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With polystyrene nanoparticles being widely used in various applications, there is a great need for deeper
knowledge on the safety, fate and biological effects of these particles on both individual living organisms
and the whole ecosystems. Due to this, there is a growing interest in performing ecotoxicological studies
using model plastic nanoparticles, and consequently it generates an increasing number of published
papers describing the negative impact on wildlife caused by such nanoparticles. Polystyrene is the most
studied nanosized plastic, therefore this review focuses on research conducted with manufactured
polystyrene nanoparticles. The aim of the present article is to provide a critical methodological outline of
the existing ecotoxicological studies on the effects of polystyrene nanoparticles on aquatic organisms.
Going through the published articles, we noted that particle characterization especially in the test

medium, can be improved. The analysis also highlights the importance of purifying the polystyrene
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Accepted 22nd November 2021 nanoparticles before studying its toxicity. Furthermore, the size characterization of such nanoparticles is

underemphasized, and in future studies, authors should consider including more techniques to achieve
this goal. Finally, short-term or direct exposure scenarios do not add the most environmentally relevant
knowledge in terms of the toxicity caused by polystyrene nanoparticles.
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Environmental significance

Today, there are many papers published regarding the toxicity caused by polystyrene nanoparticles. However, several factors are underemphasized, for example,
the importance of nanoparticle solution purification before using them in the toxicity studies, as well as characterization of nanoparticles size. Therefore, we
review published papers in order to highlight some common problems in the experimental set ups. We believe that emphasizing these shortcomings and
suggesting different experimental routines will help to achieve the most relevant information on the toxicity caused by these nanoparticles.

Macroplastics are defined as plastics larger than 5 mm in
size.® These large plastic particles can tangle around the animal

1. Introduction

There are 50 or more chemically distinct types of plastics.
However, only a few types of plastic polymers, for example,
polystyrene, polypropylene, polyethylene terephthalate and
polyvinyl chloride, are commonly used in mass production.*
The global production of plastics is vast, and the amount of
produced plastics has led to an increased pollution problem in
recent years."” Large amounts of plastic debris enters and
accumulates in the natural environment every year® due to
inefficient waste handling and recycling and the fact that the
degradation of plastic is a slow process.*

“Department of Biochemistry and Structural Biology, Lund University, P.O. Box 118,
SE-221 00 Lund, Sweden. E-mail: egle.kelpsiene@biochemistry.lu.se

*Aquatic Ecology Unit, Department of Biology, Ecology Building, Lund University, SE-
223 62 Lund, Sweden

‘NanoLund, Lund University, Box 118, SE-221 00 Lund, Sweden

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/d1em00375e

8 | Environ. Sci.. Processes Impacts, 2022, 24, 8-16

bodies or clog their digestive tracts,*” consequently the numbers
of animal deaths caused by plastic littering are increasing. Over 1
million marine animals (including mammals, fish, sharks,
turtles and birds) have been estimated as being killed every year
due to plastic pollution.? Due to the long-term influence of wave
action, ultraviolet radiation or other environmental factors,
these large plastic pieces eventually break down into smaller
micro- (<5 mm) and nanosized (<100 nm) particles.***> Nano-
plastics are potentially a greater ecological problems due to the
increased surface-area-to-volume ratio and high surface curva-
ture.”® The term ‘nanoplastics’ defines particles, which were
unintentionally produced, ie., from the degradation of the
plastic objects. However, the size-based nomenclature is still
under debate,** and the term ‘nanoplastics’ includes particles
with sizes either below 100 (ref. 16) or 1000 nm (ref. 17)
depending on definition. Even though small particles are diffi-
cult to isolate from their environment, nanoplastics have been
detected in the North Atlantic subtropical gyre.*

This journal is © The Royal Society of Chemistry 2022
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Commercially engineered polystyrene nanoparticles, which
are often used as model particles, may also contain different
additives (Fig. 1). Examples of additives are preservatives,
antimicrobial agents and surfactants (e.g., Tween 20, sodium
azide or sulfates). Although additives help in the synthesis
process and to stabilize polystyrene nanoparticles over a broad
size range,” many of them have been shown to be toxic to
various aquatic organisms, such as phytoplankton, crustaceans
and fish.**** Previously published studies have shown that
mortality increased significantly in D. magna when the animals
were exposed to sodium dodecyl sulfate (SDS) or polystyrene
nanoparticles containing sodium azide.>*** Hence, it is impor-
tant to be aware of if the polystyrene nanoparticle dispersion
contain any of these additives in order to draw the right
conclusions in terms of the toxicity caused by such particles.

