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Environmental Significance

Increasing our understanding of how nanoparticles affect organisms is essential to predict and
mitigate environmental threats, yet to date little is known about their potential to affect immune
systems in aquatic organisms. In this work, primary sites of metallic and plastic nanopatrticle ac-
cumulation and their potential to induce an inflammatory response are explored in zebrafish
embryo. This study provides initial evidence that nanoparticles accumulate on the external and
internal epithelium, and can elicit transcription of pro-inflammatory cytokines in zebrafish em-
bryos. This can potentially be used as a building block in developing adverse outcome path-
ways for nanoparticles in ecological risk assessment.
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Abstract

Major molecular mechanisms that underpin the toxicity of nanoparticles (NPs) are the formation
of reactive oxygen species and the induction of inflammation. The latter is frequently observed
in vitro and in mammalian organisms, yet in aquatic organisms, such NP-induced inflammatory
responses remain largely unexplored. Zebrafish offer a wide range of molecular tools to investi-
gate immune responses in an aquatic organism, and were therefore used here to describe how
copper (Cu) NPs (25 nm; 1 mg L) and soluble Cu as well as polystyrene (PS) NPs (25 nm; 10
mg LY) induce innate immune responses, focussing on the skin cells and the intestine as likely
organs of interaction. mMRNA expression of the immune responsive genes interleukin 1 beta
(il1B) and immunoresponsive gene 1-like (irgll) of CUNP exposed embryos was observed to be
weaker in the intestinal tissue compared to the rest of the body, indicating a strong outer epithe-
lium response. Specifically, NPs were observed to accumulate in the cavities of lateral neuro-
masts in the skin, which coincided with an increased local expression of il18. Exposure to
CuNPs triggered the strongest transcriptional changes in pro-inflammatory-related genes and
was also observed to increase migration of neutrophils in the tail, indicating a NP-specific in-
flammatory response. This is the first in vivo evidence for waterborne NP exposure triggering
alterations of immune system regulating genes in the skin and intestines of zebrafish embryos.
The observed molecular responses have the potential to be linked to adverse effects at higher
levels of biological organization and hence might offer screening purposes in nanotoxicology or
building blocks for adverse outcome pathways.
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Introduction

Nanoparticles (NPs) pose a potential risk to ecosystems and the organisms living therein due to
widespread use in medical and consumer products, and subsequent gradual release into the
environment. An increasing number of studies are therefore aimed at understanding of uptake
routes, bioaccumulation potential, and mode of actions of NPs. However, formulating a general
framework for risk assessments is currently hampered by the plethora of variables affecting NP
bioavailability and toxicity, including different core compositions, shapes, sizes and surface
modifications.! An emerging approach in risk assessment is therefore, to unravel shared molec-
ular responses caused by exposure as this can be linked to adverse effects at higher levels of
biological organization, a concept known as adverse outcome pathways (AOPs).2

Two major molecular pathways are commonly affected by exposure to particles in the
nanometer range: oxidative stress and inflammation. Generation of reactive oxygen species
(ROS) fuelled by NPs or metal ions dissolved from NPs is a key mechanism of NP toxicity that
is frequently observed and is currently the best-understood mechanism,*= in which the for-
mation of highly reactive oxygen radicals can disturb mitochondrial function ultimately leading to
apoptosis.®’ However, metals and NPs are also recognized as a potent inducer of immune and
inflammatory responses.® Epithelial and mucosal linings are major components of the innate im-
mune system and are the site where NPs may be recognized as pathogens by the Toll-like re-
ceptors, triggering innate immune responses in the organism and leading to induction of pro-in-
flammatory genes such as interleukins, cytokines, and chemokines.® The organism’s response
culminates in recruiting phagocytic cells (neutrophils and macrophages) to the site of infection
or injury. This suggests that NP-induced inflammation might also serve as a sensitive molecular
response, and hence it is key to identify primary sites of induction and relative sensitivity.

In aquatic organisms, it is widely accepted that the NPs first target the outer skin and the
intestine!®, which correlates with the primary sites where the innate immune system can be acti-
vated. On the external epithelial membranes of fish, NPs can interfere with the lateral line sys-
tem, inducing oxidative stress or apoptotic cell death in neuromasts, ultimately leading to a re-
duction of functional neuromasts and attenuated orientation within a current.-*3 Although lat-
eral line neuromasts are used for screening purposes to identify immunomodulatory com-
pounds, NPs have not yet been assessed for this activity. In intestines of juvenile fish, an im-
mune response after NP exposure was detected by increased mRNA levels of pro-inflammatory
related genes after copper (Cu) NPs exposure.* Moreover, the effect was more pronounced for
the NP than for the soluble copper exposure. In zebrafish embryos, despite being a widely used
organism to screen for NP toxicity or investigate immune responses, target sites of NPs have
not yet been explored for such responses. Whole embryo assessment revealed that gold NPs
(1.5 nm) alter genes involved in inflammatory pathways after waterborne exposure of dechori-
onated embryos?® and injected silica NPs (62 nm) lead to neutrophil-mediated cardiac inflamma-
tion.'® Innate immune responses in early life stages of fish triggered by NPs is thus conceivable,
however, the assessment and localization of inflammation as a molecular key event after water-
borne exposure of NPs remains largely unexplored.

