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Microplastics are ubiquitous in the aquatic environment and polyethylene (PE) fragments are commonly

identified in field samples. Studies are needed to evaluate the toxicity of microplastics, especially for the

smallest ones that can be ingested by a wide range of organisms. However, due to a lack of preparation

methods, small PE microplastics are not often used in laboratory studies. Here, a simple method was de-

veloped for the preparation of PE microparticles using dissolution of PE in toluene followed by emulsifica-

tion in water. After complete evaporation of water and toluene, a powder of PE microparticles was

obtained with radii between 0.2 to 0.80 μm. The protocol could be optimized by adding surfactants like

Tween 60 or Tween 80, and the possible use of a solution of microalgae exudates as a biosurfactant was

also demonstrated. Planktonic crustaceans were exposed to different types of microparticles to evaluate

their bioavailability depending on the surfactant.

Introduction

Pollution caused by plastic debris and fragments has been
recognised as a major water quality problem in both fresh
and marine water systems.1,2 Degradation of plastic debris in
the marine environment leads to the formation of micro-
plastics (<5 mm)3 and potentially nanoplastics4 that were de-
fined as particles smaller than 1 μm.5 Recent investigations
show that microplastics are ubiquitous in the marine
environment6–8 and that they can interact with the marine
biota with possible toxic effects.9–13 The impact of micro-
plastic ingestion on the exposed organism depends on the
nature and size of the particles.14 In order to acquire more
knowledge on these impacts and to optimise analytical proce-
dures, model particles of different sizes and nature of poly-
mers are necessary.15 However, in the smallest size range
(<10 μm), particles of only a few types of polymers are cur-

rently available. For this reason, most toxicity tests were
reported using PS micro and nanobeads16 whereas polyethyl-
ene (PE) and polypropylene (PP) fragments are by far the
most common in aquatic environments.17,18 In addition,
commercial micro and nanobeads have surfactants at their
surface19 which may enhance or at least modify their interac-
tion pathway with aquatic organisms.10,20

So far, only two studies reported protocols to prepare
model micro and nanoplastics: Cole et al. (2016)21 used a
microtome to produce different types of microfibers and the
preparation of PET nanoparticles using laser ablation to
mimic nanoplastics was recently proposed.22 Some studies
also reported the use of milled polymers to study exposure to
aquatic biota,23,24 but obtaining large quantities of small par-
ticles by milling can be very difficult and time consuming.
The preparation and full characterization of reference poly-
mer materials to mimic micro and nanoplastics may become
a necessary step for impact assessment studies.

Concerning polyethylene, there are mainly two different
strategies described in the literature to make PE latex particles
by polymerisation of ethylene monomers.25,26 The first one is
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Environmental significance

Pollution due to micro and nanoparticles of plastics in the aquatic environment has recently received much attention and its potential impact on aquatic
life is an increasing concern. To evaluate the toxicity of micro and nanoplastics, the need for reference particles has recently emerged. Most toxicity studies
use commercial nanobeads, mainly polystyrene, with surfactants that can modify their toxicity. In this work, we explored new routes to design micro and
nanoparticles of a polymer that would be more realistic for toxicity assessment. Polyethylene was chosen due to its great abundance in natural samples and
the particles were prepared without any surfactant or with a surfactant that was chosen to mimic an eco-corona on the particles.
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based on the usage of free radical polymerisation of ethylene.
The average hydrodynamic radius of the particles prepared by
this method was in the range 20–100 nm.26,27 Free radical poly-
merisation often requires high temperatures and pressures,
which is difficult to realize under normal laboratory conditions.
Moreover these charged latex particles also contain water solu-
ble initiators and surfactants like cetyltrimethylammonium
bromide (CTAB). The second method is catalytic polymerisa-
tion of ethylene monomers25,28 for the preparation of a polyeth-
ylene aqueous dispersion with diameters between 30 and 300
nm. This method is easier to perform, but NiĲII) complexes
were used as catalysts. The presence of initiators, surfactants
and metals such as Ni makes all these methods less attractive
for further toxicology measurements.