Physical properties, such as the size, shape, surface charge
and concentration of polystyrene nanoparticles, are the main
factors behind the observed toxicity of engineered polystyrene
nanoparticles.”?® Previously it has been shown that nano-
particles can cause oxidative stress,*” inflammatory responses,*®
DNA damage® and reproductive impairment;* they can also
pass through biological barriers®** or accumulate in the
digestive system.** Mattsson et al.** showed that the negative
effect caused by 53 nm aminated polystyrene nanoparticles can
be transferred through the entire food chain to the top
consumer (i.e., fish) if nanoparticles are ingested by the primary
consumers (i.e., zooplankton).

Our focus is on ecotoxicology studies that observed how
model polystyrene nanoparticles affect Daphnia and fish
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because of following reasons: (1) both organisms are often used
as model organisms in ecotoxicology studies;** (2) Daphnia is
a key food source for secondary consumers in the freshwater
food chain;* (3) daphnids are highly sensitive to toxicants;*®
and (4) fish show behavioural and physiological responses at
low pollutant levels.** Additionally, we show the importance of
polystyrene nanoparticle suspension purification prior to
exposure and the characterization of nanoparticles throughout
the exposure time. Finally, we also highlighted prospects for
ecotoxicological studies. These kinds of questions have recently
been focused by several other research groups,*”** however, the
present study further provides information about different
techniques, which can be used either to purify nanoparticle
solutions or characterize nanoparticle sizes.

2. Methodology

Aliterature search was carried out in Scopus and Web of Science
over the period between the 25" of January and the 28" of June
in 2021 using “polystyrene nanoparticles + Daphnia” and
“polystyrene nanoparticles + fish” as keywords. The literature
review process yielded a total of 148 publications. However, only
25 published papers met the following criteria. First, the studies
focused on the toxicity effect of polystyrene nanoparticles on
aquatic organisms (Daphnia or fish). Second, the studies were
performed under laboratory conditions. In this review, we have
investigated studies which focused on polystyrene nano-
particles with diameter around 100 nm. Some of these studies
included particles larger in size and we did not exclude data

Engineered polystyrene nanoparticles

Leach out additives W

Filter feeders s .. ‘ Fish

Fig. 1 The fate of polystyrene particles in the natural environment. Polystyrene nanoparticles can enter the aquatic food web either as
a breakdown product of plastic debris or as engineered polystyrene nanoparticles. Additives, monomers or oligomers due to weakly bound or
unbound to polymeric macromolecules, can also leach out from plastic products and be transferred across trophic levels. Nanosized particles
can be passively taken up by fish with ingested water (dotted line arrows), migrate through the aquatic food web (solid black line arrows) or be
taken up directly by filter feeders (dashed line arrows) and transferred (dash-dotted line arrow) to the top consumer (fish).

This journal is © The Royal Society of Chemistry 2022
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from larger particles in the review. Relevant publications were
thoroughly read to extract information regarding toxicity
studies of polystyrene nanoparticles on aquatic organisms.
Publications that focused on fluorescent polystyrene nano-
particles, as well as on the combined effect of polystyrene
nanoparticles and other materials, were not included since the
toxicity sources in these experimental setups are complex. From
the remaining 25 articles, the following information was
extracted and summarized in Table S1:t (1) the study subject;
(2) polystyrene nanoparticle size before and after its addition to
the test medium and detection method(s); (3) concentration
before and after addition to the test medium and detection
method(s); (4) exposure duration; (5) if and how the polystyrene
nanoparticle suspension was cleaned prior to the toxicity test;
(6) other measured parameters; (7) the main outcome; and (8)
the polystyrene nanoparticle supplier.

