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ABSTRACT

Synthetic plastic oligomers can interact with the cells of living organisms by different ways. They can be
intentionally administered to the human body as part of nanosized biomedical devices. They can be
inhaled by exposed workers, during the production of multicomponent, polymer-based nanocomposites.
They can leak out of food packaging. Most importantly, they can result from the degradation of plastic
waste, and enter the food chain. A physicochemical characterization of the effects of synthetic polymers
on the structure and dynamics of cell components is still lacking. Here, we combine a wide spectrum of
experimental techniques (calorimetry, x-ray, and neutron scattering) with atomistic Molecular Dynamics
simulations to study the interactions between short chains of polystyrene (25 monomers) and model
lipid membranes (DPPC, in both gel and fluid phase). We find that doping doses of polystyrene oligomers
alter the thermal properties of DPPC, stabilizing the fluid lipid phase. They perturb the membrane struc-
ture and dynamics, in a concentration-dependent fashion. Eventually, they modify the mechanical prop-
erties of DPPC, reducing its bending modulus in the fluid phase. Our results call for a systematic,
interdisciplinary assessment of the mechanisms of interaction of synthetic, everyday use polymers with
cell membranes.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The undesired dispersion of micro and nanoplastics in the envi-
ronment is one of the most challenging problems the scientific
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community and society as a whole have to face. Worldwide, we are
approaching the yearly production of 400 million tons of plastics
[1], and a considerable percentage of plastic products are dispos-
able. While the problem of macroscopic plastic fragments is severe
enough to harm terrestrial and ocean wildlife [2], the additional
problem of micro- and nano-sized plastic fragments is more subtle
but equally daunting [1,3-5]. When the plastic waste reaches the
ocean, plastics is progressively degraded, its fragments are reduced
in size by the effect of mechanical stress, solar radiation, bacteria,
and oxidizing conditions [3]. Increasing evidence demonstrates
that tiny plastic particles can enter the aquatic food chain, for
instance via adsorption onto algae and subsequent ingestion by
zooplankton or crustaceans [6]. In addition, nanoplastics are pro-
duced industrially for common products as cosmetics, nanocom-
posites, biomedical or formed during the mechanical breakdown
of daily-use products [7]. The release of potentially toxic com-
pounds from polymeric packaging materials of polystyrene into
the contacted food is also of great importance for health-related
impacts [8].

Given this picture, it is of fundamental importance to under-
stand the degree of toxicity of micro- and nano-sized plastic. A
few studies outlined that plastic nanoparticles can accumulate in
living organisms’ tissues (mussels, shrimps, and fish) and affect
their metabolism [9-11]. It is also known that plastic nanoparti-
cles’ size plays an important role: smaller particles have a greater
chance of penetrating and diffusing within the host organism’s tis-
sues [9]. Low molecular weight polymer chains can leach out of
plastic objects stranded on the coasts and in seawater [12]. While
it is clear that these micro- and nano-sized plastic particles can
cause serious problems, little is known about the molecular details
of their interaction with living cells.

One of the first barriers that plastic nanoparticles encounter
when coming in contact with living organisms is the plasma mem-
brane. Most of the every-day plastic consists of hydrophobic poly-
mers, such as polystyrene (PS), polyethylene (PE), and
polypropylene (PP). While long-chain polymers form stable solid
phases, shorter chains form low-melting glasses and liquids
[13,14] and can be mixed with organic solvents. Low molecular
weight hydrophobic polymers are more likely to interact with
the hydrophobic region of lipid membranes than with water, but
the degree of damage or modification of the membrane properties
that they can cause is not trivial to assess. A few years ago, our
group started to tackle the problem from a computational point
of view. In a first pioneering study, we investigated the interaction
between polystyrene nanoparticles and single-component phos-
pholipid membranes [15]; we predicted that polystyrene nanopar-
ticles easily penetrate the hydrophobic core of lipid membranes
and affect their structural and mechanical properties. In a follow-
ing study, we compared the effect of PS to that of two other com-
mon hydrophobic polymers, PE and PP [16]. We found that the
interaction of polymers with membranes depends crucially on
polymer structure, chain length, and aromaticity. These computa-
tional studies proposed a molecular mechanism of interaction
between hydrophobic polymers and model lipid bilayers, but they
lacked a direct experimental verification. Furthermore, given the
high computational cost of studying the polymer-membrane inter-
action over the relevant length and time scales, those studies were
carried out at the coarse-grained level, using the Martini force field
[17] for the description of both polymers and lipids. While those
coarse-grained models were carefully validated in bulk solvents,
questions on the models’ accuracy should be addressed via com-
parison with more detailed atomistic models and experimental
data.

The rare existing experimental literature shows that PS mono-
mers and very short oligomers can be included in amphiphilic
bilayers, synthetic or biomimetic, with an impact on their organi-
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zation [18]. Only very recently, an experimental study has
appeared showing that very short PS oligomers (5-mers) can alter
the ability of admixed natural saturated and unsaturated lipids to
form distinct domains with different fluidities in the hosting model
membrane [19].