A few studies reported the production of stable disper-
sions of small polyethylene wax particles.29 Wahle et al.
(1998) prepared an oil in water emulsion of a mixture of wax,
a hydrophilic non-ionic dispersant, and a hydrophobic co-dis-
persant. The resulting emulsion was heated to its phase in-
version temperature and then cooled down below the inver-
sion temperature. This method produced stable dispersions
with particle sizes less than a micrometer.29 The disadvan-
tage of this technique is that the dispersion also contains hy-
drophilic dispersants and hydrophobic co-dispersants.

Here, we present a new methodology that allows one to
prepare small microparticles of PE with a radius between 0.2
μm and 0.8 μm using a toluene-in-water emulsion after total
dissolution of PE in the toluene phase. High energy methods
like ultra-turrax and acoustic techniques were used to make
the PE/toluene-in-water emulsion. To our knowledge, this is
the first time that such a method has been used for the prep-
aration of model PE microplastics. Besides providing parti-
cles of small size, the advantage of this methodology is that
it is possible to produce these particles without any surfac-
tant. It is also much simpler than the techniques mentioned
above. Using a surfactant allowed significant yields to be
obtained and two types of surfactants were compared (Tween
60 and Tween 80) to increase the produced quantities. Be-
cause most surfactants are known to be toxic to aquatic or-
ganisms,30 the use of micro-algal exudates as a biosurfactant
was also tested. Indeed, microalgae naturally produce extra-
cellular polymeric substances mainly composed of polysac-
charides, proteins, nucleic acids and lipids notably to pro-
mote their adhesion to surfaces.31 These substances were
already described as potential biosurfactants32 and were used
here to stabilize the PE particles. The effect of each surfac-
tant on the size, shape and stability of the particles was stud-
ied. Finally, preliminary data on the interaction of the so-
prepared particles with aquatic organisms were obtained to
illustrate their potential bioavailability to aquatic organisms.

1. Materials and methods
1.1. Materials

Low density polyethylene (LDPE) pellets (diameter of 2 mm
and density of 920 kg m−3) were obtained from CTTM, (Le

Mans, France) and they were used as received. Two surfactants
Tween 60 and Tween 80 were purchased from Sigma-Aldrich.
The sea salt used in this study was purchased from a local
supermarket. Tween 60 is water insoluble and dynamic light
scattering measurements (DLS) on aqueous suspensions of this
surfactant show the formation of aggregates with a broad dis-
tribution of hydrodynamic radii (Rh) between 10 nm and 1 μm.
On the other hand, Tween 80 is a water soluble surfactant that
forms micelles in aqueous solutions with Rh = 5 nm.

The biosurfactant was prepared by growing fresh water algae
Chlamydomonas reinhardtii in Tris-acetate-phosphate culture
medium (TAP) for one month. Afterwards, the algae culture
medium was centrifuged at 5 × 104g for two hours to remove
the algae and other unwanted sediments. The remaining super-
natant was used as the biosurfactant without any further purifi-
cation. The solid content of the supernatant was 0.5 wt%
obtained by freeze-drying of a given amount of the culture me-
dium, whereas the solid content of the TAP medium was
0.47%. The light scattering measurements showed that the bio-
surfactant contained particles with a broad distribution of Rh

around an average value of 100 nm. The solid content of the
biosurfactant was varied by adding or evaporating water.

