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In Vivo Characterization and Toxicity Assessment of Silver Nanoparticles
In Homeostatic versus Regenerating Planarians

Silver nanoparticles (AgNPs) currently belong to the most commercialized nanomaterials, used in both
consumer products and medical applications. Despite its omnipresence, in-depth knowledge on the
potential toxicity of nanosilver is still lacking, especially for developing organisms. Research on
vertebrates is limited due to ethical concerns, and planarians are an ideal invertebrate model to study
the effects of AgNPs on stem cells and developing tissues in vivo, as regeneration mimics
development by triggering massive stem cell proliferation. Our results revealed a strong interference
of AgNPs with tissue- and neuroregeneration which was related to an altered stem cell cycle. The
presence of a PVP-coating significantly influenced toxicity outcomes, leading to elevated DNA-
damage and decreased stem cell proliferation. Non-coated AgNPs had an inhibiting effect on stem cell
and early progeny numbers. Overall, regenerating tissues were more sensitive to AgNP toxicity, and
careful handling and appropriate decision making is needed in AgNP applications for healing and
developing tissues. We emphasize on the importance of AgNP characterization, as we showed that

changes in physicochemical properties influence toxicity.



Introduction

Silver nanoparticles (AgNPs) are currently the most widely used nanoparticles in consumer
products such as food containers (Carbone et al., 2016), clothing (Lee et al., 2007), toothpaste
and cosmetics (Benn et al., 2010). Because of their antibacterial and anti-inflammatory
properties, the advantages of AgNPs have been intensively explored for diverse medical
applications (Chen and Schluesener, 2008, Dakal et al., 2016). They are considered beneficial
for tissue regeneration and wound repair (Kumar et al., 2018) and are explored as a treatment
for diseases such as leukemia (Guo et al., 2013) and HIV (Elechiguerra et al., 2005).

The high production volumes, use and waste disposal of AgNP-containing
consumables inevitably result in the release of AgNPs into the environment (Benn et al.,
2010, McGillicuddy et al., 2017, Peters et al., 2018), raising concerns regarding the impact on
the environment and human health. Risk assessment, however, is not evident, as variable
effects on the cyto- and genotoxic potential of AgNPs are reported (EI Yamani et al., 2017).
Moreover, developing organisms and tissues are often more susceptible to chemical
compounds and particles (Neal-Kluever et al., 2014, Falck et al., 2015). In stages of rapid cell
division, stem cells are highly vulnerable to environmental chemicals, which can lead to
adverse effects on differentiation processes and development (Perera and Herbstman, 2011).
In vitro stem cell toxicity studies report contradictory results on AgNP toxicity. Liu et al.
(2015) showed that AgNPs cause oxidative stress and a cell proliferation stop in embryonic
neural stem cells in vitro, indicating adverse effects on neurodevelopment. Likewise, Park et
al. (2011) linked the generation of reactive oxygen species (ROS) and DNA damage to the
inhibition of stem cell proliferation in two different stem cell types. Sengstock et al. (2014)
found an impaired osteogenic differentiation of human mesenchymal stem cells (hMSCs) by
80 nm AgNPs. On the other hand, no change in cell differentiation was observed in human

adipose-derived stem cells exposed to 10 and 20 nm AgNPs (Samberg et al., 2012), or in



hMSCs exposed to polyvinylpyrrolidone (PVP)-coated 30 nm AgNPs (He et al., 2016a). An
important factor hampering a straightforward comparison of toxicity, is the large variety in
physicochemical properties of the NPs under study (McShan et al., 2014). A thorough
investigation of properties such as size (Cho et al., 2018), shape (Abramenko et al., 2018) and
agglomeration (Bantz et al., 2014) of AgNPs before and during exposure is therefore of
utmost importance, in order to avoid conflicting results on seemingly similar NPs (Zhu et al.,
2013). Moreover, the surface of AgNPs is often functionalized in order to selectively
influence their properties. A protective coating can help in preventing agglomeration of the
particles in suspension (de Lima et al., 2012), but the behavior and toxicity of NPs in
biological systems might be affected by the addition of a coating (Nguyen et al., 2013). Silver
nanoparticles are generally stabilized with PVP, a synthetic polymer that is considered
physiologically inactive (Liu et al., 2013).

