numbers of different molecules, molecu-
lar dynamics (MD) of simple oligomers can help to select
materials to be subjected to more specific or more exten-
sive MD simulations or even experimental nano-scale
permeability studies. For example, coarse-grained (CQG)
or umbrella sampling methods can be applied to simulate
the permeation process of these kinds of molecules. Vari-
ous hydrophobic compounds, such as octane and hexa-
decane and other hydrophobic compounds have been
studied with the CG method; it has been found that lipid
stability exerts a major impact on their properties [22].
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In umbrella sampling, the molecule is pulled through
the membrane and simulation windows are created along
the pull coordinate, which allows sampling of even the
more energetically unfavorable regions. This is especially
useful when the energy barriers within a system, such as
the lipid bilayers used here, impede an ergodic sampling.
The umbrella sampling allows the energy landscape to
be sampled as a molecule traverses across a membrane
bilayer and one can calculate the potentials of mean force
(PMF) [23]. When computing the PMF, umbrella sam-
pling is considered to be one of the most reliable and
is therefore a popular method. In addition to umbrella
sampling, unbiased molecular dynamics simulations
make it possible to study the free movement of multiple
molecules, their interactions with each other and with
the lipid bilayer structure as well as possible aggregation
behaviors.

In this study we sought to investigate (1) the passive
transport of common plastics through simplified mem-
brane bilayers, (2) the atomic level interactions of the
monomers and tetramers as well as (3) the molecular
dynamics in a membrane system and (4) the feasibility
of using MD for studying these properties by using both
the umbrella sampling and unbiased simulation meth-
ods. We selected monomers and tetramers of polyethyl-
ene (PE) and polyethylene terephthalate (PET) which are
the building blocks of the most commonly used plastics.
Both compounds were considered to be small enough to
plausibly permeate the membrane passively within the
simulation time frames.

Materials and methods

We selected PE monomers (C,H,, MW: 28.05 g/mol), tet-
ramers (CgH;q, MW: 114.23 g/mol) and PET monomers
(C1,06H 4y MW: 254.24 g/mol), tetramers (C,,0;gHq,
MW: 830.74 g/mol) for the molecular dynamics simula-
tions with ethanol being used as a reference molecule.
Bis(2-hydroxyethyl) terephthalate (BHET) was used as
the monomer for PET. The molecular lengths in all-trans
conformation were as follows: PE monomer: 0.25 nm, PE
tetramer: 1.0 nm, PET monomer: 1.3 nm, PET tetramer:
4.5 nm CHARMM-GUI Ligand Reader & Modeler was
used for generating the structure files for the small mol-
ecules [24]. The CHARMM General Force Field program
was used for the ligand parameters [25, 26].

The membrane systems were built using the
CHARMM-GUI Membrane Builder [27]. 128 Dipal-
mitoylphosphatidylcholine (DPPC) or 1-Palmitoyl-
2-oleoylphosphatidylcholine (POPC) molecules were
placed as a bilayer with TIP3P water model layers added
on both sides. A total of 12 studied molecules were added
to the system with four placed inside the membrane and
sets of four on either side of the membrane on the out-
side. The molecules were placed at 10 A intervals in X,
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Y directions and 40 A in the Z direction (Fig. S1). Bilay-
ers with no added small molecules were also constructed
as reference membranes. Water molecules within 2 A
from the added molecules were removed using the VMD
molecular graphics viewer (version 1.9.3) in order to
avoid clashes in the early minimization and equilibration
runs [28].

Gromacs version 2019.4 was used for the simula-
tions with a CHARMM36m force field [29]. The system
was equilibrated similarly as in our previous study [21].
The system was briefly equilibrated for 1 ns in the NVT
ensemble followed by 1 ns in NPT at 2 fs time steps. No
restraints were used on the studied small molecules in
equilibration runs as precise starting locations were not
needed. For the production runs in NPT ensemble, the
Nose-Hoover thermostat was used with temperatures of
323 K for DPPC and 310 K for the POPC membranes and
the Parrinello-Rahman barostat for the pressure. Three
replication runs were carried out, each run lasting 100
ns. Periodic boundary conditions were applied. Various
Gromacs tools were used when analyzing the results.