1.2. Preparation of PE particles

0.30 g of PE pellets were dissolved in 3.0 g of toluene by
refluxing the mixture at 95 °C overnight (∼15 h) in a 100 ml
round bottom flask though no solid PE was visible after 4 h.
In some cases, 0.03 g of 500 ppm Nile red solution in toluene
was added to make the particles fluorescent. Tween 60 or
Tween 80 dissolved in toluene was added before refluxing. Af-
ter reflux, all the polymer was dissolved and the temperature
of the PE suspensions was adjusted to 80 °C. To this mixture,
water or the biosurfactant was added at 80 °C and the mix-
ture was immediately homogenized utilizing an ultra-turrax
(Ultra-Turrax T25, IKA, USA) for two minutes. Then, the
resulting emulsions were subjected to ultrasonication
(Vibracell, Fisherbioblock, France) for two and a half minutes
at 80 °C. Subsequently, the temperature of the emulsion was
quickly cooled down from 80 °C to 20 °C, which led to gela-
tion of PE. The total weight of the emulsion was 30 g and the
weight fraction of toluene in the emulsion was varied be-
tween 10% and 30%. The concentration of Tween in the
emulsions was varied between 0.1 wt% and 2 wt% and the
solid content of the biosurfactant was varied between 0.5 and
2%. After cooling rapidly by placing the solution in a vessel
filled with cold water, residual un-emulsified PE was removed
by filtration with Whatman filter papers, whereas a metallic
sieve of mesh size 800 μm was used for filtration of emul-
sions with the biosurfactant. Finally, toluene and water were
removed by evaporation and freeze drying in order to obtain
a powder of the PE particles.

1.3. Confocal laser scanning microscopy (CLSM)

The shape and size of the particles were investigated by utiliz-
ing a Zeiss LSM 800 (Oberkochem, Germany). A water
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immersion objective lens was used (HCxPL APO 63× NA = 1.2)
with a theoretical resolution of 0.1 μm in the x–y plane. The PE
particles were fluorescently labelled by adding Nile red that
absorbed onto the particles (see section 1.2). The PE particles
were dispersed in a very viscous 0.5 wt% xanthan solution to
avoid fast movement of the particles during imaging.

1.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out using a TA500Q
(TA instruments, USA) system. The weight loss during degra-
dation of the powder was determined as a function of the
heating temperature. The temperature was varied from 40 °C
to 800 °C at a rate of 20 °C per minute.

1.5. Differential scanning calorimetry

Differential scanning calorimetric (DSC) analysis was
performed with a DSC Q 100 (TA instruments, USA) system.
The heat flow from the samples was measured as a function
of temperature from 40 to 250 °C with a heating rate of 20 °C
per minute. The crystalline fraction of the gelled PE was de-
termined by taking the ratio between the enthalpy of fusion
of PE at 116 °C and the enthalpy of fusion of 100% crystalline
PE (285 J g−1).15

1.6. Bioavailability of PE particles in the presence of Daphnia
magna

The planktonic crustacean Daphnia magna is a model organ-
ism for ecotoxicological studies and was raised in
reconstituted water (ISO 6341-1982) with a light/dark cycle
(12 : 12 h) and an oxygen renewal system. The measured pH
values ranged between 7.5 and 8. 120 animals (ten per flask
in triplicate) in 300 mL ISO medium were exposed to 60 mg
L−1 (value of EC50, half maximal effective concentration33) PE
particles without a surfactant, with Tween 60 and with the
biosurfactant. The exposure lasted 72 h, in the absence of
food. After 72 h, the intake of particles by the organisms was
visualized with microscopy under polarized light. All experi-
ments were performed in compliance with the university's
policy on animal use and ethics.

2. Results and discussion
2.1. Emulsification of PE in toluene solutions in water

The methodology to produce PE microplastics presented here
involved as a first step the formation of an emulsion of tolu-
ene droplets in water with PE dissolved in toluene. The emul-
sion was prepared by dispersing PE in toluene solution in wa-
ter at 80 °C using an ultra-turrax and ultrasonication,
followed by rapid cooling to 20 °C. It was reported elsewhere
that PE dissolved in toluene at high temperatures forms a
space filling network during cooling, which leads to gelation
of the dispersed droplets.34 DSC measurements of the gelled
toluene solution containing 10 wt% PE showed a distinct
melting peak from which it was deduced that 32% of the PE
was crystalline (see Fig. S1 of the ESI).† We speculate that the

crystalline domains act as the physical cross linking units of
the PE network since reheating the gels in toluene resulted in
a transparent solution.

