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ARTICLE INFO ABSTRACT

Keywords: Nanoplastics (NPs) are mainly generated from the decomposition of plastic waste and industrial production,
Nanoplastics which have attracted much attention due to the potential risk for humans. The ability of NPs to penetrate
Benzo(a)pyrene different biological barriers has been proved, but the understanding of molecular details is very limited, espe-
DPPC bilayer . . . P . .

Cytotoxicity cially for organic pollutant-NP combinations. Here, we investigated the uptake process of polystyrene NPs

(PSNPs) combined with benzo(a)pyrene (BAP) molecules by dipalmitoylphosphatidylcholine (DPPC) bilayers by
molecular dynamics (MD) simulations. The results showed that the PSNPs can adsorb and accumulate BAP
molecules in water phase and then carried BAP molecules to enter DPPC bilayers. At the same time, the adsorbed
BAP promoted the penetration of PSNPs into DPPC bilayers effectively by hydrophobic effect. The process of
BAP-PSNP combinations penetrating into DPPC bilayers can be summarized into four steps including adhesion on
the DPPC bilayer surface, uptake by the DPPC bilayer, BAP molecules detached from the PSNPs, and the PSNPs
depolymerized in the bilayer interior. Furthermore, the amount of adsorbed BAP on PSNPs affected the prop-
erties of DPPC bilayers directly, especially the fluidity of DPPC bilayers that determine the physiologic function.
Obviously, the combined effect of PSNPs and BAP enhanced the cytotoxicity. This work not only presented a
vivid transmembrane process of BAP-PSNP combinations and revealed the nature of the effects of adsorbed benzo
(a)pyrene on the dynamic behavior of polystyrene nanoplastics through phospholipid membrane, but also
provide some necessary information of the potential damage for organic pollutant-nanoplastic combinations on
human health at a molecular level.

Molecular simulation

1. Introduction

In recent decades, owing to excellent properties and low cost, plastics
are widely used in daily life and commercial production [1]. However,
only 6-26% of plastics are recycled and most are released into the
environment through various pathways [2]. By 2025, 11 billion metric
tons of plastics are predicted to accumulate in the environment [3].
Therefore, plastic pollution is one of the most challenging problems.
Over time, plastic waste would degrade into smaller pieces through
external environmental effects [4]. Generally, plastic particles less than
5 mm in size are defined as microplastics (MPs) [5], and those less than
100 nm in size are defined as nanoplastics (NPs) [6]. Moreover, NPs are
also produced industrially for specific applications, such as personal care
products [7,8], nanocomposites [9], and biomedicine [10,11]. The use
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of these daily products also can introduce NPs into the natural envi-
ronment [12,13]. Therefore, people can be exposed to NPs in a variety of
ways, such as inhalation, oral ingestion, or absorption by the skin [14].
Several studies have shown that NPs can be dispersed throughout the
body, crossing different biological barriers and thus able to migrate and
accumulate in different living organisms’ tissues [15-17]. Recently,
Leslie et al. reported the presence of plastic particles in the human
vascular system for the first time [18]. Wu et al. also detected micro-
plastic accumulation in thrombi [19]. These plastic particles may cause
malfunction or damage to the tissues and organs in which they accu-
mulate. Therefore, the potential hazards of ultra-fine plastic particles to
human health have caused great concern.