In the umbrella sampling simulations, single molecules
were used starting in the water phase, at a distance of 40
A for most molecules. A 50 A translation was used for the
much larger PET tetramer to prevent any overlap with the
membrane before simulation. The molecules were pulled
towards the center of mass of all phosphorus atoms on
the opposite side of the membrane bilayer with a force
constant of 500 kJ/mol-nm? and a speed of 5 nm per ns.
A total of 50 configurations were created along the pull
coordinate. Data from the center of the bilayer towards
the phosphorus atoms on the other side were calculated
and seen to be symmetrical. Each generated configura-
tion was then equilibrated for 1 ns and afterwards run in
the NPT ensemble for 10 ns. Instead, 20 ns was used for
the larger PET tetramer as testing at 10 ns was found not
to be adequate. Other molecules showed no discernible
differences between 10 and 20 ns. The Weighted Histo-
gram Analysis Method (WHAM) was used to obtain the
potentials of mean force (PMF) from the 10 ns runs with
the values being presented as means [30]. The umbrella
histograms were analyzed to confirm that there was suf-
ficient overlap to permit proper sampling. The first and
last 0.2 nm of the PMF profiles were cut out and the new
start point set at 0 to remove spiking of the energy profile
at its endpoints due to poor sampling.

Results and discussion

Initially we used unbiased molecular dynamics simu-
lations to examine the free movement of 12 inserted
monomers or tetramers of either PE or PET in DPPC and
POPC membranes. Ethanol was used as a small refer-
ence molecule in the membranes. In previous research,
ethanol has been demonstrated by Carpenter et al. (2014)
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and Ghorbani et al. (2020) to easily permeate lipid bilay-
ers, especially those present in POPC and DOPC [31, 32].
Because of this, and its rough structural similarities with
the monomers, we selected it as a reference compound.
Interactions between the molecules and their behavior
in the system were assessed by a combination of visual
inspection, counting which approximate frames mole-
cules were in close contact, and assessing hydrogen bond
counts per frame for the hydrophilic molecules and par-
tial density graphs.

Ethanol was readily capable of entering or exiting the
membrane and moved quickly in both directions i.e.,
inside and back through the membrane. Nonetheless,
it slightly preferred to stay in the aqueous phase and
avoided the center of the membrane (Fig. 1). Ethanol dis-
played a greater preference to stay inside in POPC mem-
branes than with the DPPC counterparts. No aggregation
was seen for ethanol and hydrogen bonding occurred
very rarely with other ethanol molecules. The changes
in the area per lipid or bilayer thickness of the bilayer
were insignificant (around 0.5% difference to pure DPPC
or POPC membranes). Thus, significant changes to the
properties of the membrane caused by alcohols are likely
only visible when much higher concentrations are pres-
ent, as found by Pinisetty et al. (2006) and Gupta et al.
(2020) [33, 34]. Ethanol's maximum density peak was
found to be inside the membrane close to the phosphorus
density peak, with two minima at the center of the bilayer
and at the phosphorus density peak, where it was seen
to form hydrogen bonds with the headgroups. Ethanol’s
overall behavior was almost identical to that described in
our previous study [21].
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PE monomers behaved very similarly to ethanol, since
they are also small molecules, i.e., they were able to move
around easily and quickly in the water and move inside
the membrane as found in our previous study [21]. The
monomers of PE evidently preferred to locate inside the
membrane where they were able to move more freely
(Fig. 2). This finding is in agreement with the more
hydrophobic nature of PE as compared to the polar mol-
ecule ethanol; a clear difference was seen despite the very
small size (0.25 nm) of the PE monomers. No aggregation
behavior or significant changes to area per lipid or bilayer
thickness of the bilayer were evident (only up to 1% dif-
ference to pure DPPC or POPC membrane). There was
no clear difference between PE’s preference for the mem-
branes of DPPCs or POPCs. The maximum density peak
for PE was observed to be at the center of the bilayer, with
the minima close to the two phosphorus density peaks.

PE tetramers underwent some slight aggregation
behavior in both aqueous and membrane phases, mostly
as pairs of molecules. They also clearly preferred the
membrane, more so than the PE monomer (Fig. 3A).
Movement into the membrane was rarer than with
monomers, but once inside, they stayed there consis-
tently and became concentrated over time. Instead, it
was very rare that they returned to the aqueous phase.
Their speed of movement was not significantly different
from the monomers. Area per lipid rose very slightly as
compared with the monomer, while the thickness of the
bilayer remained the same (around 1% changes to pure
membrane for both values). The POPC system had on
average 2—3 more molecules inside the membrane at the
end of the simulation than were present in the DPPC
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Fig. 1 Mass density profile of an ethanol simulation in the DPPC membrane. Ethanol prefers to become located in the inside of membrane close the