In the present work, we overcome the recalled crucial issues
and present a combined experimental and computational investi-
gation of the interaction of PS nanoplastic with dipalmitoyl-
phosphatidylcholine (DPPC) lipid bilayers, focusing on the effects
of the introduction of short PS chains (PS25, 25-mers) on the struc-
tural, thermodynamic and mechanical properties of DPPC mem-
branes. We use parallel Differential Scanning Calorimetry (DSC)
as well as small and wide angle x-ray scattering experiments (SAXS
and WAXS) to assess the structural properties of DPPC/PS bilayers
at different temperatures. The local dynamics of the membranes in
the longitudinal and cross direction is experimentally accessed by
elastic neutron scattering (ENS). At the same time, we use com-
puter simulations (Molecular Dynamics, MD), with an atomistic
resolution, to investigate the molecular details of the interactions
between PS and DPPC and their effect on the mechanical properties
of the bilayers. Our combined experimental and computational
approach tackles the problem at different time and length scales
and demonstrates that PS has major effects on the architecture,
dynamics, and cooperativity of DPPC bilayers.

2. Results and discussion

We investigate model membrane systems in aqueous solutions.
Polystyrene (MW 2500, PS25)/DPPC mixed bilayers were prepared
and modeled with a PS/DPPC mass fraction in the 0-15%. While
these concentrations are large as absolute values, they may be rep-
resentative of the local adsorption of plastics nanoparticles within
a cell membrane. Experimentally, the PS/DPPC mixed bilayers were
prepared by the thin-film hydration method. Multilamellar mixed
PS25/DPPC/water systems prepared at ¢ =20 mg/ml are observed
by differential scanning calorimetry (DSC) or let to sediment to a
final “maximum swelling” (about 54% volume fraction) to be
observed by SAXS and WAXS experiments [20]. Similar solutions
prepared at c =50 mg/ml were let to sediment on silicon wafers
and dehydrate to form highly oriented membranes stacks and
observed by ENS experiments.

2.1. Thermal properties

2.1.1. DSC measurements

Fig. 1 reports the upward calorimetric scans of PS25/DPPC
bilayers at increasing PS volume fraction (0-15%). We focus on
the evolution of two typical endothermic peaks, associated with
the pre-transition (at temperature T,) and the main transition (at
temperature Ty,), the latter corresponding to the gel-to-fluid tran-
sition of the lipid chains. The presence of PS25 affects both T, and
Tm and reduces the associated enthalpies (Fig. 1b). T, decreases
from 35 °C to 33.9 °C upon PS25 increase until 10% PS mass frac-
tion, with a 60% reduction of the associated AH,,. In the same range
of PS25 content, T,, also lowers from 41.25 °C to 41 °C, and the
presence of polystyrene reduces the associated AH,, values.

Thermograms in Fig. 1 also show that the presence of PS25
induces a broadening of the main phase transition of DPPC. This
melting transition’s cooperativity is estimated by the value of the
cooperative unity C.U., obtained by the ratio between the van’t Hoff
enthalpy AH,y and the measured AHy,. The van’t Hoff enthalpy is
calculated according to the equation AH,y = 6.9 T2,/AT; 12> Where
ATz is the full width at half the maximum of the calorimetric
peak [21]. The evolution of the C.U. is reported in Fig. 1¢, showing
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Fig. 1. DSC. (a) Calorimetric upward thermograms of PS25/DPPC multilamellar systems at increasing PS25 mass fraction, from bottom to top 0%-15%. Left insert: zoom on the
pretransition region, same colour code as for the data. Right insert: zoom on the main transition region, same colour code as for the data. (b) Pretransition T, and gel-to-fluid
main transition T, temperatures (peak positions in the inserts of Panel a)) and associated enthalpies AH, and AHy,. ) Calculated cooperative unit C.U. for the main transition

as a function of PS25 mass fraction.

a progressive decrease of cooperativity upon PS25 increase, reach-
ing a plateau at 10% PS25 mass fraction.

Notably, as seen in Fig. 1, at 15% PS25 content, the melting tem-
perature Ty, abruptly rises back to 41.25 °C, recovering that of pure
DPPC, although with a smaller cooperative unit, C.U. This behavior
suggests that local segregation of PS25 chains within the bilayer
may occur, above a critical concentration between 10% and 15%,
fencing regions where pure DPPC is present. Such a compositional
inhomogeneity might affect the membrane even out of the order-
disorder transition regime. To reinforce this finding, we explored
the effect of PS90, a longer PS polymer with 90 styrene groups,
on DPPC membranes. DSC experiments show that at 5% volume
fraction, the effect of PS90 is very similar to the one found for
PS25; both the pretransition and the main transition shift to lower,
and similar, temperatures, namely T,=34.7 °C (T, =34.6 °C for
PS25), and Ty, =41.18 °C (T, =41.15 °C for PS25). Differently, at
10% PS volume fraction, the further substantial drop of the transi-
tion temperatures induced by the short-chain PS25 is not observed
for the long-chain PS90: Tj, = 33.9 °C (PS25), Ty, = 34.5 °C (PS90) and
T =41.00 °C (PS25), Ty, =41.18 °C (PS90). These results indicate
that the threshold concentration for a putative effective local seg-
regation of PS from DPPC is lower for the longer PS90 chains (lower
than 10% volume fraction).

