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ABSTRACT: Plastic pollution is ubiquitous in the environment, and nanoplastics (<1 μm) are of growing concern as they pose
more health risks than larger particles. However, because of a lack of appropriate model particles, studies examining the risks of
polyolefin nanoplastics are very limited, despite the prevalence of these plastics in the environment. Although nanoprecipitation
using organic solvents is a promising method for preparing model nanoplastic particles of polyolefins, there are currently no methods
for controlling the particle size. Here, we examined how the concentration and volume of the feedstock polymer solution affect the
size of polyethylene particles produced by nanoprecipitation. The mechanisms underlying the particle formation were investigated
by using a simple population balance model. Increasing the concentration of the feedstock solution increased the growth rate and
decreased the nucleation rate, and increasing the volume of the feedstock solution increased the growth rate, resulting in an increase
in the mean particle diameter in both cases. These changes in particle diameter were linearly correlated with the suspension density
of the dispersion up to a suspension density of 0.4 mg·mL−1. In addition, at these suspension densities, spherical particles were
prepared without generating aggregates. Together, these results show that the diameter of polyethylene particles prepared by
nanoprecipitation could be controlled according to the suspension density up to a suspension density of 0.4 mg·mL−1. This study
provides a basis for the development of nanoprecipitation-based techniques for the precise, scale-independent production of model
nanoplastic particles, which we hope will accelerate the risk assessment of nanoplastics.

■ INTRODUCTION
Microplastic (particle diameter, < 5 mm) pollution is
ubiquitous in the environment and an important environ-
mental concern worldwide. The largest source of microplastics
is the weathering and fragmentation of larger plastic debris
already in the environment.1 The fragmentation process most
likely produces not only microplastics but also fragments
smaller than microplastics, called nanoplastics (NPs), which
are defined as plastic particles with sizes on the nanometer
scale (1−1000 nm).2 Recent studies have confirmed not only
the presence of NPs in the environment but also humans are
exposed to these NPs.3,4

Microplastics are generally unable to cross biological
barriers, such as those of the gut or lung, and are therefore
not absorbed by most organisms.5 However, smaller particles
that are a few micrometers in size can cross those barriers, and

NPs that fall within this size range have been found to easily
enter the bodies of organisms.6 Experimental evidence of the
dangers of NPs, such as their potential to induce oxidative
stress and inflammatory reactions, is accumulating.7,8 However,
most of the risk assessments performed to date have examined
polystyrene NPs because commercial model particles are easily
obtained.9 This has meant that other types of plastics, for
which there are no commercial model particles available, such
as the polyolefins polyethylene and polypropylene, have largely
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been ignored despite the prevalence of these plastics in the
environment. Of the studies that are available, several
examinations of the toxicity of polyethylene NPs produced
by the mechanical breakdown of larger plastics have been
reported recently: Baudrimont et al. reported that polyethylene
NPs collected from the North Atlantic Ocean inhibit the
growth of the freshwater green alga Scenedesmus subspicatus;
Arini et al. reported that exposure to polyethylene NPs causes
cardiovascular toxicity, such as pericardial edema and cardiac
output, in zebrafish embryos; and Ekvall et al. reported that
only the NP fraction smaller than 3 nm is toxic in Daphnia
magna and that the observed toxicity is caused by additives and
short-chain polyethylenes that have leached from the
NPs.10−12