In the absence of a surfactant, only a relatively small frac-
tion of the PE in toluene solution could be emulsified and
the majority of the toluene creamed rapidly to form a turbid
top layer. In order to increase the fraction of emulsified tolu-
ene, surfactants were added to the toluene solution at differ-
ent concentrations. Two commercial surfactants (water solu-
ble Tween 80 and water insoluble Tween 60) and a
biosurfactant derived from algae were used (see Materials
and methods). The amount of the creamed phase was ob-
served to decrease with increasing surfactant concentration.
At a given concentration, the biosurfactant yielded the
highest amount of emulsified PE in toluene. These results
show that the extracellular polymeric substances (EPS) natu-
rally produced by microalgae are at least as efficient as Tween
to stabilize the so-prepared emulsions. EPS are mainly com-
posed of polysaccharides, proteins, nucleic acids and lipids
and they were already suggested to be biosurfactants32 for
synthetic polymers. This kind of biosurfactant is of particular
interest in the field of microplastics research as microplastics
are known to be rapidly covered by an organic layer as they
enter the aquatic environment.10,15

2.2. Characterization of the emulsions

Freshly prepared emulsions of 10 wt% toluene in the pres-
ence of 0.1 wt% to 2 wt% Tween 60 were significantly more
turbid than emulsions prepared without a surfactant (see
Fig. 1). The toluene phase of the emulsions shown in Fig. 1
contained 10 wt% PE. We note that toluene emulsions with-
out PE had the same visual appearance. The difference in tur-
bidity is due to the fact that without any surfactants only a
small fraction of the toluene could be emulsified. It was
found that without a surfactant, 97% of the PE/toluene solu-
tion remained un-emulsified. The un-emulsified fractions

Fig. 1 Freshly prepared emulsions at 3 different Tween 60
concentrations.
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were 53%, 57%, and 13% with 2 wt% Tween 60, 2 wt% Tween
80 and 1 wt% biosurfactant, respectively.

Fig. 2 shows CLSM images of the emulsions with the 3 dif-
ferent surfactants at different concentrations. The white spots
correspond to the fluorescently labelled toluene droplets. The
images were analysed with an ImageJ plug-in, “Analyse Parti-
cles”, to determine the average radius of the droplets.
Fig. 3(top) shows the number concentration (v) of droplets as a
function of their radius (R) at different concentrations of
Tween 60 (a), Tween 80 (b), and the biosurfactant (c). Each
curve in the figure represents an average of at least 4 different
images and in most cases one image contains 20 to 30 droplets.
From the graph it appears that the number of droplets de-
creases exponentially with increasing radius. It is important to
keep in mind that the minimum radius of the droplets that
could be determined by the microscope was limited by its reso-
lution, which was about 100 nm. Hence, here only droplets
with a radius ≥ 100 nm were selected for the analysis.

The weight concentration distribution can be calculated
as C ∝ v × R3 with the hypothesis that particles are spherical
with a constant density independent of R. Fig. 3 (bottom)
shows C as a function of the radius at different concentra-
tions of Tween 60, Tween 80 and the biosurfactant. Clearly,
the statistics were not good enough to establish the exact

shape of the distribution and the solid lines are only meant
as a rough indication to guide the eye. However, the results
clearly show that in all cases most of the PE was present in
droplets with radii between 0.2 and 0.8 μm.

Interestingly, no systematic dependence of the droplet size
on the type and concentration of the surfactant or on the PE
concentration was observed. Probably, the size of the droplets
depended mainly on the applied shear during homogeniza-
tion. Hideki Sakai et al. (2012) prepared surfactant free emul-
sions of PE in toluene solutions in water using
ultrasonication and they observed that the toluene droplet ra-
dii varied between 50 nm and 150 nm depending on the tem-
perature of mixing and the time after the preparation of the
emulsion.34 A similar strategy was used by Kamogawa et al.35

for the preparation of emulsions in water of PS in benzene
and PS in cyclohexane solutions. The authors reported that
the average droplet radius of the emulsions varied between
100 nm and 150 nm. Here, we observed that the average ra-
dius of the PE/toluene droplets varied between 200 nm and
800 nm. It is not fully understood how the droplets are stabi-
lized in the absence of surfactants, but it is clear that only a
small fraction of toluene droplets is stable. Surfactants are
necessary to increase the fraction of stabilized droplets.