In this study, we used the freshwater planarian Schmidtea mediterranea to study
underlying mechanisms of nanoparticle toxicity on stem cells, regeneration and development
in vivo. Planarians have gained interest as toxicological models for compounds such as
carcinogens or neurotoxicants (Inden et al., 2004, Gentile et al., 2011, Hagstrom et al., 2015,
Stevens et al., 2017). Recently, they were established as a model for assessing nanotoxicity in
studies on boron nitride NPs (Salvetti et al., 2015) and AgNPs (Kustov et al., 2014). Because
of their large pool of pluripotent stem cells, planarians can regenerate any damaged or
amputated tissue, including the entire nervous system, which makes them attractive organisms
for (neuro-)developmental research (Hagstrom et al., 2016). In addition, as regeneration is
induced by amputation, adults can be studied in parallel with genetically identical
regenerating animals. We exposed the worms to non-coated (NC-AgNPs) and PVP-coated
(PVP-AgNPs) spherical AgNPs with a nominal size of 20 nm (actual primary particle size: +

35 nm) to address changes in physicochemical parameters and toxic effects related to the



addition of a coating. Homeostatic animals were compared to regenerating animals in order to
specifically screen for stem cell-related and developmental effects. To ensure that our results
were reproducible and meaningful, an important part of this study was devoted to the
determination of the particle characteristics and cellular uptake, in vivo. This enabled us to
link variations in physicochemical parameters during AgNP exposure with the observed
effects.

Materials and Methods

Silver Nanoparticle Suspension and Characterization
Non-coated (NC-AgNPs; Ag = 99.99%) and polyvinylpyrrolidone-coated (PVP-AgNPs;
~0.2wt%) spherical AgNPs with a nominal size of 20 nm were purchased from US Research
Nanomaterials Inc (Houston, USA). The average diameter and structure of the AgNPs was
studied with a transmission electron microscope (TEM; Philips EM 208 S), equipped with a
TEM CCD camera (Morada Soft Imaging System). TEM samples were prepared by placing a
small drop of AgNPs stock solution onto carbon coated copper grids and allowing it to dry.
Stock solutions of NC- and PVP-AgNPs were prepared by dispersing the NPs in
MilliQ water to a concentration of 5 g¢/l, followed by sonication for 2 x 5 min (probe
sonicator, Analis, Belgium, amplitude 18 um) to avoid agglomeration. In between the cycles,
an ice bath reduced suspension heating during sonication. The stock solutions were stored
until use (within 1 week) at room temperature and in the dark. Prior to exposure, the AgNP
stock solution was sonicated for 5 min and diluted with culture medium to the preferred
exposure concentration, followed by sonication for 3 x 10 min and cooling for 10 min on ice
in between cycles. The actual exposure concentrations were analyzed with inductively
coupled plasma optical emission spectrometry (Optima 8300, PerkinElmer, USA), both

undiluted and diluted 1:10 in 2% nitric acid (HNOs, 69-70%, J.T. Baker, The Netherlands).



The intensity-based hydrodynamic diameter (dn), the zeta potential ({) and the
dispersity index (D) of the exposure medium was measured via dynamic light scattering

(DLS) by using a 90Plus Bi-MAS/ZetaPALS (Brookhaven Instruments Corporation, USA).

Model Organisms and Experimental Design

An asexual strain of the planarian Schmidtea mediterranea was used as previously described
(Pirotte et al., 2015). The last 7 days prior to an experiment, the planarians were starved.
Experiments were performed in regenerating and homeostatic animals. Regeneration was
induced immediately before exposure by transversally cutting homeostatic animals anterior to
the pharynx (mouth part) with an ethanol-sterilized razor blade, creating a head and tail part.
Animals were exposed in 1 ml exposure medium per worm, control groups in culture medium
were always included. During the 3 and 7 days exposure experiments, the exposure medium
was refreshed once and twice respectively. The exposure concentrations (between 5 and 50
mg/l) were selected based on literature.

In order to compare the toxicity of nanosilver to ionic silver (Ag*), the organisms were
exposed to equivalent concentrations of 5 - 50 mg/l silver nitrate (AgNOs, Sigma Aldrich),
using 2.5 - 50 mg/l Ca(NOs)2 (Holeywell Fluka) as a control for the administered nitrate.

To assess a possible disturbance of the ROS balance by AgNPs in exposed animals,
we added a water soluble SOD inhibitor to the exposure medium. Diethyldithiocarbamic acid
sodium salt (DETC, 0.25 puM; Sigma Aldrich) was dissolved in culture medium with 5 mg/I
PVP-AgNPs and compared with control animals (medium and medium + DETC) and exposed
animals (5 mg/l PVP-AgNPs). Regenerating animals were compared with homeostatic
animals, ten animals were used per condition. After 7 days, effects were studied by measuring
differences in the unpigmented regeneration bud at the wound side, which is called the
blastema. Blastema areas were quantified using ImageJ (version 1.48v) on digital micrographs

of gliding animals acquired with a Nikon Cs-Ri2 digital camera mounted on a Nikon SMZ800



stereomicroscope. Each blastema area is an average of three independent measurements,

normalized against the total body area of the worms.

Silver Nanoparticle Uptake and Distribution
Worms were exposed to 5 and 15 mg/l NC- and PVP-AgNPs for 7 days (homeostatic worms)
and for 1 and 3 days (regenerating worms). The silver concentration in the different water
phases and worms was determined by inductively coupled plasma mass spectrometer (ICP-
MS) after 1, 3 or 7 days of exposure. Five individual worms were transferred to a 1.5 ml tube
and samples were processed as described by Gray et al. (2013), with adjustments. A full
description can be found in Supplement 1. The particle number concentration, particle size
distribution and ionic concentration were measured using a NexION 350S ICP-MS
(PerkinElmer, USA) in single particle mode (SP-ICP-MS). Silver concentrations were
determined for each phase (epidermal mucus, wash water, worms, medium and sediment).