Previously, we reported a nanoprecipitation-based method
for preparing nanoscale particles of five major polymers,
including three polyolefins [i.e., low-density polyethylene
(LDPE), high-density PE, and polypropylene].13 Nano-
precipitation has been used to prepare nanoparticles of
biodegradable polymers, such as polylactic acid, for use as a
drug delivery medium, but the number of studies about
nanoprecipitation of other polymers, including polyolefins, is
limited.14,15 Because the method we developed does not use
additives such as surfactants, it affords particles without
impurities that could induce adverse effects in organisms. In
addition, the particles prepared by our method have molecular
weight distributions, crystallinities, and thermal properties that
are comparable with those of commercial polymers; therefore,
they are appropriate for use as model particles. Although our
method produces only spherical particles, which are in contrast
to the irregular shapes of NPs found in the environment, the
sphere is the simplest uniform shape, meaning the particles can
be standardized. These points make these particles a
fundamental reference material with which to explore the
effects of different morphological features on toxicity. Recently,
other groups have also reported precipitation-based methods
to prepare polyolefin NPs.16−18 Although nanoprecipitation-
based methods are a promising means of producing model NP
particles, there are currently no approaches for controlling the
size of the particles that are obtained. Producing particles of
specific sizes is important for conducting risk assessments
because particle size is directly related to the adsorption of
particles by organisms and the physical behaviors of particles in
the environment.6 Therefore, methods to control the size of
particles produced by nanoprecipitation are needed.

Here, we examined how varying the concentration and
volume of the polymer feedstock solution affects the diameter
of LDPE particles prepared by nanoprecipitation. In addition,
the underlying mechanisms were investigated based on
crystallization. The driving force of crystallization is super-
saturation in which dissolved polymer is “pushed out” from a
saturated solution. This “pushing out” occurs via nucleation
and growth. In this study, to investigate growth rate and
nucleation rate during nanoprecipitation, we used a simple
population balance model, which is a common means of
simulating the size distribution and other properties of
particulate systems.19

■ EXPERIMENTAL SECTION
Materials. LDPE sheets were purchased from Kokugo Co.,

Ltd., Tokyo, Japan (cat. no. 107-12402). The number-average
and weight-average molecular weights were 18.1 and 81.2,
respectively, and the degree of crystallinity and melting

temperature were 41.4% and 107.0 °C, respectively;13 these
parameters were all within the ranges reported in the literature
for commercial polymers.13

■ NANOPRECIPITATION
Nanoprecipitation was conducted as previously reported
(Figure 1).13 The experimental conditions used in the present

study are listed in Table 1. The LDPE sheets were dissolved in
xylene at 110 °C. The antisolvent for precipitation was 100 mL
of dimethyl sulfoxide (DMSO) placed in a 100 mL glass bottle.
The feedstock solution was injected into the antisolvent via a
disposable glass pipette, with stirring by a magnetic stir bar set
at 1000 rpm. Although a recent study of polystyrene
nanoprecipitation has reported dependence of particle
formation on the rate of mixing,20 we did not find that stirring
rate (500−1500 rpm) had an effect on particle size under the
present experimental conditions (Figure S1). We therefore set
the stirring rate at 1000 rpm and excluded stirring rate from
consideration as a determinant of particle size. The operative
variables were the concentration of LDPE in the feedstock
solution (1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 30, 40 mg·mL−1,
with 4 mL of feedstock solution used) and the volume of the
feedstock solution injected (2, 4, 6, 8, or 10 mL, at a polymer
concentration of 2 or 10 mg·mL−1). After injection of the
feedstock solution into the antisolvent, the bottle was
immediately cooled with water to room temperature (≈20
°C). After cooling, the contents of the bottle were passed
through a stainless-steel net with a mesh size of 0.25 mm to
remove large aggregates. Then, the particles in the filtrate were
collected by filtration using a polyester track-etched membrane
filter with 0.2 μm pore size (cat. no. 1215288; GVS S.p.A.,

Figure 1. Schematic overview of the preparation of LDPE particles by
nanoprecipitation.

Table 1. Experimental Conditionsa

variable
LDPE concentration in

feedstock solution
volume of injected
feedstock solution

temperature (°C) 110 110
stirring rate (rpm) 1000 1000
LDPE concentration
(mg·mL−1)

1, 2, 4, 6, 8, 10, 12, 14, 16,
18, 20, 30, 40

2, 10

injected volume
(mL)

4 2, 4, 6, 8, 10

residence time (s) 13 13
rate of injection
(mL·s−1)

0.31 0.15−0.77

aLDPE, low-density polyethylene.
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Bologna, Italy). Particles collected on the membrane filter were
washed several times with acetone and hexane. The particles
on the filter were recovered by sonication with tert-butyl
alcohol at ≈45 °C (ASU-20; AS ONE Corporation, Osaka,
Japan).