2.3. Characterization of PE particles

After removal of toluene and water from the emulsions, a
powder of PE particles was obtained. In order to estimate
the amount of PE and surfactant in the powder, TGA mea-
surements were done which showed a weight loss in two
distinct steps for powders prepared from emulsions
containing a surfactant (see Fig. S3 of the ESI).† As expected
the fraction of the surfactant in the powder increases with
increasing concentration in the toluene phase. The amount
of biosurfactant in the powder was relatively small, because
most of the material in the biosurfactant solution was not
surface active. Notice that the weight loss below 150 °C was
negligible, which means that all the toluene had been re-
moved from the particles.

The conversion of PE (ratio between the amount of PE in
the powder and the initial amount that was dissolved in tolu-
ene) is plotted as a function of the surfactant concentration
in Fig. 4. In the absence of a surfactant, the fraction of PE
particles in the powder was only a few percent. However, the
yield increased steeply with the addition of the surfactant up
to 0.35, 0.45 and 0.9 for Tween 60, Tween 80 and the bio-
surfactant, respectively.

2.4. Size and shape of the PE particles

In Fig. 5, CLSM images of the PE particles are shown as a
function of Tween 60 and biosurfactant concentrations. The
CLSM images show that particles of different sizes were
formed and that the larger particles appeared to be clusters
of smaller particles. It is likely that the clusters were formed
during the drying process and could not be fully dispersed.

Fig. 2 CLSM images of emulsion droplets with 0.5 wt% surfactant and
without a surfactant. From top to bottom: Tween 60, Tween 80 and
biosurfactant.
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Interestingly, the relatively small number of PE particles that
were formed without a surfactant could be fully dispersed.

The number and weight concentration distributions of the
particle radii are shown in Fig. 6. As in the case of emulsions,

an exponential decrease of the number of particles was ob-
served with increasing radius at different surfactant concen-
trations (see Fig. 6(top)). The weight distribution shows that
most PE was situated in particles with radii between 0.2 and
0.8 μm. A small number of larger clusters were also observed.

One might expect that the particles obtained after drying
of the emulsion droplets are smaller than the initial droplet
size. The size of the particles that were not clustered was
close to that of the emulsion droplets before drying. This
would imply that the PE network does not shrink much af-
ter drying and redispersion. The effect of drying on the PE
gel was observed for macroscopic bits of the gelled PE in
toluene solution. Fig. 7 shows that the gels decreased by
about 25% in size after evaporation of toluene, which
means that the PE density increased by about a factor of
2.5 from 100 kg m−3 in the droplets to about 250 kg m−3 in
the dried particles. When the gels were immersed in water
they did not swell. These results explain why the individual
PE particles dispersed in water were similar in size to the
emulsion droplets. It follows that the particles are porous
containing only about 25 wt% PE, assuming that the effect
of drying was the same.

An attempt was made to prepare denser PE particles by
increasing the concentration of PE in toluene up to 30
wt%. This increase did not significantly modify the yield

Fig. 3 Number (top) and weight (bottom) concentration distributions of the radius of emulsified PE in toluene droplets dispersed in water at
different concentrations (wt%) of (a) Tween 60, (b) Tween 80 and (c) the biosurfactant. The solid lines in the top figures are fits to an exponential
decrease, whereas in the bottom figures they represent guides to the eyes.

Fig. 4 Weight fraction of PE obtained with different surfactant
concentrations.
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and size of the obtained microparticles (see ESI† Fig. S4
and S5) suggesting that the particle density can be modi-

fied by varying the initial PE concentration in the toluene
solution.

Fig. 5 CLSM images of particles formed with different concentrations of Tween 60 (top) and the biosurfactant (bottom).