To characterize the distribution pattern of AgNPs in the worms, homeostatic animals
were exposed to PVP-AgNPs (15 mg/l, 10 days), followed by mucus removal with 2%
HCI/PBS. Next, the animals were fixed and mounted in glycerol. AgNPs were localized by
their plasmonic-excited fluorescence in whole mount using confocal laser-scanning
microscopy (CLSM), combined with a nuclei- and cell membrane specific counterstain.
Regenerating animals were exposed to 5 mg/l PVP-AgNPs for 3 days. Animals were Killed in
5% N-acetyl-L-cysteine (NAC) in phosphate buffered saline (PBS) for 7 min, which also
removes the mucus layer. The worms were fixed with 4% deionized formaldehyde (FA) in
PBS for 25 min while shaking, the solution was refreshed once after 10 min. After two
washing steps with PBS (4 x 10 min) and 50% MeOH in PBS (10 min), the samples were
incubated in 100% MeOH at -20°C for at least 1 h, and washed with 50% MeOH in PBS (2 x
10 min) and PBS (10 min). Membrane and nuclei counterstaining was performed overnight

with 4 pg/ml Wheat Germ Agglutinin Alexa Fluor™ 488 Conjugate (WGA, Invitrogen,



cellular membranes) and 5 pM Vybrant DyeCycle Ruby stain (Invitrogen, nuclei) in PBS.
The stained samples were rinsed 6 x 10 min with PBS and mounted in Shando Immu-Mount
(Thermo Fisher Scientific, Germany). CLSM was performed using a Zeiss LSM510 META
confocal microscope mounted on an Axiovert 200M (Zeiss, Germany). Specific information
on laser types and band-pass filters can be found in Supplement 2. Image acquisition was
performed with the ZEN software version 2.3 (Zeiss) and processed with the image
processing package Fiji (ImageJ v1.52e, Open source software, http:/fiji.sc/Fiji).
Morphological Characterization of Tissue Regeneration

Nanosilver-related effects on regenerative capacity were studied by measuring differences in
the blastema. The blastema area of twenty regenerating head and tail parts, unexposed and
exposed to 15 mg/l NC-AgNPs and PVP-AgNPs, were measured daily from 4 - 7 days post
amputation (dpa). Blastema areas were measured and processed in the same way as described
earlier.

To study the regeneration of photoreceptors, twenty worms were decapitated and
exposed to 15 mg/l NC-AgNPs and PVP-AgNPs. According to our experience, planarian eye
regeneration takes place from the 5" dpa. Worms were scored on the presence of
photoreceptors and on their clarity (faint or clear) on the 7" dpa.

Immunohistochemistry

In order to study effects of AgNP exposure on the stem cell proliferation, the in vivo mitotic
activity was examined using an immunohistochemical staining with anti-phospho-Histone H3
(H3P) antibody, as described previously (Pirotte et al., 2015). The analysis of mitosis was
performed on at least six homeostatic and regenerating animals per experiment, which were
exposed to 50 mg/l for 7 days and 5 - 35 mg/l for 1 and 3 dpa, respectively. Samples were

digitized and the mitotic stem cell number was counted with the Nikon imaging software
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(NIS-Br). The number of mitotic stem cells was normalized against the total body area of the
worms.

Neurodevelopment was studied by decapitating at least eight animals per experiment
and studying the regenerating head at 7, 10 or 14 dpa. Exposure concentrations ranged from 5
— 15 mg/l. To study cephalic brain ganglia degeneration, at least seven homeostatic animals
per condition were exposed for 7 or 14 days to 15 and 5 mg/l, respectively. Samples were
stained with an anti-synapsin 3C11 antibody (Developmental Studies Hybridoma Bank,
developed by Buchner E.) as described by Pirotte et al. (2015). The relative brain widths were
measured as described by Hagstrom et al. (2015) (schematic representation in figure 2D).
Measurements were performed with ImageJ (version 1.48v) on digital images acquired with a
Nikon Cs-Ri2 digital camera mounted on a Nikon SMZ800 stereomicroscope.
Fluorescent in situ Hybridization
The fluorescent in situ hybridization protocol is based on King and Newmark (2013), and
modified as described by Stevens et al. (2017). Additional adjustments in the protocol or
experimental specifications are mentioned here. At least five regenerating heads and tails per
experiment were exposed for 3 days to 5 mg/l NC- and PVP-AgNPs. Animals were killed and
fixed, after which they were washed in PBST (PBS + 0.3% Triton X-100) and rinsed in 50%
MeOH/PBST and 100% MeOH. They were incubated at least 1 h at -20°C in 100% MeOH.
Samples were rehydrated and incubated in 1x saline-sodium citrate (SSC, in MilliQ water).
Pigmentation was removed after 2 h in deionized formamide bleaching solution (5%
formamide, 0.5x SSC and 1.2% H»0,). 1xSSC was added for 5 min, followed by PBST
washes. Proteinase K solution for permeabilization was added for 7-8 min. Animals were
again fixed and washed in PBST. A 50% prehybridization/PBST solution (without heparin
nor DTT) was added for 10 min, followed by fresh prehybridization solution for 2 h, at 56°C.