Determination of Particle and Aggregate Yields.
Particle and aggregate yields were calculated based on dry
weight by using the following equations

M

C V
Yieldparticle

particle

solution solution
=

(1)

M

C V
Yieldaggregate

aggregate

solution solution
=

(2)

where Yieldparticle and Yieldaggregate (unitless) are the yield of the
generated particles and aggregates, respectively; Mparticle (mg)
is the dry weight of the generated particles; Maggregate (mg) is
the dry weight of the generated aggregates; Csolution (mg·mL−1)
is the concentration of LDPE in the feedstock solution; and
Vsolution (mL) is the volume of the polymer solution injected.
Particles collected on the membrane filter and aggregates
collected on the 0.25 mm mesh stainless-steel net were dried
by vacuum drying and weighed on an electronic balance.
Polymer not accounted for by the particles and aggregates was
considered to have been dissolved in the mixture solution or
otherwise been lost during the experiment by adhering to the
syringe or stir bar. Particle and aggregate masses were used to
calculate the suspension density of the polymer in the
dispersion.

Particle Size Distribution and Shape Analysis. Images
of individual particles were collected under a scanning electron
microscope (SEM) and used for analysis of particle size and
shape. Particles dispersed in tert-butyl alcohol (≈0.1%) at ≈45
°C were loaded onto a polished aluminum stub at room
temperature, and the solvent was immediately evaporated with
a gentle stream of air. The sample on the stub was then
vacuum dried at room temperature for 10 min. Prior to SEM
analysis, all samples were sputter-coated with platinum by
using an auto-fine coater (JEC-3000FC; JEOL Ltd., Tokyo,
Japan) at 10 mA for 1.5−2.0 min. Samples were imaged with a
field-emission SEM (JSM-7800F, JEOL Ltd., Tokyo, Japan) in
secondary electron imaging mode at an accelerating voltage of
5.0 kV.

SEM images of 90 particles (30 particles from each of three
different regions on the stub) were used for shape analysis.
Thirty particles is the sample size generally considered
sufficient to get an approximation to a normal distribution.21

Images were taken one by one at a magnification of 25 000×
(31.8 pixels = 100 nm). The maximum Feret’s diameter and
roundness of each particle were determined by using the
ImageJ software (version 1.53c).22 Feret’s diameter was used
as an index of particle size. Roundness as a shape factor was
determined by using the following equation: 4 × area/(π ×
diameter2); roundness ranged from 0 to 1, and a value of 1 was
considered to represent a perfect circle.

Calculation of Growth and Nucleation Rates. To
obtain some insights into the mechanisms underlying the
formation of particles of different sizes, a simple population
balance model was used to represent the particle size
distribution. We assumed that the dispersion was at steady-
state during injection of the feedstock solution because the
amount of polymer used was low (0.1−4% in the feedstock

solution, w/v, and 0.004−0.016% in the dispersion, w/v).
Residence time (τ [s]) was assumed to correspond to the time
taken to inject the feedstock solution into the antisolvent.

The population density distribution of each sample was
calculated from the particle size distribution and was then
analyzed by using a simple population balance model, defined
as eq 119,23

n B
G

L
G

ln( ) lni
k
jjj y

{
zzz=

(3)

where n (nm−1·m−3) is the population density, L (nm) is the
particle diameter, G (nm·s−1) is the particle growth rate, and B
(s−1·m−3) is the particle nucleation rate. The relationship
between population density and particle diameter was fitted by
using the linear least-squares technique for minimizing the sum
of squared residuals.

■ RESULTS AND DISCUSSION
Spherical nano-microscale particles were obtained across the
entire range of experimental conditions examined in the
present study, as confirmed by SEM images. Figure 2A shows a

representative SEM image of particles obtained with 2 mL of
feedstock solution at a concentration of 10 mg·mL−1. Using
the SEM image obtained under each experimental condition,
particle sizes were measured, and population density
distributions were calculated (Figure 2B). Growth and
nucleation rates were determined according to the population
balance equation (eq 1). The population density distributions
in all of the experiments were unimodal, and particles smaller
than the peak population density were excluded from the
calculation of growth and nucleation rates.