Fig. 6 Number (top) and weight (bottom) concentration distributions of the particle radii at different Tween 60 (a) and biosurfactant (b) concentrations.
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2.5. PE particle stability

Suspensions of the particles were found to be remarkably sta-
ble in Millipore water showing no further aggregation or
creaming for a period of at least 3 months. The creaming veloc-
ity (v) depends on R and the density difference (Δρ) between
the particles and water: Δρ depends strongly on whether the
pores of the PE network are filled with air or water. If we as-
sume that 25% of the volume of the particles consists of PE
with a density of 920 kg m−3 then the density of particles is 230

kg m−3 if the pores are filled with air and 980 kg m−3 if the
pores are filled with water. For particles with R = 350 nm, v =
0.20 μm s−1 if the pores are filled with air and v = 0.005 μm s−1

if the pores are filled with water. Considering that no creaming
was visible within 3 months it follows that the pores were filled
with water.

The effect of sea salt on the stability of the particles was
tested by dispersing the particles first in ultrapure water and
subsequently adding sea salt to reach the average concentra-
tion of seawater (35 g L−1). The CLSM images of the PE parti-
cles with or without surfactants in Millipore (top) water and
sea salt water (bottom) are shown in Fig. 8. PE particles with-
out a surfactant formed small clusters in seawater and hence
they were not analysed further, but particles containing
Tween 60 or the biosurfactant were stable against aggregation
(see Fig. 9). This observation shows that surfactant-free parti-
cles are stabilized by electrostatic repulsion in salt free water.

2.6. PE particle interaction with Daphnia magna

After exposure to the particles for 72 hours, the uptake of PE
particles and their accumulation in the digestive track of
Daphnia magna were recorded using a polarized optical
microscope. Fig. 10 shows microscopy images of the digestive
track of Daphnia magna that were not exposed (a), or were ex-
posed to particles without a surfactant (b), with Tween 60 (c)
or with the biosurfactant (d). No particle uptake was found
after exposure to particles with Tween 60. The highest uptake
was observed after exposure to particles with the bio-
surfactant, whereas only a few surfactant free particles of PE
were detected in the digestive track. These preliminary results

Fig. 7 Images of the PE gels before (top) and after (bottom) the
removal of toluene by drying.

Fig. 8 CLSM images of PE particles obtained without a surfactant, with 0.5 wt% biosurfactant and 2 wt% Tween 60 in Millipore (top) and in sea
salt water (bottom).
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show that the produced PE particles are in the size range of
ingestion of most aquatic organisms and that they can be
used as model microplastics to evaluate the toxicity of PE.
Moreover, this study suggests that the nature of the surfac-
tant has a strong influence on the particle ingestion. The role
of an eco-corona at the surface of nanoparticles on their in-
gestion by biota was recently investigated36,37 and needs to
be better controlled in toxicity assessment of micro and
nanoplastics.15 The absence of ingestion of particles with
Tween 60 could be explained by the capacity of Daphnia
magna to detect Tween 60 with a gustative chemoreceptor38

leading to rejection.

Conclusion

Polyethylene particles with radii between 200 nm and 800 nm
can be produced with or without a surfactant using emulsions
of toluene in water with PE dissolved in toluene. The yield of
PE microparticles was very small in the absence of a surfactant,
but could be increased substantially by addition of a surfactant
and depended on the type of surfactant. However, the particle
size did not depend much on the amount or type of surfactant
that was tested (Tween 60, Tween 80 and a biosurfactant). Parti-
cles prepared with 10 wt% PE in toluene were porous with a PE
content of about 25 wt%, but the PE weight fraction can be var-
ied by varying the PE concentration in toluene during prepara-
tion. The same methodology can probably be used to prepare
microparticles of other polymers as long as they can be
dissolved in a volatile solvent. In addition, instead of using
pristine polymers one could use degraded plastics sampled
from the environment as the starting material.

The PE particles were stable in aqueous solution for a pe-
riod of at least 3 months and did not aggregate in water
containing sea salt at the average marine concentration.
Using a biosurfactant, the presence of an eco-corona at the
surface of the particles could be mimicked. These PE parti-
cles can be used as model small microplastics and nano-
plastics and they might be of interest for toxicological studies
on marine biota. Their uptake by Daphnia magna was demon-
strated and the preliminary results presented here highlight
the importance of the eco-corona on the particle uptake.
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