Owing to special surface properties (hydrophobic surface and large
surface area), NPs have a strong adsorption affinity for some
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hydrophobic organic compounds (HOCs) [20], such as polycyclic aro-
matic hydrocarbons (PAHs) [21,22] and polychlorinated biphenyls
(PCBs) [23]. Some studies have shown that NPs may act as transport
vehicles for these pollutants [24,25]. The absorption of organic pollut-
ants on NPs would change their environmental transformation and
bioavailability. For instance, Ji and Wang et al. demonstrate that PS
nanoparticles could adsorb benzo(a)pyrene (BAP) nanoclusters and
serve as a carrier that enters the cells by experiment [24]. Li et al. also
demonstrate the synergistic effect of polystyrene (PS) NPs and organic
contaminants on the promotion of amyloid aggregation, the results also
imply that small organic contaminants could enhance the potential
neurotoxicity of NPs [26]. Many organic contaminants are strongly
carcinogenic and widely distributed in atmospheric or aquatic envi-
ronments. For example, PAHs, are a class of toxic chemicals with more
than two fused aromatic rings, which are produced by the incomplete
burning of fossil fuels and widely distributed in the atmosphere [27].
Increasing evidence demonstrates that exposure to PAHs can lead to a
series of health hazards, including liver toxicity, immune system sup-
pression, and carcinogenic toxicity [28,29]. Up to now, at least three
types of PAHs have been classified as carcinogens by the International
Agency for Research on Cancer (IARC), including BAP [30]. Hence,
PAH-NP combinations have attracted a lot of attention in human health.
Once these organic pollutants are released into the organism, they may
further affect the normal physiological activities of the organism,
causing damage that may exceed that of NPs [26]. The combination of
NPs and organic pollutants may lead to different effects, such as syn-
ergistic, antagonistic, or potentiating effects [31]. However, there are
few studies about the transmembrane behavior of PAH-NP combinations
in model biological membranes and the details of the interaction be-
tween PAH-NP combinations and cell membranes are yet unclear, which
limits the effective protection of PAH-NP combinations against human
damage to some degree. Obviously, it is crucial to evaluate the effect of
organic pollutants on NPs’ behavior during the uptake process by human
tissue.

Cell membranes serve as the first barrier for external harmful sub-
stances to enter the organism, the exploration of the transmembrane
behavior of external harmful substances through cell membranes could
provide some necessary information for avoiding the potential hazards
of external harmful substances to human health [32]. However, the
dynamic behavior of NPs entering the cell membranes and in cell
membranes is difficult to be obtained by experiments. Molecular dy-
namics (MD) simulation can gain a vivid insight into the above issues at
the molecular level. The change in the properties of cell membranes can
be obtained by MD simulation, which is widely used to study the various
components’ partition tendencies in the cell membrane model and the
interaction mechanism with phospholipid bilayers [33-35]. Rossi et al.
have studied the effect of PS nanosized particles on model biological
membranes by MD simulation, and the results revealed that PS nano-
sized particles would easily permeate into lipid bilayers and alter the
properties of the cell membrane model [36]. Bochicchio et al. have
combined MD simulation and experiments to study the interactions
between polystyrene chains (25 monomers) and model lipid membranes
and suggested that polystyrene oligomers perturbed the membrane
structure and dynamics [37]. Phosphatidylcholine (PC), as a major
constituent of cell membranes, is commonly used as a model of cell
membranes [38]. For instance, the dipalmitoylphosphatidylcholine
(DPPC) bilayer is widely chosen as the model of cell membranes and has
obtained some meaningful information about the toxicity or location of
components to the cell membrane [32,39-41].

In this work, MD simulation was used to investigate the uptake
process of the PSNPs combined with BAP molecules by DPPC bilayers (as
shown in Fig. 1). Firstly, the formation processes of BAP-PSNP combi-
nations were displayed at a molecular level, then the uptake behaviors of
the PSNPs combined with the different numbers of BAP molecules by
DPPC bilayers were investigated. Finally, the properties of DPPC bi-
layers including the average area per lipid (APL), the bilayer thickness
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Fig. 1. Molecular structures of (a) DPPC molecule and (b) benzo(a)pyrene
(BAP) molecule. Based on hydrophobicity, the DPPC molecule was here divided
into two parts: the hydrophilic head and the hydrophobic tails.

Hydrophilic head

(Dp), the electrostatic potentials, the lipid order parameter (S¢p), and the
area compressibility modulus (Kj) for the systems with and without the
participation of BAP-PSNP combinations were also calculated. The re-
sults not only elucidate the effect of adsorbed benzo(a)pyrene on the
dynamic behavior of polystyrene nanoplastics through phospholipid
membrane but also provide some necessary information for under-
standing the hazards of BAP-PSNP combinations on the human body.

2. Computational methods
2.1. Simulation systems setup

In this work, the PSNPs were modeled by polystyrene (PS) nano-
particles consisting of 10 short chains of polystyrene (PS10, 10 mono-
mers). To elucidate the effect of organic pollutants (BAP molecules) on
the behavior of PSNPs within cell membranes, four combinations were
constructed, which were named MO (pure PSNPs), M5 (PSNPs-+5 BAP
molecules), M10 (PSNPs+10 BAP molecules), and M20 (PSNPs+20 BAP
molecules), respectively. To obtain the BAP-PSNP combinations as
described above, we constructed a periodic box, which size was set at
6 nm x 6 nmx 6 nm. The specific number of PS10 chains and BAP
molecules were randomly inserted into the simulation box and then
filled with water. The isothermal and isochoric (NVT) MD simulations
were performed for the constructed systems at 323 K until the formation
of stable combinations.