Effects of Polymer Concentration in the Feedstock
Solution. Particle and aggregate yields, mean particle
roundness, and mean particle diameter as functions of the
concentration of polymer in the feedstock solution are shown

Figure 2. (A) Representative SEM image and (B) population density
distribution of LDPE particles obtained by using 2 mL of feedstock
solution at a concentration of 10 mg·mL−1. Particles smaller than the
peak of the population density (in gray) were excluded from the
calculation of the growth and nucleation rates.
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in Figure 3. The particle yield was greater than 80% at
feedstock concentrations up to 10 mg·mL−1, after which the

yield sharply decreased with increasing polymer concentration
(Figure 3A). The opposite trend was observed for aggregates.
Figure S2 shows a photograph and SEM images of a
representative aggregate. The aggregates appeared to have
formed as a fusion of several particles, indicating that the
aggregates were made of particles dispersed in the antisolvent
after injection of the feedstock solution. Particle roundness was
around 0.98 at polymer concentrations up to 20 mg·mL−1 and
was slightly lower at polymer concentrations of 30 mg·mL−1

(0.96) and 40 mg·mL−1 (0.95) (Figure 3B). These roundness
values were high enough for us to consider all of the particles
obtained to be spherical.13

The mean particle diameter increased linearly from 496 to
997 nm when the polymer concentration was increased from 1
to 10 mg·mL−1 (Figure 3C). This increase of particle size can
be explained by the fact that the growth rate increased and the
nucleation rate decreased in the same polymer concentration
range (Figure 4). Thus, up to a polymer concentration of 10
mg·mL−1, the increase in the degree of supersaturation caused
by the increase of polymer concentration promoted particle
growth rather than nucleation, resulting in an increase in the
consumption of polymer for particle growth and a decrease in

the consumption of polymer for particle nucleation. Although
the nucleation rate generally increases with increasing
supersaturation, we observed a decrease in the nucleation
rate with increasing supersaturation in the polymer concen-
tration range up to 10 mg·mL−1. A possible explanation for this
decrease could be that the particle growth caused by
precipitation of the polymer was able to proceed without
solute crystallization because the temperature of the system at
the time of injection of the feedstock solution into the
antisolvent was above the melting temperature of the LDPEs;
therefore, particle growth was preferentially enhanced with
increasing supersaturation, resulting in a decrease in nucleation
rate. At polymer concentrations from 10 to 40 mg·mL−1, the
mean particle diameter gradually decreased until it was 479 nm
at the highest polymer concentration (Figure 3C). At higher
polymer concentrations (18−40 mg·mL−1), the growth rate
was decreased to less than that from 10 to 16 mg·mL−1 (Figure
4A). No clear trend was observed for the nucleation rate
calculated only from the density of suspended particles alone at
polymer concentrations from 10 to 40 mg·mL−1 (Figure 4B).
However, because the aggregates were formed from individual
particles, ignoring the aggregates likely resulted in under-
estimation of the number of particles generated. Therefore,
nucleation rates were calculated by using the suspension
density of the sum of particles and aggregates and were found
to increase and then reach a plateau in the polymer
concentration range of 10−40 mg·mL−1 (Figure 4B). The
suggestion here is that the nucleation rate gradually exceeded
the growth rate as the polymer concentration was increased
over 10 mg·mL−1, and that this increase in the nucleation rate
resulted in a lower amount of polymer available for the growth
of individual particles. As a result, particle size was reduced,
and the high nucleation rate caused aggregation of the
particles, resulting in a reduction of particle yield. The relative
standard deviation of particle size was increased from 24 to
36% when the polymer concentration was increased from 1 to
4 mg·mL−1, but no clear trend was observed at polymer

Figure 3. (A) Particle and aggregate yields, (B) mean particle
roundness, and (C) mean particle diameter and its relative standard
deviation as functions of the concentration of polymer in the
feedstock solution during nanoprecipitation of LDPE. Error bars
indicate standard deviations.

