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ABSTRACT
Plastic pellets, the pre-production form of many plastic products, undergo oxidation and photodegradation upon exposure to oxygen and
sunlight, resulting in visible color changes. This study examines the impact of environmental aging on the mechanical interactions between
pellet-derived microplastics and lipid bilayers, a critical component of biological membranes. Polyethylene pellets were collected from La
Pineda beach near Tarragona, Spain, and categorized by chemical composition and yellowing index, an indicator of aging. The hydrophilicity
of these pellets was assessed using contact angle measurements. Microplastics were produced by grinding and filtering these pellets and sub-
sequently dispersed around a free-standing lipid bilayer within a 3D microfluidic chip to investigate their interactions. Our results reveal that
aged microplastics exhibit a significantly increased adhesive interaction with lipid bilayers, leading to greater bilayer stretching. Theoretical
modeling indicates a linear relationship between the adhesive interaction and the contact angle of the pellets, reflecting their hydrophilicity.
These findings emphasize the increased mechanical impact of aged microplastics on biological membranes, which raises concerns about their
potential toxicological effects on living organisms. This study highlights the importance of understanding the interactions between environ-
mentally aged microplastics and biological systems to assess their risks, as these may differ significantly from pristine microplastics often
studied under laboratory conditions.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0232678

INTRODUCTION

Each year, a considerable amount of plastic accumulates in
the oceans, making it one of the major sources of ocean pollu-
tion caused by human industrial production.1–5 Most thermoplastic
materials and products are produced in factories using plastic pel-
lets, also known as pre-production pellets,6 which are a significant
contributor to ocean pollution.7 These plastic materials eventu-
ally degrade into microplastics due to wave movement, abrasion,
and sun exposure.8,9 Microplastics range in size from ∼0.1 μm to
5 mm10,11 and can be carried into the atmosphere by evaporation
due to their small size and physical properties.12,13 They are then
dispersed to other areas when it rains or snows.14,15 Microplas-
tics have been found in human organs and blood, raising concerns
about the potential and unrecognized risks they pose to human
health.16–20 Microplastics have been linked to cellular toxicity, tissue
inflammation, oxidative stress, membrane damage, and immunolog-
ical responses through biological or chemical pathways.21,22 Recent

studies have aimed to enhance our comprehension of the impact
of microplastics on cell-level cytotoxicity, particularly regarding
oxidative stress and cell viability. As an example, in vitro evalua-
tions have been conducted using polyethylene (PE) microplastics
on two distinct human cell lines: T98G (cerebral cells) and HeLa
cells (epithelial cancer cells). The findings from these investigations
provide confirmation that oxidative stress is indeed a cellular-level
mechanism contributing to cytotoxicity, as evidenced by obser-
vations in both cell lines.23,24 Recently, it has been reported that
microplastics can also mechanically stretch cell membranes through
a purely physical mechanism.25,26 The results provide evidence that
the adsorption of microplastics onto lipid bilayers, including those
found in cell membranes, can lead to significant stretching and
destabilization of these membranes, as shown in the example of red
blood cells (RBCs).25

Pristine microplastics, spherical microparticles created by a
chemical reaction, were used in previous studies.25,26 Neverthe-
less, there are notable distinctions between pristine microplastics
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and those encountered in the natural environment. Environmen-
tal microplastics, as revealed by characterization studies, tend to
exhibit irregular shapes and a wide range of sizes. However, the
utilization of authentic environmental plastics for risk assessment
purposes is frequently impeded by technical and practical obsta-
cles, primarily arising from the heterogeneous nature of the plastics
and their diverse size distributions in the environment.27,28 Apart
from fibers, microplastics in the environment rarely exhibit a spher-
ical shape and are more commonly found to have a grain-like
shape.27,28 Environmental microplastics are subjected to aging and
degradation in addition to shape differences. As a result, these
effects may have a significant impact on their surface properties.29–31

Microplastics’ surface properties are altered by sunlight and pho-
todegradation, which also modifies their hydrophobicity and makes
them more likely to adsorb pollutants.32–34 These changes in sur-
face properties may alter how they interact with living organisms.35

Many studies have tried to artificially age pristine microplastics to
increase the biorelevance of used microplastics.29 However, these
techniques seem to present some difficulties in mimicking their
environmental alter-ego.29 A recently conducted study introduces a
synthesis method that combines different weathering mechanisms
to fabricate plastic models with enhanced realism and controlla-
bility.36 While the study specifically focuses on polystyrene (PS)
material, this approach has the potential to advance risk assess-
ment by enabling more reliable estimations of associated risks.36

These findings hold promise for future studies seeking to enhance
the field of risk assessment through improved plastic modeling
techniques. Hence, in this investigation, we produced microplastics
using plastic pellets sourced from an environmental beach setting.
This choice was driven by the composition of the pellets, which
predominantly consist of polyethylene (PE), as we will explore in
subsequent sections.

