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Nanoparticle-containing polymer dispersions are widely used, but little is known of their environmental ef-

fects. We studied the bioavailability, uptake, tissue localisation and effects of nanoparticle-containing acrylic

copolymer (ACP) dispersions (mean nanoparticle sizes: 80 nm and 110 nm) in aquatic invertebrates

(Thamnocephalus platyurus; fairy shrimp) and Danio rerio zebrafish embryos after aquatic exposures. Die-

tary exposure tests were enabled using Casper zebrafish that lack skin pigmentation allowing for bio-

imaging of uptake and internal distribution. Aqueous exposures of 1000 and 2500 mg L−1 80 nm-ACP or

110 nm-ACP showed no acute toxicity in fairy shrimp or zebrafish, constituting a non-toxic classification

according to the United Nations Globally Harmonised System of Classification and Labelling of Chemicals

threshold (100 mg L−1). Similarly, dietary exposures resulted in no ecotoxicological effects. In Casper

zebrafish fed with 80 nm-ACP-spiked food, hyperspectral signals derived using coherent Raman scattering

(CRS) indicated that test material was present in the intestine, and possibly in the liver, but not in other or-

gans. CRS imaging indicated that the chemical composition of the yolk sac of an 80 nm-ACP exposed

zebrafish (aquatic exposure) was altered, attributed to a change in lipid metabolism, although we could not

confirm with certainty that the test material was physically present in the yolk sac. These results illustrate

how CRS microscopy can be used to investigate the bioaccumulation of organic nanomaterials, provided

that they induce hyperspectral profiles distinct from the biological samples. In conclusion, both 80 nm-

and 110 nm-ACP dispersions are internalised through dietary exposure, but are not associated with signifi-

cant toxic effects.

Introduction

The majority of research into the environmental toxicity of
nanomaterials has focused on inorganic nanomaterials, such
as metals, metal oxides, amorphous silica and carbonaceous
nanomaterials, with less attention paid to organic nano-
materials, such as nanoparticle-containing polymer disper-
sions.1 A major class of polymer dispersions are produced
using acrylic esters. Acrylates contain vinyl groups, i.e. two
carbon atoms that double bond to each other and that are di-
rectly attached to the carbonyl carbon. Due to the high reac-
tivity of the double bond, acrylates easily form polymers.
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Environmental significance

Few studies are available on potential ecotoxicological effects of organic nanomaterials. We examined acute aquatic effects of widely used, environmentally
relevant nanoparticle-containing acrylic polymer dispersions. In fairy shrimp and zebrafish embryos, the test materials showed virtually no acute aquatic
toxicity. Further, we investigated the uptake, bioavailability, and biodistribution of the acrylic polymers using coherent Raman scattering (CRS) microscopy.
When zebrafish were fed with acrylic polymer-containing food, test material was present in the intestine, possibly in the liver, but not in other organs. CRS
microscopy proved to be a promising method for ecotoxicological investigations, not requiring extensive preparation to the biological sample. In conclu-
sion, we provide insight on ecotoxicological effects of organic nanomaterials and on suitable tools for their further investigation.
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Acrylic copolymers (ACPs) are important raw materials used
in industrial processes. Millions of tons of polymer disper-
sions are used as binders in applications such as adhesives,
paints, coatings, paper and paper board coating, nonwoven
fabrics, carpets, construction materials, and textile finishing
agents.1–3

In the few available studies, ACP dispersions have been
shown to possess low toxicity in mammals. Oral administration
of 2 g per kg body weight ACP dispersions to rats did not result
in any signs of acute toxicity, mutagenicity or sensitising activ-
ity.1 In a short-term inhalation toxicity study in rats (5 days of
exposure; 6 h per day), two ACP dispersions (the one
containing approx. 35% nanoparticles in the aerosol and the
other no appreciable amount of nanoparticles) did not elicit
any adverse effects up to aerosol concentrations of 10 mg m−3.
Hence, the higher proportion of nanoparticles in these polymer
dispersions did not affect the outcome of the study.1

Hazard assessment of nanomaterials and nanotechnology-
enabled products should take into account all relevant as-
pects of their life cycle and biological pathways from their
initial synthesis, to commercial use and disposal.4–7 The po-
tential ecotoxicology of nanoparticle-containing polymer dis-
persions is of particular concern for aquatic organisms, since
aquatic systems are the ultimate repository for released an-
thropogenic substances.8 In receiving waters, the ecotoxicol-
ogy of nanomaterials, including polymers, is largely governed
by their intrinsic properties and the nature of the local envi-
ronment, which influences interactions with suspended par-
ticulate matter and the extent of biological and abiotic degra-
dation, agglomeration and aggregation.9,10 An enhanced
understanding of the potential effects of nanomaterials to
aquatic species requires a comprehensive determination of
their system-dependent properties in relevant environmental
matrices, coupled with detailed information of their bioavail-
ability, uptake and distribution within the biological tissues
of appropriate species.

Very few studies are available addressing the potential en-
vironmental effects of nanoparticle-containing polymer dis-
persions released into the environment.11 In tests performed
for regulatory purposes, a spectrum of nanoparticle-
containing polymer dispersions did not show ecotoxicological
effects in fish, daphnia or algae upon short-term exposure
(unpublished in-house data). The published data available
for polymer nanocomposites do not indicate appreciable
nanoparticle release or (eco-)toxicity of released
fragments.12–14 When solid acrylate polymers with embedded
quantum dots, used in the lighting industry, were exposed to
different environmental and biological simulant fluids, the
leachates contained soluble metals derived from the quan-
tum dots, but no free quantum dots or quantum dot-
containing polymeric debris.15 Commercial nanofiller com-
posites submitted to chemical stresses as relevant in outdoor
aging and/or mechanical forces mimicking sanding can re-
lease fragment polymer particles, with a fraction as colloidal
nanoparticles,16,17 but these did not lead to significant
toxicity.12,13,18

The present study investigated the bioavailability, uptake,
body tissue distribution and effects of nanoparticle-
containing ACP dispersions to an aquatic invertebrate
Thamnocephalus platyurus (fairy shrimp) and Danio rerio
(zebrafish) after aquatic and dietary exposures. Test methods
adopted were the International Standardisation Organisation
14380:2011 Water quality determination of the acute toxicity to
Thamnocephalus platyurus Crustacea; Anostraca, (fairy
shrimp)19 and the Organisation for Economic Co-operation and
Development (OECD) Test Guideline (TG) 236 Fish Embryo Tox-
icity (FET) test20 using Danio rerio (zebrafish) embryos.