Zebrafish embryos are due to their transparency a suitable living system to study the
dermal and intestinal epithelium as potential sites of action of NPs. More importantly, the
zebrafish embryo is a widely used model organism that is well established in immunology and
allows for the tracking of fluorescently labeled compounds as well as several key immune
responsive genes and cells in different organs.!” Our aim was to use this aquatic model organ-
ism to investigate the two putative sites of NP accumulation, the skin and the intestine, and to
compare their potential to elicit an inflammatory response. To disentangle the NP contribution,
an inert polystyrene NP (PSNP) and a metallic NP (CuNP), as well as the dissolved metal frac-
tion released from the metal NP, were assessed. While Cu is a metal well-recognized for its
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potential to elicit an inflammatory response, the toxic mechanism of PSNP remains largely un-
explored. An environmentally relevant concentration of fulvic acid was added to stabilize metal
particle aggregation, complex toxic Cu?*, and mimic environmentally relevant conditions. The
dosage of NPs was based on no observed adverse effects for malformation. Immune responses
were subsequently assessed with gPCR and in situ hybridization targeting genes from the in-
nate immune responses in whole body, intestine, and body without intestine samples and with
transgenic zebrafish lines expressing green fluorescent proteins (GFP) under interleukin 1 beta
(il1B), tumor necrosis factor alpha (tnfa), neutrophil-specific (myeloperoxidase, mpx) and macro-
phage-specific (mpeg) promoter.

Materials and Methods

Materials. CuNPs (chemical formula: Cu, with a specific surface area of 30-50m?/g, a purity of
95.5% and a density of 8.92 g/cm?®) with a nominal size of 25 nm were purchased as dry powder
from loLiTec, Inc. (Germany) and copper(ll) nitrate (Cu(NO3). from Sigma-Aldrich (The Nether-
lands) was used as dissolved metal control. Fluorescent polystyrene particles (PSNP; 25 nm,
ThermoFisher Scientific, U.S.) were used as an inert NP and to track target organs of particles.
The Suwannee River humic acid (SRHA) standard containing 15% fulvic acid and 85% humic
acid (International Humic Substances Society, Atlanta, Georgia) was used as a surrogate for or-
ganic matter.

SRHA, Cu, and polystyrene nanoparticle characterization. A stock solution of 1000 mg L*
SRHA in egg water (60 mg L InstantOcean Sea Salt, Sera Marin) was prepared according to
Wang et al. (2015)*8. In pre-experiments, the nominal concentration of 30 mg L SRHA was de-
termined to decrease particle aggregation (Figure Sla, b in Electronic Supplementary Infor-
mation, ESI) and not to influence normal embryo development (data not shown). The total
amount of organic carbon (TOC) in exposure media was analyzed by TOC analysis (Thermo
Hiper; ThermoFisher Scientific, U.S.).

Prior to use, both nanopatrticles were characterized by size, shape, surface charge, and
aggregation. Transmission electron microscopy (TEM; JEOL 1010, JEOL Ltd., Japan) was used
to characterize the size and shape of the NPs after 1 hour of incubation in egg water. Size distri-
bution and zeta potential of all exposure samples were measured directly after preparation (0 h)
and after 24 h incubation by dynamic light scattering (DLS; Zetasizer, Malvern Instruments, UK).
Three independent measurements were performed, each consisting of three repeated measure-
ments. Dissolved Cu concentration from CuNP exposure suspensions was measured over time
(0 h, 24 h, and 48 h) using flame atomic absorption spectroscopy (AAS; Perkin Elmer 1100B,
The Netherlands) by collecting samples from the suspension and the supernatant (after centrifu-
gation for 20 min at 14680 rpm at 4 °C) and acidifying it in 10% HNO3 overnight at room temper-
ature. Centrifugation at this speed was previously shown to efficiently remove CuNPs from sus-
pension.® The measurements were carried out in triplicate. The percentage of dissolution of the
CuNPs was then calculated as the percentage of the total copper concentrations. Furthermore,
the amount of dissolved Cu in mg L* was used to derive the corresponding copper nitrate con-
centration. In order to achieve a copper nitrate stock solution of a known measured concentra-
tion, a stock solution of 1 mg mL? copper nitrate in Milli-Q was prepared. Thereof, serial dilu-
tions ranging from 0.4 to 5 mg L were prepared and measured by AAS to calculate a linear
standard curve of nominal versus measured copper nitrate concentration. The equation derived
from linear regression analysis allowed the use of a copper nitrate concentration corresponding
to the measured dissolved copper from CuNP.

Modelling of metal speciation. Visual MINTEQ (Ver 3.1)° was used to model the speciation of
0.59 mg L free copper (released from 1 mg L' CuNP or added as Cu(NOs),) in egg water at
pH 7.0. The NICA-Donnan model with a specification of 15% solid fulvic acid and 85% humic
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acid at a concentration of 12.9 mg L (according to mean measured concentrations) was ap-
plied to calculate the binding of metals by SRHA.