The initial structure of the DPPC bilayer was obtained from Kukol
[42]. In this work, the DPPC bilayer comprised 9759 water molecules
and 128 DPPC molecules with 64 DPPC molecules in both the upper and
lower leaflets. To get the well-equilibrated DPPC bilayer for the next
simulations, the isothermal and isobaric (NPT) MD simulations were
performed for the hydrated DPPC bilayer at 323 K for 500 ns. The final
system size was 6.37 nm x 6.37 nmx 11.38 nm.

To investigate the uptake process of BAP-PSNP combinations by
DPPC bilayers, the aggregates were placed into the water phase close to
the upper leaflet of the DPPC bilayer and a few overlapping water
molecules were removed. Five bilayer systems were constructed and
detailed information on simulation systems was listed in Table S1. A
system without PSNPs and BAP-PSNP combinations was constructed as
the control group (PM system). All systems were submitted to 500 ns
NPT MD simulation to study the uptake processes and changes of bilayer
properties.

2.2. Simulation parameters

All MD simulations were performed with the GROMACS 2018.8
software package [43,44]. The structure and topology of the DPPC
molecule comprising the lipid bilayer were obtained from Kukol [42].
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The PS10 chains and BAP molecules were parameterized using the
GROMOS96 54a7 force field [45] and the topology and coordinate files
were obtained from the ATB server [46,47]. Water molecules were
modeled by the simple point charge (SPC) model [48]. The temperature
was kept at 323 K via the V-rescale thermostat [49] with a 0.2 ps
coupling time constant, which was higher than the phase transition
temperature of DPPC molecules [50]. The pressure was controlled at
1 bar by the Parrinello-Rahman barostat [51] with a 2.0 ps coupling
time constant and compressibility of the 4.5 x 10™> bar™! with
semi-isotropic coupling to obtain a tensionless bilayer. A cut-off distance
of 1.0 nm was used for van der Waals and electrostatic interactions. The
Particle-Mesh Ewald (PME) algorithm [52] was used to calculate
long-range electrostatic interactions. The time step was 2 fs and bonds
with hydrogen atoms were constrained using the LINCS algorithm [53].
Periodic boundary conditions were applied in all three dimensions.
Every system was performed for 500 ns in the NPT ensemble. The
simulation trajectories were saved every 20 ps. The last 50-100 ns of
each simulation trajectory was used to analyze the properties of DPPC
bilayers. All simulation results were visualized by the VMD program
package [54].

3. Results and discussion
3.1. Formation of BAP-PSNP combinations

Both PS10 chains and BAP molecules were highly hydrophobic and
contained benzene rings, they would spontaneously aggregate into a
cluster owing to the hydrophobic interaction and n-n stacking interac-
tion in water phase [20]. To clearly show the formation process of BAP
and PSNP aggregates, the aggregation process was simulated. The
snapshots of aggregates were shown in Fig. 2, in which four systems
contained 0, 5, 10, and 20 BAP molecules, respectively. In system MO,
the PSNPs were a nearly spherical cluster, whose radius was approxi-
mately 1.5 nm. For BAP-PSNP combinations, BAP molecules were
mainly distributed on the surface of PSNPs, and the size increased as the
number of BAP molecules increased. Further details could be found in
Supporting Information (Fig. S1).

