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ABSTRACT: Polystyrene (PS) is an important model polymer for the
investigation of effects of microplastic (MP) and nanoplastic (NP)
particles on living systems. Aqueous dispersions of PS MP or NP contain
residual monomers of styrene. In consequence, it is not clear if the
effects observed in standard (cyto)toxicity studies are evoked by the
polymer (MP/NP) particle or by residual monomers. We addressed that
question by comparing standard PS model particle dispersions with in-
house synthesized PS particle dispersions. We proposed a rapid
purification method of PS particle dispersions by dialysis against
mixed solvents and developed a simple method of UV−vis spectrometry
to detect residual styrene in the dispersions. We found that standard PS
model particle dispersions, which contain residual monomers, exerted a
low but significant cytotoxicity on mammalian cells, while the in-house synthesized PS, after rigorous purification to reduce the
styrene content, did not. However, the PS particles per se but not the residual styrene in both PS particle dispersions resulted in
immobilization of Daphnia. Only by using freshly monomer-depleted particles, will it be possible in the future to assess the
(cyto)toxicities of PS particles, avoiding an otherwise not controllable bias effect of the monomer.
KEYWORDS: microplastics, polystyrene model particles, residual monomer styrene, simple detection method, rapid purification,
cytotoxicity, immobilization test, biased conclusions

1. INTRODUCTION
Commodity plastics are manufactured in hundreds of million
tons per year worldwide.1 Plastics are mostly used in personal
care products such as cosmetics and toiletries2,3 as well as in
coatings such as paints1,4 that are sources of primary
microplastics (MPs, plastic particles <5 mm) and in packaging
and engineering that serve as sources of secondary MPs.
Although the use of primary MPs in cosmetics is on the
decline,2,5 the plastic particles in paints are still not widely
recognized as MPs.4 However, they should strictly be
considered as MP since polymer particles from paints also
end up in the environment.6−10 The types of polymers that
paints and plastics share are based mainly on alkyd, epoxy,
polyacrylate, polyurethane, and polystyrene.4,10 MPs and NPs
(nanoplastic particles, 1−1000 nm)11 derived from paints or
other plastic applications have raised concerns, given their
putative impact on environmental and human health.3−5,12−15

It has already been shown that they could lead to adverse
effects on subcellular and organismic levels16 in the
community17 and eventually on the ecological level.18

To investigate the effects of various MPs/NPs on cells19−21

and organisms,22,23 model plastic particles, most of them being
spherical polystyrene (PS) particles, are commonly used
because of their commercial availability.24−27 Nevertheless,

PS particle dispersion used as standard model particles might
contain a non-negligible amount of residual monomers. The
residual monomers are toxic28,29 and difficult to remove
completely from the PS particles. Furthermore, they are rarely
considered when assessing the toxicity of the corresponding
particles. For example, some research studies, without revealing
the residual monomer content, found that standard PS model
particles (∼10 μm) can greatly decrease the cell viability of
L929 cells.30

Thus, it is important to thoroughly investigate the residual
monomer content of the model particle dispersion to test
whether the observed adverse effects originate from the
particles per se or the residual monomer, thereby judging
whether the standard model particle dispersions are qualified.
To answer this, we used commercially available PS particle
dispersions, referred to as standard particle dispersions, and in-
house synthesized PS particle dispersions (∼500 nm) with
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known monomer contents. We compared the toxicity of both
types of particles on a cellular and organismic level, i.e., murine
fibroblasts (L929) and Daphnia magna. The size of 500 nm
was chosen because this size of PS particles per se does not
result in decrease in cell viability of L929 cells, thereby ruling
out the effect of PS particles if PS particle dispersion is
qualified.31 The L929 cell lines are continuous cell lines and
routinely used for biological tests. They are recommended for
in vitro biological reactivity tests in contact with polymeric
materials by the United States Pharmacopeia Convention
(USP 43−NF 38) and are also recommended by the
International Organization for Standardization (ISO10993-5:
2009) because of their reproducibility and biological responses.
We used Daphnia magna to test the toxicity in organismic level
since Daphnia, with high sensitivity to toxicants, is among the
most common model organisms for biological studies such as
ecotoxicity of MP.26,32,33 Daphnia is a keystone species in
freshwater ecosystems since it serves as link between primary
production and higher trophic levels. As an unselective filter
feeder, it is likely exposed to particulate contaminants such as
MP.