Thereby, the present study served to provide first insight
on the potential acute aquatic toxicity of nanoparticle-
containing polymer dispersions. Assessment of short-term
aquatic toxicity in invertebrates and fish is a mandatory com-
ponent of the base set of data requirements for ecotoxicity
testing. In Regulation EC No. 1907/2006 on the Registration,
Evaluation, Authorisation, and Restriction of Chemicals
(REACH),21 information on short-term aquatic toxicity in in-
vertebrates is generally required for substances manufactured
or imported in quantities exceeding 1 ton per year. Informa-
tion on acute fish toxicity is generally required if the annual
tonnage exceeds 10 tons. As compared to the fish acute toxic-
ity test (OECD TG 203),22 the FET test serves the 3Rs princi-
ple to replace, reduce and refine animal testing23 that has
been implemented in Directive 2010/63/EU on the protection
of animals used for scientific purposes.24 Therefore, the FET
test was selected for acute aquatic fish toxicity testing in the
present study. Since the zebrafish embryos used in the FET
test are not considered as ‘independently feeding larval
forms’, the test, as far as the embryos are concerned, does
not fall within the scope of Directive 2010/63/EU.24,25 In
zebrafish embryos the egg shell, the chorion, is transpar-
ent26,27 and the developmental stages are well characterised
and completed rapidly, i.e. within 120 h.28–30 The fairy
shrimp were selected for acute aquatic toxicity testing in in-
vertebrates, since they lack a carapace and have an open cir-
culatory system, allowing an unimpeded exchange of oxygen
or chemicals, and they are sensitive indicators of environ-
mental pollution.31,32

Further, dietary exposure studies were conducted using
zebrafish fry. These studies served to investigate the uptake
and bioavailability of ACP dispersions in fish. Information on
the toxicokinetics of substances are equally relevant for regu-
latory hazard and risk assessment. However, to data there are
no standardised test methods to investigate test material up-
take or biodistribution in environmentally relevant species.
In the present study, the dietary exposure studies used a mu-
tant line of D. rerio, known as Casper, whose embryos and
adults lack all melanocytes and iridophores33 avoiding prob-
lems associated with pigments that can interfere with the
microscopic detection of internalised test materials.33

In addition, two coherent Raman scattering (CRS) micros-
copy techniques (stimulated Raman scattering (SRS) and co-
herent anti-Stokes Raman scattering (CARS)) were applied
which allow for test material-specific identification without
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the need for extraneous dyes or fluorophores and provide
sub-cellular resolution and three-dimensional sectioning ca-
pability for visualising the structural features of the test or-
ganisms with which the particles interact.34–36 To date, the
CARS technique has been applied to image the uptake, distri-
bution and bioavailability of different nanomaterials (metal
oxides, metals, polymers) in human tissues and ecological
model species.34–39 See section 1 of the ESI† for further de-
tails on the CRS techniques.

Materials and methods
Test material selection using spontaneous and coherent
Raman scattering microscopy

Spontaneous Raman spectra (data not shown) were acquired
for five preliminary test materials, (1) the aqueous dispersion
of a styrene ACP (110 nm-ACP); (2) the aqueous dispersions
of a further styrene ACP (ACP-2); (3) an anionic acrylic ester
copolymer dispersion containing free carboxyl groups
(AAECP); (4) the aqueous dispersion of a straight acrylic co-
polymer (SACP); and (5) the aqueous dispersion of a
polyester-polyurethane elastomer (PPE) (ESI,† Table SI-1). The
aqueous polymer dispersions were synthesised by polymeriz-
ing different monomers using emulsion polymerization tech-
niques in water. The spontaneous Raman spectra were used
to determine the organic test material with the most suitable
spectral characteristics for investigation with CRS. They were
acquired using a Renishaw RM1000 Raman microscope
(RENISHAW, Wooton-Under-Edge, UK) equipped with a 1200-
line per mm grating providing a spectral resolution of 1 cm−1

and a diode laser providing excitation at 785 nm with up to
300 mW power. A 40× microscope objective lens was used to

focus light onto the substrate. The system was calibrated
using the Raman band of a silicon wafer at 520 cm−1. Spec-
tral data were acquired using the Renishaw v.1.2 WiRE
software.

In these pre-tests, 110 nm-ACP was best suited for CRS
microscopy in terms of its differentiation from fairy shrimp
or zebrafish tissues. The 110 nm-ACP exhibited a strong CH
peak at 3055 cm−1, indicative of a benzene ring, which is typi-
cally not a pronounced peak in biological samples. By con-
trast, in a comparative assessment of the spectral profiles of
110 nm-ACP and unexposed fairy shrimp, the majority of the
other pronounced peaks were recorded in either spectral pro-
file (Fig. 1A; cf. ESI,† Fig. SI-1).

To verify that the spectral profile of 110 nm-ACP exhibited
the same peaks in spontaneous Raman scattering and CRS, a
hyperspectral SRS profile was acquired of 110 nm-ACP ap-
plied to a glass coverslip (cf. ESI,† section 2). Using SRS, a
strong peak at 3055 cm−1 was also obtained. This confirmed
both the suitability of 110 nm-ACP as test material and of the
CRS microscopy (Fig. 1B). Further, a hyperspectral profile
was obtained from an unexposed wild-type zebrafish embryo
(Fig. 1C). There was negligible contribution to the CH stretch
region at 3060 cm−1. Consequently, the wavenumber of 3055
cm−1 was identified and selected as an ideal Raman shift to
detect the ACP test materials in biological samples.

Test materials

In addition to the 110 nm-ACP test material, a smaller sized
80 nm-ACP was produced to assess the influence of particle
size on toxicity. Both were produced by BASF SE
(Ludwigshafen, Germany). The presence of organic volatile

Fig. 1 Spontaneous Raman scattering and stimulated Raman scattering (SRS) profiles of 110-nm ACP, fairy shrimp and zebrafish embryos. A:
Spontaneous Raman scattering spectral profiles of a fairy shrimp (black) and 110 nm-ACP. The peaks of the spectral profile of fairy shrimp were
tentatively assigned to: 1001 cm−1: phenylalanine; 1150 cm−1: carotenoid (algae); 1255 cm−1: amide III band; 1450 cm−1: CH2/CH3; 1655 cm−1: amide
I band; 2717–2961 cm−1: CH stretch region. The peaks in the Raman spectrum of Acronal® S790 were tentatively assigned to: 1001 cm−1: aromatic
CC band; 1448 cm−1: CH bending for methyl and methylene groups; 1603 cm−1: styrene ring mode; 1731 cm−1: ester carbonyl stretch; 2820–2986
cm−1: CH stretch region; 3055 cm−1 aromatic CH stretch. B: SRS hyperspectral profile of 110 nm-ACP applied to a glass coverslip. The
hyperspectral profile was generated by successively tuning the pump beam's wavelength thereby yielding a sequence of SRS images which probed
the entire CH stretch region of the Raman spectrum. C: SRS hyperspectral profile of an unexposed wild-type zebrafish embryo. The two peaks at
approx. 2870 and 2925 cm−1 correspond to specific carbon hydrogen bonds.
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compounds was assessed by high performance liquid chro-
matography (HPLC) and gas chromatography (GC). Intrinsic
and system-dependent properties of the test materials were
assessed using the methods indicated in brackets (as pub-
lished by Wohlleben and co-workers40): primary particle size
(transmission electron microscopy (TEM)); particle size distri-
bution (analytical ultracentrifugation (AUC)); volume-specific
surface area (VSSA; derived from the AUC-measured particle
size distribution); surface chemistry (X-ray photoelectron
spectroscopy (XPS)), surface charge (iso-electric potential and
zeta potential; zeta sizer), photocatalytic activity (methylene
blue method), dispersibility in water (Dulbecco's modified
Eagle medium supplemented with 10% foetal calf serum
(DMEM/FCS); determined by AUC). Since the test materials
were provided as dispersions, specific surface area and dusti-
ness were not determined. The specific styrene ACP has a
glass temperature (Tg) of 15.4 °C.