Samples were incubated in 1-5 ng probe per ul hybridization solution (prehybridization



solution + 5% dextran sulphate) for about 18 h at 56°C. Probes were synthesized according to
Stevens et al. (2017), being Smedwi-1 (Reddien et al., 2005), a marker for dividing adult stem
cells, and SmedNB21.11e, a marker for early stem cell progeny (Eisenhoffer et al., 2008).
Probes were removed by a series of washing steps with decreasing concentrations of SSC at
56°C. Samples returned to room temperature in 2 x 10 min TNTx buffer solution (0.1M Tris,
0.15M NaCl and 0.3% Triton X-100, pH = 7.5). Non-specific binding sites were blocked with
blocking solution (5% horse serum and 0.5% Roche Western Blocking Reagent diluted in
TNTX) for 1.5 - 2 h. An anti-Digoxigenin-POD antibody (Roche, USA) in blocking solution
(1:500) was added overnight (4°C). Samples were washed repeatedly in TNTX. Tyramide
signal amplification (TSA) mix was made by dissolving FAM fluorescein (1:500), 4-
iodophenylboronic acid (1:100) and H20 (0.003%) in TSA buffer (2M NaCl and 0.1M boric
acid; pH = 8.5; sterilized). TSA mix was added to the samples for 15 min, followed by
washing steps in TNTx and PBST. A counterstain with 5 uM Vybrant DyeCycle Ruby stain
(Invitrogen) in PBST was added overnight (4°C), followed by washing steps with PBST and a
postfixation. After some final washing steps with PBST, samples were mounted in Shando
Immu-Mount (Thermo Fisher Scientific).

The expression patterns of Smedwi-1 and SmedNB21.11e were visualized using a
fluorescent microscope (Nikon Eclipse 80i) with a Nikon Cs-Ri2 digital camera. The number
of cells expressing SmedNB21.11e was determined in the heads and in the postpharyngeal
area and at the right side of the pharynx in tails with the Nikon imaging software (NIS-Br)
and normalized against the total body area of the worms.

COMET Assay
DNA damage was assessed with the alkaline comet assay, according to Stevens et al. (2017).
Additional adjustments in the protocol or experimental specifications are mentioned here.

Regenerating animals were exposed to 5 mg/l NC- and PVP-AgNPs for 3 days, controls were



regenerated in cultivation medium. In short, cells were obtained after cell dissociation of one
animal per sample (six samples per condition). Samples were filtered through a 35-uM filter
(Pluriselect). Two comet slides were made of each sample and considered to be technical
repetitions. Electrophoresis was carried out at 1 VV/cm (~0.95V/cm) over the platform, for 20
min at 4°C. Image analysis was performed with a Zeiss fluorescence microscope
(Axiolmager.Z2, equipped with SlideFeeder X80) using the 10x objective magnification.
Comet images were automatically captured with Metafer 5 (Metasystems) and subsequently
analyzed with the Comet assay 1V (Instem - Perceptive instruments) to assess the amount of
DNA damage. The tail intensity, being the % DNA in the tail relatively to the total amount of
DNA in the comet, as well as tail moment (the product of the % tail DNA and the tail length)
were calculated by the software and used for further data analysis. Median values were
calculated per sample and average values were determined of the technical repetitions.
Statistical Analysis

Groups were statistically compared using a one-way analysis of variance (ANOVA) or a two-
way ANOVA followed by a Tukey HSD post-hoc test for multiple comparisons. Normality
was tested according to the normality test of Shapiro-Wilk. If the assumptions of normality
were not met, a transformation of the data set was applied (Log, Square root, 1/x and €¥). All
statistical analyzes were performed using RStudio 0.98.1103 (Rstudio, Inc.). P-values <0.05

were considered significant.

Results

Characterization of AgNP in Exposure Medium

Silver nanoparticle characterization was based on shape, primary particle size, dn, { and B
(Table 1). Both NC- and PVP-AgNPs were spherical in shape and approximately 1.5 times
the nominal size indicated by the manufacturer (Figure S1(A-B)). Volume-based D10, D50

and D90 sizes correspond to the 10%, 50%, and 90% of particles under the reported d+. Zeta



potentials were slightly negative for NC-AgNPs (-9.48 mV) and PVP-AgNPs (-6.79 mV) and
the samples were moderately polydisperse. Size distribution for both NC- and PVP-AgNPs in
the exposure medium was similar (Figure S2(A-B)) with 37 nm having the highest frequency
(Table 1). Mean sizes were 110 nm and 101 nm for NC- and PVP-AgNPs, respectively. After
48 h (the moment of refreshing), four times more sedimentation was observed for NC-AgNP
particles compared to PVP-AgNPs. In an additional experiment, AgQNP medium without
worms was analyzed (Table 2). The concentrations of NC-AgNPs and PVP-AgNPs in the
water column were three to seven times higher compared with the medium containing worms.
No Ag* was detected in both media after 48 h.