2. MATERIALS AND METHODS
2.1. Materials. Styrene (Sigma-Aldrich, ≥99%), potassium

persulfate (Aldrich, >99%), potassium carbonate (Fisher
Scientific, ≥99.5%), aluminum oxide (Sigma-Aldrich, acti-
vated), methanol (VWR chemicals, 99.9%), CDCl3 (Deutero
Gmbh, 99.8%), methanol-d4 (Deutero Gmbh, 99.8%), Milli-Q
water (18 MΩ·cm), THF (GPC grade), dimethylsulfoxide
(DMSO, Sigma, sterile-filtered, Bioperformance certified,
meets EP, USP testing specifications), and standard PS
model particle dispersion (Polysciences, Cat # 07307-15,
2.7%, 500 nm) were used. Greiner Bio-One was used as the
supplier for cell culture materials. Minimum essential medium
without phenol red was from Gibco. Eagle’s minimal essential
medium, Dulbecco’s phosphate-buffered saline without Ca2+

and Mg2+, trypsin/EDTA solution, L-glutamine solution, and
penicillin/streptomycin solution were from Lonza. Fetal calf
serum (FCS) and isopropanol (analytical grade) were from
Sigma Aldrich. Trypan blue solution was from VWR
International (0.4%). 3-[4,5-Dimethylthiazol-2-yl]-2,5 diphen-
yl tetrazolium bromide (MTT, 98%) was from Alfa Aesar, M4
medium.34

2.2. Emulsifier-Free Emulsion Polymerization of
Styrene. Styrene went through a column with activated
aluminum oxide and potassium carbonate to remove the
inhibitor, 4-tert-butylcatechol. The inhibitor was adsorbed in
the aluminum oxide gel, thereby resulting in destabilized
styrene, which was collected with a Schlenk flask under argon.
The collected styrene was degassed under argon for 30 min
before addition to the reactor.

To 150 mL of Milli-Q water in a 500 mL three-necked flask,
styrene (260 mM), NaCl (24.9 mM), and potassium persulfate
(2.7 mM) were added. The reaction mixture was maintained at
80 °C for 24 h, followed by cooling down to room
temperature. Then, 130 mL of Milli-Q water was added to
the flask and degassed for 30 min. To the reactor, 4.6 mL of
degassed and destabilized styrene was added, and the mixture
was degassed for an additional 10 min. 225 mg of NaCl was
dissolved in 10 mL of Milli-Q water. To tune the particle size,
the NaCl solution was degassed for 20 min and then added to
the reactor. The emulsion was then heated to 80 °C under
stirring at 200 rpm. In a 50 mL flask, 112.5 mg of potassium

persulfate was dissolved in 10 mL of Milli-Q water and then
degassed under argon for 20 min. Then, 10 mL of solution of
potassium persulfate was added to the styrene emulsion in one
step. After the reaction proceeded at 80 °C under argon with
stirring at 200 rpm for 24 h, the reactor was cooled to room
temperature in an ice bath.

The reaction conversion (86.7%) was calculated as follows:

=

×

Conversion dry weight of polystyrene

/weight of initial styrene 100%

The PS concentration (19.36 mg/mL) was determined by
freeze-drying after PS was purified by dialysis against Milli-Q
water for 40 days.

2.3. Purification of Synthesized PS Dispersion by
Dialysis against Water. A portion of the reaction mixture
was charged into a dialysis membrane with a molecular weight
cutoff of ca. 3500 Da. Air bubbles were removed out of the
membrane, and the membrane tube was sealed by clamps with
metal bars. The dialysis tube was immersed into Milli-Q water
in a 4 L beaker. The ratio of dialysis medium Milli-Q water and
the PS dispersion was 40. The dialysis was performed under
constant stirring. Fresh Milli-Q water was changed twice per
day for the first week, and afterward, once per day. The dialysis
was allowed to proceed for 40 days, resulting in dispersion
named SIP (“S” refers to in-house synthesized PS particle
dispersion; “IP” refers to intermediate purity). Its PS
concentration was determined by freeze-drying.