Plastic pellets offer several advantages, one of which is that
they are usually made from a single plastic component, making
their chemical analysis relatively straightforward.6,37 Their large size
makes it possible to assess their hydrophilicity through contact angle
measurements.34 Despite their distinctive shape, they can display
varying color changes.38

Plastic aging is intricately linked to the color change of the plas-
tics, known as the yellowing phenomenon. Recent studies, such as
the Fourier-transform infrared (FTIR) analysis,39 have studied the
chemical modifications underlying the aging process. As plastics
age, they undergo oxidation, photodegradation, and thermal degra-
dation, leading to the formation of chromophores like carbonyl
and hydroxyl groups. The yellowing of polyethylene is caused by
reactions initiated in its structure by ultraviolet (UV) radiation.38,40

This change in yellowing index becomes more pronounced with
exposure to the environment (age).40,41 These chemical changes,
detectable through spectroscopic methods, directly correlate with an
increase in the yellowing index. Consequently, measuring the yel-
lowing index offers a straightforward method for categorizing plastic
pellets based on their age, provided the changes are sufficiently
pronounced.

In this study, we utilize plastic pellets to produce microplastics
through grinding and filtering the pellets. We then investigate the
impact of aging on the physical interaction between microplastics
and a model lipid membrane, which is the final barrier that pro-
tects cells from the environment. Our results indicate that as the

microplastics age, the bilayer experiences increased stretching due
to its enhanced adhesive interaction with the lipid bilayer.

RESULTS AND DISCUSSION

The aging process has a significant impact on the composi-
tion and concentration of chemical functional groups present on
the surface of microplastics.42–44 This factor plays a crucial role
in determining the wettability of microplastics in the environment
and becomes increasingly important as the size of the microplas-
tics decreases. Figure 1(a) displays a collection of plastic pellets
exhibiting various degrees of yellowing.

Initially, our objective was to examine the impact of aging on
the surface properties of selected plastic pellets. This was a challeng-
ing task as the pellets are large, which renders them susceptible to
buoyancy, and not spherical, making it challenging to measure the
binding energy at a hydrophilic–hydrophobic interface, as is usu-
ally performed with smaller spherical colloids.42,43 To address this
issue, we determined the contact angle of a sessile water droplet
deposited on the surface of one plastic pellet with a quasi-flat sur-
face as observed through microscopic examination. The results of
the contact angle Θ measurements, shown in Fig. 1(b), exhibit a large
dispersion due to the differences in the topology and surface of the
pellets. Our results indicate that the pellets become more hydrophilic
as they age, suggesting that the more hydrophilic pellets may have
stronger adsorption on the surface of a lipid bilayer.

Next, we investigated the surface properties of the microplastics
as a function of the pellets yellowing index. After filtering, we con-
serve only microplastics that have a diameter of ≈1 μm. We utilized
the water pendant method to determine the interfacial tensions at
an oil-buffer interface in order to examine the effect of microplas-
tics on a model cell membrane45 (see Methods). To evaluate the
effect of pellet hydrophilicity on adhesive interactions with a lipid
monolayer, we created a buffer droplet in squalene oil containing a
phospholipid mixture. This mixture covered the oil-buffer interface
and reduced the interfacial tension by forming a lipid monolayer.
After adding ∼50 μg/ml of microplastics to the buffer, as described
in the Methods section, we measured the interfacial tension
[see Fig. 1(c)], which varied from 1.5 to 2.6 mN/m depending on
the pellet Y.I. We used the well-known pendant droplet technique
to measure surface tension.45 It involves creating a droplet of the
liquid sample that hangs from a needle. By analyzing the shape
and size of the droplet, we determined the surface tension [as plot-
ted in Fig. 1(c)]. The surface tension is determined by the value of
the plateau on the curve, ≈2 mN/m in Fig. 1(c). Subsequently, we
present the measurements as a function of microplastics concen-
tration with varying Y.I. [Fig. 1(d)]. Our results confirm that the
more hydrophilic the pellet, the stronger the adhesive interaction
between the microplastics and the lipid monolayer, as indicated by
the yellowing index.