Embryo exposure. Zebrafish were handled in compliance with animal welfare regulations and
maintained according to standard protocols (http://ZFIN.org). The culture was approved by the
local animal welfare committee (DEC) of the University of Leiden and all protocols adhered to
the international guidelines specified by EU Animal Protection Directive 2010/63/EU. Zebrafish
eggs were obtained from mixed egg clutches from wildtype ABXTL strain, Tg(mpx:eGFP)?,
Tg(mpegl:eGFP)?, Tg(illb:eGFP-F)%, and Tg(tnfa:eGFP-F)?* strain. Fertilized eggs were dis-
tributed in 6-well plates (20 embryos per well) with 6 ml of exposure solution: control (egg wa-
ter), control supplemented with SRHA, 0.1 mg L* CuNP and corresponding copper nitrate con-
centration, 1 mg L'* CuNP and corresponding copper nitrate concentration, and 10 mg L™* PSNP
with 5 replicates in each group. The concentration of NPs was based on no observed adverse
effects for malformation derived from pilot studies. The CuNP at a final concentration of 0.1 and
1 mg L were dispersed in egg water supplemented with SRHA and the PSNP were dispersed
in egg water only. All exposure media were sonicated in an ultrasonic water bath (USC200T,
VWR, Amsterdam, The Netherlands) for 5 min prior to exposure.

For the copper uptake experiment and assessment of morphological endpoints (hatching
success, developmental anomalies, size, and mortality), ABXTL embryos were exposed in 6-
well plates (10 embryos per well, 1 wells per exposure group) from 0 to 120 hpf. Hatching suc-
cess, developmental anomalies, and mortality was assessed from five independent egg
clutches. Exposure medium and egg water were replaced daily and embryos were screened for
morphological endpoints using a Leica stereomicroscope (M165 C, Switzerland). At 72 hpf 10
ABXTL embryos per exposure group were sampled for quantification of copper concentrations.
At the end of exposure at 120 hpf, 10 hatched ABXTL embryos were imaged for size measure-
ment using the stereomicroscope equipped with a camera (DFC 420) and 5 embryos thereof
sampled for copper concentration measurement. The larval size was determined using Im-
ageJ®.

For RNA extraction and in situ hybridization, hatched embryos were exposed from 72 to
120 hpf in 6-well plates with one exposure medium replacement. At the end of exposure at 120
hpf, 15 embryos per replicate were snap frozen in liquid nitrogen and sampled for RNA extrac-
tion. For live imaging of immune responses, a short-term exposure of 24 h and a lower CuNP
(0.1 mg L) concentration was chosen in addition to the exposure above. A shorter exposure
time enables the detection of early inflammatory responses and a lower CuNP concentration of
0.1 mg L** was chosen, as 1 mg L copper could slow down development.

Extraction of the intestine. For organ-specific expression analysis using qPCR, the intestine of
120 hpf embryos was extracted from anesthetized embryos by fixing the anterior part with insect
needles and pulling on the jaw using forceps. The tissues were directly placed into Trizol for
subsequent RNA extraction. Intestines or bodies without intestine of 10 embryos per group were
pooled to one replicate. Three replicates per group (control and 1 mg L™* CuNP) were prepared.
Genes of interest with local expression in intestinal tissue were il18, irgll, and tnfa.

Quantification of copper concentration in zebrafish embryos. For total Cu quantification in
zebrafish embryos, 5 embryos per replicate (n = 3) were collected at 72 hpf and 120 hpf and
dechorionated if not hatched. Only viable embryos with no morphological malformations were
chosen. Embryos were washed three times with Milli-Q water supplemented with 1 mM EDTA.
Once rinsed, embryos were transferred into Eppendorf tubes and excess liquid was removed.
Samples were digested in 300 pL aqua regia (HNO3:HCI; 1:3) overnight and subsequently
heated to 70 °C to evaporate all liquid. The residue was dissolved in 0,1 n HNOs in super-
demineralized water and measured by Graphite Furnace Atomic Absorption Spectrometry (GF-
AAS; Perkin Elmer, The Netherlands).
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RNA isolation, cDNA synthesis, and expression analyses. Total RNA (1 pg) was extracted
using Trizol (Invitrogen) according to manufacturer’s protocol, purified on RNeasy MinElute
Cleanup columns (Qiagen, The Netherlands) and quantified using a NanoDrop ND-1000 Spec-
trophotometer (Nanodrop Technologies Inc., U.S.). The first strand cDNA was synthesized
thereof using the Omniscript™ Reverse Transcriptase kit (Qiagen, The Netherlands), Oligo-dT
primers (Qiagen), and RNase inhibitor (Promega). cDNAs were then diluted 5 times and reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) was conducted with gene-spe-
cific primer pairs (Table S1, ESI) mixed with SYBR Green (iQ supermix, Qiagen, The Nether-
lands). The samples were denatured for 5 min at 95 °C and then amplified using 40 cycles of 15
s at 95°C and 45 s at 58 °C or 60 °C (depending on transcript target), respectively, followed by
guantitation using a melting curve analysis post run. Amplification and quantification were done
with the CFX96 Biorad system and was run with five biological replicates (or three for intestine
and body without intestine samples) and two technical duplicates. Fold induction was calculated
by normalizing C+ values of the target gene to the C+ value of the housekeeping gene B-actin
(=ACy) and then normalized to the untreated control (AC+ untreated — AC+ treated).