phosphorus density peaks, similarly to PET.
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Fig. 2 Mass density profile of a PE monomer simulation in DPPC membrane. PE prefers the center of the bilayer
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Fig. 3 Mass density profile of (A) PE tetramer simulation in DPPC membrane shows that PE clearly prefers to be located within the symmetrical center of
membrane with some movement in the aqueous phase while (B) the PET monomer prefers to locate in the inside of membrane close to the phosphorus

density peaks

setup. The maximum density peak was at the center of
the membrane with density minima at the phosphorus
density peaks. The minima peaks were more pronounced
than with the monomer. The concentration of PE mono-
mers and tetramers at the bilayer center was similar
to that observed by MacCallum and Tieleman (2006),
which is not surprising given their lipophilic nature [35].
Experimentally PE present in MP has been studied in
cell membranes obtained from human colorectal Caco-2
cells. Unfortunately, the results are somewhat contradic-
tory since Gautam et al. (2022), [36] reported decreased
cell viability after exposure while in the publication from
Stock et al. (2021) [37], no effect was observed. In an in
vivo study conducted by Li et al. (2020) [38], mice fed
with MP containing PE particles (10-150 um) showed
higher histological scores than their reference animals.

However, it should be noted that both Gautam et al
(2022) and Li et al. (2020) used considerably larger MP
particles which would not passively permeate through
membranes. Unfortunately, very short-chain plastic
oligomers have not been studied either in vitro or in
vivo, complicating comparisons to the results obtained
with MD. Course-grained simulations with small hydro-
phobic molecules, including octane (PE tetramer), have
been carried out previously by Barnoud et al. (2014) and
Orsi et al. (2009) [22, 39]; both groups detected major
changes in the stability of lipid membranes caused by sig-
nificant concentrations of hydrophobic molecules. Fur-
thermore, the aliphatic molecules preferred the interface
region between the headgroups and tail groups, findings
resembling those reported here. This location was seen to
have the greatest effect on membrane stability as at that
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site, the molecules could act as linactants at rather low
concentrations.

The PET monomers were occasionally able to enter the
membrane. Their movement and preferred locations in
the membrane were similar to that observed for ethanol,
although PET moved more slowly with a stronger pref-
erence to stay inside the membrane (Fig. 3B). There was
some aggregation behavior, although it was significantly
more extensive and longer lasting than observed with PE
tetramers. The hydrogen bonds between the PET mono-
mers were also far more common than in the simulations
undertaken with ethanol. Aggregation outside the mem-
brane was mostly in pairs, although occasionally several
molecules appeared to aggregate into a group interact-
ing along the hydrophobic areas with their hydrophobic
groups turned towards the center of the aggregate. Inside
the membrane, the hydrophilic areas and hydrogen bond-
ing were favored with respect to the interactions. A pair
of monomers could also interact with each other’s hydro-
philic hydroxyl groups and form a perpendicular line
through the membrane with opposite ends of the pair
forming hydrogen bonds with the headgroups on each
side of the bilayer. This was, however, rare as the mono-
mers seemed to prefer to locate closer to the membrane
surface and stay mostly horizontal to the membrane. In
addition, horizontally interacting molecules were formed
at the density peak areas close to the membrane surface,
as seen in Fig. 3B. The interactions with other molecules
could aid the molecule either when entering or when
exiting the membrane. These interactions close to the
surface could also allow one end of a molecule to partially
exit the membrane while the other interacting molecules
tended to anchor the aggregate within the membrane
(Fig. 4A-C). The overall movement was slower than with
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ethanol or PE e.g., movement into the membrane was also
much slower, which is not surprising considering PET’s
larger size. In POPC membranes, the PET molecules
showed more movement through the membrane surface
than in the DPPC membranes where movement across
the surface was rare. The PET compounds caused slightly
more pronounced changes to the bilayer structure than
was evident with PE. An increase was seen in the area per
lipid (~2%) and a more significant (+3%) drop in bilayer
thickness. The density peaks were present on both sides
of the bilayers at just below the phosphorus peaks, simi-
larly to the situation with ethanol. Roughly equal density
minima were at the phosphorus peaks and the bilayer
center, unlike ethanol which had a less pronounced min-
ima at the phosphorus peak. Chen et al. (2016) noted that
bisphenol A, a molecule that shares structural similari-
ties with the PET monomer showed very similar behavior
as observed in our study [40], although bisphenol A did
display aggregation behavior which resembled more the
PET tetramer rather than the monomer.