We are now able to calculate the bilayer stress caused by
microplastics due to surface tension. To do this, we utilize the same
theoretical framework outlined in Ref. 25 applied to mechanical
stretching induced by microplastics on a lipid bilayer.

Surface coverage of microplastics is related to the surface con-
centration of microplastics, and the diameter of the microplastics
determines the stretching of the bilayer [see a theoretical model
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FIG. 1. (a) Photograph of PE pellets classified into four groups based on their yellowing index (Y.I.) with a corresponding color code below, like in the reference. (b)The
corresponding contact angle Θ measurements (dots) are presented for a sessile water droplet deposit on a quasi-flat surface of a pellet (with the associated pictures).
The yellowing index is used to sort these measurements (for 20%, 40%, 60%, and 75%). (c) One example of surface tension measurement from the water pendant
method. The dashed line indicates the surface tension plateau, which is the measured value. The pendant droplet consists of a PBS buffer, and its shape is analyzed as a
function of time (s). The buffer droplet was produced in an oily phase (squalene), which contains phospholipids. For this measurement, PE microplastics (from a pellet with
a Y.I. ≈ 20%) were dispersed in the buffer droplet at a concentration of 50 μg/ml. (d) Surface tension measurements using the water pendant droplet method (see method
section) and a fixed microplastics concentration of ∼50 μg/ml are plotted with pellets having different Y.I. values.

(Methods)]. To study the effects of yellowing, we established a hori-
zontal bilayer in a 3D microfluidic chip and dispersed microplastics
on its surface.47 (see Methods). Figure 2(a) shows a microscopic
image of a horizontal lipid bilayer in contact with microplastics.
The microplastics are represented by black dots or grains, while the
lipid bilayer remains invisible under bright field illumination.25,47

Our observations via optical microscope showed that microplastics
continued to diffuse along the bilayer surface. This diffusion anal-
ysis (see methods) allowed us to determine the average diameter
of the microplastics (≈1 μm), which allows us to classify them as
individual objects [Fig. 2(b)]. Furthermore, optical microscopy was
employed to directly measure the surface coverage of microplas-
tics [see Figs. 2(a) and 2(c)]. Once the surface coverage and size of
the microplastics were determined, our subsequent objective was to
evaluate the tension of the lipid bilayer.

For this experiment, we fabricated a free-standing lipid bilayer
using the Droplet Interface Bilayer (DiB) technique48 (see Meth-
ods). Figure 3(a) shows an example of a DiB observed by bright-field
microscopy. The findings demonstrate that the concentration of

microplastics used directly influences the increase in bilayer tension,
and this increase is observed to vary in accordance with the yellow-
ing index of the pellets [see Fig. 3(b)]. For microplastics obtained
from pellets with a low Y.I., we observed an increase in bilayer ten-
sion (Γ) from 2 to 3 mN/m. The increase in tension was gradual
with the rising of the yellowing index of the pellets. For microplas-
tics made of pellets with a high yellowing index, we measured an
increase in bilayer tension (Γ) from 2 to 5 mN/m [see Fig. 3(b)].

The model of interaction of pristine microplastics and lipid
bilayers with corresponding equations is described in Ref. 25. The
details of the calculations for the case of aging are presented in the
Methods section. It is remarkable that the interaction parameter ζ,
Eq. (2), increases linearly with the measured microplastic contact
angle [see Fig. 3(c)]. This finding is consistent with our previous
measurements, which showed that the hydrophilicity of microplas-
tics increases with the yellowing index. The resulting interaction
parameter ε is depicted as a function of the yellowing index (Y.I.),
along with the corresponding linear fit equation: ε = −0.0027 − 1.4
× 10−4 (Y.I.) [see Fig. 3(c)].
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FIG. 2. (a) A mechanism of membrane stretching due to the adsorption of a microplastic at the lipid membrane. (b) A micrograph of microplastics (c ≈ 25 μg/ml) extracted
from a pellet with a Y.I. = 20% at a free-standing lipid bilayer. (c) Mean square displacement ⟨r2

⟩ of microplastics at the bilayer as a function of time t in log–log scale. The
microplastics’ corresponding mean diffusion constant D is equal to 1.7 μm2/s, which corresponds to a spherical particle with a mean diameter of ≈1 μm.46 (d) The adsorption
isotherm of microplastics adsorbed on a free-standing lipid bilayer as a function of microplastics concentration and Y.I. Each measurement represents an average obtained
from 20 different experiments, and the error bar is indicated by the size of the dots.