In situ hybridization. Wild-type zebrafish embryos (ABXTL strain) were raised in 0.003% 1-
phenyl-2-thiourea (PTU; Sigma-Aldrich, The Netherlands) no later than 24 hpf to prevent pig-
mentation. Hatched embryos were exposed to 10 mg L PSNP, 1 mg L' CuNP and corre-
sponding copper nitrate concentration from 72 to 120 hpf with one medium exchange after 24 h.
Embryos were anesthetized with 200 ug mL* 3-amino-benzoic acid (Tricaine; Sigma-Aldrich) on
ice and fixed in 4% paraformaldehyde. Whole-mount in situ hybridization was performed using a
standard protocol®. Irgll was tested by two non-overlapping digoxigenin-labeled anti-sense
RNA probes produced by PCR amplification and in vitro transcription, using the approach previ-
ously described?’. Primer sequences (5-3): probe #1 F: CACATGTATGCTTCTGAC-
GACATCAG, probe #1 R: AAGCCCGCTTGGTTTGCTGTTGCTG, probe #2 F: GGGCATT-
GAAATACAAGGCCGACTG, probe #2 R: AGATTGTGTTGCAGCATTAGCCATTGG.

Intravenous microinjection. Wild-type zebrafish embryos were treated with PTU from 24 hpf
onwards. Embryos were manually dechorionated at 24 hpf and after anesthetizing the embryos,
injection was performed at 30 hpf in the blood island with 1 nl of MilliQ (control), 0.5 mg L*
CuNP in MilliQ, or 1 mg L* PSNP in MilliQ using a Femtojet injector (Eppendorf). All injection
solutions contained 1% phenol red and were sonicated before injection. 24 h later, whole body
and tail imaging were performed and 15 embryos per replicate snap-frozen for subsequent RNA
extraction and qPCR.

Live imaging of immune responses and NP target organs. Distribution of neutrophils and
macrophages were visualized using the transgenic zebrafish reporter lines for neutrophils
Tg(mpx:eGFP) and macrophages Tg(mpegl:eGFP) after exposure to 0.1 mg L™* CuNP and 10
mg Lt PSNP from 96-120 hpf. The activation of i/78 was visualized using the Tg(il1b:eGFP-F)
line. Embryos used for stereo fluorescence imaging were kept in egg water containing 0.0003%
PTU to prevent pigmentation. Embryos were anesthetized in tricaine for imaging with a Leica
stereo fluorescence microscope (M205 FA) equipped with a digital camera (DFC 345 FX). Each
image contains 3 channels: bright field, fluorescent green (GFPgreen), and fluorescent red
(DRSred). In order to visualize the expression of il18 and tnfa in the neuromasts and skin cells,
Tg(il1b:eGFP-F) and Tg(tnfa:eGFP-F) were exposed as described above but without PTU and
then fixed in 4% PFA overnight before being transferred in TBST and subsequent imaging un-
der a Leica SPE confocal using 40x water objective.

Statistical Analyses. The data were graphically illustrated with GraphPad Prism 6 (GraphPad
Software, U.S.). Variance homogeneity of the data was assessed with Bartlett's test. Fold
changes were log2 transformed. Significant differences between treatments were assessed by
one-way ANOVA followed by a Bonferroni multiple comparison test (p < 0.05) to compare treat-
ment means with respective controls. All measurements (TEM, DLS, TOC, AAS) were
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conducted in triplicates (n = 3) except for morphological endpoints including hatching success,
developmental anomalies, and mortality (5 independent experiments with 10 embryos each; n =
5), size measurement (n = 10), gPCR (n = 3-5), imaging of in situ, microinjections, and reporter
lines (n = 10) with one representative picture depicted. Results are expressed as means *
standard deviation of the mean (SD). Differences were considered statistically significant at p <
0.05.

Results

Nanoparticle characterization. The initial particle size of both nanoparticles, CUNP and PSNP,
was confirmed to be approximately 25 nm as visualized using TEM (Figure 1a). Imaging re-
vealed that both particles had a roughly spherical shape. The TEM images revealed single parti-
cles and agglomerates for both particles. It should be noted that the picture in Figure 1a does
not reflect a representative cluster size but the picture with the best contrast. Once dispersed in
egg water, CuUNP agglomerated immediately to clusters with an average hydrodynamic diameter
of 291 £ 30 nm and to even bigger clusters of 375 + 36 nm after 24 h. PSNP, on the other hand,
remained stable over time with an average size in the medium of 19.3 + 0.6 nm after O h or 18.8
+ 0.9 nm after 24 h, respectively (Figure 1b). The zeta potential of both particles remained be-
tween -20 and -30 mV over time (Figure 1c), indicating a continuous negative surface charge
and thus repulsion forces keeping the particles in a rather stable suspension. Nevertheless, the
CuNP clustered to agglomerates of various sizes.

The major impact of SRHA on CuNP suspension characteristics is the complexation of
the free copper ions. The total concentration of Cu?* is reduced from 49.4 % in pure egg water
to 9.2 % in egg water with SRHA as calculated by Visual Minteq (Table S2, ESI). The addition
of 30 mg L* SRHA to egg water resulted in a mean concentration of 12.9 + 0.4 mg L* TOC
(Figure S2, ESI). Deviations between measured concentrations and nominal concentration can
be attributed to the filtration step while preparing the SRHA stock solution. Although the addition
of SRHA to the CuNP suspension did not prevent clustering of particles, the distribution of the
hydrodynamic diameters was smaller and more uniform than without addition of SRHA (Figure
1b, Figure Sla, ESI). Moreover, the zeta potential remained more stable over time with SRHA,
whereas it was closer to zero after 24 h in egg water only (Figure S1b, ESI). Taken together it
can be concluded that the physicochemical characteristics of CUNP are altered towards a more
stable colloidal suspension and free Cu?* were significantly reduced upon addition of SRHA.