3. Results and discussion
3.1 Nanoparticles suspension purification

Polystyrene nanoparticle suspension purification, size charac-
terization and concentration quantification in the test medium,
should be considered, as they might influence the outcomes
and interpretations of the studies. Additives to manufactured
polystyrene nanoparticles may severely skew the toxicity test
data. To our knowledge, there are only two published studies®*>*
in which authors compared the toxicity of dialysed and non-
dialysed (i.e., containing sodium azide) polystyrene nano-
particles on different aquatic organisms. The results from both
studies clearly showed that it is important to perform toxicity
evaluations with “clean” test materials.

Eleven out of the twenty-five reviewed papers, have
comments on if or how the tested polystyrene nanoparticles
suspension was treated prior to the toxicity tests (Fig. 2), which
leads us to the conclusion that in the remaining articles no
purification of the polystyrene nanoparticles was performed.

In two of the studies, the authors made an active choice not
to purify the polystyrene nanoparticles because they claimed
that the SDS or sodium azide concentrations were below the
previously established toxicity threshold.**® Besseling et al.*®
performed pilot experiment to assess SDS toxicity thresholds for

Dialysis
Centrifugation and washing
N.A.

Other

® Number of studies

Fig. 2 Number of studies showing if and how the polystyrene nano-
particles suspension was purified before toxicity studies. Several
studies performed either dialysis or centrifugation followed by washing
step on nanoparticle solution. However, in most of the reviewed
papers (14) information regarding the purification step was not avail-
able (N.A.). Two studies did not purify the nanoparticle suspension due
to active decision taken by the researchers (“other”).
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green algae Scenedesmus obliquus and showed that SDS did not
cause effects at concentration of 10 mg L~". The authors fol-
lowed recommendations that were previously published in
a paper.*' In these recommendations, the lethal concentration
of SDS for D. magna was determined to be 3.2 mg L™ for a 21
days exposure. The lethal concentration is similar to the other
published study by Martinez-Jeronimo & Garcia-Gonzalez,*?
where authors showed that the mortality of D. magna signifi-
cantly increased after 21 days exposure to SDS at a concentra-
tion of 2.5 mg L™ ".*? According to European Chemical Agency
(ECHA), the half maximal effective concentration (ECs,) value of
SDS for D. magna is 1.80 mg L™ " after 48 h exposure.** Whereas,
sodium azide, ECs, value for D. pulex is 4.2 mg L™ " after 48 h
exposure.* Although the allergenic effects of sodium azide have
been mostly reported in laboratory personnel,** it should be
considered a threat to all living organisms and should be
removed from polystyrene nanoparticle suspensions before use
in toxicity tests.

Pikuda et al.*® highlighted the importance of washing poly-
styrene nanoparticle suspensions to remove additives before
performing toxicity studies. Engineered polystyrene nano-
particles are often stabilized by ionic or non-ionic surfactants,
such as Tween 20 and SDS, and may contain remnants from
functionalization with carboxylic or amino groups during
synthesis. These additives have been shown to be toxic to
various aquatic organisms.”*** Poorly cleaned polystyrene
nanoparticles can lead to misleading toxicity results. This
brings us to the conclusion that it is important to remove
additives before commencing toxicity tests.

Polystyrene nanoparticle suspension purification can be
performed using several techniques, such as dialysis, ultrafil-
tration, cross flow filtration or centrifugation.**® These
methods are suitable for all types of particles with a broad range
of sizes. Even though, centrifugation can be performed for
differently sized particles, it is more relevant for larger poly-
styrene particles since it is difficult to pellet polystyrene parti-
cles with diameter sizes smaller than 50 nm. For example,
Lundgqpvist et al.*’” showed that for 10 and 100 nm polystyrene
nanoparticles to travel 1 cm at 20kRCF the centrifugation takes
438 h and 38 min and 4 h and 35 min, respectively. Additionally,
centrifugation has previously been shown to induce aggregation
of nanoparticles smaller than 50 nm.*” Dialysis, on the other
hand, is a time-consuming technique compared to centrifuga-
tion, ultrafiltration or cross flow filtration and may cause the
loss of smaller particles. Finally, ultrafiltration and cross-flow
filtration can be used for very small particles or macromole-
cules (10° to 10° Da) solutions; however, during these proce-
dures, material losses may occur.”® Centrifugation is
economical and easily accessible method in the laboratory.