Overall, our calorimetric data show that the insertion of PS into
DPPC lipid bilayers promotes the stabilization of the fluid lipid
phase and reduces the system’s cooperativity in a dose-
dependent fashion. Moreover, above a threshold concentration, it
appears to promote lateral phase separation within the DPPC
bilayer, with an inhomogeneous lateral distribution of PS in the
membrane.

112

2.2. Structural properties

2.2.1. SAXS and WAXS measurements

In order to investigate the effect of PS25 on the multiscale struc-
ture of DPPC membranes as they evolve across different lipid
phases, we performed parallel DSC and SAXS/WAXS experiments
in multilamellar systems as the temperature was raised from 25
to 55 °C (experimental details are reported in Section 4). Fig. 2a
reports compared experimental data on DPPC, and PS25/DPPC
(5% PS25 mass fraction) focused on the small angle range. The typ-
ical phase behavior of multilamellar systems can be identified in
both cases. The mesoscale structure changes at the pretransition
and main transition temperatures, T, and Ty, as indicated by the
parallel DSC thermograms reported vertically on the left-hand side,
with the same temperature scale, coupling thermotropic and ther-
modynamic information. The pretransition marks the structural
change from the Ly lamellar gel phase, characterized by tilted acyl
chains, to the Py phase, characterized by the presence of periodic
ripples on the membrane’s surface [22-24].

Structural differences between the two lamellar systems on all
length-scales, down to the lipid chain packing, can be appreciated
by looking at the x-ray spectra recorded in an extended SAXS/
WAXS g-range, 0.09 - 20 nm™!, and compared at the same temper-
ature. Fig. 2b compares spectra at various points during the tem-
perature scan, i) deep in the gel phase, ii) at the pretransition, iii)
at the main transition, and iv) deep in the fluid phase.

i) At T=25° C, both systems are in the Lg phase. The equally
spaced intensity peaks, in the SAXS region, at q=0.99,
1.98, 2.97, 3.96, 4.95, correspond to a lamellar repeat D spac-
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Fig. 2. Small and wide angle x-ray scattering (SAXS and WAXS) on DPPC (black lines and symbols) and PS25/DPPC (red lines and symbols). a) SAXS intensity patterns during a
temperature scan from 25 °C to 55 °C (scan rate 1°C/min). Simultaneous thermograms are reported vertically on the left with the same temperature scale, coupling
thermotropic and thermodynamic information. b) Intensity profiles in the SAXS (left) and WAXS (right) regions of the two multilamellar systems in the Ly phase (T = 25 °C), at
the two boundaries of the Py ripple phase (T =35 °C, T = 41 °C), in the Lo fluid lamellar phase (T = 55 °C). ¢) Characteristic distances in the ripple phase as calculated from the

intensity peaks’ position: d1 =2mw/q1 and d2 = 2m/q2.

ing of 6.3 nm, as expected for DPPC [25]. Only a very slight
shift to higher g-values (shorter distances) occurs in the
presence of a 5% volume fraction of PS25. The WAXS diffrac-
tion patterns show the asymmetric double Bragg peak typi-
cal of the orthorhombic packing of tilted chains occurring in
the Ly phase [26]. DPPC molecules have an interfacial area of
48 A? and tilted gel chains (8 = 31°) packed in the hydropho-
bic layer, 17.3 A thick.

ii) The spectra taken at T =35 °C confirm that the presence of

iv) Finally, at T=55°C, in the L, fluid phase, the lipid chains

reach a similar local packing, giving rise to the WAXS struc-
ture peaks observed at the same position, q = 13.8 nm™!, cor-
responding to a characteristic distance d.=4.55A.
Meanwhile, the mesoscale arrangement (SAXS range) shows
that a minor shrinking is induced by PS25, similar to what
was observed at low temperature and corresponding to a
shorter lamellar repeat D spacing, 6.56 nm instead of
6.68 nm.

PS25 anticipates the pretransition from the Ly to the Pg
phase to lower temperatures. While pure DPPC still shows
the orthorhombic order of the Ly phase, the system doped
with PS25 has already turned its lipid chain packing (WAXS
region) to the hexagonal order, with one single characteristic
Bragg peak.

iii) The structural effect due to PS25 also appears in the main

transition process. At T =41 °C, both pure and PS-doped
systems display the ripple phase’s typical pattern on the
mesoscale (SAXS range). Nonetheless, on the local scale
(WAXS range), DPPC shows up with the hexagonal Bragg
peak (q=14.7 nm™!), while the PS25/DPPC system already
features a broad structure peak (at q=13.9 nm™!), reveal-
ing that the melting transition of lipid chains has already
occurred. Indeed, this broad structure peak is distinctive
of the lipid chains’ fluid arrangement, as in the Lo fluid
phase [27].
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Our parallel experiments reveal that the influence of PS on
membrane structure extends beyond the transition processes’
modulation, being also displayed in the Py ripple phase that occurs
in between the two transition events. We recall that, as a distinc-
tive feature, the Py intermediate phase is affected by inhomo-
geneities in the thickness and mean interfacial area of the
bilayer. Our experimental data for pure DPPC, namely, the
observed intensity peaks’ positions and the lattice parameters cal-
culated from the diffraction pattern (see Supplementary material),
are in perfect agreement with previous studies at the same tem-
perature [24,28]. The architecture of DPPC on the mesoscale can
be modeled as a stack of rippled bilayers, identified by two lattice
parameters; the ripple repeat in the membrane plane (d1), con-
nected to the distance between two parallel corrugations, and
the bilayer repeat (d2), connected to the lamellar repeat spacing
along the lamellar stack. Such rippled geometry originates from
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the creation of one-dimensional parallel fluid line-defects in a gel
bilayer due to the competition between headgroup ordering,
favored by elastic forces, and headgroup hydration [22]. In the Py
ripple phase of DPPC, the growth of these defects leads to an asym-
metric sawtooth profile of the bilayers, with a short thinner arm
half the length of the thicker one [24,29]. Simulations from a pre-
vious study showed that lipids in the kink regions between the two
arms are highly disordered and mobile [30].