The PET tetramers did not enter or exit the mem-
brane. In the aqueous phase, they quickly underwent
intense aggregation into dense stable spheroids of up
to 2-3 nm in size within the first few nanoseconds of
the simulations, growing larger over time (Fig. S2). The
movement of the larger tetramers was less erratic than
that of the monomers, being slowed by this significant
aggregation behavior. Inside the membrane, the tetra-
mers aggregated much less and were found to be more
loosely side by side, similarly to the monomers (Fig. S3).
The interactions inside the membrane occurred mostly
through the polar groups, lasting for much shorter times
than the aggregates in water. The molecules formed L-
and Z- shapes inside the membrane, as observed in our

Fig.4 PET assisted permeation through the membrane’s surface. (A) Two PET molecules interact at the membrane’s surface through hydrogen bonding.
(B) Both molecules move inside the membrane. (C) Molecules become detached and remain inside the membrane
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previous study [21]. In some simulations, a single PET
tetramer would turn on one side of the membrane for
a few nanoseconds while the others kept their perpen-
dicular orientations within the membrane. Movement
inside the membrane was slow and they tended to stay
in groups that were rather close to each other. Hydrogen
bond formation between PET molecules in the water
phase and the membrane headgroups did occur occa-
sionally, although interactions between the PET inside
and outside were very rare. The behavior of the PET tet-
ramers in POPC and DPPC membranes was very simi-
lar i.e., their density inside the bilayer was at a maximum
on both sides of the center, with the exact center slightly
lower and the phosphorus density peaks close to zero.
Unlike all other molecules, which had very average den-
sity distributions across the aqueous layer, the density in
water was seen to be skewed into quite large peaks in one
or two locations (Fig. 5). This was caused by the aggre-
gation of PET into one or two aggregates rather rapidly
during the simulations, which did not move extensively
after their formation. The thickness of the bilayer did not
change noticeably, instead the area per lipid grew most
significantly at 2.5% for DPPC and 3.5% for POPC of all
molecules.

Changes in the thickness of the bilayer over time were
analyzed for all molecules. No significant changes were
evident on average across the whole length of the simula-
tion when compared to pure membranes for any mole-
cule. The area per lipid did not vary extensively, however,
there were more pronounced changes as the molecule
size became greater, with PET tetramers exhibiting the
largest changes. As movement of these molecules into
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the membrane did not take place in unbiased simula-
tions, it is unclear whether they exerted any effect on the
molecule’s propensity to enter or exit the membrane. It is
likely that more significant changes would be possible if
much larger amounts or longer oligomers per lipid were
present in the systems as shown by Holléczki and Gehrke
(2020) [41], where clearer differences were observed.

The temperature for the DPPC membrane system was
set 13 K higher than the POPC due to the gel transition
temperature being lower [42]. Due to this temperature
difference, it is inadvisable to directly compare the find-
ings from the DPPC and POPC simulations. In all simu-
lations, the bilayer structure remained intact, which was
confirmed by deuterium order parameter calculations
(Fig. S4-S15), partial density graphs and visual inspec-
tion. The traversing of the test molecules or ethanol did
not cause any significant effects in comparison to the
pure DPPC or POPC membranes as seen from the order
parameters, area per lipid and bilayer thickness. The
behavior and preferred location in the membranes in
unbiased simulations with 12 added molecules exhibited
similarities as found in our previous study, which con-
centrated on single molecules [21]. Thus, the addition of
multiple molecules, or taking into account their aggrega-
tion behavior did not seem to exert significant effects on
their interactions with the membranes.

The umbrella sampling technique was applied to study
the permeation energies and obtain the PMF. The stud-
ied molecules were pulled from the water phase towards
the phosphorus atoms on the opposite side of the mem-
brane bilayer (Fig. 6A-C). A total of 50 configurations
were created along the pull coordinates, which after a 1
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Fig.5 Mass density profile of a PET tetramer in a simulation in DPPC membranes. The distribution in water is non-uniform due to the formation of slow-

moving PET aggregates
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Fig.6 Umbrella sampling process. An example of a PET monomer that has been pulled from the aqueous phase into the membrane. (A) PET is in solution
(water not visible), (B) PET is at the membrane surface and (C) has moved into the membrane. The necessary sampling windows were created along the

route that the molecules were pulled

Table 1 Umbrella sampling PMF values (kcal/mol) presented as the mean from three replicate simulations for membrane center

barrier (AG,,), lipid headgroups barrier (AG,) and energy minima inside membrane (AG,,;,) shown for both membranes
Molecule DPPC POPC
AG,, AG, AG,,, AG,, AG, AG,;,