2.4. Rapid Purification of PS Dispersion by Dialysis
against Mixed Solvents. The standard PS model particle
dispersion was named MIP (“M” for standard PS model
particle dispersion, “IP” for intermediate purity). To eliminate
the residual styrene further, we dialyzed SIP and MIP with a
rapid process, boosted by mixed solvents of distilled methanol/
Milli-Q water (50/50 volumetric ratio). The rapid dialysis was
against mixed solvents for 8 days then against Milli-Q water for
12 days, resulting in SHP and MHP (“HP” means high purity).
In detail, 7 mL of PS dispersion was transferred into a dialysis
tube (MWCO ca. 3500 Da), air bubbles were removed out of
the membrane, and the membrane tube was sealed by clamps
equipped with a metal bar. The prepared tube was placed into
a 250 Erlenmeyer flask with a wide neck. 200 mL of mixed
solvents of distilled methanol/Milli-Q water (100/100
volumetric) was added. The dialysis medium was stirred at
100 rpm at room temperature. The mixed solvents were
refreshed twice a day for the first 8 days. Afterward, the dialysis
medium was changed as Milli-Q water, and the dialysis was
allowed to proceed for another 12 days at the same stirring rate
with water refreshed once a day. Before the MTT assays, the
PS particle dispersions were autoclaved (15 min, 121 °C) in a
standard laboratory autoclave. Water in the PS particle
dispersions can prevent the PS particles from over-heating at
such autoclaving conditions. The “A” in “SIPA”, “SHPA”,
“MIPA”, and “MHPA” means that they were sterilized by an
autoclave. For all PS particle dispersions, PS concentrations
and residual styrene contents were determined by a UV−vis
spectrometer�at a wavelength 280 and 246 nm,35 respec-
tively. With the styrene determined, the purity of PS in
dispersions was calculated as below. We calculated the purity
of the PS dispersions based on the residual styrene content due
to the synthesis method of emulsifier-free emulsion polymer-
ization, where styrene was believed to be the main impurity.
Although the standard PS model particle dispersion contains
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unknown proprietary surfactants, we used the same equation to
obtain purity for these preparations, assuming again residual
styrene to constitute the main impurity.

=
+ ×

Purity PS concentration/(PS concentration

styrene concentration) 100%

2.5. Quantification of Styrene and PS by a UV−vis
Spectrometer: UV Method. Styrene detection was tradi-
tionally measured by gas chromatography−mass spectrometry
(GC−MS),36−38 high-performance liquid chromatography
with a UV detector (HP-LC),39,40 or an electrochemical
method.41 Back in 1951, UV−vis was used for styrene
detection in solid PS samples.42 The ISO (ISO 2561:2015;
1974) issued the standard method of residual styrene
determination in PS products by GC. Few studies used
GC,43 GC−MS37 and HP-LC39,40 to detect styrene in aqueous
solutions. However, these techniques were either tedious or
expensive because the columns are easily contaminated.
Hence, we developed a simple yet sensitive method to
measure styrene in aqueous solutions. Compared with the
GC and LC methods, the limit of detection of our UV method
(limit of detection, 0.1 μg/mL) is in the same range as for the
GC method37 while higher than for the LC method.39,40

The calibration curve of styrene was built. A mixed solvent
system of distilled methanol/water (always 90/10 volumetric
ratio unless stated otherwise) was used to conduct the
calibration for the UV method with a UV−vis spectrometer
(UV−vis). The mixed solvents served as the blank for UV−vis

measurement. Sample preparation and measurements were
performed at room temperature. Specifically, 82.60 mg of
styrene (0.091 mL) was weighed under a fine balance and then
dissolved in methanol/water (5.565 mL taken by pipetting). It
had a concentration of 14.60 mg/mL. This solution was
diluted 20 × 20 × 7.3 times. A 5 μg/mL of stock solution of
styrene resulted. From this, 4, 3, 2, 1, and 0.5 μg/mL styrene
solutions were prepared. They were measured by UV−vis
(500−200 nm, 400 nm/min, data interval: 1 nm). The
absorbance value A246 at peak 246 nm35 for styrene was chosen
to build its calibration curve. The A246 of around 0.07 for 0.5
μg/mL styrene solution was recorded to make sure the
calibration curve can cover low styrene concentrations for the
highly purified PS particle dispersions. The whole procedure of
calibration was repeated twice.