Our data (Fig. 2, Panel c) show that the presence of PS25 forces a
notable reduction in both characteristic distances all over the
ripple phase domain. PS increases the surface density of corruga-
tions on the membrane and helps the occurrence of kink regions
(smaller d1). We speculate that polystyrene chains may act as
structural defects increasing the inhomogeneity distributed within
the lipid bilayer, similarly to fluid lipid line defects. Also, the dis-
tance between the bilayers is slightly shorter in the presence of
PS25 (smaller d2), a difference that amounts to ~0.2 nm in the
low-temperature region of Py, and progressively fades as the
high-temperature edge of the ripple phase is approached, where
the transition to the fluid phase occurs. The sudden drop of the
inter-bilayer (d2) repeat at T = 40 °C is likely due to the anticipated
occurrence of the main transition in PS25/DPPC bilayers. Notably,
the short-scale and meso-scale structural features of the PS-
doped bilayers do not show the usual coupling found in phospho-
lipid bilayers. At T = 41 °C, the mixed PS25/DPPC bilayers, although
already showing on the local-scale pattern of fluid disordered lipid
chains (Fig. 2b) WAXS), still keeps the ripple architecture on the
mesoscale (Fig. 2b) SAXS), possibly sustained by the disposition
of polystyrene chains along the line defects. This point has been
further investigated by molecular dynamics simulations (see later
on). Eventually, at a higher temperature and after a suitable delay,
the bilayer flattens, as expected in the L, fluid phase.

2.2.2. Molecular dynamics simulations

To investigate in a more detailed way and with a molecular res-
olution the behavior of PS25 chains inside DPPC bilayers, we per-
formed molecular dynamics (MD) simulations. In this study, all
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the simulations are performed at the united atom level (OPLS-UA
force field [31] and Berger lipids [32], see Section 4 for further
details). We constructed three systems, composed of a DPPC
lipid bilayer and 5%, 10%, or 15% of PS25 chains. We randomly dis-
persed the PS25 chains in the bilayer, locally minimized, and equi-
librated the system for 50 ns. Then we performed 2 ps production
runs at a temperature of 57 °C in NPT conditions for each system.
The temperature has been chosen to have the lipids in the fluid
phase, allowing the spontaneous rearrangement of PS25 chains
within reasonable simulation times (hundreds of ns).

PS chains conformation and location within the membrane. At 5%
and 10% of mass ratio, PS25 chains are compact and, on average,
spherical objects buried inside the hydrophobic core of the DPPC
bilayer (see Fig. 3a, top). PS25 chains are confined to the center
of DPPC bilayers, as shown by the density profiles of PS25 along
z (Fig. 3a, bottom). The sphericity of the single chains can be eval-
uated by looking at the radii of gyration about the x-, y- and z-axes.
In particular, given the symmetry of the system, we distinguish
between an in-plane ((Rgy + Rgy)/2) and an out-of-plane (Rg,) com-
ponent. The results at 5% and 10% of mass ratios are comparable:
both components measure on average 0.71 +/- 0.03 nm (see Fig-
ure S3). In these simulations, the PS25 chains diffuse along the
membrane plane at both PS mass ratios, remaining dissolved into
the hydrophobic core and showing no aggregation signs (See
Fig. 3b, first two snapshots). However, the behavior of polystyrene
changes when its concentration is further increased. At 15% of
mass ratio, PS25 chains collapse to form a single aggregate (see
Fig. 3b, last snapshot). Once formed (after ~100 ns), the aggregate,
despite being dynamical and liquid-like, is stable for the whole
simulation run. PS25 chains belonging to the aggregate are less
globular than the dissolved PS25 chains: they become slightly
elongated in the out-of-plane direction, as demonstrated by Rg,
becoming higher than in the other systems (0.83 +/- 0.03 nm, see
Figure S3). We quantified this concentration-dependent aggrega-
tion behavior by analyzing the number of contacts between atoms
of the polymers and atoms of the lipids (see Fig. 3c). At 5% and 10%
of mass ratios, the number of mixed contacts remains essentially

— 15% PS

PS-DPPC contacts (#)

4 10% PS
— 5% PS
3.5 T T T

0 500 1000 1500 2000

time (ns)