Particle Uptake and Distribution in the Organism

The particle size distribution and concentration in regenerating worms were measured at 1 and
3 dpa. All measurements, unless indicated otherwise, are the results of at least two
independent experiments. The size distributions of silver in the worms was smaller compared
to that of the exposure medium (Figure S2(C-D). The most frequent particle size in the worms
exposed to 15 mg/l during 3 days was similar in worms exposed to NC- and PVP-AgNPs,
with a decrease in mean particle size between 1 day and 3 days of exposure (Figure 1(A)).
Silver was detected in the epidermal mucus in concentrations up to 0.083 pg/l (Figure 1(A)).
Silver concentrations significantly increased in function of exposure concentration and time (p
< 0.001) (Figure 1(B)). Homeostatic worms contained similar concentrations of both NP types
after 7 days of exposure (Figure 1(B)), with mean sizes ranging from 29 to 48 nm (NC-
AgNPs) and from 28 to 49 nm (PVP-AgNPs). Both NP types exhibit an absorption maximum
of 405 nm and a broad emission band from 400 to 700 nm, which was used to identify their
internal tissue and cellular distribution by confocal microscopy (Figure S3(A)). No specific
distribution pattern could be determined within the body, although a fraction of the NPs seems

to accumulate in the gut (Figure S3(B)). The intracellular uptake of both NPs was evident



from their presence inside the cytoplasm (Figure 1(C)). Particles were observed in the
immediate area around the nucleus (Figure S3(C)). By means of fluorescent stem cell
staining, we were able to locate both NP types in or around stem cells (Smedwi-1, Figure

1(D)) and early progeny (SmedNB21.11e, Figure 1(E)).

Physiological and Morphological Alterations in Regenerating Animals due to AgNP
Exposure

Tissue regeneration (blastema formation, photoreceptor appearance and the formation of the
cephalic ganglia) was monitored over time. A timeline of the experiments is represented in
Figure 2(A).

Tissue Regeneration is Disrupted by PVP-coated AgNPs

The anterior and posterior blastema sizes of PVP-AgNP-exposed worms were significantly
smaller (15 mg/l, p < 0.001) compared to non-exposed worms (Figure 2(B)). The inhibiting
effect on anterior regeneration was confirmed at a lower PVP-AgNP concentration (5 mg/l, p
= 0.001, Figure 4(A)). In 59% of the PVP-AgNP-exposed animals, eyespots were partially
regenerated (33%) or absent (26%) (Figure 2(C)). In case of NC-AgNP exposure,

photoreceptor regeneration was disrupted in 24% of the animals.

PVP-coated AgNPs Induce Neurodevelopmental Toxicity

Neurodevelopmental toxicity was assessed via measurements of relative brain sizes after
regeneration under NC- and PVP-AgNP exposure for 7 dpa (5 and 15 mg/l), 10 dpa (15 mg/l)
and 14 dpa (5 and 15 mg/l), as described by Hagstrom et al. (2015) (Figure 2(D)). When
considering all experiments, 4.35% of regenerating animals exposed to NC-AgNPs and 9.30%
of those exposed to PVP-AgNPs failed to regenerate their cephalic brain ganglia. At 7 dpa,
the lowest NC-AgNP exposure resulted in a significantly larger relative brain size, compared
to the non-exposed worms (p = 0.036). When exposed to the highest exposure concentration,

10% of NC-AgNP- and 29% of PVP-AgNP-exposed animals couldn’t regenerate their



cephalic brain ganglia. In the other animals, PVP-AgNP exposure resulted in a decreased
relative brain width (p = 0.022). At 10 dpa, 8% of NC-AgNP- and 17% of PVP-AgNP-
exposed animals did not regenerate a new brain, however no changes in brain size were
observed in the organisms who did. At 14 dpa, all animals regenerated a brain and only the
highest concentration interfered with brain regeneration, resulting in smaller brains in both
NC-AgNP- (p < 0.001) and PVP-AgNP-exposed (p < 0.001) worms.