FIG. 3. (a) A microscopic picture of a bilayer formed by the DiB method. The two buffer droplets are made of PBS and contain microplastics (c ≈ 25 μg/ml). (b) The measured
bilayer tensions are displayed as bar graphs, while the theoretical results are shown as continuous lines. We used the surface coverage data from Fig. 2 (b). The measured
bilayer tension from the DiB system, obtained from the Young–Dupré equation [Eq.(1)], as a function of different microplastics concentrations and Y.I. The reported bilayer
tension values are obtained from an average of 30 measurements, while the continuous line represents the theoretical plot. (c) The resulting interaction parameter ε as a
function of Y.I. and the corresponding linear fit ε = −0.0027 − 1.4 × 10−4

(Y .I.).

J. Chem. Phys. 161, 144902 (2024); doi: 10.1063/5.0232678 161, 144902-4

© Author(s) 2024

 
2
8
 
M
a
y
 
2
0
2
6
 
0
7
:
0
5
:
4
9

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

According to our theoretical model, the adsorption of each
particle onto the bilayer results in a reduction in the total area of
the bilayer, which in turn leads to an increase in the membrane
tension.25 The physical interaction between microplastics and the
bilayer is determined by the adhesion at the contact area. Hence,
the more hydrophilic the microplastics are, the stronger their adhe-
sion to the lipid bilayer and the greater the mechanical stretching of
the bilayer. Particularly, our fits quantitatively demonstrate that the
hydrophilicity of the microplastics linearly increases with the bilayer
mechanical stretching.

CONCLUSION

In this study, we investigated how aging affects the physi-
cal interaction between polyethylene (PE) microplastics and a lipid
bilayer. Both experimental and theoretical methods were employed
to demonstrate that the presence of microplastics adsorbed on
lipid membranes increases membrane stress, even at low concen-
trations. The plastic pellets used in this study were collected from
La Pineda beach in Spain and were pure polymeric spheres with-
out any additives. The rationale for this is that numerous studies
utilize microplastics sourced from suppliers manufactured under
controlled laboratory conditions, which may differ substantially
from microplastics in the environment.

We isolated plastic pellets consisting solely of PE from the
larger population of pellets. The collected plastic pellets from La
Pineda beach were subsequently sorted based on their yellowing
index, which served as an indicator of their aging state. Contact
angle measurements were conducted to assess the hydrophilic-
ity of the pellets, revealing an increase in hydrophilicity cor-
responding to higher yellowing index values. Subsequently, we
obtained micrometer-sized microplastics by grinding and filtering
the selected pellets. To investigate the impact of microplastics, we
utilized a 3D microfluidic chip to create a self-supporting lipid
bilayer and measured its tension in the presence of microplastics.

We demonstrated that the bilayer tension increases linearly
with the Y.I. of the pellets, from which the microplastics originate.
Particularly, the interaction parameter ζ increases linearly with the
measured plastic contact angle. This finding is consistent with our
previous measurements,25,26 which showed that the hydrophilic-
ity of microplastics increases with the Y.I. Our theoretical model
suggests that each adsorbed particle reduces the total area of the
bilayer, causing a rise in membrane tension. The physical interaction
between microplastics and the bilayer is determined by the adhesion
at the contact area. Hence, the more hydrophilic the microplastics
are, the stronger their adhesion to the lipid bilayer and the greater
the mechanical stretching of the bilayer. Particularly, our fits quan-
titatively demonstrate that the hydrophilicity of the microplastics
increases linearly with the bilayer mechanical stretching. These find-
ings confirm a direct correlation between the hydrophilicity of the
microplastics and their adhesion to a lipid bilayer.

Our results provide insight into the mechanisms underlying the
interaction between microplastics and lipid bilayers, and the poten-
tial effects of aging on this interaction.36 The study builds upon
previous research that examined the impact of pristine microplastics
on actual biological membranes of red blood cells, as documented in
Ref. 25. Therefore, this study brings attention to a need of a more
controlled connection between aging, photodegradation, and the

observed effects of microplastics that are found in the environment
on living organisms and their difference from pristine microplastics.