Ethanol 34 0.7 0.1 2.1 04 -04
PE monomer -14 1.1 -1.4 -1.3 0.9 -1.3
PE tetramer -6.3 1.1 -6.3 -7.5 0.7 -7.5
PET monomer 5.1 1.8 -0.1 53 14 -0.1
PET tetramer 59/105 44 2.0 10.3/15.5 2.8 -0.1

ns NPT equilibration, were then simulated for 10 ns each.
The WHAM tool was used to obtain the PMF values
(Table 1).

For ethanol, the calculated free energy changes from
the aqueous phase, which was set at 0, to the membrane
center (AG,,) were 3.4 kcal/mol for DPPC and 2.1 kcal/
mol for POPC (Fig. 7). Additionally, an initial barrier
for the lipid headgroups region (AG;) was calculated as
0.7 kcal/mol for DPPC and 0.4 kcal/mol for POPC. The
initial barrier is a typical phenomenon as the solute inter-
acts with the headgroups region [43], and this was seen
in all simulations. The energy minimum was set at below
the phosphorus density peak that was close to the equal
energy to water for DPPC (0.1 kcal/mol) and slightly
below it for POPC (-0.4 kcal/mol). This likely explains
why in the unbiased simulations, ethanol preferred to
stay more inside the POPC membranes than in the cor-
responding DPPCs. POPC membranes consistently
exhibited lower barriers for both the initial headgroups
as well as the bilayer center in almost all simulations for
the other studied molecules as well. DPPC and POPC

membranes have not been extensively compared, but
Frallicciardi et al. (2022) also consistently observed
higher permeability of various polar solutes in POPC
membranes than in DPPC membranes [44]. In both cell
membranes, ethanol was still easily able to enter or exit
the membrane and move around within the membrane
rapidly; the low energy barriers calculated in umbrella
sampling simulations confirm the results obtained from
the unbiased simulation. Our results showed similar free-
energy profiles to the values described previously for eth-
anol [32, 34].

The PE monomer presented an initial barrier at the
headgroups’ region that was slightly higher than etha-
nol with AG, of 1.1 kcal/mol for DPPC and 0.9 kcal/
mol for POPC (Fig. 8). The center of the bilayer was at a
lower energy level than the starting point of water with
the minima at the very center with AG,, of -1.4 kcal/mol
for DPPC and —1.3 kcal/mol for the POPC membranes.
Smaller local minima were also visible at both sides of
the center, at a distance of roughly 1 nm where the den-
sity peaks for the lipid tails were located. The values of
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AG,, were not significantly small, making it likely that
transport through the bilayer was rather straightforward
without there being any significant concentration into
any part of the membrane. This was also seen in the unbi-
ased simulations where PE was able to easily move inside
the membrane. The more hydrophobic nature of the PE
monomers, as compared to ethanol, likely explains the
slightly higher initial barrier energies at the polar head-
groups region, as well as the lower energies at the bilayer
center. Interestingly, the PE tetramers had almost iden-
tical initial barrier energies as assessed by AG, as the
monomers. The parallel orientation of the PE with the
bilayer lipids during entry could affect this phenomenon.
The hydrophobic interior of the membrane possibly low-
ered the entry energies as the further end of the molecule
started interacting with the interior, counteracting the
larger size of the tetramer which otherwise would have
had slightly higher barrier energies than the monomer.
The PET molecules did not exhibit a similar behavior.
The PE tetramer possessed very similar headgroup bar-
rier energies as the monomer with AG, of 1.1 kcal/mol for
DPPC and 0.7 kcal/mol for POPC (Fig. 9). The center of the
bilayer displayed a much lower energy level, however, with
the values of AG,,, as -6.3 kcal/mol for DPPC and —7.5 kcal/
mol for POPC. The exact center of the bilayer was similar
in energy as the region with the tailgroups; also no local

simulations with ethanol in a DPPC bilayer. The initial headgroups barrier (AGy)

minima close to the center were seen as had been noted
with the monomer. As the center of the bilayer was at a
much lower energy level for the tetramer than for the mono-
mer, it seems likely that it is more likely that the tetramer
could become concentrated inside the membrane. Likewise
in unbiased simulations, the tetramer showed a greater pref-
erence than the monomer to stay inside the membrane.