Figure 4. (A) Growth rate and (B) nucleation rate as functions of the
concentration of polymer in the feedstock solution during nano-
precipitation of LDPE.
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Figure 5. (A,B) Particle and aggregate yields, (C,D) mean particle roundness, and (E,F) mean particle diameter and its relative standard deviation
as functions of the volume of feedstock solution used during nanoprecipitation of LDPE. The concentration of polymer in the feedstock solution
was 2 or 10 mg·mL−1. Error bars indicate standard deviations.

Figure 6. (A,B) Growth and (C,D) nucleation rates of LDPE nanoprecipitation as functions of the volume of feedstock solution used during
nanoprecipitation of LDPE. The concentration of polymer in the feedstock solution was 2 or 10 mg·mL−1.
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concentrations higher than 4 mg·mL−1 (Figure 4A). This is
consistent with the standard deviation of the particle size
distribution, which tended to be lower when the degree of
particle growth was low.

Thus, when the polymer concentration was in the range of
1−10 mg·mL−1, the particle size increased linearly with the
polymer concentration. This indicates that particle size may be
controlled by adjusting the concentration of polymer in the
feedstock solution. In addition, particles could be prepared
without the simultaneous generation of aggregates in this
concentration range. In contrast, when the concentration of
the feedstock solution was above 10 mg·mL−1, the increase in
the nucleation rate caused a decrease in particle size, and
particle yields decreased due to aggregation.

Effects of the Volume of Injected Feedstock Solution.
Particle yields of more than 80% were achieved across the
feedstock volume range examined (2−10 mL) when the
concentration of polymer in the feedstock solution was 2 mg·
mL−1, and negligible amounts of aggregates were produced
(Figure 5A). When a 10 mg·mL−1 feedstock solution was used,
particle yields were again more than 80%, and few aggregates
were produced when a low volume of feedstock solution (2−4
mL) was used; however, at higher volumes (6−10 mL), the
particle yield decreased and the aggregate yield increased
(Figure 5B). The roundness of the particles indicated that
spherical particles were produced at both concentrations and at
all volumes examined (Figure 5C,D).

The mean particle diameter increased with increasing
volume of feedstock solution at both concentrations used
(Figure 5E,F). When the 2 mg·mL−1 concentration was used,
the mean particle diameter increased from 433 to 792 nm with
increasing volume. Similarly, when the 10 mg·mL−1 concen-
tration was used, the mean particle diameter increased from
933 to 1562 nm with increasing volume. These increases can
be explained by increases in the growth rate of the particles
(Figure 6A,B). However, only slight changes in the nucleation
rate were observed, and these changes were much smaller than
those observed in the experiment for polymer concentration
(range: 1 × 1014 to 19 × 1014), and no clear trend was
observed (Figure 6C,D). These findings indicate that
increasing the volume of the feedstock solution increased the
amount of polymer consumed for particle growth. A potential
explanation for this is that although the degree of bulk
supersaturation increased as the volume of the feedstock
solution increased, the same did not occur for the degree of
local supersaturation (i.e., the local driving force “pushing out”
the polymer solute molecules from the solution), leading to the
induction of particle growth rather than nucleation. The
relative standard deviation of particle size was in the range of
30−50% when the 2 mg·mL−1 concentration was used (Figure
5E). Higher relative standard deviations, 63−81%, were
observed when 6−10 mL of a 10 mg·mL−1 polymer solution
was used (Figure 5F). This trend may be explained by the
higher growth rate that was observed when 6−10 mL of a 10
mg·mL−1 polymer solution was used (Figure 6B).

We also conducted an experiment to assess the effects on
particle diameter of changing the antisolvent composition (i.e.,
the ratio of xylene to DMSO) due to the addition of the
feedstock solution. We prepared 100 mL of DMSO containing
8 mL of xylene as an antisolvent. Injection of 2 mL of the
feedstock solution at a concentration of 2 or 10 mg·mL−1

generated particles with a mean diameter of 414 ± 90 and 728
± 253 nm, respectively. These diameters were similar to those

obtained by injection of 2 mL of feedstock solution into 100
mL of DMSO and much smaller than those obtained by
injection of 10 mL of feedstock solution into 100 mL of
DMSO. Therefore, we concluded that the composition of the
antisolvent was not the reason for the increase in particle size.