The total amount of copper measured in the exposure medium after 24 h was 0.08 £
0.02 mg L for 0.1 mg Lt nominal CuNP (Figure Slc, ESI) and 0.73+0.11 mg L*for 1 mg L
nominal CuNP (Figure S1d, Sl). Dissolution of free copper species after 24 h from 0.1 mg L*
CuNP was 0.06 + 0.01 mg L and for 1 mg Lt CuNP it was 0.59 + 0.09 mg L. The release of
free copper species slightly increased over the first 24 h and remained stable afterward (Figure
1d, d, SI). The concentration of Cu(NO3), was corresponding to the soluble copper fraction in
the CuNP solution as shown in Figure S1d in the ESI.

Uptake and effects during embryo development. During the first 72 h, zebrafish embryos de-
velop within a chorion. Embryos exposed to CuNP and corresponding Cu(NO3), from 0-72 hpf
showed the highest copper concentration in the chorion whereas in the embryo itself no in-
creased copper concentration was measured in comparison to the control (Figure 2a). This in-
dicates the chorions protective role in the first 72 h and thus in subsequent experiments em-
bryos were exposed after hatching. Remarkably, copper concentrations in chorions of CUNP ex-
posed embryos were significantly higher than in Cu(NOs). exposed embryos, suggesting an
increased accumulation of CuNP on the chorion (Figure 2a). Likewise, after hatching (at 120
hpf) CUNP exposed embryos contain more copper than Cu(NOs). exposed embryos(Figure 2b).
Both the intestine and the skin epithelium seem to be surface areas with increased NP accumu-
lation as PSNP accumulate in the gastrointestinal tract as well as in the cavity of lateral line
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neuromasts and on the tail epithelium (Figure 3). Methods to visualize sites of accumulation
used for CUNP and PSNP were not interchangeable, however, it is likely that both CuNP and
PSNP accumulate on the outer epidermis and in the gastrointestinal tract.

Both CuNP and Cu(NO3). had similar effects on measured morphological endpoints.
Both delayed the hatching success to the same extent (Figure 2c). At 120 hpf, all embryos of
both exposure groups were hatched, nonetheless, an equally impaired growth in both exposure
groups was measured (Figure 2d). PSNP exposure had no effect on the measured endpoints
of embryo development.

Inflammatory responses. The inflammatory responses of embryos were assessed after water-
borne exposure and injection. Further, the transcriptional alterations of waterborne exposed em-
bryos were assessed in whole embryos and in intestinal tissue.

After waterborne exposure, whole embryo mRNA of pro-inflammatory cytokines (irg1l,
il1B, and tnfa) were significantly altered after exposure to 10 mg L' PSNP and the chemokine
ccl20a after exposure to PSNP, 1 mg L' CuNP, and 0.59 mg L Cu(NOs), (Figure S3a, ESI).
Contrariwise, only for CuNP, an increased the number of neutrophils in the tail area was
counted, although not significantly (Figure S3b, ESI). Whole body and tail imaging of fluores-
cently labeled neutrophils, macrophages, and il13 did not show any difference in comparison to
control (Figure S3c, d, ESI).

When comparing intestinal tissue with body tissue (without intestine) of CUNP exposed
embryos, a significant transcriptional upregulation of il18 and irgll is measured for the body tis-
sue (Figure 4a), indicating stronger inflammatory responses in the body or skin cells. In accord-
ance with that, confocal imaging of neuromasts on the skin cells revealed a higher expression of
iI1B in all exposures. Remarkably, the strongest signal of i/18 was found in CuNP exposures, as
depicted by increased intensity of the respective GFP tagged line (Figure 4b). While the con-
trol, Cu(NO3)2, and PSNP exposed embryos have healthy skin cells composed by hexagonal
cells, the structure is changed in the CuNP exposed embryos, indicating cell death and cell ex-
trusion from the epithelium (Figure 4b, Figure S4a, ESI). Imaging of the intestines showed that
most of the il18 positive cells were macrophages surrounding the intestine of CuNP, as well to a
minor extent in PSNP, exposed embryos. Close to a heuromast, a cluster of PSNPs was found
to be engulfed by an activated macrophage, as it shows tnfa expression (Figure S4b, ESI).
Tissue-specific expression of irgll in the intestinal and dermal epithelium is shown by whole-
mount in situ hybridization (Figure 4c). In some embryos, irgll was strongly expressed in ex-
truded cell clusters surrounding the yolk and similar expressional patterns were found for il18
(Figure S5a, b, ESI) Transcriptional regulation of other genes, assessed by gPCR, is shown in
Figure S6 in the Sl

After injection of 1 nl of 0.5 mg L™* CuNP and 1 mg L'* PSNP, transcripts such as il18,
soc3a, and ccl20a were upregulated (Figure 5a). In accordance with this, a significantly in-
creased neutrophil recruitment in the tail area occurred (Figure 5b). PSNP injection did not in-
crease neutrophil recruitment. Additional transcriptional changes after injection can be found in
Figure S7 in the ESI.