The quantification of styrene in the PS particle dispersion,
for instance, SHPA, was conducted by UV−vis. Specifically, 0.3
mL of the PS particle dispersion was mixed with 2.7 mL of
methanol, which was then shaken at 1000 rpm for 10 min to
molecularly dissolve the styrene in the mixed solvent. It was
centrifuged at 21,000 g for 8 min to rule out interference by
remaining PS beads. The supernatant was centrifuged again in
the same condition to remove any remaining PS beads. Then,
its UV absorbance was measured.

The calibration curve of spherical PS particles (using SIP)
was built. PS particle dispersions of known concentrations
within 5−15 μg/mL were prepared by diluting the stock
dispersion (19.36 mg/mL) with Milli-Q water and measuring
the A280 absorbance. The absorbance values for diluted samples

Figure 1. Preparation of spherical PS particles sized ∼500 nm by emulsifier-free emulsion polymerization and its molecular weight and size
comparison with the standard PS model particles sized ∼500 nm. (A) 1H NMR spectra of standard PS as received (MIP) in red and in-house
synthesized PS dialysis against Milli-Q water for 40 days (SIP) in blue. (B) Molecular weight measured by GPC of standard PS as received (MIP)
in red, Mn = 3.31 × 104, dispersity Đ = 4.43 and of in-house synthesized PS dialyzed against Milli-Q water for 40 days (SIP) in blue, Mn = 2.54 ×
104, dispersity Đ = 5.55. (C) Size determined by SEM for SIP, 515 ± 17 nm. (D) Size determined by SEM for MIP, 507 ± 7 nm. Scale in (C, D): 1
μm.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c01134
Environ. Sci. Technol. 2023, 57, 9925−9933

9927

https://pubs.acs.org/doi/10.1021/acs.est.3c01134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01134?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c01134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were between 0.65 and 0.25. The calibration procedure was
also repeated twice.

The average UV absorbance value and the standard
deviation were plotted and linearly fitted in Origin software
(Figure S4C, S4D).

Other methods are presented in Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of PS Particle

Dispersions. The in-house synthesized spherical PS particle
dispersions [number average molar mass Mn = 2.54 × 104,
dispersity Đ = 5.55, diameter 515 ± 17 nm and hydrodynamic
diameter, 578 ± 173 nm] (Figures 1, S2 and S3) by emulsifier-
free emulsion polymerization and standard PS particle
dispersion [number average molar mass Mn = 3.31 × 104,
dispersity Đ = 4.43, diameter 507 ± 7 nm, and hydrodynamic
diameter 555 ± 157 nm] were tested. In the nomenclature of
our study “MIPA” and “MHPA”, “SIPA” and “SHPA”, “M” is
for samples serving as standard model particle dispersion, “S” is
for in-house synthesized samples, “IP” is for intermediate
purity, “HP” is for high purity, and “A” is for sterilization by an

autoclave. “MIP”, “MHP”, “SIP”, and “SHP” mean that these
samples were not autoclaved. We used monodispersed PS
particles in our study. The size of the PS particles in both M
and S samples is similar (Figures 1 and S2). However, the
hydrodynamic diameters of the S samples are slightly higher
but still fall within the range of the M samples (Figure S3).

The in-house synthesized PS particle dispersion was first
purified by dialysis against Milli-Q water (referred to as
“intermediate purity”) and this process takes up to 40 days.
Therefore, to speed up this process, the PS particle dispersion
and the standard model particle dispersion were further
dialyzed against mixed solvents of methanol/water (50/50
volumetric ratio) (referred to as “high purity”). The mixed
solvents for dialysis enhanced the diffusion of residual styrene
to the dialysis medium, thereby accelerating the purification
process. The purity of the PS particle dispersions is defined as
the percentage of the PS mass accounting for the total mass of
PS and styrene in the dispersions. Residual styrene
concentrations (Figure 2A, Table 1) were therefore detected
according to the calibration curve (Figure S4C). The standard
PS MIP (used as received) contained nearly 0.9% of styrene,