BAP

Aggregation
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3.2. Uptake process of BAP-PSNP combinations by DPPC bilayer

For real-time monitoring of the uptake process of BAP-PSNP com-
binations by DPPC bilayers, the distances between the center of mass
(COM) of BAP-PSNP combinations and the COM of DPPC bilayers with
time evolution were recorded. Fig. 3a was an initial configuration of a
representative system containing a BAP-PSNP combination. Fig. 3b was
the COM distances between BAP-PSNP combinations and DPPC bilayers
as the combinations moved through the membrane. At the beginning of
the simulations, the COM distances between BAP-PSNP combinations
and DPPC bilayers were about 4.0 nm, then the COM distances
decreased as the simulations began, indicating the BAP-PSNP combi-
nations were moving closer to the COM of DPPC bilayers. After 300 ns
simulation, the COM distances all decreased to about zero and kept
around zero until the end of the simulations, suggesting all the combi-
nations had entered the core of DPPC bilayers and kept in the core of
DPPC bilayers. Meanwhile, we also observed different uptake behaviors
for different BAP-PSNP combinations. Comparing the MO with the other
three, the PSNPs combined with BAP molecules took less time to
permeate into the core of DPPC bilayers, especially for the M20, which
entered the bilayer core at ~50 ns. For the MO and M10, a plateau
existed on the COM distance profiles when the distance was about
2.0 nm. The absorption of BAP molecules increased the hydrophobicity
of the PSNPs, which may assist the permeation of BAP-PSNP combina-
tions into DPPC bilayers. However, the adsorbed BAP molecules also
increased the size of BAP-PSNP combinations, which also limited the
penetration of combinations into lipid bilayers to some extent.

In addition, we also investigated the uptake process of BAP alone by
the DPPC bilayer without the presence of PSNPs. As shown in Fig. S2,
BAP molecules were randomly dispersed in the water phase before the
simulation, and all BAP molecules permeated into the interior of the
DPPC bilayer within 500 ns simulation. The different numbers of BAP
molecules all entered the DPPC bilayer at different moments (seeing
Fig. S2 dashed circle), which was mainly due to the hydrophobic
interaction between BAP and the hydrophobic tails of DPPC molecules.
Compared to the transmembrane behavior of the BAP-PSNP combina-
tions, it was found that the PSNPs also can promote the entrance and
accumulation of BAP molecules in the membrane.

To visualize the uptake process of BAP-PSNP combinations by the
DPPC bilayer, a series of snapshots at different moments were selected.

M10

M20

Fig. 2. Schematic diagram of the formation process of BAP-PSNP combinations. The BAP molecules and PS10 chains were shown by the VDW model and the CPK

model, respectively.



S. Cheng et al.

(a)

AN Sm? N e

Colloids and Surfaces B: Biointerfaces 224 (2023) 113211

5 5
(b) ] |
: Mo | M5
53- | Es "
8 1 g 1
22 | 22 \ 1
S | E) \
° ° I
14 1 a1 1
0 0 )
0 100 200 300 400 500 O 100 200 300 400 500
Time (ns) Time (ns)
5 5
1 1
4] ! M10 9 ! M20
Es] I Eslh
3 ' g 14!
.E;, 2 | 1 § 2 \ 1
° 1 ° L
o1 1 o1 1
01 WA 0 MWM
0 100 200 300 400 500 O 100 200 300 400 500
Time (ns) Time (ns)

Fig. 3. (a) The initial configuration of a representative system containing a BAP-PSNP combination. Water molecules were omitted for clarity. (b) The COM distances
between BAP-PSNP combinations and DPPC bilayers with time evolution in containing BAP-PSNP combination systems. The blue dashed lines corresponded to the
time points at which BAP-PSNP combinations reached the center of DPPC bilayers.

As displayed in Fig. 4, at the beginning of simulations, the BAP-PSNP
combinations were spherical clusters and located in the water phase.
After 500 ns simulation, BAP-PSNP combinations all permeated into the
interior of the DPPC bilayer. Generally speaking, the uptake progress of
BAP-PSNP combinations by DPPC bilayers can be divided into four

stages including the adhesion stage, intake stage, release stage as well as
depolymerized stage. Once the BAP-PSNP combinations were formed
(0 ns) in the aqueous phase, they would quickly approach the DPPC
bilayer, and adsorbed on the surface of the DPPC bilayer compactly.
When the COM distances between BAP-PSNP combinations and the