Fig. 3. The behavior of PS25 chains in DPPC bilayers at different concentrations. (a) Top: typical configuration of a single PS25 chain dissolved into the hydrophobic core of the
DPPC bilayer. The carbon chain is in black, while phenyl groups are in purple. Water is not shown for clarity. Bottom: density profiles along the axis perpendicular to the
membrane plane from the simulations with 0%, 5%, 10%, and 15% of PS25. The densities of water (cyan) and lipids (dark green) are taken from the pure DPPC simulation (0%),
while the density of PS25 is in blue for 5%, in green for 10%, and in red for 15% mass concentration. (b) Top view of representative snapshots taken from a DPPC bilayer’s
simulations containing 5%, 10%, and 15% of PS25 chains. (¢) The normalized number of contacts between PS25 atoms and DPPC atoms as a function of time. The contacts were
normalized by dividing the total number of contacts by the number of polystyrene atoms (the number of lipids is the same in the three systems).
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Fig. 4. Effect of PS25 chains on the ripple phase (measured from simulations at 17° C). (a) Snapshot from the pure DPPC asymmetric system and 2D map of the order
parameter 6 for the same system. (b) Snapshot from the asymmetric system with 5% of PS25 chains and 2D map of the order parameter 6 for the same system. Purple points
on the map represent the average position of the PS25 residues in the time interval in which 6 has been measured.

constant, while at 15% there is a fast decrease at the beginning of
the run: the signature of aggregation. We verified the reliability
of this result by running three additional independent simulations
(500 ns for each run), and we obtained comparable results (see
Figure S4).

The concentration-dependent aggregation of PS25 in the DPPC
membrane confirms our experimental data, providing a molecular
interpretation of the concentration-dependent thermal properties
of the DPPC/PS25 mixture revealed by DSC. Indeed, both phase
transitions temperatures tend to decrease up to 10% of PS25 vol-
ume fraction, but the DPPC behavior is recovered at 15% PS25 con-
centration, except for the cooperative unit C.U. Combined results
suggest partial segregation of PS chains within the bilayer above
a critical concentration, which is between 10% and 15% for PS25
according to both simulations and experiments. Aggregation of
hydrophobic chains in the interior of lipid membranes is analogous
to the nucleation of lipid droplets, observed in simulations [33] and
experiments [34] upon addition of oil (e.g., triglycerides) to lipid
bilayer membranes or even cell membranes [35]. Both phenomena
can be described as a type of liquid-liquid phase separation, taking
place when the concentration of the hydrophobic chains increases
above a certain threshold.

Effect of PS25 on the ripple phase. We used MD simulations to
investigate how the presence of PS25 chains can affect the ripple
phase features. We created a pure DPPC bilayer ribbon, as shown
in Fig. 5, with and without 5% of PS25 chains. The system temper-
ature was decreased in 100 ns from 57 °C to 17 °C and then equili-
brated at 17 °C for 400 ns (see Section 4 for further simulation
details). As shown in Fig. 4a, after 500 ns, the pure DPPC membrane
presents alternating ordered and disordered phases, with a saw-
tooth profile in some regions that resembles a ripple phase profile.
We analyzed the alternance of ordered and disordered phases by
constructing a 2D map of an ad hoc order parameter, 6, which mea-
sures lipid tails’ elongation by analyzing their dihedral angles (de-
tails about the calculation of 6 are provided in the Section 4). 6 can
theoretically vary from O (in regions containing only cis dihedrals)
to 1 (in regions containing only trans dihedrals).

When PS25 is present (Fig. 4b), the membrane profile is more
homogeneous. Looking at the 2D map of the order parameter, it
becomes clear that the ordered phase is hindered in the regions
of the membrane incorporating PS25 chains. Indeed, white/cyan
regions (high 0) are essentially polymer-free, while regions near
the polymer are black/blue (low 6). We calculated for both systems
(pure and with 5% of PS25) the fraction of the membrane surface
presenting an order parameter 0 > 0.5, obtaining 22.4% for the pure
system and 13.4% for the hybrid system. These results highlight
that the presence of 5% PS25, while allowing an alternation of
ordered and disordered phases, on average has a disordering effect.
We repeated the simulations and the analysis at a higher temper-
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ature (23° C). While both the pure and mixed systems appear much
less ordered, the system containing PS25 chains is once again the
least ordered (see supplementary Figure S5). These simulation
results are consistent with the experimental data, showing that
the repeat distances in the ripple phase are decreased in the pres-
ence of PS25 chains, putatively reflecting the increase of the fluid
domains and the smoothing of the bilayer profile.

2.3. Local lipid dynamics and whole membrane mechanical properties

2.3.1. Neutron scattering experiments

Lipid dynamics. The local motion (at a tenth of nm scale) of the
molecular groups within the membrane was assessed by neutron
scattering elastic neutron scattering (ENS) experiments on highly
oriented stacks of DPPC membranes, pure and doped with 5% PS
of two different lengths (PS25 and PS90), as a function of temper-
ature, from deep freeze (dampened motion) up to the gel-to-fluid
transition. In order to discriminate between in-plane and out-of-
plane dynamics, the oriented samples were tilted at 135 and 45°,
respectively, with respect to the incoming neutron beam. Details
are reported in the Section 4 and in the Supplementary Material.
From the spectra of the elastic scattered intensity, the mean-
square amplitude of atomic displacements (MSD) was calculated
(see Section 4 for the details).