Figure 2. MTT assays for styrene and PS particle dispersions, residual styrene, and zeta potential of the PS particle dispersions. (A) Residual
styrene determined by UV−vis. (B) Zeta potential. (C) L929 cell viability for styrene; LC50 (50% lethal concentration: 1.5 μg/mL) evaluation was
performed by Dr-Fit software fitting;47 this figure was generated by Dr-Fit software. (D) L929 cell viability for in-house synthesized PS particle
(∼500 nm) dispersion and standard PS model particle (∼500 nm) dispersion. One-way ANOVA with a Tukey post hoc test was performed to
show significant differences between treatments; *P < 0.05, **P < 0.01, ***P < 0.001, n.s. means no significant difference. Significant differences
were only between MIPA and SHPA; SIPA and MHPA on the other hand did not have any significant differences even at P < 0.05.
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higher than in-house synthesized SIP at 0.6% (Figure 2A). Its
autoclaved counterpart MIPA contained nearly same styrene at
0.2% for SIPA. Further rapid purification efficiently reduced
residual styrene contents in MHP, SHP, MHAP, and SHAP to
about 0.03%. Autoclaving was conducted to sterilize the PS
dispersions and glassware for the mammalian cell-based studies
to avoid other unknown factors other than PS particles or
styrene evoking cytotoxicity. Nevertheless, styrene amounts in
MHPA and SHPA stored for 13 months are even more than
double than those in MIPA and SIPA (Figure S6A). The
styrene in MHP stored for 14 months, however, increased to
nearly the amount of MIP that maintained a stable styrene
content of around 0.8%, while that in SHP in 14 months nearly
doubled, contrast to SIP (Figure S6B). The PS concentration
in dispersions (Table 1) was determined by the UV method
(Figure S4D). Thus, we can calculate the standard PS MIP and
MIPA (autoclaved) at 1 mg/mL of the PS concentration
concomitantly maintained at 8.8 and 2.1 μg/mL of residual
styrene (Table 1), respectively. Likewise, SIP and SIPA with
intermediate purity bore the residual styrene over 2 μg/mL at
the same PS concentration. In contrast, MHPA and SHPA
after rapid dialysis only have styrene monomer below 1 μg/mL
even at the highest particle concentration investigated (1.9
mg/mL). Being stored over 1 to 2 years, all PS dispersions
investigated have residual styrene contents of at least 1.5 μg/
mL at PS particles of 0.3 mg/mL (Table S1). In addition to the
styrene content, the zeta potential of the PS particle
dispersions was also measured. An increase in the zeta
potential was witnessed from −41 to −26 mV for the standard
PS model particle dispersion, while it was from −31 to −26
mV for the case of in-house synthesized PS particle dispersion
that did not use surfactants for polymerization (Figure 2B).

3.2. Diffusion of Styrene in PS Dispersions. In storage,
diffusion of styrene between PS particles and water medium
happened. It comprises two processes of the leaching of
styrene and the absorbing of styrene (Figure S7). Although the
amounts of styrene in MIPA and MHPA at the beginning were
of dramatical difference, yet they increased and reached a
similar level around 0.5% after being stored for 13 months
(Figure S6). This was a process of styrene leaching from Z1 to
Z2 and to Z3 (LPS‑Hd2O), resulting in more “free” styrene (Table

S1). As for MIP and MHP, the former had 29 times more
styrene than the latter. The styrene in the former slowly
dropped by 10% within 1.5 years to a level of 0.78% that the
styrene in the latter caught up within 14 months. The process
happening in MHP was still an LPS‑Hd2O, while that happening in
MIP is the opposite path of an AHd2O‑PS (styrene absorbing from
H2O to PS), leading to a decrease in “free” styrene. This tells
that for standard PS model dispersions, styrene at 0.78% might
already be the stable level in the equilibrium state. Deviating
from this level, either LPS‑Hd2O or AHd2O‑PS took place.

Whereas for the in-house synthesized PS, styrene in SHPA
reached around 0.5% same as that of MIPA stored for the same
time, that in SIPA surpassed that value by over 0.1%. For SIP
and SHP, styrene in the latter stored for 14 months reached
1%, exceeding the stable level of MIP and MHP. Styrene in
SIP, however, climbed even higher to 1.4% on being stored for
a prolonged time to 22 months. However, the leaching process
was slow; within about 2 years, styrene still did not reach its
saturated concentration in water44 (Table S1). This indicated
that the standard model PS with surfactants was a more stable
system than the in-house synthesized PS without any.45

Surfactants, toxic,46 are able to lower styrene contents in the
equilibrium state and therefore shortened the duration of
returning to that state.