RIS e

Ons

500 ns

Fig. 4. The uptake process of different BAP-PSNP combinations by DPPC bilayers. Water molecules in each system were omitted for clarity.
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DPPC bilayer were about 3.5 nm, the adsorption of BAP-PSNP combi-
nations, namely, the adhesion stage was completed. Then, part of the
PS10 chains composing the PSNPs tended to be inserted into the surface
of the bilayer first, similar to the anchor and promoted the whole
combinations to penetrate the interior of the DPPC bilayer gradually,
which was the intake stage. The BAP molecules adsorbed on the surface
of PSNPs started to detach and release into the interior of the bilayer
once enter the bilayer, which was the release stage (as shown in Fig. 4,
red circles). After the combinations completely entered the DPPC
bilayer, as simulation time was extended, the PSNPs also appeared to
depolymerize gradually, which was called the depolymerized stage.
Bochicchio et al. have observed the same phenomenon that short poly-
styrene chains tend to permeate into the DPPC bilayer and dissolved in
the hydrophobic core of the bilayer [37]. Meanwhile, BAP molecules
were mainly located on both leaflets of the DPPC bilayer. As presented in
Fig. S3, the final depolymerized phenomenon could be observed clearly.
Both PS10 chains and BAP molecules were uniformly dispersed in the
lateral section within the DPPC bilayer, without obvious aggregation.
Furthermore, during the simulation, it was observed that when the
combinations were both in the water phase and on the bilayer surface,
BAP molecules were always located in the vicinity of PSNPs in a
non-covalent manner, indicating the PSNPs could adsorb BAP molecules
in aqueous environment and carry BAP molecules into DPPC bilayers.
Namely, PSNPs act as the carrier of BAP molecules into DPPC bilayers. It
can be seen that in order to minimize the risk to human health, the
coexistence of PSNPs and BAP should be avoided in the environment
even at a lower concentration.

To better understand the above phenomena, the interaction energies
between the BAP-PSNP combinations and DPPC bilayers were calcu-
lated. The interaction energy, E, was calculated by Egs. (1)-(3):

E = Ey. + Eww (1)
Eg = ES:B - E?le - El:le (2)
Evw = Eﬁfv? - EvAdW - Elv;dW 3

where E57® represents the coulomb potential of A+B complex, while Ej,
and EB, represent the coulomb potential of A and B, respectively.
Similarly, E22 represents the Lennard-Jones potential of A+B complex,

while E2,, and EB,, represent the Lennard-Jones potential of A and B,
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respectively.

Based on amphiphilicity, the DPPC molecule was divided into two
parts, hydrophilic head and hydrophobic tails (Fig. 1a). The interaction
energies between BAP-PSNP combinations and hydrophilic head and
hydrophobic tails of DPPC molecules with time evolution were shown in
the top row of Fig. 5. The values of the total interaction energy between
the BAP-PSNP combinations and DPPC molecules were always negative
in all systems, indicating the uptake of these combinations by DPPC
bilayers was favorable from the viewpoint of thermodynamics [33]. As
these combinations continuously penetrated the interior of DPPC bi-
layers, the interaction energy between the combinations and hydro-
philic head groups of DPPC bilayers had no obvious changes, while the
attraction effect between the combinations and hydrophobic tail chains
of the DPPC bilayer continuously increased. The attraction effect be-
tween the combinations and the tail chains of DPPC bilayers became
stronger and stronger with the increase in the number of absorbed BAP
molecules. It was clear, the adsorption of BAP molecules on the PSNPs
surface increased the hydrophobicity of the combinations which favored
the entrance of BAP-PSNP combinations into the DPPC bilayer. It was
worth noticing that the hydrophobic effect between DPPC molecules and
PS10 chains and BAP molecules both increased with the entrance of
combinations into the DPPC bilayer (as shown in the second row of
Fig. 5), which implied that hydrophobic tails of the DPPC molecules can
not only caught the PS10 chains in PSNPs but also seized the BAP
molecules by stronger hydrophobic effect and leading to the detach of
BAP molecules from the PSNPs firstly. Correspondingly, the decompo-
sition of BAP-PSNP combinations within the bilayer occurred. Further,
the PSNPs composed of PS10 chains decomposed gradually.