3.2 Nanoparticle characterization

Polystyrene nanoparticles are expected to undergo trans-
formations, such as aggregation or agglomeration® in a bio-
logical environment,* and/or there will be a formation of
a corona of biological macromolecules around the nano-
particles.>®** The aggregation of polystyrene nanoparticles has

This journal is © The Royal Society of Chemistry 2022
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been shown to be induced by the exposure medium itself,** by
ultraviolet radiation,> during centrifugation*** or by D. magna
filtering polystyrene nanoparticles, where aggregation occurred
in the exposure media.*>*® If particles form large aggregates,
they might start the sedimentation process. The uncontrolled
aggregation of the studied particles can give misleading results
in a study since the observed toxicity, or lack thereof, can be
caused by various sizes of polystyrene nanoparticle agglomer-
ates rather than single particles. Furthermore, it is difficult to
compare particle concentrations due to aggregation and sedi-
mentation. Hence, when working with polystyrene nano-
particles, it is always important to characterize the size,
uniformity and dispersity of the particles before starting
experiments, and throughout the whole exposure period in the
test medium. Sonication is one of the methods that allows to de-
agglomerate nanoparticles.”” However, it is difficult to repro-
duce completely the sonication conditions, and it is debatable
whether reducing agglomeration by sonication conclude the
most relevant information regarding the toxicity caused by
nanoparticles.”® The other techniques, such as centrifugation or
filtration, can be simply used to compare the toxicity between
a sample containing all nanoparticles sizes of agglomerates and
a fraction containing only the smaller sizes.*®

Compiling information from the 25 reviewed articles, we
noticed that dynamic light scattering (DLS) was the most used
technique to characterize the sizes of polystyrene nanoparticles
(Table S17). Nine studies used two different techniques each,
and three studies used more than two techniques each to
characterize the size of the studied polystyrene nanoparticles
before adding them into the corresponding test medium. In the
test media, the characterization of the polystyrene nanoparticle
sizes was done with two or more techniques in four studies;
these studies used DLS and transmission electron microscopy
(TEM)***® or DLS, TEM and scanning electron microscope
(SEM) and DLS and electrophoretic light scattering (ELS).

DLS can measure particle sizes between 1 and 1000 nm (ref.
61) and provide rapid size evaluations; however, the reduced
accuracy of this method due to aggregation or agglomeration
should be noted.®> DLS results depend on several factors, such
as the viscosity of the solvent,* instrument,* pH, temperature®
or even dust.®* Dispersed particles are hydrated/solvated and are
often not precisely spherical. Therefore, DLS provides only an
indicative size of the colloid.®® By using image analysis software,
for example Image]®, it is possible to obtain the size distri-
butions of nanoparticles from TEM images.®® Several of the
reviewed studies used either TEM>***** or SEM alone for size
determination before adding polystyrene nanoparticles to the
test medium. Unfortunately, none of these methods provide
a true representation of the aggregation state, as the different
methods used to prepare samples for TEM might change the
colloidal structures.” The information generated by TEM or
SEM is also not truly quantitative, as only a fraction of the
particles can be seen in the viewing field at once.” In an ideal
scenario, TEM or SEM should be complemented by other
techniques, such as DLS or nanoparticle tracking analysis
(NTA). The addition of other methods would provide valuable
additional information on particle agglomeration and texture.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Environmental Science: Processes & Impacts

In fact, this was performed in several of the reviewed studies (10
out of 25) before the polystyrene nanoparticles were added to
the test medium.****3*%%7>7> Other techniques, such as NTA or
differential centrifugal sedimentation (DCS), can be used to
characterize the size of larger polystyrene nanoparticles. While
DLS measures a bulk of particles with a strong bias to the largest
particles present in the sample, NTA is based on the tracking of
single particles.®* However, NTA has both size (depending on
the material) and concentration (10’-10° particles per mL)
limitations.*

The DCS technique allows the discrimination between non-
agglomerated particles and those that are agglomerated due
to its high resolution.®»”® However, aggregation with other
particles or with organic and inorganic molecules can change
the particle size, density and shape. Aggregation thus affects the
sedimentation time and, therefore, should be taken into
consideration when data are evaluated. DCS is a highly repro-
ducible and precise technique; however, some types of nano-
particles cannot be assessed with this method. For example,
due to the low density of polystyrene nanoparticles, nano-
particles with a diameter size below 50 nm cannot be measured
by DCS.®> However, aggregates of smaller particles can be
measured with the limitations mentioned above.