3.3. MTT Assays for Styrene and PS Particle
Dispersions. Some investigations including ours on PS
particle cytotoxicity19,20 used maximal PS concentration at 1
mg/mL in cytotoxicity assays that lead to detectable toxicity of
the PS particle dispersions in murine macrophages and
intestinal epithelial cell lines.19 To scrutinize if styrene
monomers played a role in such studies, we analyzed the
threshold toxic concentration of styrene at the cellular level
(murine fibroblast L929 cells) using an MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay
(Figure 2C). The detected 50% lethal concentration (LC50)
value for styrene was 1.5 μg/mL, indicating that styrene is
highly toxic to the cells. At some tested PS concentrations, the
residual styrene concentrations in the particle dispersions
measured by the UV method (Table 1) are above the LC50

Table 1. Concentrations of PS Particle Dispersions and Residual Styrene Concentration at Varying PS Contents in Cell
Culturea

nomenclature PS (μg/mL) styrene (%) PS (%)

residual styrene at varying PS (μg/mL)

300 500 1000 1900

MIP 27,400 0.875 99.13 2.65 4.41 8.82 16.77
MIPA 30,500 0.214 99.79b 0.64 1.07 2.14 4.07
MHP 17,300 0.030 99.97 0.09 0.15 0.30 0.56
MHPA 21,030 0.038 99.96b 0.11 0.19 0.38 0.71
S0 86.7
SIP 19,360 0.572 99.43 1.73 2.88 5.75 10.93
SIPA 20,780 0.235 99.77b 0.71 1.18 2.35 4.47
SHP 15,510 0.028 99.97 0.08 0.14 0.28 0.53
SHPA 17,260 0.043 99.96b 0.13 0.22 0.43 0.83

aCalculated final styrene concentration for PS particle dispersions at PS concentrations of 300, 500, 1000, and 1900 μg/mL. bThe purity of the
autoclaved dispersions changed. This can be ascribed to the overall outcome of the evaporation and condensation of water and styrene (boiling
point 145 °C, density 0.91 g/mL) in the glass vial during the autoclaving process (121 °C). Purity refers to the percentage of the PS mass
accounting for the total mass of PS and styrene in the dispersions. MIP, standard PS model particle dispersion as received; MIPA, autoclaved MIP;
MHP, rapidly dialyzed MIP against methanol/water (50/50) mixed solvents; MHPA, autoclaved MHP; S0, in-house synthesized PS particle
dispersion without purification; SIP, S0 dialyzed against water for 40 days; SIPA, autoclaved SIP; SHP, rapidly dialyzed SIP against methanol/water
(50/50) mixed solvents; SHPA, autoclaved SHP.
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value and hence expected to be partly responsible for the
cytotoxicity of the PS dispersions.

The LC50 value of cellular studies of styrene is a good
reference, yet it is worth distinguishing whether all styrene
molecules participated in reducing the cell viability. In the cell
culture (i.e., containing 10% FCS) of the cell-based assay,
residual styrene could be present in various states (Figure S7),
the “free” state of molecularly dissolved styrene-water
complexes since styrene solubility in water is 300 μg/mL at
25 °C,44 the “trapped” state of PS-styrene complexes due to
their chemical similarity,48 and protein-styrene complexes
because of molecular interaction with serum proteins. The
“free” styrene will be more toxic than the “trapped” styrene
because the former is directly diffusible to cells, thus inducing
cytotoxicity. However, styrene in the “trapped” state might be
released particularly when PS-styrene and proteins-styrene
come near the plasma membrane that consists of the
phospholipid bilayer.