Exposure to both types of AgNPs decreased the motility of regenerating organisms
and changed the type of motility behavior in a concentration-dependent way. The most
prominently displayed change in behavior was a shift from gliding (Video S4(A)) to dragging
(Video S4(B)). Other observed behavioral alterations were curling, screw-like movements,
side lying and immobility (Figure S5(A-B)). Behavioral effects were more pronounced during
PVP-AgNP exposure, as compared to the NC-AgNP-exposed animals. On the 3" dpa, 5 mg/I
NC-AgNPs affected about 7% of the exposed animals, whereas 20% was affected when

exposed to 5 mg/l PVP-AgNPs.
Cellular and Molecular Alterations in Regenerating Animals due to AgNP Exposure

Changes in Stem Cell Dynamics

No changes in stem cell proliferation were detected in the regenerating heads after one day of
exposure. Three days of exposure to 5 mg/l PVP-AgNPs induced a significant decrease in
H3P-positive cells (p = 0.005), whereas exposure to NC-AgNPs resulted in a slight, but not
significant, proliferation decrease (p = 0.067) (Figure 3(A)). Three days of exposure to 15
mg/l NPs resulted in a significantly lower amount of proliferating stem cells for both NC-
AgNPs (p = 0.002) and PVP-AgNPs (p = 0.003). Also a 3-day exposure to 35 mg/l NC-
AgNPs, resulted in a significantly declined stem cell proliferation (p = 0.004). In the tail parts,

stem cell proliferation was less clearly affected, with only a significant increase after 1 day



exposure to 15 mg/l PVP-AgNPs (p = 0.018). No effects were seen after 3 days of exposure
(Figure S6(A)).

As most differences in stem cell proliferation were found 3 dpa, the total amount of
stem cells was visualized by Smedwi-1 expression at that time point. Compared to the non-
exposed worms, Smedwi-1 expression decreased in the heads of AgNP-exposed worms, with
the largest decline in Smedwi-1-expressing cells in NC-AgNP-exposed animals (Figure 3(B)).
No differences were detected in the regenerating tails (Figure S6(B)).

Early progeny cells were quantified via SmedNB21.11e-expression (Figure 3(C)). At 3
dpa, NC-AgNP-exposed head parts showed a significant decrease in NB21.11le-expressing
cells (p < 0.001), while PVP-AgNP exposure induced no differences (p = 0.188).
SmedNB21.11e-expression in tails was significantly decreased in both AgNP-types (p <
0.001) (Figure S6(C)).

Redox-related Alterations

We functionally evaluated the role of the internal redox status using a SOD inhibitor.
Interfering with the redox balance induced significant regeneration defects in head and tail
parts (p = 0.032 and p < 0.001 respectively). In tail parts, the disturbed regeneration by PVP-
AgNPs was improved with the simultaneous exposure to the SOD-inhibitor, as a significantly
larger blastema was observed compared to the non-exposed SOD-inhibited worms (p < 0.001)
(Figure 4(A)). No alterations were seen when PVP-AgNP exposed head parts were
simultaneously exposed to a SOD-inhibitor (p = 0.504) (Figure S7(A)).

AgNPs Induce DNA Damage

The amount of DNA damage was significantly elevated in regenerating heads exposed to 5
mg/l PVP-AgNPs during 3 days (p = 0.028), with an average of 12.60% tail DNA compared
to 7.19% tail DNA in controls (Figure 4(B)). The amount of DNA damage found after NC-

exposure in heads was also increased (11.49% tail DNA), though not significant. A similar



result was seen when calculating the tail moment, which combines tail DNA with the smallest
detectable sizes of migrating DNA. A higher number was measured in PVVP-exposed heads
(2.18) compared to control heads (0.69, p = 0.045), although an elevation was also seen in
NC-exposed heads (1.29) (Figure S7(B)). In tails, NC- and PVP-AgNP exposure did not
result in a difference in tail moment, compared to controls (p = 0.739 and p = 0.775,
respectively). Higher numbers in tail moment were found in exposed heads, compared to
exposed tails (p = 0.024).

High Toxicity of Silver lons

To verify if the observed effects could relate to the release of Ag™ from AgNPs, regenerating
worms were exposed to 5 - 50 mg/l AgNOs. After a few hours of exposure with AgNOs, the
regenerating worms started displaying altered behavior (immobility, dragging), followed by a
100% mortality within one day. No effects were observed in the control group exposed to
Ca(NO3) (data not shown).

AgNPs Have Little Effects in Homeostatic Animals

Fully regenerated animals represent a condition of physiological homeostasis, and a
comparison with regenerating animals offers the possibility to uncover regeneration-
associated effects of AgNPs.

In homeostatic animals, no behavioral changes were observed at the lower exposure
concentration (5 mg/l) during 14 days of exposure. Exposure to 15 mg/l did induce behavioral
changes from the 3" day for PVP-AgNPs (dragging, 30% of animals), and from the 5" day
when exposed to NC-AgNPs (50% of animals). Screw-like movements and side-lying
behavior was only seen at the highest concentrations (50 mg/l).

In contrast to the regenerating animals, AgNPs induced no significant effects on the
stem cell proliferation (at 50 mg/l), as illustrated in Figure 5(A). No impact of interfering with

the redox balance was observed on animal behavior or phenotype when inhibiting SOD



during NP exposure (data not shown). No brain degradation was noticed in animals exposed
to 5 or 15 mg/l NC- and PVP-AgNPs during 7 or 14 days (Figure 5(B)).