The zeta potential ({-potential), which depends on the
surface charge of the nanoparticles, is important for the
stability of nanoparticles in suspension, responsible for the
formation of aggregates and related to interactions between
particles and biomolecules.”” Therefore, the {-potential might
affect the toxicity of polystyrene nanoparticles, and it is an
important factor to be considered for measurement. Eight out
of twenty-five reviewed studies measured the {-potential. Six out
of these eight studies performed measurements in the test
medium.****737%7%7  Whereas one study performed this
measurement in ultrapure water® and one study performed it in
ISO medium (16 h + 8 h light + dark photoperiod at 20 £ 2 °C).*®
The {-potential varies depending on the pH of the medium.
Therefore, measurements might become more positive or
negative with regard to acidic or basic medium pH, respec-
tively.** Additionally, measurements should be taken in as pure
sample as possible, as electrodes in cells used to measure the -
potential are susceptible to reactions with metallic ions.*
Hence, such reactions can destroy the electrodes and impair the
quality of the data.*®

Not only the size but also the concentration of polystyrene
nanoparticles might change due to aggregation and sedimenta-
tion, or once nanoparticles enter the test medium. Furthermore,
the concentrations of stock solutions of commercial polystyrene
nanoparticles are usually very high. Hence, these studies
required multiple dilution steps, which might introduce experi-
mental errors. Therefore, the concentration of polystyrene
nanoparticles should be measured under exposure conditions or
as close to those exposure conditions as possible. Among all the
reviewed papers, one study quantified polystyrene nanoparticles
concentration after they had been added to the exposure medium
by using static light scattering (SLS) (Table S1t). Furthermore,
other techniques, such as ultraviolet visible spectroscopy (UV-
vis), small-angle X-ray scattering (SAXS),* NTA and DCS, can

Environ. Sci.. Processes Impacts, 2022, 24, 8-16 | 1
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Fig.3 (A—C) Survival rates of D. magna neonates after 24 h of exposure to 3.2 mg L™ 53 nm PS-NHj, with and without eco-corona (‘Eco’). 1: 1,
1:10and 1: 100 indicate the dilution factor of the nanoparticle solution added to the treatment and corresponds to a concentration of 10 000,

1000 and 100 mg L%, respectively.

also be used to quantify the concentration. SAXS might be a good
option to measure the concentration of polystyrene nanoparticles
due to slow sedimentation.

Size characterization becomes a crucial factor, especially in
the test media, as polystyrene nanoparticles aggregate or interact
with biomolecules, which might alter the toxicity of nanoplastics.
Daphnia are filter feeders and can ingest particles with a size of
up to 35 um.* This suggests that daphnids can also ingest and/or
retain bigger nanoparticle aggregates in the intestine. For
example, 53 nm aminated polystyrene nanoparticles (PS-NH,)
were found to accumulate in the intestine of D. magna.** Poly-
styrene nanoparticles can also interact with biomolecules, ob-
tained by D. magna after digestion of algae.*® Torstensson
(unpublished data)® showed that 53 nm PS-NH, nanoparticles
toxicity was reduced after being incubated with eco-corona (‘Eco’
in Fig. 3) after acute (24 h) exposure to D. magna. The mortality
rate was significantly lower in treatments, containing eco-corona
with dilution factors of 1:1 and 1:10, compared to corre-
sponding treatments without eco-corona (Fig. 3).