Test organisms and test methods

All animal work and experimental protocols used in this work
were approved by the University of Exeter's Animal Welfare
and Ethical Review Body, and undertaken under project and
personnel licenses granted by the UK Home Office under the
United Kingdom Animals (Scientific Procedures) Act and Eu-
ropean Law, and in accordance with the University of Exeter's
ethical policies.

Overall the experiments were performed in compliance
with the relevant national and European Union laws and in-
stitutional guidelines, and the responsible institutional com-
mittees approved the experiments. Of note, the tests on fairy
shrimp are not covered by Directive 2010/63/EU on the protec-
tion of animals used for scientific purposes.24 Of the tests using
wild-type or zebrafish embryos, only the study parts involving
independently feeding forms are covered by this Directive.

Thamnotoxkit F™

Acute toxicity to fairy shrimp (24 h exposure) was determined
using the Thamnotoxkit F™ (MicroBioTests Inc., Belgium)
according to the manufacturer's instructions.41 Briefly, the
test was performed in 24-well test plates using shrimp larval
instars II–III, hatched from dormant eggs, exposed to the test
materials and incubated at 26 °C for 24 h in the dark. The
number of dead shrimp was recorded, indicated by lack of
heart beat, using a stereo dissecting microscope (SMZ-168,
Motic®, Germany). At least 90 shrimp were counted for each
concentration, i.e. 10 shrimp for each of 3 replicates tested in
each of 3 independent experiments. Results were expressed
as (cumulative) mean mortality ± standard error and LC50

values determined. Standardised dilution water served as
negative control. Potassium dichromate (Sigma-Aldrich, UK)
was used as laboratory positive control.

Fish embryo toxicity (FET) test

A breeding stock of unexposed zebrafish (wild-type WIK
strain, originally from the Max Planck Institute, Tubingen,

Germany, maintained and bred at the University of Exeter)
was used to produce eggs for the FET test that was performed
in accordance with OECD TG 236.20 Briefly, newly fertilised
zebrafish eggs were exposed for 96 h, and assessed for viabil-
ity every 24 h using a stereo dissecting microscope (SMZ-168,
Motic®, Germany). The following apical observations were
recorded as indicators of toxicity/lethality: (i) coagulation of
fertilised eggs; (ii) lack of somite formation; (iii) lack of de-
tachment of the tail-bud from the yolk sac; (iv) lack of heart-
beat. Twenty animals were assessed per concentration (3 rep-
licates for each concentration), and LC50 values calculated.

Preparation of test materials and range finding tests

Test species were exposed in standardised dilution water pre-
pared according to ISO 7346-3.42 Stock solutions were pre-
pared by sonicating the test material for 20 seconds, in 2 ×
10 second pulses using an ultrasonic probe (6 mm titanium
probe, tuned to resonate at 20 kHz ± 50 Hz; Cole-Parmer®
130-Watt Ultrasonic Processors (50/60 Hz, VAC 220), product
no. EW-04714-51; Cole-Parmer®, UK) on ice.43

The preliminary set of five different polymers (i.e. 110 nm-
ACP; ACP-2; AAECP; SACP; and PPE) was submitted to range
finding studies that were conducted applying the same proto-
cols as the ones described for the main acute aquatic toxicity
tests in fairy shrimp and zebrafish. Test material concentra-
tions of 1, 10, 100, 1000 and 10 000 mg L−1 (corresponding to
0.0001–1% (v/v)) were assessed in fairy shrimp (24 h expo-
sure; counting 30 animals/concentration) and zebrafish (24,
48, 72 and 96 hpf; 30 animals/concentration). Subsequently,
test material concentrations of 1000 and 2500 mg L−1 (corre-
sponding to 0.1 and 0.25% (v/v)) were selected for the main
tests assessing 80 nm-ACP and 110 nm-ACP. These very high
test material concentrations were selected to account for the
very low ecotoxicity of the nanoparticle-containing polymer
dispersions observed in the range finding studies.

Data evaluation and statistical analysis

The results for the acute aquatic toxicity tests (expressed in
mg L−1) were determined based on cumulative counting of
two or three independent experiments using Regression
Probit analysis with SPSS Statistics for windows version 21.0.
Statistical significance was calculated by ANOVA with SPSS
Statistics for windows version 21.0 (SPSS Inc., Chicago, USA).
Results were considered significant (*) for p < 0.05 and
highly significant (**) for p < 0.01.

The ecotoxicological relevance of the results from the
acute toxicity tests with fairy shrimp and wild-type zebrafish
embryos was assessed using the LC50 value threshold laid
down in Regulation (EC) No 1272/2008 on classification, la-
belling and packaging of substances and mixtures (CLP)44

and the United Nations Globally Harmonised System of Clas-
sification and Labelling of Chemicals (GHS):45 LC50 values ex-
ceeding 100 mg L−1 recorded after 48 h exposure to crusta-
ceans or after 96 h exposure to fish (or failure to calculate
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LC50 values at all due to a lack of mortality) do not result in
substance classification for acute aquatic toxicity.

Dietary exposure with Casper mutant zebrafish

Feeding studies used food containing either polystyrene
beads or the test materials (at concentrations of 0.1–100 g 80
nm-ACP or 110 nm-ACP per kg food). Control food was de-
void of any test material supplement. Polystyrene bead-
supplemented food was used to optimise the imaging
method; polystyrene exhibits an intense, characteristic phenyl
ring CH stretching peak at approx. 3050 cm−1. Polystyrene
beads (100 nm) were purchased from Sigma-Aldrich (Gilling-
ham, UK) as aqueous suspensions containing 1.8 × 1013

beads per mL. ZM-000 food (particle size: approx. <100 μm;
composition: 52.0% protein, 12.0% oil, 8.0% ash, 7.0% mois-
ture and 3.0% fibre) was purchased from Zebrafish Manage-
ment Ltd. (Winchester, UK). Due to its small particle size,
ZM-000 food is suitable for the feeding of early developmen-
tal stages of zebrafish.

To prepare food containing polystyrene beads, the surfac-
tant present on the polystyrene beads (proportion of the sur-
factant: 0.1–0.5%; as specified by the supplier Sigma-Aldrich)
was first removed by centrifugation (Beckman Avanti J25,
Beckman Coulter, UK; 10 min at 17 000 rpm). Next, 4 mL
beads were re-suspended in 4 mL standardised dilution wa-
ter, and added to 4 g ZM-000 food to yield 9 × 1012 particles
per gram of food. Food and beads were mixed thoroughly to
form a paste, spread on baking sheets and dried for 24 h at
60 °C and ground to a fine powder.