3.3. Effect of BAP-PSNP combinations on the properties of DPPC bilayers

To explore the effects of BAP-PSNP combinations on the properties of
the DPPC bilayer, the distribution of BAP-PSNP combinations within the
DPPC bilayer was studied by calculating the mass density profiles for all
components of the simulation systems (Fig. 6). Regardless of the pres-
ence of BAP-PSNP combinations, DPPC molecules and water molecules
were symmetrically distributed in all systems. As shown in Fig. 6b-e,
when BAP-PSNP combinations entered the DPPC bilayer, PS10 chains
were mainly concentrated in the center of the bilayer, while BAP mol-
ecules were mainly located at + 1 nm from the center of the bilayer.
Interestingly, the number of BAP molecules introduced by the PSNPs
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system, and (e) M20-DPPC system.

almost had no effect on their preferred location in the DPPC bilayer but
the introduction of BAP-PSNP combinations can result in the decrease of
the density of DPPC molecules in the center of the bilayer (Z = 0 nm)
due to the space-occupying effect of the depolymerized PS10 chains. In
addition, the PS10 chains and BAP molecules can’t be observed in
aqueous phase, suggesting these molecules apt to stay within the bilayer.
The bioaccumulation of the PSNPs and BAP molecules within cell
membranes can affect the normal function of cell membranes and the
combination of PSNPs and BAP molecules may lead to more severe
cytotoxicity [37,55].

To further reveal the effect of BAP-PSNP combinations on the
properties of the DPPC bilayer, the average area per lipid (APL), the
bilayer thickness (Dp), and the area compressibility modulus (K4) were
calculated. The K4 was calculated by Eq. (4):

K = ksT(A0/{(A —A0)*)) &)

where Ay is the average in-plane area of the membrane, A is the in-plane
area of the membrane at different times t, kg is the Boltzmann constant,
the < > indicates a time average, and T is the absolute temperature. As
shown in Table 1, the APL and Dg of the PM system were 0.639 nm? and
3.774 nm, respectively, which were consistent with the experimental
results [56]. Compared with the PM system, the APL for the systems
containing PSNPs and BAP-PSNP combinations all increased. In addi-
tion, the APL slightly increased with the number of absorbed BAP
molecules. Similar results were also found for the bilayer thickness. All
of these should be derived from the existence of the PSNPs and BAP
molecules tended to enlarge the space between DPPC molecules and that

Table 1

Structural and mechanical properties of DPPC bilayers for the studied systems.
System APL (nm?) Dy (nm) Ka (mN/m)
PM 0.639 + 0.011 3.774 + 0.064 344.7
MO-DPPC 0.653 + 0.038 3.852 + 0.202 120.5
M5-DPPC 0.664 + 0.018 3.996 + 0.121 219.2
M10-DPPC 0.666 + 0.025 3.973 £ 0.194 142.5
M20-DPPC 0.672 + 0.021 4.062 + 0.168 145.7

of between two lipid monolayers once they entered the DPPC bilayer.
Compared to the PM system, the area compressibility modulus of the
MO-DPPC system decreased significantly, indicating that the PSNPs have
a mechanical softening effect [36]. The additional BAP molecules also
had a certain contribution to the softening effect, causing a slight in-
crease in Ku. In summary, the PSNPs and BAP molecules affected the
original structure and further affected the properties of DPPC bilayers.

In fact, the change of bilayer properties is also related to the inter-
action between hydrophilic head groups and water molecules [57,58].
The radial distribution functions (RDF) for O atoms in water molecules
and P atoms in DPPC molecules were singled out to study the penetra-
tion of water molecules into the DPPC bilayer. The RDFs of O atoms
around P atoms for the studied systems were shown in Fig. 7a. The
variations of RDFs with the distance between O and P atoms showed a
similar trend for all the studied systems, and the nearest neighbor peaks
were visible at ~0.4 nm. The peak intensities of the nearest peaks for
different systems followed the following order,
M20-DPPC>M10-DPPC~M5-DPPC>MO0-DPPC>PM, suggesting that the
PSNPs and BAP-PSNP combinations increased the interaction between
O-P atom pairs and the interaction increased slightly as the number of
BAP molecules increased. It was clear that the increase in APL of DPPC
bilayers should be attributed to the water penetration into DPPC bilayers
more deeply after DPPC bilayers ingested the PSNPs or BAP-PSNP
combinations [58]. The electrostatic property of cell membranes is
very important to many biological activities that are related to mem-
brane potential, such as ion channel conduction. The electrostatic po-
tentials of the DPPC bilayers were calculated and shown in Fig. 7b. It can
be seen, the electrostatic potentials of DPPC bilayers were affected by
the penetration of PSNPs or BAP-PSNP combinations. The change in the
electrostatic potential would disrupt the dynamic balance of ions inside
and outside the cell membrane, which would affect the normal function
of the cell membrane and lead to cytotoxicity further [33,59].