Discussion

Nanoparticles in an agueous medium can be taken up by fish in numerous ways and therefore it
is expected that initial effects occur at different sites. Here, we assessed dermal and intestinal
inflammatory responses to both an inert polystyrene NP (PSNP) and a metal NP (CuNP). Alt-
hough our efforts to assess potential inflammatory responses were not exhaustive, NP-specific
responses were observed providing preliminary indications that nanoparticles can induce tran-
scriptional alteration of pro-inflammatory genes in the skin cells and the tentative gut mucosa,
and thus has potential suitability for use in adverse outcome pathways (AOPS).
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Nanoparticle contribution to toxicity. The reactivity and toxicity of nanoparticles are depend-
ent on their size in the test medium. Particle size has an inverse effect on the dissolution of
metal NPs?® and the smaller the NP the higher the chance of uptake across the cell mem-
brane?. As ions are commonly more toxic, it is the ratio between these processes that deter-
mine the overall effect. In this study, CuNP clustered to agglomerates in a wide size-range. The
agglomeration process is likely to be a dynamic process with small particles ready to contribute
to a high dissolution rate and interact with biological surfaces, while bigger agglomerates might
conciliate this effect. Thus, while ionic copper is known for inducing hair cell damage and inflam-
mation in neuromasts of zebrafish®, the NPs present in the medium might add to this effect. All
the three exposures, inert PSNP which remained as single NPs in solution, metallic CuNP, and
Cu(NO:s); elicited responses in the endpoints measured here and therefore it is concluded that it
is a contribution of both particle and ionic metals.

Innate immune responses in zebrafish skin. During the first three days of development,
zebrafish embryos are protected by a chorionic layer that hampers nanopatrticles and to a cer-
tain extent also metals from reaching the embryo.3*=22 In accordance with this, we found that a
later stage of embryonic development is more suitable to assess mechanisms of action of nano-
particles as the chorion blocks particle and copper passage. After hatching, copper concentra-
tions of CuNP exposed embryos were higher than in Cu(NO3), exposed embryos and PSNP ac-
cumulated on the skin, neuromasts, and in the intestine (Figure 2b, Figure 3), indicating an in-
creased accumulation of CUNP and PSNP on outer or inner epithelial layers. The gills are not
yet functional and the skin cells are enriched with ionocytes (Na+-pump-rich cells) taking care of
the osmoregulation and therefore transepithelial absorption of ions.®* Although the skin primarily
acts as a barrier, it is thus most likely, that the skin epithelium is one of the target organs for
NPs or metals released from NPs.

With the adaptive immune system not yet being fully developed in zebrafish larvae,® the
innate immunity is their first defense against invaders. Immune responses triggered by NPs is
suggested to start with the recognition of the particle by toll-like receptors® or fueled by the NPs
generation of free radicals which both can initiate the secretion of cytokines such as /18 and
tnfa. Our data show that il18, was increasingly transcribed in skin cells and neuromasts of all
exposed embryos, and in the body (without intestine) samples of CUNP exposed embryos, indi-
cating the vulnerability of the outer epithelium. The expression of i[18 around the neuromast
was the most pronounced in CuNP and the membrane-bound il18 revealed damaged cellular
structure resulting in cell death and cell extrusion from the epithelium (Figure 4b) likely to cause
function loss of the neuromasts as shown previously for metal NPs.! This was less pronounced
in Cu(NOs)z, and PSNP treated embryos, leading to the conclusion that the response measured
for CuNP is a combination of Cu(NOs3). and NP activity. In accordance with this, the number of
functional lateral line neuromasts is reduced to a higher extent in CuNP than in CuSO4 exposed
zebrafish embryos (96 hpf)!! and mRNA levels of metallothionein and copper transporter are in-
duced more in Cu,O NP than in CuCl, treated zebrafish embryos (120 hpf)*®. It is remarkable
that plastic NPs elicit an immune response on the epithelial membranes, which has not been re-
ported so far. Furthermore, il18 is required for the recruitment of neutrophils,? which were in-
creased in the tail area of at least the CuNP exposed larvae. The results found here are demon-
strating consecutive events of a local innate immune responses for CuNP; from adsorption to
outer epithelial layers and neuromasts to local induction of pro-inflammatory cytokines to the
accumulation of neutrophils.

Innate immune responses in the intestine. A major target organ for NP accumulation is the
intestine, as after hatching, larvae start to open their mouth and transition from yolk to external
feeding. Accumulation of NPs in zebrafish larval intestines has been shown previously.®? How-
ever, description of local mechanisms of actions is scarce. Ozel et al. (2014) report increased
levels of intestinal serotonin secretion in zebrafish larvae after CUONP exposure, while TiO» and
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As-containing NPs increase intestinal ROS production in zebrafish larvae,*3° and AgNP can
disrupt the epithelial mucosa and adversely affect the intestinal microbiota of adult zebrafish*°.
The latter may be related to immune responses as several studies indicate that induction of in-
flammation in zebrafish larvae intestines requires the presence of microbes.*=**To our
knowledge, we provide the first evidence for gut-associated transcriptional changes of immune
response-related genes after NP exposure in zebrafish embryos.

In the intestine of exposed zebrafish larvae, an increased local expression of irgll for all
exposure groups was found by in situ hybridization, which was also hinted by intestinal mMRNA
expression of CUNP exposed embryos. While a previous in vitro study provides evidence that
soluble Cu is likely to be responsible for the induction of pro-inflammatory cytokines in intestinal
cells,** there is no distinct difference between the intestinal irg1l expression of CuNP and
Cu(NO:s) treatments in this study (Figure 4c). Moreover, irgll was altered to an even higher ex-
tent in body tissue without intestine samples (Figure 4a), indicating the importance of the outer
membrane. However, dermal expression of irgll in in situ embryos was detected in only a few
specimens which might be reasoned with the loss of the loosely attached dermal cells (mucus;
Figure S5, ESI) after the repeated washing steps or proteinase K digestion. Both the intestinal
as well as the dermal cells are thus sites of action for NPs to induce immune responses. Over-
all, taking the expression of /1 in intestinal tissue (Figure 4b) into account, responses ap-
peared to be weaker in the intestine as compared to the skin cells or neuromasts.