Together, these results indicate that changing the volume of
the feedstock solution changed the particle size by causing an
increase in the growth rate of the particles. Therefore, particle
size may be controlled by adjusting the volume of the
feedstock solution used during nanoprecipitation.

Effects of Suspension Density. The results obtained in
the experiments using different concentrations and volumes of
feedstock solution were compared as a function of suspension
density. Figures 7 and 8 show the yield, roundness, mean
particle diameter, growth rate, and nucleation rate of the
particles that were prepared at the various concentrations (1−
40 mg·mL−1) and volumes (2−10 mL) of feedstock solution at
a concentration of 2 or 10 mg·mL−1, as functions of suspension
density.

Particle yield was greater than 80% in both cases of varying
the polymer concentration or varying the injection volume of
feedstock solution up to a suspension density of 0.4 mg·mL−1

(Figure 7A). Particle yield decreased rapidly at suspension
densities greater than 0.4 mg·mL−1 because of the generation
of aggregates. The roundness of the particles was around 0.98
at suspension densities up to 1 mg·mL−1, after which slightly
lower values were observed (Figure 7B). The mean particle
diameter linearly increased with increasing suspension density,
and the plots obtained by varying the polymer concentration
and those obtained by varying the injection volume of
feedstock solution were comparable up to a suspension density
of 0.4 mg·mL−1 (Figure 7C). However, at suspension densities
over 0.4 mg·mL−1, mean particle diameter gradually decreased
as the polymer concentration increased. This trend can be
explained by a marked increase in nucleation rate (Figure 8C)
and no increase in growth rate (Figure 8A), as discussed in the
previous section.

Thus, at suspension densities up to 0.4 mg·mL−1, the mean
particle diameter could be controlled by adjusting the
suspension density, and the particles could be prepared
without generating aggregates and with consistent roundness.

At suspension densities up to 0.4 mg·mL−1, the relative
standard deviation of particle size was in the range of 20−50%
(Figure 7D). The relative standard deviation of the particle size
distribution was substantially larger than that reported for
monodisperse particles (e.g., the relative standard deviation of
particle size < 5%24,25). To obtain monodispersed particles,
size fractionation of the prepared particles, such as filtering, is
required.

■ CONCLUSIONS
Here, we explored how adjusting the concentration or volume
of the feedstock solution affected the yield, roundness, and
diameter of LDPE particles prepared by nanoprecipitation.
The mechanism of particle formation was also examined by
calculating particle growth and nucleation rates.

Increasing the concentration of the feedstock solution in the
range of 1−10 mg·mL−1 resulted in an increase in growth rate
and a decrease in nucleation rate, resulting in an increase in
particle diameter. Similarly, increasing the volume of the
feedstock solution resulted in an increase in growth rate and an
increase in particle diameter across the volume range examined
(2−10 mL). The change in particle size was linearly correlated
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with the suspension density of the dispersion up to a
suspension density of 0.4 mg·mL−1. Thus, under the present
conditions, suspension density was indicated to be a universal
preparation factor for particle size if the suspension density is
0.4 mg·mL−1 or lower.

NP particles of various sizes prepared by nanoprecipitation
could be useful tools for examining the risks of NPs. However,
the present approach only afforded particles with a mean
diameter of 432 nm (when 2 mL of feedstock solution at a
concentration of 2 mg·mL−1 was used) or larger, and the
particle size distributions were large. Further studies are

needed to explore the preparation of smaller NP particles with
a narrower size distribution. In addition, the development of
scale-independent methods (e.g., a continuous flow method
using a microreactor) would facilitate stable particle
production. The present results provide a basis for these
future studies.
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(1−40 mg·mL−1) or with different injection volumes (2−10 mL) of
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