The lipid order parameter is one of the most fundamental properties
of lipid bilayers, which is a standard amount for evaluating the struc-
tural order of the acyl chain in the lipid bilayer. The deuterium order
parameters (Scp) were calculated by Eq. (5):
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Fig. 7. (a) Radial distribution functions of P atoms in DPPC and O atoms in water. (b) Electrostatic potentials of the DPPC bilayers in the studied systems. The
deuterium order parameters of (c) snl and (d) sn2 chains of DPPC molecules for different systems.

3{cos’a) — 1

3 )

Sep =

a is the angle between the bilayer normal (Z-axis) and the C-H bond
vector and the < > indicates a time average. In addition, some other
properties of lipid bilayers are also related to the lipid order parameter,
such as fluidity. Some experimental and computational studies have
demonstrated that the increase in the order parameter of DPPC leads to a
decrease in DPPC bilayer fluidity [34,60]. To reveal the effect of PSNPs
and BAP-PSNP combinations on the ordering of the acyl chain structure
of DPPC bilayers, the deuterium order parameters (|Scp|) of the two acyl
chains (snl and sn2, as shown in Fig. 1a) were selected as the studied
objects. The results had shown that the deuterium order parameters of
the two acyl chains showed a similar trend with the increase of BAP
content (as shown in Fig. 7c and Fig. 7d). Here, the snl chains of DPPC
molecules had been analyzed as an example. The values of |Scp|
decreased from carbons closing to the head group region to the tail re-
gion of DPPC molecules for the pure membrane system. As can be seen
that the values of |S¢p| increased obviously for the carbons closing the
tail region of DPPC in the MO-DPPC system, indicating the bio-
accumulation of the PSNPs within the DPPC bilayer increased the order
of the tail chains and leading to the decrease of membrane fluidity. In
addition, the values of |Scp| displayed a greater increase in the middle
region of DPPC molecules with the increase in the number of BAP
molecules adsorbed by the PSNPs, which was mainly due to the char-
acteristic accumulation of BAP within the DPPC bilayer (as shown in
Fig. 6). An obvious increase of the values of |Scp| was also observed near
the head group region in the M20-DPPC system. BAP molecules had a
dose-dependent effect on the increase in the order of the tails in DPPC
bilayers, implying that BAP may have a combined effect with the PSNPs
and cause the decrease of membrane fluidity. In brief, the systems
containing BAP-PSNP combinations led to a more significant increase in
the order parameters of the DPPC bilayer, and thus the fluidity of the

membrane decreased dramatically. Generally, membrane fluidity can
maintain the normal physiological activities of cells and it is very
important to cell membranes [61]. Therefore, the changes in membrane
fluidity caused by the participation of BAP-PSNP combinations may lead
to more severe cytotoxicity.

4. Conclusion

In this work, the uptake process of BAP-PSNP combinations by DPPC
bilayers and their combined effects on the DPPC bilayer were studied by
MD simulations. The results showed that the BAP molecules can be
adsorbed and accumulated on PSNPs and form BAP-PSNP combinations
in water phase. The absorption of BAP molecules promoted the perme-
ation of BAP-PSNP combinations into DPPC bilayers due to the stronger
hydrophobic interaction between BAP-PSNP combinations and the hy-
drophobic tail chains of DPPC compared to the pure PSNPs. The uptake
process of BAP-PSNP combinations by DPPC bilayers was complicated,
including the adhesion of combinations on the DPPC bilayer surface,
uptake by DPPC bilayer, BAP molecules detached from PSNPs, and the
PSNPs depolymerized in the bilayer interior. The uptake of the PSNPs or
BAP-PSNP combinations by DPPC bilayers affected the properties of the
bilayer, including the distribution of DPPC molecules, the structural
order of the acyl chains in the lipid bilayer as well as the electrostatic
potentials of DPPC bilayers. Correspondingly, the fluidity of membrane
decreased significantly, which cause more severe cytotoxicity. Our study
highlights the uptake process and harmful effects of organic pollutants
adsorbed on the surface of polystyrene nanoplastics on the cell mem-
brane model, which can promote the understanding of potential risks
and cytotoxicity of nanoplastics in the natural environment.
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