Also in homeostatic animals, exposure to Ag® ions immediately led to altered
behavior, with a high incidence of immobility. One day of exposure, even to the lowest

AgNO3 concentration, resulted in 100% mortality.

Discussion

Nanoparticles are economically attractive because of their small size and high reactivity. After
their release into the environment or when taken up by organisms, these particles can undergo
physicochemical transformations, resulting in a broad spectrum of particle sizes, particle
complexes and properties (Almeida et al., 2011). Because of this variability, regulation on
nanoparticle-containing consumables is not straightforward. Especially for children and
developing organisms, which are known to be more susceptible, toxicity is not well
formulated (Neal-Kluever et al., 2014, Falck et al., 2015). On the other hand, AgNPs are
considered as beneficial in tissue regeneration and wound repair (Kumar et al., 2018). These
discrepancies emphasize the need to understand possible effects of AgNPs on developing
cells and tissues, while taking the physicochemical variations into account.

We used the freshwater flatworm Schmidtea mediterranea to address AgNP-induced
effects on tissue development and regeneration. We show that an interdisciplinary approach to
study NP toxicity is needed to explain heterogeneous responses. Too little in vivo studies take
into account the physicochemical characteristics and the actual exposure concentrations, in
order to link them to uptake, distribution patterns and adverse outcomes. For example, the
actual size of the AgNPs used in this study was considerably larger than their nominal
reported particle size (Figure S1(A-B) and they reached a hydrodynamic diameter op to 268
nm in suspension (Table 1). Secondly, AgNP-type-dependent changes in both concentration

and particle size were observed during the exposure period (Figure 1(A), Table 2). PVP



coating prevents association to larger aggregates, resulting in smaller particles and a higher
concentration in the medium (Table 2, Figure S2(A-B)). Sedimentation also depends on the
surrounding environment (Fabrega et al., 2011), such as the presence of chloride in the
exposure medium (Li et al., 2010) and the production of organic material such as mucus, in
which particles agglomerate (Table 2). This way, the bioavailability in the water column is
reduced, while increasing the risk for benthic organisms.

Planarians inhabit the lowest water layer, and can uptake NPs as they glide over the
substrate. The observed intestinal accumulation (Figure S3(B)) might be related to a slow
depuration rate of the ingested AgNPs (Zhao and Wang, 2011) or to a low distribution to
extra-intestinal tissues (Zhao and Wang, 2010, Bergin and Witzmann, 2013). High AgNP
concentrations in the digestive tracts are not necessarily correlated to a higher toxicity. Zhao
and Wang (2011) demonstrated that Daphnia magna can accumulate extraordinary high
intestinal AgNP levels, without obvious signs of toxicity. This was confirmed by Pakrashi et
al. (2017), who correlated mortality rates in Daphnia magna with AgNPs accumulation in
non-gut tissues. Most likely, the intestinal mucus forms a protective barrier against AgNPs,
comparable with the epidermal mucus layer of the worms which appeared to trap and
agglomerate AgNPs (Figure 1(A), Table 2). Also in other organisms, mucus has a similar
protective function, e.g. in the gills of fish or in the human respiratory system (Courrier et al.,
2002, Scown et al., 2010).

In addition, intestinal pH levels interfere with the particle uptake. Dissolution of
AgNPs increases as pH decreases (Behra et al., 2013). Our model organism is expected to
have a slightly acidic intestinal pH (<5.5) (Goupil et al., 2016), suggesting a potential release
of Ag" in the gut. This can be linked to the observed reduction in mean AgNP sizes inside the
organisms, occurring between 1 and 3 days of exposure (Figure 1(A)). Dissolution of 20 nm

AgNPs with PVP surfactant was also observed in the gut of organisms with a more neutral



pH, such as isopods (Romih et al., 2016). The released silver ions, which can enter cells via
ion transporters, are considered to be more toxic than AgNPs (Zhao and Wang, 2011, Bilberg
et al., 2012, Mehennaoui et al., 2016, Pakrashi et al., 2017). We did not detect Ag* ions in the
exposure medium, suggesting a low exposure to external Ag*. When we externally
administered Ag® ions, both regenerating and homeostatic animals reacted very strong,
resulting in a 100% mortality within the first 24 h at the lowest AgNO3z concentration.