3.3 The experimental setup of the toxicity test

Most of the reviewed studies, where Daphnia was used as test
organism, performed acute toxicity (24-96 h) tests (Table S17).
According to OECD test guidelines,®” short-term toxicity studies
do not include feeding. Daphnia feeds through active filtration
or passive uptake. Daphnia actively filters particles ranging
between 200 (ref. 88) nm and 80 um particles,® as well as
passively taking up smaller particles.** It has been shown that
the filtration rate increases in the lack of food,*® meaning that
the uptake of polystyrene nanoparticles would also increase
compared to when food is available. Nanoparticles can interact

12 | Environ. Sci.; Processes Impacts, 2022, 24, 8-16

with or attach to, for example, algae cells,”* which can be

ingested while filtering water. This suggests that in a study
wherein the food availability is limited, individuals are exposed
to polystyrene nanoparticles more efficiently. The lack of
biomolecules or food added to the medium can inhibit the
complete depuration of nanoparticles, which leads to signifi-
cant or underestimated amount of nanoparticles taken up and/
or retained in the intestine of D. magna.”> Consequently, this
will induce greater accumulation of polystyrene nanoparticles
in the gut or their attachment to the body carapace,*
increasing the mortality of individuals.

Fish, similarly, as other organisms, can be exposed in two
ways—either the direct (short-food-chain route) or indirect
(long-food-chain route). Six out of nine reviewed studies have
performed direct exposure scenario, whereas fish in the rest of
the studies (three out of nine) were exposed to polystyrene
nanoparticles through the food chain. Comparing these two
pathways, the exposure dose will be different. Several abnor-
malities in livers and locomotive activities of two fish species
(Oryzias sinensis and Zacco temminckii) were observed after 7
days direct exposure to 51 nm fluorescent nanoparticles at
concentration of 5 mg L~ '.** Other study observed that the
crucian carp (Carassius carassius) showed a behavioural change
after exposure to 53 nm aminated polystyrene nanoparticles at

concentration of 100 and 29 mg L.

Le.

4. Conclusions and future
recommendations

A better size characterization and quantification of the particle
concentration in the test media, suspension purification before

This journal is © The Royal Society of Chemistry 2022
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the use of nanoparticles in ecotoxicological studies and a robust
experimental design would provide a more comprehensive
understanding of the toxicity caused by such nanoparticles.
Here we provide the following recommendations for future
experiments.

(1) Polystyrene nanoparticles often contain different addi-
tives that can leach out either in the exposure media or in the
intestine after being ingested, which might lead to the
increased toxicity to the studied organism.**

- We strongly encourage that authors should consider either
including a detailed descriptions of how the studied polystyrene
nanoparticles were synthesized or doing more control studies
showing that the additives are below the toxicity threshold to
the study organism. This is especially important if authors
decide not to clean the nanoparticle dispersion before con-
ducting toxicity studies.

(2) We noted that polystyrene nanoparticle characterization
(i.e., nanoparticle sizes measurements and {-potential values,
Table S1t) is underemphasized in the reviewed studies, espe-
cially in the test media.

- We urge the research field to attempt to thoroughly char-
acterize the nanoparticles that are relevant to the experimental
setup and conditions and report these findings. We would also
recommend that the journal editors demand this kind of
documentation before they accept articles for publication.

(3) We observed that more than half of the reviewed studies
used exposure periods of 24-96 h. According to OECD test
guidelines,* feeding Daphnia individuals is not recommended;
however, this contradicts the naturally occurring exposure
scenarios.

- We think that experiments including food and with dura-
tions up to lifetime exposure should be considered more often
in the future. These exposure scenarios are more relevant from
an environmental point of view.

(4) We noticed that studies in which fish were used as
a model organism, are lacking detailed information about the
test organism, such as a size or development stage. In two out of
nine reviewed studies (Table S1}), authors did not mention the
size of the fish.

- We think that authors should include all relevant infor-
mation regarding the test organisms. This might help to
provide more detailed information regarding polystyrene
nanoparticle toxicity to top consumers.

List of abbreviations

SDS Sodium dodecyl sulfate

ECs Half maximal effective concentration

PTA/ Particle tracking analysis or nanoparticle tracking
NTA analysis

DLS Dynamic light scattering

SLS Static light scattering

ELS Electrophoretic light scattering

TEM Transmission electron microscopy

SEM Scanning electron microscope

DCS Differential centrifugal sedimentation
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UV-vis
SAXS

Ultraviolet visible spectroscopy
Small-angle X-ray scattering
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