Food containing the ACP test material was prepared by
adding equal volumes of the test material preparations in
standardised dilution water (0–20%) to equal weights of food
to yield final test material concentrations of 0.01, 0.1, 1 and
10% in the food (corresponding to 0.1, 1, 10 and 100 g per kg
food). Control food was prepared by using only standardised
dilution water.

After mixing, the test material-supplemented food was fur-
ther processed by oven drying (60 °C; 24 h) or by air drying
(∼21 °C; 48 h). Oven-dried and air-dried food showed no dif-
ference in hyperspectral profile, hence oven drying was used
forthwith.

Embryos were collected from a breeding stock of Casper
zebrafish and individual embryos placed in single wells of a
24-well plate with 2 mL of standardised dilution water,
changed every 24 h. For each exposure concentration, 15 em-
bryos were used. The plate was maintained at 26 ± 1 °C, and
embryos kept under a constant artificial dark/light cycle of
8/16 h. Ninety-six h post fertilisation (hpf) and 120 hpf, em-
bryos were fed with a fine pipette tip of control food or food
containing either the polystyrene beads or the ACP test mate-
rial (two feedings, each, on either day; for technical reasons,
it was not possible to calculate the specific amount fed to the
embryos). After each feeding, the water in the wells was
changed. At 120 hpf, the feeding studies were terminated im-
mediately after the fry stopped feeding.

Microscopy

Chemically selective imaging by CRS microscopy
(implemented as SRS and CARS) was performed as previously
established and published.34–39,46 Section 1 of the ESI† pro-
vides further information relevant for the study rationale.

Operational parameters of the combined SRS–CARS
microscopy that was applied to produce hyperspectral images
and also pre-tests to determine the laser power tolerance of
the biological samples are documented in section 2 of the
ESI.† Briefly, scan times of approx. 14 and 20 seconds were
necessary to obtain a good signal-to-noise ratio in the CARS
and SRS images, respectively. At these scan times, locomotion
of the live fairy shrimp resulted in blurred images. Therefore,
both the fairy shrimp and the zebrafish were fixed in parafor-
maldehyde (Sigma-Aldrich) prior to CRS microscopic imaging
and mounted on their left sides between glass coverslips
using low melting point agarose gel (Thermo Fisher Scien-
tific, UK).

Settings that are very specific to the specimen of this study
and to the interpretation of microscopy results (i.e. the deter-
mination of the limit of detection and pre-tests to optimise
the SRS and CARS techniques) are presented below.

Semi-quantitative SRS to determine limit of detection

The detected SRS signal is linearly proportional to the con-
centration of the molecular bonds being probed, and it fur-
ther varies linearly with both the pump and Stokes laser
beam powers. To determine the lowest detectable concentra-
tion of the test material with the setup of the present study
(applying all parameters as selected for SRS imaging of the
aquatic organisms), hyperspectral profiles across the CH
stretch region from 2850 cm−1 to 3150 cm−1 were generated
from 110 nm-ACP successively diluted in standardised dilu-
tion water. The detected signal was normalised relative to the
water background, and the aromatic CH stretch peak height
at 3055 cm−1 was measured in the CH stretch region (cf. ESI,†
section 3 for a step-by-step rationale to calculate the number
of test material particles in a given unit of the SRS images).

Pre-tests to optimise the SRS and CARS techniques

In pre-tests to optimise the SRS and CARS techniques, SRS
and CARS images were acquired from unexposed fairy
shrimp (at 20-fold magnification) to determine which ana-
tomical regions of the unexposed animals yielded strong sig-
nals in either technique. The pump and Stokes lasers were
tuned to excite contrast from the CH stretch at 2856 cm−1

that yielded a peak in the spectral profile of this animal
(Fig. 1A).

Further, pre-tests were conducted to optimise test material
detection during CARS imaging using fairy shrimp exposed
to 1000 mg L−1 110 nm-ACP. CARS images were acquired with
the pump and Stokes beams tuned to excite contrast from
the CH stretch at 2870 cm−1 that yielded a peak in the spec-
tral profile of this animal (Fig. 1C). For comparative reasons,
a transmitted light image was acquired simultaneously.
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Results
Test material characterisation

Table 1 presents the outcome of the physico-chemical charac-
terisation of 80 nm-ACP and 110 nm-ACP (cf. ESI,† Table SI-1
for characterisation of ACP-2, AAECP, SACP and PPE). Both
test materials appeared as stable, white, milky aqueous dis-
persions. Using TEM, mean particle sizes of 80 ± 5.8 nm and
112 ± 8.1 nm were measured for 80 nm-ACP and 110 nm-
ACP, respectively. The test materials retained complete stabil-
ity in water, dispersed as individual particles. This results in
an average agglomeration number (AAN) equalling 1. For
such low AAN, nanomaterial grouping frameworks5,6 high-
light the need to further investigate potential mobility (i.e.
uptake and bioavailability) – as undertaken in the present
study. In the TEM images of dried polymer dispersion, the
face-centred cubic (honeycomb) lattice arrangement of poly-
mer particles was observed that is typical for rather mono-
disperse colloids that are film-forming due to their low Tg
(Fig. 2).

Acute toxicity tests using fairy shrimp and zebrafish embryos

Details on the quality control values of the acute aquatic tox-
icity tests (i.e. dissolved oxygen and pH values of the test ma-
terial preparations) are provided in section 4 and Table SI-2
of the ESI.†

In the range finding studies with fairy shrimp (ESI,† Fig.
SI-2A–SI-2E), none of the initial five test materials showed
any toxicity after 24 h exposure at concentrations between 1
and 100 mg L−1, i.e. up to the GHS/CLP threshold of 100 mg
L−1 for acute aquatic toxicity.44,45 The 110 nm-ACP and
AAECP caused no mortality at either 1000 or 10 000 mg L−1.
The PPE induced significant mortality at 10 000 mg L−1 (p <

0.01) and ACP-2 and SACP at 1000 and 10 000 mg L−1 (p < 0.5
and < 0.01). In the main experiments, no fairy shrimp (0 of

Table 1 Physico-chemical characterisation of the nanoparticle-containing acrylic copolymer dispersions

Property Method Units 80 nm-ACP 110 nm-ACP

Physical
appearance

Aqueous dispersion of acrylic copolymer; stable, white, milky; glass temperature: 15.4 °C

Volatile organic
components

HPLC//GC mg kg−1 Acrylamide: 190; acrylate: 470//n-butyl acrylate:
410; styrole: 10; acetone: 110; n-butanol: 210;
n-butyl propionate: 50; t-butanol: 180; dibutyl
ether: 230; total (GC): 1500

Acrylamide: 8; acrylate: 700//n-butyl
acrylate: 50; n-butanol: 280; n-butyl propio-
nate: 20: dibutyl ether: 90; total (GC): 550

Primary particle
size (mean)