METHODS
Molecules

Lipid mixture47,49 was obtained by mixing DOPC:DOPE with
a molar ratio of 60:40. DOPC is the abbreviation of 1,2-dioleoyl-
sn-glycero-3-phosphocholine, DOPE is 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine. All the lipids were purchased from Avanti
Polar Lipids (USA). Nile red and all the other chemicals were pur-
chased from Sigma-Aldrich. The buffer phase used in this article
is phosphate-buffered saline (PBS) purchased from Sigma-Aldrich.
For information, the total ion concentration of PBS solution was
∼0.15M.

Pellets selection and microplastics production

Environmental microplastics were obtained from plastic pel-
lets manually collected by ONG Good Karma Projects at the beach
La Pineda (near Tarragona, Spain). Using the Nile-red staining
technique, we characterized the chemical composition of these
pellets.50,51 It is confirmed, in accordance with Ref. 37, that the pre-
dominant composition of the analyzed pellets from this beach is
polyethylene (PE). Our study specifically focuses on PE plastics and,
therefore, we sort these pellets based on their age. The identifica-
tion of aged pellets is facilitated by the visible color change from
white to yellow, as reported in Ref. 41. The increase in the yellowing
index (Y.I.) becomes more pronounced with age and weathering.41

Consequently, this straightforward technique is employed to cate-
gorize the pellets based on their age, given significant changes in
Y.I.41 Alternatively, the combination of the yellowing index with
Fourier-transform infrared microscopy is necessary in cases where
substantial changes in the yellowing index are not observed. How-
ever, in our study, we specifically consider groups of pellets that
exhibit a substantial change in Y.I., rendering the use of Fourier-
transform infrared microscopy unnecessary.41 The description of
the yellowing index measurement method can be found in one of the
subsequent subsections. In order to minimize potential influences
arising from surface heterogeneity, we have excluded pellets with
cracks from our analysis.41 Following the sorting of the pellets based
on their age, microplastics are generated by grinding these pellets
using a grinder52 (Torrington, IC20). Subsequently, the microplas-
tics are subjected to size separation using filters to retain only those
with an approximate size of 1 μm.41 To achieve this objective, we
initially pass the buffer through a primary sieve with a pore size of
10 μm (pluriStrainer obtained from pluriSelect, Germany). Subse-
quently, the buffer is passed through a HPLC syringe filter (filter
number 7-8808, Neolab) with a pore size ranging from 1 to 2 μm.
We use the concentration of microplastics 50 μg/ml to be consistent
with the range of concentrations in Ref. 25.

Upon the production of microplastics, their morphologies were
examined using optical microscopy. The microplastics exhibited a
wide range of shapes, which could be easily quantified for sizes
spanning from 10 to 100 μm. We analyze the shape distribution of
microplastics within this range because it is sufficiently large to be
characterized using fluorescent microscopy. However, for the pur-
pose of this study, our focus lies on microplastics in the micrometer
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range, as they exhibit a similar distribution of shapes as described
by Allen et al.38 Microplastics of this size enable substantial coverage
of the bilayer surface by a significant number of particles, thereby
minimizing the influence of shape heterogeneity on the interaction
between microplastics and the bilayer.

These formed microplastics stay spontaneously at the bilayer
surface after insertion inside the microfluidic chip from the bot-
tom channel. Interestingly, they do not aggregate on the bilayer
surface, as demonstrated by optical microscopy. Due to their slight
hydrophobicity, their zeta potential cannot be measured with a
standard technique.

Surface tension measurements

The surface tension of various lipid monolayers at the oil-buffer
interface was obtained by the pendant drop method using a com-
mercial measurement device (OCA 20, DataPhysics Instruments
GmbH, Filderstadt, Germany). An oil solution containing 5 mg/ml
lipids was produced by introducing a droplet from a steel needle
into the surrounding oil phase. The interfacial tension was obtained
from the automatically fitting of the shapes of the droplets by the
Young–Laplace equation (OCA 20 does it automatically).45,53 To
increase the statistics, we conducted 30 additional measurements by
the Y.I. and determined an acceptable average contact angle.