Fig. 5a shows the temperature dependence of the measured in-
plane (MSDyy) and out-of-plane (MSD,) mean square displacement
for pure DPPC and PS-doped samples. In both directions, a smooth
increase ends up with an abrupt enhancement of the dynamics
across the gel-to-fluid phase transition, occurring at T> 330K,
higher than expected for dispersed DPPC membranes, and is com-
monly observed in similar experiments on stacks of thousands of
bilayers at low hydration [36]. From the slope of MSD versus tem-
perature below the phase transition, the associated force constant
(k') (the resilience or rigidity of the molecules [37]) in the gel phase
is calculated (see eq.2 in the methods section) and reported as his-
tograms in Fig. 5a. The dynamics for the pure DPPC membranes is
clearly anisotropic, suggesting higher rigidity for the out-of-plane
lipid motions as compared to the in-plane ones. The presence of
5% polystyrene, both PS25, and PS90, clearly reduces motional ani-
sotropy; namely, it lowers the out-of-plane effective force con-
stant, leading to enhanced molecular mobility in the cross
direction of the membrane.

2.3.2. Molecular dynamics simulations

Lipid dynamics. We calculated the in-plane diffusion coeffi-
cient of DPPC lipids, as detailed in the Section 4 section. The results,
summarized in Table 1, show a clear trend, with the lipid diffusion
coefficient increasing from 0% to 15% of PS25 mass ratio. However,
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Fig. 5. Effect of PS25 chains on the dynamical and mechanical properties of DPPC bilayers. (a) Elastic neutron scattering experiments results. MSD calculated for the in-plane
(135°, upper panel) and out-of-plane (45°, lower panel) motions, with corresponding force constants in insets. Black: pure DPPC; blue: PS25/DPPC; gold: PS90/DPPC. (b) Mean
squared displacement along the axis perpendicular to the membrane plane as a function of time for the different PS25 mass ratios, calculated from MD simulations. (c) Area
compressibility modulus as a function of the percentage of PS25 chains inside the DPPC bilayer, calculated from MD simulations. (d) Hydration of the lipid heads in MD
simulations: number of contacts between lipid head atoms and oxygen atoms belonging to water molecules.

Table 1
Lateral diffusion coefficient of DPPC lipids, in the plane of the membrane, as a function
of the PS25 mass percentage.

Diffusion coefficient (cm?/s)

0% (pure DPPC) 12107 (£0.11077)
5% of PS25 131077 (x0.11077)
10% of PS25 14107 (x0.11077)
15% of PS25 541077 (0.2 1077)

the effect is not linear, becoming more pronounced at 15%. We fur-
ther analyzed the dynamic properties of DPPC lipids in the pres-
ence of PS25 chains calculating the out-of-plane mean squared
displacement of lipids (MSD,, see Fig. 5b). The MSD,, too, increases
with increasing PS25 mass ratio (from 0% to 15%). Despite being
measured in the liquid phase and thus also with a different hydra-
tion, this increase is qualitatively coherent with ENS experimental
measurements of the lipids out-of-plane MSD in the temperature
range 250-330 K (below the lipid main transition for DPPC stacks).

Mechanical properties. A higher out-of-plane MSD is expected
to be correlated with a modification of the mechanical properties
of the whole bilayer [38]. Indeed, coherently with what was
observed in our previous study with a coarser model [15], PS has
a mechanical softening effect. We calculate the area compressibil-
ity modulus Ka for the bilayers at the three different concentra-
tions and for a pure DPPC bilayer (see Fig. 5c). The Kx modulus
progressively decreases with increasing the concentration of
PS25 from 0% to 15%. There is a jump of one order of magnitude
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at 15%, indicating that the effect of aggregated chains on the mem-
brane lateral rigidity is stronger than the effect of dispersed chains.
Indeed, when measuring K, for a phase-separated system, we
effectively measure the compressibility of the softer phase (which
in this case is a lipid-polymer mix with a very high local concentra-
tion of PS). This effect is analogous to previous predictions by MD
simulations in lipid binary and ternary mixtures [39] and consis-
tent with experimental observations on DMPC/DSPC mixtures
[40]. It is also coherent with the strong increase in DPPC diffusion
coefficients at 15% of PS25 mass ratio. We further analyzed the sys-
tems by looking at the degree of hydration of lipid heads (see
Fig. 5d). While the effect of the polymer on the average hydration
is minor at 5% and 10% of PS25 mass ratio, at 15% the hydration of
lipid heads is significantly enhanced. This result, coherent with the
increase in the average area per lipid (see Figure S6), provides a
molecular-level interpretation of the results on the area compress-
ibility modulus: when the PS25 chains aggregate concentrating in
a specific region, there they cause a significant increase in lipid
head group hydration, making the membrane softer.