TEM D50

(nm)
80 ± 5.8 112 ± 8.1

Volume specific
surface area

Derived from
AUC in H2O

m2

cm−3a
49 56

Particle
size/dispersibility
(H2O)

b

AUC D50

(nm)
77.4 107

Particle
size/dispersibility
(DMEM/FCS)b

AUC D50

(nm)
95.4 123

Photocatalytic
activity

Methylene blue
test

without
unit

5.5 × 10−4 5.0 × 10−4

Surface chemistry XPS with
carbon line
shape analysis

Atom-% CC, CH: 62.9; CN, C–O: 16.5; COOR: 5.6; O: 14.2;
N: 0.3; Si: 0.1; S: 0.1

CC, CH: 62.8; CN, C–O: 16.4; COOR: 5.3; O:
14.6; N: 0.6; Si: 0.1; S: 0.1; Na: 0.1

Iso-electric point Electrophoretic
mobility
titration

pH <3 <3
Zeta-potential at
pH 7.4

mV −60 −56

Abbreviations: AUC: analytical ultracentrifugation; DMEM/FCS: Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum;
GC: gas chromatography; HPLC: high performance liquid chromatography; LD: laser diffraction; TEM: transmission electron microscopy; XPS:
X-ray photoelectron spectroscopy. Not determined (organic material): crystallite size and crystallite phase; water solubility. Not determined (sus-
pension): surface area by method of Brunauer Emmett and Teller; dustiness (not expected for suspension). a As described by Wohlleben and
co-workers,71 the VSSA is an integral property of materials, and it is obtained by dividing the samples' external surface (S) by its solid volume
(V) or by multiplying the specific surface area (SSA, surface per mass) by the materials skeletal density (ρ). It is conventionally stated in units of
m2 cm−3. b Near perfect stability in serum-containing media; complete stability (dispersed to individual particles) in water.

Fig. 2 Transmission electron microscopy (TEM) images of (A) 110 nm-
ACP and (B) 80 nm-ACP. Monolayers of particles on TEM grids were
prepared by 1 : 100 dilution with deionized water, then dipping the
TEM grid into the liquid and drying. Polymers were stained by
uranylacetate.
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90 animals) died following exposure to 1000 mg L−1 80 nm-
ACP, and 2 of 90 animals died following exposure to 2500 mg
L−1 80 nm-ACP. Inter-assay variability is shown in the data
(ESI,† Fig. SI-3). Following exposure to 1000 and 2500 mg L−1

110 nm-ACP, a similarly low number of fairy shrimp died (0–
7 animals/90 animals at either concentration; ESI,† Fig. SI-4).
Thus, for both 80 and 100 nm-ACP, it was not possible to cal-
culate an LC50 value (ESI,† Fig. SI-3 and SI-4). Inter-assay vari-
ability was higher for the 110 nm-ACP than for the smaller
sized 80 nm-ACP.

In range finding studies with zebrafish embryos (ESI,† Fig.
SI-5), 110 nm-ACP, AAECP, and PPE showed no effects on sur-
vival after 24-, 48-, 72- or 96 h exposure at 1–10 000 mg L−1.
ACP-2 and SACP caused significant mortality in zebrafish af-
ter 24-, 48-, 72- or 96 h exposure at concentrations of 10 000
mg L−1 (100-fold higher than the GHS/CLP threshold of 100
mg L−1 for acute aquatic toxicity).44,45 In the main experi-
ments, neither 1000 nor 2500 mg L−1 80 nm-ACP or 110 nm-
ACP caused mortality in zebrafish embryos up to 96 hpf, and
it was not possible to calculate an LC50 (data not shown). At
all test concentrations, flocs of particulate test material were
recorded surrounding the chorion, but the embryos devel-
oped normally.

Limit of detection for test materials using SRS

Based on the hyperspectral profiles generated from succes-
sive dilutions of 110 nm-ACP across the CH stretch region
from 2850–3150 cm−1, 0.005 weight% 110 nm-ACP in
standardised dilution water was determined as the limit of
detection (ESI,† Fig. SI-6). This corresponds to 50 mg L−1 110
nm-ACP. Hence, in the hyperspectral SRS images, each pixel
revealing the characteristic 3055 cm−1 peak corresponds to a
test material concentration of 50 mg L−1.

SRS and CARS spectral profiling of fairy shrimp and
zebrafish embryo in acute toxicity tests

In unexposed fairy shrimp, strong signals were detected in
the head regions of the animals, and specifically in the eyes

and ocelli (simple eyes), both when generating SRS and CARS
spectral profiles. These signals are attributed to the pigments
present in these organs (Fig. 3). In the preliminary tests
conducted on fairy shrimp exposed to 1000 mg L−1 110 nm-
ACP, it was not possible to determine precisely which specific
region of the fairy shrimp contained the test material (60-fold
magnification, Fig. 4 and 5). The strategy adopted for CARS
imaging in the main study therefore was to generate several
overlapping depth stacks combined with lower magnification
images to determine the precise location of the regions of
interest within the animals.

SRS hyperspectral images generated from the yolk sac of
an unexposed wild-type zebrafish (Fig. 6) and from the yolk
sac of a wild-type zebrafish embryo exposed to 1000 mg L−1

80 nm-ACP (Fig. 7), generated at a depth of approx. 3 μm,
clearly differ with respect to the spectral features of the 2820–
2986 cm−1 CH-stretch region. For the zebrafish embryo ex-
posed to 1000 mg L−1 80 nm-ACP, the hyperspectral profile in
Fig. 7 exhibits a peak at 3005 cm−1 that is attributed to the
CH stretch of CC groups, a marker for the degree of
unsaturation of lipids. In the false colour rendering of the
hyperspectral data set, this peak appears as discrete droplets
with diameters ranging from 2–5 μm which can be inter-
preted to be lipid droplets that are more unsaturated than
the surrounding features. Further, the lipid-rich regions of
the yolk sac of the zebrafish embryos that were exposed to 80
nm-ACP (Fig. 7) exhibited a higher degree of unsaturation
than the corresponding regions of the yolk sac of the
unexposed zebrafish (Fig. 6).

The hyperspectral profile in Fig. 7 also shows a very small,
broad peak at 3055 cm−1 corresponding to water-rich regions
of the sample. Such a peak may be attributable to endoge-
nous amino acids, such as tyrosine or phenylalanine, al-
though these amino acids are more commonly associated
with protein-rich regions (such as cell nuclei), and are not
commonly seen within lipid droplets. The hyperspectral pro-
file also shows an elevation at 3055 cm−1. Whilst this could
be attributed to the benzene CH stretch of 80 nm-ACP, an el-
evation at 3055 cm−1 was also observed in the hyperspectral

Fig. 3 CARS images (left) and SRS images (right) of the head regions of unexposed fairy shrimp (20-fold magnification). For imaging, the pump
and Stokes beams were tuned to excite contrast at 2856 cm−1 (CH stretch).
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data set of the control animal. The elevation at 3055 cm−1 is
more pronounced in the hyperspectral profile of the exposed
animal, but it is clearly also present in the control animal
(Fig. 6). Hence, based upon the 3055 cm−1 aromatic CH
stretch, we could not say for certain that 80 nm-ACP was
taken up into the yolk sac.