Injection of NPs mimics the absorption into the organism which can occur at least for
PSNP after waterborne exposure in juvenile zebrafish.*> However, the internal concentration of
fish in the environment remains speculative. While injection of both CuNP and PSNP in this
study led to transcriptional alteration of several immune response-related genes, the number of
neutrophils in the tail area was only increased in CuNP injected embryos. Previous studies indi-
cated, however, that injected PSNPs can activate pathways related to immune responses when
injected into the yolk of 2 days old zebrafish embryos (700 nm PSNPs) as well as in fathead
minnow plasma (41 nm PSNP).4¢4” Because of the compliment activation by PSNP#¢, a much
earlier response by macrophages could occur, which is not captured after 24 h of exposure in
this study or alternatively plastic particles might be ingested by non-immune cells which was
exemplified by Hosseini and colleagues®.

Innate immune responses in zebrafish as a key event in AOP. Here we show that different
NPs elicit similar inflammatory responses in the tissues affected, particularly the intestine, the
skin, and neuromasts. These observations may be of relevance to the efforts to develop com-
pound agnostic AOPs, and our data provide potential starting points for such efforts by demon-
strating the induction of recognized inflammatory markers. The next steps would be to develop
guantifiable assays for the level of induction in order to formalize them as key events, which
could be based on standardized microscopy or by transcriptional approaches. Further steps
would involve ascertaining the adverse outcome at individual or population levels, as well as the
determination of the molecular initiation event which sets off the inflammatory response.

In a developing fish, a contaminant-induced stress response will demand energy
sources that are otherwise allocated to growth and maintaining overall health. Such adverse
outcomes may be initiated by several events (e.g. oxidative stress or inflammation) and can be
triggered by various contaminants. To explore the NP-specific effects on overall health and allo-
cated energy sources, we compared morphological endpoints such as hatching and growth. No
difference between CuNP and Cu(NOs), was found here, whereas previous results indicate
stronger effects on hatching from CuNP than corresponding soluble copper.®® However, in this
study, the detailed confocal imaging of il183, a key player in the inflammatory response, shows
clear differences in the two treatments around the neuromasts. Neuromasts are essential to de-
tect water movements and thus sense approaching prey, interact socially, or move with the cur-
rent (rheotaxis). Several NPs, including TiO>NP, AgNP, and CuNP as well as soluble copper
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has the potential to activate apoptotic cell death around lateral line neuromasts and ionocytes
which was associated with a reduced ability to orientate in a current.1*-333° |t is thus conceivable
that NPs accumulating and affecting neuromasts induce behavioral changes as an adverse out-
come, which has been reported previously for CUNP®°, AgNP®!, and PSNP®? and was related to
neurotoxicity. Our data add to evidence that PSNPs, and likely also CuNPs, accumulate in neu-
romasts where they are phagocytosed by macrophages (Figure S4b, ESI), resulting in local in-
duction of pro-inflammatory cytokines, which may act as a precursor for damaged or apoptotic
neuromasts leading to a potential adverse outcome. Focusing on inflammatory genes here, it is
not excluded that oxidative stress plays a role too. A second adverse outcome related to NPs
and immune responses may be immunosuppression, as shown by reduced host defense of
adult fathead minnows exposed to TiO, NPs.*?

Our data, therefore, suggest key biological target sites for NP exposed fish where an
early key event, deregulation of innate immune responsive genes, potentially could lead to an
adverse outcome such as a behavioral change. Furthermore, the screening of the neuromasts
proved to be a suitable site to detect NP accumulation and inflammatory responses, and there-
fore it is suggested that screening of neuromast cells for acute inflammatory response in com-
pound toxicity assessments can be extended to nanoparticles. The majority of particles showed
adsorption to the outer membranes, specifically in the gut and skin cells and hence caused an
acute inflammatory response. As a consequence, the Critical Body Residue approach®*®®, al-
lowing the relation to the internal accumulation of soluble chemicals to effects, is not applicable
for these nanoparticle exposures. Taking the framework of building an Adverse Outcome Path-
way! is a different approach that allows to mechanistically relate exposure to effects, and can
potentially deal with low absorption potential in cells. Our study identifies target tissues of water-
borne NP exposure and a set of key players of NP-related molecular effects, the immune
marker genes il18, irgll, as well as neutrophil accumulation, suggesting possibilities to relate
the induction of inflammatory responses to population-related endpoints. Yet the quantitative re-
lationships on dose-responses relativeness of the key events should be determined as a next
step. Also, lower concentrations might represent an environmental realistic scenario, although
environmental concentrations of particularly nanoplastics are unknow so far.