The PET monomer showed similarities to ethanol with
an energy minimum at just inside the phosphorus density
peak, which was very slightly below the starting energy lev-
els in water with —0.1 kcal/mol for both DPPC and POPC
(Fig. 9B). The bilayer center was visible as a slightly lower
energy region than that where the lipid tails were located.
The headgroups and bilayer center barriers were, however,
significantly higher for PET than ethanol with the values of
AG,, of 5.1 kcal/mol for DPPC and 5.3 kcal/mol for POPC
and AGy of 1.8 kcal/mol for DPPC and 1.4 kcal/mol for
POPC.

The PET tetramer encountered a strong barrier at the
center of the membrane with AG,, of 5.9 kcal/mol for
DPPC and 10.3 kcal/mol for POPC (Fig. 10). The initial
barrier AGy, for DPPC at 4.4 kcal/mol was also quite large,
however the POPC barrier was much lower, only 2.8 kcal/
mol. Both membranes displayed significant energy
minima for the tetramers just below the surface, i.e.,
at 2.0 kcal/mol for DPPC and —0.1 kcal/mol for POPC.
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This might explain why in the unbiased simulations, a
single PET tetramer was able to partially shift close to
the membrane surface into this region for a short time.
The energies did not level out in the simulations, as the
very long molecules had not completely traversed inside
the membrane by the end of simulation when the other
end touched the lipid’s phosphorus atoms on the opposite
bilayer leaflet. Both the DPPC membrane (10.5 kcal/mol)
and the POPC (15 kcal/mol) reached significantly higher
energies at the end of the simulation. It would likely be

preferable in future studies investigating larger hydropho-
bic oligomers to initially allow a molecule to seek a pre-
ferred shape in water in an unbiased molecular dynamics
simulation and only after the preferred shape has been
reached then to conduct a steered simulation by pull-
ing the molecule into the membrane. There would still
be a significant issue of randomness in the orientation,
but that might be corrected by testing various different
orientations.
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Conclusions

Both the unbiased and steered simulations revealed that
the monomers and PE tetramers were easily transported
through the bilayer surface. PE, especially its tetramers,
was more likely to concentrate in the membrane. The
POPC bilayers showed slightly lower thresholds than
DPPC. The effects of the molecules on the bilayer struc-
ture were not significant. Since passive transport seems
to be limited to molecules in the nanometer size-range,
simulation studies can be especially beneficial in clarify-
ing their transport mechanisms. The transport of micro-
or nanoplastics across membranes is still in its infancy;
this is a topic that needs to be investigated in the future
since the effects and possible toxicity of micro- and nano-
plastics on human health are unknown. Nonetheless, it is
very difficult to compare experimental results with differ-
ent MPs since they are dependent on the molecule’s type,
size and shape as well as on the treatment conditions.
Similarly, it is inadvisable to compare molecular model-
ing studies of MPs which have used different methods,
e.g., CG to all-atom. Nonetheless a better understanding
concerning the passive-permeation properties of oligo-
mers and polymers would be beneficial when evaluating
the health effects of these compounds. This phenomenon
needs to be clarified at an atomic scale before studying
the larger systems of MPs. We have demonstrated that

small oligomers can readily cross lipid membranes with-
out exerting any significant effects on the membrane’s
structure. The chemical structure of the monomers influ-
ences their behavior in lipid membranes. It will be nec-
essary to gain a better understanding of the permeation
mechanisms of oligomers into cells at the atomic level
before scaling-up the simulations into particle perme-
ation experiments with larger MPs. Based on our findings,
scaling-up the oligomers should not require extensive
parameter refinement when conducting MD, but it is
recommended that larger oligomer chains would benefit
from initial minimization in water before inserting them
into a system as this initial minimization would allow for
a more natural starting point for the larger molecules.

Abbreviations

PET Polyethylene terephthalate

PE Polyethylene

MP Microplastic

MD Molecular dynamics

CG Coarse-grained

PMF Potential of mean force

BHET Bis(2-hydroxyethyl) terephthalate

DPPC Dipalmitoylphosphatidylcholine

POPC 1-Palmitoyl-2-oleoylphosphatidylcholine
WHAM  Weighted Histogram Analysis Method
AGmM Membrane center barrier

AGb Lipid headgroups barrier
AGmin  Energy minima inside membrane
SD Standard deviation
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