SRS spectral profiling and light microscopy analyses of
Casper mutant zebrafish in dietary exposure studies

SRS spectral profiles confirmed that polystyrene beads could
be detected by their characteristic phenyl ring stretch (Fig. 8).
Fish food devoid of polystyrene beads did not exhibit a signal
from the phenyl ring CH stretch (Fig. 9; left hand image), de-
spite the fact that the food contained a wide range of ingredi-
ents, the exact constituents of which are not disclosed by the
manufacturers. In the spectral profiles of the polystyrene
bead-spiked food, the CH peaks observed between 2820–2986

cm−1 were assessed as arising from the food itself (Fig. 9;
right hand image), and these peaks were much weaker than
the high 3049 cm−1 peak elicited by polystyrene beads
(Fig. 8). When the polystyrene beads were mixed with food,
the phenyl ring CH stretch shifted from 3049 cm−1 to a
slightly higher peak position (3056 cm−1). This shift may have
been caused by a change in the local chemical environment
caused when the samples were oven dried. The benzene ring
possesses multiple stretching modes between 3040 and 3070
cm−1, and the exact proportion of each of these modes in any
one sample depends on the local chemical environment.
Hence, the central peak of the phenyl ring CH stretch mode
can shift between pure polystyrene beads and polystyrene
beads forming part of a mixture. For the test materials, since
the ACP dispersions were dried during the processing of the
food, film formation of the polymers may have occurred.
Therefore, we cannot exclude the possibility that the test ma-
terials were no longer present in the form of nanoparticles.

Fig. 4 CARS and transmitted light images of fairy shrimp exposed to 1000 mg L−1 110 nm-ACP. Left image: Epi-detected CARS images were ac-
quired with the pump and Stokes beams tuned to excite contrast from the CH stretch at 2870 cm−1. For Fig. 5, a second set of images was ac-
quired from the region marked with a yellow square to determine whether signals from 110 nm-ACP were detectable at the higher magnification.
Middle image: Simultaneously acquired transmitted light image of fairy shrimp exposed to 1000 mg L−1 110 nm-ACP (both: 20-fold magnification).
Right image: The region of interest was selected, as indicated by the black box on the fairy shrimp image.

Fig. 5 CARS images of fairy shrimp exposed to 1000 mg L−1 110 nm-ACP (60-fold magnification). These images were obtained from the yellow in-
sert indicated in the left-hand image of Fig. 4. The pump and Stokes beams were tuned to excite contrast from (left image) the aromatic CH
stretch at 3060 cm−1 and (right image) the CH stretch at 2870 cm−1.
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Hyperspectral SRS data sets acquired from Casper
zebrafish fed with food spiked with polystyrene beads or con-
trol food are provided in Fig. 10. The hyperspectral profile
generated from the fish fed with polystyrene bead-containing
food exhibits the characteristic CH stretch peak in the yolk
region of the fry, indicating the presence of polystyrene beads
(Fig. 10A). This peak was not observed in the fish that were
fed with the control food (Fig. 10B). The hyperspectral SRS
profile of fish food spiked with 0.1 g kg−1 110 nm-ACP or 80
nm-ACP showed a prominent peak located at 3055 cm−1,
which correlates well with the CH stretch peak from benzene
rings in the spectral profile of the test materials (Fig. 11).

This reveals that the test material was present in the fish
food. However, it could not be ascertained that it continued
to prevail in the form of nanoparticles after the drying proce-
dure. When dried, polymer chains from neighbouring parti-
cles, due to their Tg below room temperature, start to inter-
diffuse, first forming necks between particles and ultimately
forming a continuous film.2

Light microscopic images of Casper zebrafish fed with
food containing 0.1–100 g kg−1 80 nm-ACP showed that the
fry fed freely on the supplemented food irrespective of the
test material concentrations (Fig. 12). Similar results were
obtained when the food was supplemented with 110 nm-ACP

Fig. 6 SRS hyperspectral data acquired from the yolk sac of an unexposed zebrafish embryo, taken from a region approx. 3 μm below the sac's
surface. Left: False-colour rendering of the hyperspectral data set (i.e. red-green-blue image), where each image was assigned a different colour
depending on the corresponding Raman shift. Right: Spectral profiles of two regions of the sample, combined with the ‘rainbow’ lookup table that
was used to generate the false-colour rendering. The black and purple data points correlate with the black and purple regions of the image,
respectively.

Fig. 7 SRS hyperspectral data acquired from a zebrafish embryo yolk sac exposed to 1000 mg L−1 80 nm-ACP, taken from a region approx. 3 μm
below the sac's surface (60-fold magnification). Left: False-colour rendering of the hyperspectral data set (i.e. red-green-blue image), where each
frame was assigned a different colour depending on the corresponding Raman shift. Right: Spectral profiles of several regions of the sample, com-
bined with the ‘rainbow’ lookup table that was used to generate the false-colour rendering. The white, red, blue and black data points correlate
with the white, red, blue and black regions of the image, respectively.
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(data not shown). Hyperspectral SRS data of Casper zebrafish
fed with food dosed with an extremely high concentration of
10 g kg−1 80 nm-ACP indicated the characteristic test material
peak at around 3055 cm−1 in the gut region, albeit only for a
total of 5 pixels (Fig. 13; cf. Fig. SI-8 and SI-9† for details on
the identification of regions of the Casper zebrafish that con-
tain the test material signal).

Hyperspectral data sets were acquired from the liver, mus-
cle tissue, intestines, and the surrounding agarose gel of Cas-
per zebrafish fed with food spiked with 1 g kg−1 80 nm-ACP
or 110 nm-ACP. Signals relating to 80 nm-ACP (i.e. the char-
acteristic benzene stretch at 3055 cm−1) were recorded in the
liver and intestines, but not in the muscle tissue (Fig. 14).
Similarly, 110 nm-ACP (i.e. the characteristic benzene stretch
at 3055 cm−1) was presumably recorded within the liver
(quantity unknown), but not in the muscle tissue or agarose
gel surrounding the sample (Fig. 15).

Discussion

In the present study, nanoparticle-containing ACP disper-
sions were tested for the first time in two aquatic model spe-
cies, fairy shrimp and zebrafish embryos. Acute toxicity upon
aquatic and dietary exposure was assessed. Neither 80 nm-
ACP nor 110 nm-ACP elicited acute aquatic toxicity in either

fairy shrimp or zebrafish embryos at exposures bearing any
environmental relevance. Mortality was only recorded at very
high concentrations (1000 and 2500 mg L−1) that exceed the
GHS/CLP threshold of 100 mg L−1 to distinguish acute
aquatic toxicity from non-classification by 10- and 25-
fold.44,45 These very high test material concentrations were
selected for the main experiments after range findings stud-
ies confirmed that the test materials have negligible acute
aquatic toxicity in fairy shrimp and zebrafish embryos.

Fig. 8 SRS hyperspectral profile of polystyrene beads taken of the CH
stretch region from 2800–3120 cm−1.

Fig. 9 SRS hyperspectral profiles of fish food without polystyrene beads (left); and of fish food spiked with polystyrene beads (right).