To monitor whether “free” styrene is still sufficient to
interfere with the results of cell study, we performed MTT
assays of PS particle dispersions (Figure 2D). Only between
MIPA and SHPA is there a statistical significance for the whole
range of tested PS concentrations except for the highest one.
SHPA led to the highest cell survival among the tested samples
for PS ≤ 1 mg/mL. This indicates that the PS particles
themselves are not toxic and that the concentration of
contaminating styrene (“free” styrene <0.5 μg/mL at PS 1
mg/mL) is too low to negatively influence the cell viability.
Styrene is genotoxic and carcinogenic. Its cytotoxicity is related
to the metabolism in cells. It can be metabolized to styrene
oxide that indicates styrene’s reproductive toxicity.29,49 While
PS NPs (70 nm) can be internalized by cells, it can further
result in cytotoxicity and disturb the gene transcript and
protein expression. Such internalization of NPs is size-
dependent.50 Internalized larger PS NPs (200 nm) lead to
slight cytotoxicity to L929 cells.51 The highly purified SHPA
here, however, is not cytotoxic to L929 cells, which is
consistent with the literature.31 Therefore, we treated SHPA as
the current benchmark.

In detail, SHPA introduced less residual styrene to the cells,
and therefore triggered lower cell death rate than SIPA (PS ≤
1 mg/mL). This is consistent with the results observed for the
standard MIP-based preparations MHPA and MIPA (PS < 500
μg/mL). SHPA’s low zeta potential of −26 mV (Figure 2B),
however, might lead to higher cytotoxicity because of weaker
electrostatic repulsion between particles and the negatively
charged cell surfaces.52,53 Besides, SHPA contains no
potentially cytotoxic surfactant46 thanks to the preparation
technique of emulsifier-free emulsion polymerization. Accord-
ing to our supplier, some residual proprietary surfactant is
present in the standard PS model particle dispersions. The
dramatic zeta potential change between the M samples and the
much small change between the surfactant-free S samples can
support this. Thus, SIPA performed better than MIPA, so did
SHPA than MHPA. The surfactant and other possible
proprietary chemicals in standard PS model particle dispersion
might explain why MHPA and MIPA tend to have the same
cell survival rate at PS ≥ 500 μg/mL. Apart from the chemical
reasons, the effects of particle sizes on cytotoxicity are well
known.20,27,31,53,54 Though the S and M samples possess
similar particle size, the S samples have slightly higher
hydrodynamic diameters than the M samples. However, such
a slight difference in hydrodynamic diameters is unlikely to
cause observable difference in cytotoxicity.20,27,31 Hence, it
cannot be excluded that the cytotoxicity of standard PS model
particle dispersions could be due to the free styrene
monomers.

While SHPA, the benchmark along with other tested
samples at PS of 1.9 mg/mL held survival rates greater than
70% and approximately in the same range (Figure 2D). SIPA
and MIPA at the highest tested concentration contain more
than twice the amount of residual styrene than the LC50 of
styrene, yet they did not cause a significant decrease in the cell
viability. The reason behind this, apart from a decrease in
“free” styrene, could be that PS particles at a high
concentration will cover the cells, building a “layer” blocking
the “free” styrene and interfering with gas diffusion, nutrients,
and metabolite supply. Thus, for a given concentration, cell

Figure 3. Acute test of daphnids in the presence of styrene and PS particle dispersions. (A) Mobility of daphnids incubated in the presence of
styrene after 48 h. (B) Mobility of daphnids incubated in the presence of PS particle dispersions after 96 h. * indicates P ≤ 0.05 (Dunn’s test);
Error bars show mean + SE.
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viability will be similar for all samples for these combined
reasons.

3.4. Acute Immobilization Test for Styrene and PS
Particle Dispersions. Besides the cytotoxicity of styrene at
the cellular level, we investigated the influence of styrene and
PS at the organismic level using the OECD Daphnia sp. acute
immobilization test.55 Daphnia magna was exposed to pure
styrene monomers (0−10 μg/mL) for 48 h or to PS particle
dispersions (0−300 μg/mL) for 96 h. After the given
experimental time, we counted the number of immobilized
daphnids and plotted the percentage of mobile daphnids
exposed to styrene or PS at a range of concentrations. The half-
maximal effective concentration (EC50) for styrene in this case
was 9 μg/mL, being slightly higher than the reported value,56