Determination of the yellowing index

The Yellowing Index (Y.I.) of plastic pellets was quantified
using coordinates in a three-dimensional color-space diagram [see
Fig. 1 (Sec. II C) of Ref. 41]. This system allows the brightness or
luminosity of a color to be quantified; the color varies from black
to white, with values from 0 to 100. This extremely detailed method
allows for an easy and reproducible measurement of the Y.I.41

Diffusion analysis

To determine the average particle radius, from the diffusion
analysis, we calculate the mean square displacement. The Mean
Square Displacement (MSD), denoted as ⟨r(t)2⟩, is obtained by
tracking the positions r of particles at different time points and cal-
culating the squared displacement between each position and its
initial position. These squared displacements are then averaged over
all particles to obtain the MSD value,

⟨r(t)2⟩ = 1
N ∑ [r(t + Δt) − r(t)]2,

where N is the total number of particles and Δt is the time interval.
For a spherical particle, the average radius R can be obtained from
the Stokes–Einstein equation:

R = k ⋅ T
6πηD

,

where D = ⟨r(t)2⟩/4t. This equation establishes the relationship
between the average radius R, Boltzmann constant k, absolute tem-
perature T, dynamic viscosity η, and the diffusion coefficient D.
References 54 and 55 provide further details on these concepts.
Additionally, detailed explanations of the image analysis can be
found in Refs. 25 and 56.

Droplet interface bilayer

A lipid mixture47,49 was obtained by mixing DOPC:DOPE with
a molar ratio of 60:40. The lipids were dissolved using squalene oil
at a concentration of 5 mg/ml. Using magnetic stirring, the lipids
were maintained at 50 ○C for 24 h. A glass cylinder that has a 7 cm
diameter and a 1 cm height and is coated with OTS (see Ref. 25) was
filled with the oil–lipid mixture. A significant amount of the cylinder
area can be observed with a Leica Z16 microscope and a PCO1600
camera. It is enough to observe the formation of DiB (Droplet inter-
face Bilayer). To form DiB, we produced a microdroplet with a
micropipette that has a tip and a typical diameter of 1 mm, which was
made using a micropipette puller (Eppendorf). Using this method,
two water droplets of about equal size are manually produced in the
container and left there for 30 minutes. They were delicately brought
together using a needle. At the point where two droplets interact,
a bilayer spontaneously forms within a brief period of time.25,48,57

Each droplet’s content contains a controlled quantity of microplastic
that was dissolved into the buffer prior to droplet production. Opti-
cal confirmation of the bilayer was performed using a microscope,
and the bilayer tension Γ was determined using the Young–Dupré
law,45,57

Γ = 2γ cos (θ), (1)

where 2θ is the contact angle of the bilayer and γ is the interfacial
tension.45,57

Microfluidic 3D device

A 3D microfluidic device was used to produce a horizontal
bilayer. 3D printing was used to make two molds from a block of
polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning).47 The
PDMS block was plasma-bound to a glass coverslip following plasma
treatment (Diener). The following sources, including Refs. 25, 47,
58, and 59, provide a detailed description of this technique. The
chip was then filled entirely with an oil–lipid mixture. The lipids
were dissolved using squalene oil at a concentration of 5 mg/ml. The
two buffer phases were then injected face-to-face until they came
together in the desired location. Each water–oil interface was cov-
ered by a lipid monolayer; when two monolayers came into contact,
they fused to form a lipid bilayer.25,47,58,59

Theoretical modeling

This model outlines the localized distortion of the lipid bilayer
caused by the adsorption of microplastics and the subsequent
mechanical stretching of the lipid bilayer. A similar model was used
to evaluate the effect of nanopillars on the stretching of cell mem-
branes60 and to mechanically deform bacteria cell membranes with
gold nanoparticles.61 In this model, the area per microplastic particle
is divided into two parts: the “suspended” and the “adsorbed” lay-
ers. The balance between the stretching and compression of the two
layers and the attraction of the microplastics in the contact region
determines the equilibrium position of the layer. When particles are
adsorbed onto the membrane, the “suspended” layer is stretched to
increase contact between the membrane and the particle in the sus-
pended layer. As a result, the energy of the membrane is the sum
of the energy gained through adsorption in the adsorbed layer and
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the stretching of the membrane in the suspended layer. Within this
model, the mechanical stretching is controlled by the ratio,

ζ = εn0

k
, (2)

where εn0 is the attractive interaction energy per area. The adhesion
energies of microplastics, as estimated from experimental measure-
ments, are on the order of 1 mJ/m2,62,63 while the compressibility
constant of a lipid bilayer is k ∼ 100 − 300 mN/m. The control inter-
action parameter ζ is estimated to range from −0.003 to −0.01 for
bare plastics. Although this model is typically based on spherical
objects, our results indicate that it is still valid even when using
grain-like shaped objects with micrometer-sized dimensions. This
size is appropriate because it allows for a large coverage of the bilayer
surface by microplastics, effectively averaging out any differences in
shape in terms of their interactions.
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