Fig. 10 SRS hyperspectral data sets from Casper zebrafish fed with (A)
food spiked with polystyrene (PS) beads and (B) control food. The blue
data points correspond to spectral points associated with the water-
rich agarose gel mounting medium. The black data points (bottom)
correspond to yolk from the control fish and do not exhibit any contri-
bution from a phenyl ring CH stretch. The orange data points (top)
were generated from the yolk region and exhibit the characteristic
phenyl ring CH stretch peak, indicating the presence of PS beads in
this region of the fish.
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Neither 80 nm-ACP, nor 110 nm-ACP showed any appre-
ciable toxicity in fairy shrimp or zebrafish, and it was not
possible to calculate a LC50 value. This confirms that the ACP
dispersions show no acute aquatic toxicity under the
standardised experimental conditions adopted. It is possible
that at higher exposure concentrations, the test materials

might cause toxic effects by physically adhering to the
chorion,47–50 but such physical effects are most probably not
relevant for environmental exposures.

A rapidly increasing number of studies have investigated
the potential human health effects of engineered nano-
materials. There have been far fewer studies of their potential

Fig. 11 Hyperspectral SRS profiles of fish food spiked with (A) 0.1 g kg−1 110 nm-ACP or (B) 0.1 g kg−1 80 nm-ACP. The inset images are CARS data
sets acquired by tuning the pump and Stokes wavelengths to probe the CH2 Raman resonance at 2845 cm−1 (20-fold magnification).

Fig. 12 Light microscopy images of Casper zebrafish fry fed with control food or food dosed with 0.1–100 g kg−1 food 80 nm-ACP. The arrows
point to dark areas reflecting the control food or food dosed with the respective concentrations of 80 nm-ACP.
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ecotoxicological effects and these have generally focused on
inorganic nanomaterials, e.g. metals and metal oxides51,52 or
metalloid oxides, such as amorphous silica nano-
materials.53,54 Only a few publications consider the ecotoxi-
cology of organic (polymer) nanomaterials, e.g. the studies
from Naha and co-workers11 and Besseling and co-workers.55

Generally, different nanomaterials induce effects on cells,
tissues or organisms through different modes-of-action. For
instance, the toxicity of metal and metal oxide nanomaterials
is mainly attributable to the effects of the solubilised ions,
and effects caused by high-aspect ratio carbon nanotubes fol-
low a fibre toxicity paradigm.5,6 Evidence is currently lacking
for ‘nanospecific’ effects, which can be attributed to the
smallness of the particles alone.56,57

This study illustrates that the 24 h acute lethal toxicity test
using the Thamnotoxkit F™ (ISO 14380:2011)19 and the
zebrafish FET test (OECD TG 236)20 are suitable to assess the
potential acute aquatic toxicity of organic nanomaterials and
nanoparticle-containing polymer dispersions. During regula-
tory environmental hazard assessment addressing the aquatic
compartment, e.g. in accordance with the REACH Regula-
tion,21 this information is relevant together with information
on degradation (e.g. sediment simulation testing) and fate
and behaviour in the environment. Further, information on
potential ecotoxicological effects has to be available before
test substance uptake and biodistribution can be assessed,

because such testing has to be performed at non-toxic con-
centrations. Nanoparticle agglomeration or dispersibility may
alter the effective concentration of nanomaterials within the
test systems or target organs in toxicity tests.58,59 Hence, spe-
cific dispersion protocols should be used during nano-
material preparation to reduce agglomeration. Different
methods used to prepare dispersions of the same nano-
material may account for variations in the outcomes of (eco)
toxicity studies.43

In the few studies published investigating the effects of
inorganic or organic nanomaterials on fairy shrimp, they
have proven to be sensitive indicators of ecotoxicity. In a
comparative assessment of different metal oxide nano-
materials (primary particle sizes (PPS): 50–70 nm ZnO;
30 nm CuO; 25–70 nm TiO2), fairy shrimp (T. platyurus)
were more sensitive than water fleas (Daphnia magna).60

TiO2 nanomaterials did not show any toxicity up to an ex-
tremely high concentration of 20 g L−1, and although toxicity
occurred at higher exposure concentrations for zinc oxide
and copper oxide nanoparticles this appeared mainly to be
driven by the effects of the solubilised metal ions.60 Exposure
(1 h) of T. platyurus to aqueous suspensions of 3 and 6 mg
L−1 fullerene C60 and C70, resulted in their ingestion leading
to fullerene C60 and C70 burdens of 2.7 ± 0.4 and 6.8 ± 1.5 mg
per mg wet weight, respectively, but without any observable
signs of toxicity.61

Fig. 13 Hyperspectral data set acquired from a Casper zebrafish fed with food spiked with 10 g kg−1 80 nm-ACP at 96 h and 120 h. Left: The SRS
composite image is a z-projection of the entire hyperspectral data set, where each frame of the spectrum corresponds to a different colour. One
side of the image corresponds to 770 μm. Right: The three spectral profiles were obtained from the respective regions indicated with arrows. •
Top: Water-rich Raman spectrum from the agarose gel surrounding the fish. The dominant spectral feature is the high wavenumber OH bond tail.
• Middle: Protein-rich spectral profile of muscle tissue, exhibiting a CH3 peak at 2930 cm−1 and a contribution from the OH tail stretch at higher
wavenumbers. • Bottom: Characteristic 80 nm-ACP peak at around 3055 cm−1 discovered in the gut region, total pixel count: 5.
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Poly N-isopropylacrylamide and N-isopropylacrylamide/N-
tert-butylacrylamide copolymer nanoparticles were virtually
non-toxic in fairy shrimp, yielding a LC50 value of 943 mg
L−1.11 In a test battery of aquatic organisms representing dif-
ferent trophic levels, amorphous silica nanomaterials (PPS:
50 and 100 nm) showed no effects up to 1.0 mg mL−1,
whereas polyethyleneimine polystyrene nanomaterials (PPS:
55 and 110 nm) caused acute toxicity at 0.0004–0.42 mg
mL−1, with effects generally more pronounced for the 110
nm-, than for the 55 nm test material.62 In this study, T.
platyurus was less sensitive than D. magna, but more sensi-
tive than Vibrio fischeri bacteria.62

In brine shrimp (Artemia franciscana) larvae, 48 h exposure
to 40 nm anionic carboxylated polystyrene nanomaterials or
50 nm cationic amino polystyrene nanomaterials (for both up
to 0.1 mg mL−1) did not induce mortality, but larvae exposed
to amino polystyrene nanoparticles underwent multiple
molting events compared with the control larvae, suggesting
a stress response.63 At 48 h exposure, the test materials were
heavily sequestrated in the gut and some material was also
adhered to the antennae and appendages, potentially ham-
pering larvae motility.63

A broad spectrum of different nanomaterials
encompassing metals, metal oxides, metal compounds as

well as amorphous silica, calcium and carbon compounds
has already been tested in the zebrafish FET test.52,64 The
most pronounced effects have been observed for metal and
metal oxide nanomaterials that shed toxic (metal) ions.52