which could be due to differences in the experimental setup
(static vs flow through). Hence, we found a higher tolerance of
daphnids to styrene compared to the cells (Figure 3A). The
EC50 for styrene indicates that at the maximum tested PS
concentration (300 μg/mL), the residual styrene (2.65 μg/mL
for MIP, Table 1) should have only little effect on the mobility
of daphnids. Subsequently, an immobilization test was
conducted with the nonautoclaved PS dispersions, MIP,
MHP, SIP, and SHP. To observe the effect of PS particles
per se, the incubation time for the daphnids was extended to
96 h.57 Except for SIP, we found a similar trend for all PS
particle dispersions, that is, only at the highest concentrations,
the ratio of mobile daphnids dropped by 20 to 50% (Figure
3B). The mobility of daphnids exposed to SIP already dropped
at 100 μg/mL to around 40% and at 300 μg/mL to around
20%. Consequently, only the EC50 of SIP (106.8 μg/mL) was
within the tested range of up to 300 μg/mL. Predictions of
EC50 for the other batches were 497.4 μg/mL (MIP), 485.7
μg/mL (MHP), and 320 μg/mL (SHP). Differences within in-
house synthesized or standard model beads (SIP vs SHP/MIP
vs MHP) may be related to the amount of residual styrene as
here, the only difference was the amount of residual styrene.
Differences between the standard model and in-house
synthesized beads (M vs S) may be related to other factors
than residual styrene like the remaining surfactants or the
surface charge.

Overall, the PS beads dominated the observed effects but
not the styrene. By ruling out the effects of styrene, the in-
house synthesized PS SHP constitutes a more suitable
candidate for acute tests.

SHPA and SHP featuring high purity and contamination-
free surfactants serve as the benchmark in biological studies in
cellular and organismic level. Nevertheless, they should be
freshly purified and used quickly due to the diffusion of styrene
between PS particles and water medium. The aged one is not
suitable for cell studies anymore. At PS of 300 μg/mL, residual
styrene in all dispersions stored over 1 year was at least 1.5 μg/
mL (Table S1), the LC50 value of styrene to L929 cells.

We proposed a facile and highly sensitive method to
measure styrene concentrations in aqueous dispersions of
spherical PS using a UV method that has not been reported
before. We also provided synthesis and purification procedures
allowing the production of benchmark PS particle dispersion
with reduced amounts of residual monomeric styrene. The
benchmark PS particle dispersion, however, has to be not only
styrene depleted but also freshly purified since leaching of
styrene in a benchmark dispersion dramatically increases
during storage even in a proper condition. Our finding revealed
that the residual monomer in the standard PS model particle

dispersions other than the PS bead of the given size and
spherical shape itself induces adverse effects at the cellular
level, while PS bead per se other than the residual monomer
leads to negative effects at the organismic level. Here, our study
underlines the problem of residual monomer contamination in
the present standard model particles and highlights the
necessity of thorough removal of residual chemicals of the
model particle dispersions, especially the residual monomers,
to avoid interference or biased conclusion in assays involving
these particles. Our study might also promote the method of
standardization in the studies of MPs and NPs. This will help
to address the threat of plastics without bias by unexpected
contaminations.

3.5. Implications. We proposed a set of simple methods to
provide qualified PS particle dispersions that served as the
benchmark here. The standard PS model particle dispersions
are not qualified in cell viability assays due to the presence of
sufficient residual styrene monomer and therefore need to be
thoroughly characterized and purified before being used in
relevant investigations. Although the toxicity of styrene alone
was well documented,29,58 its role in standard PS model
particle dispersion was still not well recognized. The toxicity of
NP and MP is in part due to their additives; plastic, a
commercial organic material, comprises a polymer or polymer
blends as the major part and additives as the minor part for
better functionality. Any part of plastics can cause environ-
mental problems. Polymers contain oligomers and unreacted
monomers. Additives are important and mainly composed of
antioxidants, flame retardants, plasticizers, lubricants, colo-
rants, fillers, and impact modifiers. Most of the additives are
organic molecules.15,59 Plastics weathered in the environment
are gradually fragmented into MPs and further NPs and even
degraded into small organic molecules. MPs and NPs can
adsorb and release toxic chemicals to the environment3,4,14 and
cause problems in cellular, organismic, and exosystemic
levels.17,26,28,31−33

Thus, to cope with the pollution problems of plastics, one
aspect is to broadly realize the toxic small chemicals such as
monomers, oligomers, degraded byproducts, and additive
leachates. More efficient methods and higher degree of
postpurification of polymers, development of new materials
such as biodegradable polymers, and usage of environmentally
friendly additives can be a useful path to a pollution-reduced
environment.
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