Conclusions

Using a limited but representative set of inflammatory response markers, this study assessed
dermal and intestinal inflammatory responses to both an inert polystyrene NP (PSNP) and a
metal NP (CuNP). Obtained results provide the first evidence that nanoparticles can induce pro-
inflammatory responses in the skin and intestine cells. Responses were further observed to be
more pronounced in the skin, indicating that the skin is more sensitive to NPs than previously
anticipated. It can therefore, be speculated that inherent NPs-induced damage to neuromasts
embedded in the lateral line can subsequently translate to behavioral changes, and thereby an
adverse outcome at the population level. Transcriptional alterations of immune system regulat-
ing genes were observed for PSNPs, CuNP, and Cu ions, in which CuNP elicited the strongest
response, indicating that both the nanoparticulate form and the metal ion contributed to the ob-
served response. The potential of metal and plastic NP to induce innate immune responses in
zebrafish embryos thus indicates that this mechanism of action, particularly in the skin, could
prove suitable for screening purposes and serve as a building block in AOPs.
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Figure 1. Characterisation of CuNP and PSNP in exposure medium. (a) TEM image of 25 nm CuNP in egg water supplemented
with SRHA (Scale bar: 100 nm) and of 25 nm PSNP in egg water (Scale bar: 200 nm) after 1 h of incubation. NP agglomerates in
TEM images are not representative of what was found in the majority of the pictures but represents the picture with the best contrast
to derive shape and size. (b) DLS profile showing the distribution of the hydrodynamic diameter of CuNP in egg water supplemented
with SRHA and PSNP in egg water after 0 h and 24 h. (c) Zeta potential of CuNP and PSNP after 0 h and 24 h. (d) Dissolution pro-
file of Cu over time of 1 mg L' CuNP in egg water supplemented with SRHA at different time points in % and mg L. Error bars are

+ standard deviation (SD) of measured values for each exposure group consisting of 3 replicates.
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670
671 Figure 2. Effects of CuNP and corresponding Cu(NOs), exposure on zebrafish embryo development. Zebrafish embryos were

672 exposed to 1 mg L™ CuNP and corresponding Cu(NOs), concentration (0.59 mg L) form 0-120 hpf. (a) Total copper concentration
673 in zebrafish embryos, dechorionated embryos, and chorions in pug per embryo at 72 hpf and (b) total copper concentration in

674 zebrafish embryos at 120 hpf (n = 3). (c) Hatching rates of zebrafish embryos demonstrating equally delayed hatching success of
675 zebrafish embryos exposed to CuNP and Cu(NO3), (n = 5, with 10 embryos per replicate). (d) Effect of 1 mg L't CuNP and corre-
676 sponding Cu(NOs), on growth of zebrafish embryos measured as body length at 120 hpf (n = 10). Error bars are + standard devia-

677 tion (SD) of measured values for each exposure group.
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682 Figure 3. Main target organs of PSNP accumulation in zebrafish embryo at 120 hpf. Representative fluorescence microscopy
683 image depicting accumulation of PSNP (red) in the intestine and confocal microscopy images depicting PSNP accumulation in the
684 cavity of a neuromast on the lateral line and skin (tail).

685
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Figure 4. Local expression of immune response regulated genes in embryonic intestine and skin after waterborne expo-
sure from 72-120 hpf. (a) Transcriptional alterations of immune response related genes (il18, irgll, tnfa) in intestinal tissue and
body tissue without intestine of wild-type zebrafish embryos exposed to 1 mg L* CuNP. Relative expression levels were normalized
to rpl13a, calculated relative to expression levels in control embryos. Asterisks indicate significant differences to controls (*p < 0.05,
**p < 0.01, and ***p < 0.001). Values are presented as mean = SD (n = 3). (b) Representative images of caudal intestines (above)
and neuromasts (below) of control with SRHA, 1 mg L™ CuNP, corresponding Cu(NOs),, and 10 mg L™* PSNP waterborne exposed
Tg(illb:eGFP-F) embryos. Egg water control and SRHA control were similar. The transgenic reporter zebrafish line Tg(illb:eGFP-F)
expresses a membrane-targeted green fluorescent protein (GFP-F) under the control of the interleukin 1 beta (i/718) promoter. White
lines delineate the intestine. CUNP exposed embryos display non-hexagonal shaped cells. Scale bars = 20 um. (c) Representative
images of in situ hybridization showing the expression profile of irgll mMRNA in wild-type zebrafish embryos after exposure to 1 mg L
1 CuNP, corresponding Cu(NO3), concentration, and 10 mg L™ PSNP from 72-120 hpf. For PSNP exposure group a fluorescent mi-
croscope picture is inserted showing the presence of fluorescent particles (red; white arrow) in the intestine. Strongest staining was
observed in the intestine after exposure to either CuNP, Cu(NOj3),, and PSNP (black arrow).
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702
703 Figure 5. Inflammatory responses in zebrafish embryos after injection of CuNP and PSNP. (a) Transcriptional alterations of
704 immune response related genes (il18, tnfa, irg1l, socs3a, ccl20a) in zebrafish embryos injected with 1 nl of 1 nl of 0.5 mg L™ CuNP

705 and 1 mg L PSNP at 30 hpf and sampled 54 hpf. Relative expression levels were normalized to rpl13a, calculated relative to ex-
706 pression levels in control embryos. Values are presented as mean + SD (n = 5). (b) Corrected total cell fluorescence (CTCF) of the
707 tail area from Tg(mpx:eGFP) zebrafish embryos, in which GFP is expressed in neutrophils, injected with CuNP and PSNP at 30 hpf
708 and imaged at 54 hpf. Values are presented as mean + SD (n = 10). Asterisks indicate significant differences to controls (*p < 0.05,
709 **p < 0.01, and ***p < 0.001).
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