Generally, the chorion that protects the developing zebrafish
embryos is not a barrier for most manufactured non-
nanosized or nanosized substances.65–68 Substances that
form complexes or large structures with other similar mole-
cules through chemical interactions, such as ionic bonding
(e.g. cationic polymers); substances which interact with sulf-
hydryl groups (e.g. heavy metals); or large molecules (e.g.
polymers) can be blocked by the chorion.65 By comparison,
small 5–46 nm silver (Ag) nanomaterials (at concentrations
>0.19 nM) can cross chorion pore channels that have diame-
ters of 0.5–0.7 μm, via passive diffusion.69 Exposure to these
small Ag nanomaterials can lead to fin fold abnormalities,
tail flexure, cardiac oedema, yolk sac oedema, head oedema,
and eye abnormalities.69 By comparison, studies on fluores-
cent core–shell silica nanoparticles (PPS: 60 nm and 200 nm)
exposed at concentrations between 0.0025 and 200 mg L−1

were found to adsorb onto the chorion of zebrafish embryos
(at 96 hpf), but were not taken up by the embryos.53 These
materials did not cause mortality or deformities53 (of note,
200 nm particles are not covered by the definition of

Fig. 14 SRS hyperspectral data sets from a Casper zebrafish fed with food spiked with 1 g kg−1 80 nm-ACP. The spectra are acquired from: • Top
left: Regions of the liver containing 80 nm-ACP signal; • Top right: muscle tissue; • Bottom left: regions of the intestine containing 80 nm-ACP
signal; • Bottom right: the surrounding agarose gel. The characteristic muscle tissue spectral profile presents a strong CH3 stretch at 2930 cm−1

and a contribution to the spectral profile from the OH stretch tail at higher wavenumbers. In order to improve the signal-to-noise ratio for these
low-concentration experiments, each frame generated in the hyperspectral stack was the average of 3 successive image acquisitions.
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‘nanomaterial’ as laid down in an EU Commission
recommendation70).

In another study, exposure to 25–200 μg ml−1 amorphous
silica nanomaterials (62 nm; without core shell) resulted in a

dose-dependent decrease in the hatching rate of zebrafish
embryos, and increase in mortality and embryonic
malformations, including pericardial oedema, yolk sac oe-
dema, and head malformation.54 Duan and co-workers54 did
not report if or how the applied amorphous silica interacted
with the chorion. Thus, while further investigations are nec-
essary to corroborate our findings, the nanoparticle-
containing ACP dispersions we tested do not appear to show
any toxic effects of significance in either fairy shrimp or
zebrafish embryos. Further, uptake of the test materials into
the liver of the Casper zebrafish could not be identified with
certainty. If such biodistribution is confirmed during future
research work, specific investigations of the hepatic metabo-
lism of the test materials would be merited. The major meta-
bolic pathway for the monomers after oral uptake is ester hy-
drolysis to the alcohol and acrylic acid finally resulting in
CO2. The monomers are eliminated quickly.

This study presents the first example to our knowledge of
the application of CRS microscopy to explore the potential
ecotoxicology of nanoparticle-containing ACP dispersions and
to infer on the uptake and biodistribution of these test mate-
rials. Therefore, our study included pre-tests to determine
the limit of detection of the test materials using CRS (50 mg
L−1 110 nm-ACP), and to optimise the imaging procedure (i.e.
fixation of the animals in paraformaldehyde; 14–20 seconds
scan times; generation of overlapping depth stacks combined
with lower magnification images to localise regions of inter-
est within the animals). An advantage of CRS microscopy is
that it does not require extensive preparation of the biologi-
cal samples that may affect the nanomaterials, as is the case
for, e.g., TEM or scanning electron microscopy.36,46 The appli-
cability of CRS microscopy for investigating organic nano-
materials (or larger sized organic materials) is however re-
stricted to organic materials whose spectral profile is clearly
distinguishable from the spectral profile of the biological
structures under investigation. In the present study, only 1 of
5 originally selected organic polymers had such a distinct
spectral peak, i.e. the 3055 cm−1 aromatic CH stretch.

The CRS images yielded preliminary information on the
uptake and biodistribution of nanoparticle-containing ACP
dispersions. The hyperspectral profiles of control wild-type
zebrafish embryos and embryos exposed to 1000 mg L−1 80
nm-ACP both showed peaks at 3055 cm−1, although the peak
was weaker in the control animal. This suggests that endoge-
nous features, such as the amino acids tyrosine and phenylal-
anine were also contributing to this peak. We could not de-
termine with certainty that 80 nm-ACP penetrated into the
yolk sac of zebrafish embryos, and we could not quantify the
tissue burden in the test animals. There were nonetheless
clear differences between control and test samples within the
2820–2986 cm−1 CH stretch region. There are numerous CH
stretch peaks that contribute to this profile, overlapping with
each other to generate these complex spectral features. It
would be interesting to obtain additional spectra to de-
convolute these peaks from the measured spectra (e.g. by
curve fitting) to determine more clearly which components of

Fig. 15 Hyperspectral data sets from Casper zebrafish fed with food
spiked with 110 nm-ACP. The profiles exhibit: • (A and B) the “tail” of
the OH water stretch at higher wavenumbers; • (A and C) the “tail” of
the CH3 stretch at 2930 cm−1; • (C) the characteristic ACP peak around
3055 cm−1. The hyperspectral stacks for these data were curtailed such
that they only encompass the ACP peak region from 2990–3100 cm−1

(rather than the entire CH stretch). In order to improve the signal-to-
noise ratio for these low-concentration experiments, each frame gen-
erated in the hyperspectral stack was the average of 3 successive im-
age acquisitions.
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the CH stretch region change after exposure to 80 nm-ACP.
Such investigations could also investigate how this test mate-
rial could be affecting lipid composition within the embryo's
yolk sac, as is indicated here. This could plausibly be due to
physical adherence of the test material to the chorion when
applied at high concentrations that may affect (for example)
oxygen exchange.

The results from the feeding studies using Casper mutant
zebrafish provide preliminary results on the uptake, bioavail-
ability and organ distribution of ACP dispersions when
spiked in fish food. We show that the ACP dispersions were
taken up by the Casper zebrafish, with strong indications for
their presence in the intestines, as we would expect for die-
tary expose to any material, and also with preliminary evi-
dence for a presence in the liver. The latter would indicate
uptake across the gut and into the circulation, a topic worthy
of further investigation. Since ACP are known to fuse when
dried, future research should also explore how the intrinsic
material properties of the ACP dispersions are affected by dif-
ferent processing techniques, e.g. oven heating versus air
drying.

Conclusions

In conclusion, we show that the nanoparticle-containing ACP
dispersions we tested do not possess acute aquatic toxicity in
either fairy shrimp or wild-type zebrafish. Notwithstanding,
these data do not allow deriving conclusions on potential
long-term effects. In the acute aquatic toxicity tests, CRS im-
aging indicated alterations to lipid composition in the yolk
sacs of zebrafish exposed to the test materials, but neither
material presence in this tissue nor the possible effect mech-
anism were established. In feeding studies using Casper
zebrafish, the test materials were taken up into the gut and
possibly liver. It is possible that the nanoparticles were trans-
formed during food preparation so that the animals were ex-
posed to a composite of food and adhering and/or fused ACP
nanoparticles. CRS microscopy proved to be a promising
method for investigations into the ecotoxicology of organic
nanomaterials whose chemical composition is similar to that
of the biological samples. The application of these tech-
niques warrants further investigation.
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