We performed additional simulations to calculate the effect of
10% of PS25 on the bending modulus K}, of the DPPC bilayers. For
details about the computational technique used to calculate K,
(buckling method) see Section 4. We only analyzed simulations
with PS25 concentration below the aggregation threshold, because
the theory underlying bending modulus calculations is only valid
for homogeneous materials (https://doi.org/10.1063/1.4808077).
The results are summarized in Table 2. The bending modulus of
the pure DPPC membrane is in agreement with values from the
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Table 2
Bending modulus of the pure DPPC bilayer and of a DPPC bilayer with 10% of PS25,
calculated from MD simulations with the buckling technique.

Bending modulus (kgT)

0% (pure DPPC) 26.1 (£ 1.0)
10% of PS25 (SIM1) 16.2 (£ 2.8)
10% of PS25 (SIM2) 19.7 (£ 3.4)

literature [39,41], while it decreases in the presence of polystyrene.
The effect is substantial since at 10% of mass ratio the bending
modulus is reduced by about one-third. Therefore, we can con-
clude that polystyrene chains significantly soften DPPC mem-
branes, reducing both K, and K.

3. Conclusions

With this study we clarified the effects induced by doping doses
of nano-plastics made of a common industrial polymer, polystyr-
ene, on the structure, dynamics, and mechanical properties of
DPPC membranes. Thanks to the combination of diverse experi-
mental and computational techniques, we could characterize the
system at different time and length scales, reaching a clear and
complete picture of the perturbations on the membranes.

United-atom simulations confirm that short polystyrene chains
(25 monomers) incorporated within the DPPC lipid bilayer, tend to
be hosted in hydrophobic core. Experimental DSC data show that
nano-sized PS, once embedded in the DPPC lipid bilayer core,
downshifts both the pre-transition and main transition tempera-
ture of DPPC, stabilizing the lipid fluid phase while reducing the
system cooperativity in a dose-dependent fashion. However, the
same data suggest that, above a threshold concentration of nano-
plastic, the system undergoes partial phase separation. This behav-
ior was clarified by unbiased molecular dynamics simulations,
showing aggregation of PS chains only above 10% of PS mass frac-
tion, consistent with the experiments.

Parallel SAXS and WAXS measurements revealed that the influ-
ence of PS extends beyond phase transition modulation, influenc-
ing structural features of the different phases. Interestingly, the
presence of PS appears to be relevant for the P’ ripple phase that
is observed between the two transition events, increasing the sur-
face density of kinks. Once again, molecular dynamics simulations
provide an interpretation at the atomic level: the formation of the
ordered phase is hindered in the proximity of PS25 chains. While
allowing the alternation of ordered and disordered phases typical
of the ripple phase, on average, polystyrene has a disordering
effect, effectively increasing the number of disordered regions.
The fact that PS alters the ripple phase suggests that, more gener-
ally, it may have an impact on the border areas between different
lipid phases. In this respect, the recent experimental finding that
PS oligomers have an impact on phase coexistence of mixed lipid
systems, has suggested that PS might interfere with cell membrane
domain formation.

Furthermore, we showed that dynamic and mechanical proper-
ties of DPPC bilayers are perturbed. ENS experiments on highly ori-
ented stacks of DPPC membranes indicated that polystyrene leads
to enhanced lipid mobility in the direction of the membrane nor-
mal. Simulations confirm this effect. The effect of the presence of
PS on the local lipid dynamics in a small environment within the
model membrane, can be common to lipids embedded in different
types of real, more complex membranes.

We also used molecular dynamics to calculate the mechanical
properties of DPPC bilayers in the presence of PS. Coherently with
previous studies performed with coarser computational models,
we show that polystyrene softens the lipid membrane, signifi-
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cantly reducing its area compressibility modulus and bending
modulus.

Our results suggest that the potential harm caused by the incor-
poration of nanoplastics should not be underestimated. In the case
we analyzed, the nanoplastics concentration plays a major role in
determining the extent of membrane perturbation.

Our study considers a model situation in which polymer chains
are not covered by the organic and inorganic molecules that crowd
natural water environments, and that may change the physico-
chemical nature of the nanoplastics-bio interface. Indeed, the for-
mation of a biocorona [42], constituted by natural organic matter,
protein-rich aquatic exudates, and other biomolecules, can modify
the toxicity of nanoparticles, similarly to what happens in vitro and
in vivo with protein coronas [43]. From this point of view, our
results call for future investigation of the effects of more realistic
plastic nanoparticles.

Another relevant issue that remains to be explored is the possi-
ble effect of nanoplastics membrane incorporation on membranes
of more biologically relevant composition. In particular, membrane
proteins are known to be sensitive to membrane elastic properties;
changes in membrane elasticity may alter conformational equilib-
ria, and therefore functioning, in membrane proteins [44,45].

Both these achievements, which can be accomplished by con-
solidating interdisciplinary, multi-approach experimental and
computational protocols, would be fundamental steps to extend
our understanding of the effect of nanoplastics on living organisms.

4. Materials and methods

Sample preparation. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC; synthetic, purity > 99%) was from Avanti Polar Lipids. Poly-
styrene for molecular weight standard (MW 2500 and 9000) was
purchased from Merck Life Science. Multilamellar mixed DPPC
+ polystyrene (PS) systems were prepared by thin-film hydration
method. Proper amount of each component were dissolved and
mixed in chloroform at c<1mg/ml. After complete solvent
removal in a rotating evaporator and under vacuum, the obtained
lipid thin film was humidified, rehydrated (c = 20 mg/ml) and sub-
mitted to a freeze and thaw homogenization protocol. For dynam-
ical experiments highly oriented membranes stacks were
Supported membrane multistacks were obtained by deposition of
1.5 ml of a multilamellar solution (100 mg/ml) on three Si wafers
(30 mm x 40 mm). After drying under humidity controlled condi-
tions the sample was sealed in a flat aluminium cell.

Differential scanning calorimetry (DSC). Differential scanning
calorimetry (DSC) experiments were performed with a MASC
instrument [46]. Multilamellar solutions (0.2 ml) at ¢ =20 mg/ml
were put in sealed glass capillaries and submitted to subsequent
temperature cycles in the temperature range 25°C<T<55°C at
a scan rate of 0.33 °C/min.

Small and Wide Angle X-ray scattering (SAXS and WAXS). SAXS
and WAXS experiments were performed at the SAXS beamline of
Elettra-Sincrotrone (Trieste, Italy). Parallel SAXS and WAXS spectra
can be measured during a calorimetric scan, thanks to a custom
DSC instrument. Multilamellar solutions were put in calibrated
glass capillaries (WJM-Glas, De) with 1.5 mm diameter and sub-
mitted to identical temperature cycles in the temperature range
25°C<T<55°C at a scan rate of 1°C/min. Several short frames
were acquired for 5 s and summed up, after checking for radiation
damage. The scattered radiation was angularly regrouped after
normalization and background subtraction in a wide q region
(0.1 <q<20nm-1) allowing for structural investigation of mem-
branes on a wide length-scale.

Neutron scattering experiments. Neutron scattering measure-
ments were performed on the thermal (A =2.23A) high-energy
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resolution backscattering spectrometer IN13 (Institut Laue-
Langevin, Grenoble, France). Experimental details are reported in
the Supplementary Material.

The experimental data consist of the elastic neutron scattering
intensity S(Q, w=0) vs. the squared momentum transfer (Fig-
ure S2). In the low Q region the Q-dependence of S(Q, ®=0) is
given, according to the Gaussian approximation, by:

<u2>Q2
S(Q,w=0)=Ie (1)
where I is a constant and <u?> is the mean-square amplitude of
atomic displacements (MSD).

Thus, from the slope of the semi-logarithmic plot of the inco-
herent scattering function, the Mean Square Displacements
(MSD) for a given T is extracted.

The temperature variation of the MSDs can be interpreted in
terms of an empirical effective force constant called (k'), called re-
silience by Zaccai [37]. It describes the rigidity or resilience of the
macromolecules. The effective average force constant for sample
dynamics, (k'), can then be calculated from the slope of MSD as a
function of temperature, by applying a quasi-harmonic
approximation:

(K'Y = 0.00276/[(d(u2)) / dT] 2)

MD simulations parameters. All the molecular dynamics simula-
tions of this work were performed with the Gromacs software
package (version 2020)[47] in the NpT ensemble, with periodic
boundary conditions in all dimensions. We used the OPLS-UA force
field [31] combined with Berger lipids [32], as done in previous
works [15,48]. We used a leap-frog integrator with a time step of
2 fs. For production runs of square systems at 57 °C, we used the
Parrinello-Rahman barostat [49] (with 1 ps of relaxation time) to
apply semi-isotropic pressure scaling and keep the pressure at
1 bar, while using the velocity rescale [50] algorithm (with a time
constant of 1 ps) to keep the temperature constant. The systems
used for the unbiased simulations of Fig. 3 and the calculation of
bending modulus contained 880 DPPC molecules organized in sim-
ulation boxes with a square xy plane (dimensions ranging from
~17 x 17 nm to ~18.5 x 18.5 nm depending on the PS chains mass
ratio). The systems used for the simulations of Fig. 4 contained
1100 DPPC molecules organized in simulation boxes with a rectan-
gular xy plane (~7.5 x 38 nm).

Calculation of bending modulus. The membrane bending modu-
lus, Ky, was calculated via the analysis of membrane buckling, as
recently proposed by Deserno [51] and reviewed in Bochicchio
et al. [52]. The DPPC bilayers were buckled by applying a pressure
in the x-direction until a strain of around 0.2 was reached (the y
edge of the simulation box was fixed during the compression).
Then, 1-microsecond simulations were carried out with constant
x and y box dimensions. The value of the xx element of the stress
tensor was then used to derive the force exerted by the membrane
in the x-direction, which is related to K, [51]. Only the last 500 ns
were used for averaging.

Order parameter 0. We designed an order parameter (called 0) to
discriminate between ordered and disordered DPPC lipid tails
while being independent of the local membrane normal. For each
lipid tail in each leaflet, we calculate the absolute value of all its
dihedrals (IUPAC convention, 0 rad corresponding to perfect cis-
conformation), we select the smallest of these values, and we
assign a value of 6=0 if it is<2rad and of 6 =1 if it is >= 2 rad.
Then we divide the Xy plane in a grid, and we average all the 6 val-
ues of each bin. This procedure produces a 2D map for a single
frame. To have statistically meaningful results, we averaged the
grids obtained from 10ns of simulation after 500ns of
equilibration.
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