Cellular uptake of Ag particles was confirmed by confocal microscopy (Figure 1(C))
and ICP-analysis revealed a higher bioavailability of the smaller-sized fraction (Figure S2).
Particulate silver might be also formed biogenically from Ag* in vivo, as demonstrated in
earthworms and rats (van der Zande et al., 2012, Baccaro et al., 2018). Nanosilver and
released ions interfere with the regeneration process, resulting in smaller blastema sizes and a
delayed regeneration of the photoreceptors. Solely PVP-coated AgNPs strongly disrupted
anterior and posterior regeneration and although they are considered to be physiologically
inactive (Liu et al., 2013) (Figure 2(B-C)). We further investigated this effect, as PVP-coated
AgNPs in combination with chitosan are considered promising in wound healing (Archana et
al., 2015). Underlying the disturbed regeneration process lies a significant decrease in stem
cell proliferation in the regenerating heads at 3 dpa, a point in time considered to be the
mitotic maximum (Figure 3(A)) (Bagufa, 1976). The mitotic decrease can at least partially be
related to DNA damage, which was mainly detected in heads exposed to PVP-AgNPs (Figure
4(B)). Ahamed et al. (2008) also found higher DNA damage by coated AgNPs in vitro,
compared to uncoated AgNPs, which they explained by the more individually distributed
particles. Eyeless phenotypes or defective eyes were also observed by Asharani et al. (2011)
in developing zebrafish embryos after exposure to polyvinyl alcohol-coated AgNPs (5-20
nm), induced after damage to DNA or proteins responsible for eye development. NPs were

located near the nuclei (Figure S3(C)), where they can act as a source of Ag” (McShan et al.,



2014), or indirectly induce DNA damage via oxidative stress. In addition to the decreased
stem cell proliferation, we observed a decrease in the total amount of stem cells and early
progeny cells in the head parts, although this difference was stronger in NC-AgNPs-exposed
worms (Figure 3(B-C)). We were able to locate AgNPs in or nearby Smedwi-1 expressing
stem cells and early progeny cells (Figure 1(D-E)). We hypothesize that AgNPs are taken up
by stem cells, but due to technical limitations of the confocal technique, we cannot exclude
NP signals emerging from above or below the focal plane. Several in vitro studies have
assessed the effects of AgNPs on stem cells, with contradictory results. Inhibitory effects on
stem cell proliferation were found for non-coated AgNPs (Liu et al., 2015) and PVP-coated
AgNPs (Greulich et al., 2009, He et al., 2016a) in various stem cell types. Other studies
detected an inhibition of differentiation by non-coated AgNPs (Park et al., 2011, Sengstock et
al., 2014). However, several studies reported that exposure to AgNPs did not alter (Samberg
et al., 2012, Liu et al., 2014b, He et al., 2016b) or even stimulate (Qin et al., 2014, Ong et al.,
2016) stem cell differentiation. Differences can be related to the different set-up, again
emphasizing the importance of physicochemical and toxicokinetic characterization in each
experiment. Only this way, potential risks can be properly estimated, for example by
including these properties as an additional parameter to assess toxicity in vivo, and explain
heterogeneity in toxic effects. In any case, the variability in healing and toxicity potential are
to be considered in AgNP applications, especially for smaller particle sizes and in case of
PVP coating. These can be taken up by stem and early progenitor cells, as suggested by our
data.

Another parameter interfering with AgNP toxicity is tissue heterogeneity. Heads were
more sensitive to AgNPs, resulting in a stronger mitotic delay, potentially caused by more
fragmented DNA (Figure S7(B)). Also head regeneration (i.e. regenerating a new head from a

tail part), and especially the formation of the cephalic ganglia, was delayed, with more



pronounced results after PVP-AgNP exposure (Figure 2(D)). This is of added value to
existing literature, as most studies on neurodevelopmental effects of AgNPs were performed
in vitro (Liu et al., 2015, Repar et al., 2018, Yamada et al., 2018). Similar to what was
previously demonstrated (Pirotte et al., 2015), a well-balanced redox homeostasis is needed to
regulate stem cell differentiation rather than proliferation or maintenance in regenerating tails
(Figure S6). Organisms with delayed regeneration due to AgNP exposure were ‘rescued’ by
interfering with the redox system. By inhibiting SOD, superoxide degradation and hydrogen
peroxide production rates are altered, thereby counteracting a potential disbalance. We further
hypothesize that also other antioxidant mechanisms are activated during AgNP exposure, to
compensate SOD inhibition (Abdal Dayem et al., 2017) (Figure 4(A)).

Our experiments on homeostatic animals again emphasized AgNP toxicity towards
developing tissues (Figure 5). Not even the highest concentrations (up to 50 mg/l for 7 days)
led to effects on stem cell proliferation or brain ganglia in the homeostatic animals. We did
observe behavioral effects which might indicate neurodegeneration, but this could not be
confirmed at tissue level (Figure 5(B)). It is possible that more subtle effects on specific
neuronal populations were missed. We hypothesize that developing organisms are more
sensitive to AgNPs, because of the important role of proliferating (stem) cells in early
development, which functioning relies on redox-related changes (Liu et al., 2014a). A higher
sensitivity of stem cells compared to differentiated cells was reported earlier for zinc oxide
NPs (Taccola et al., 2011), a metallic NP with redox balance disturbing potential (Zhao et al.,
2016). Recently, Zuberek et al. (2018) showed that proliferating human neuronal cells are far
more susceptible to AgNPs (20 nm) compared to differentiated neurons. Silver particle-
specific toxicity towards proliferating cells can prove useful in the destruction of cancerous

proliferating cells (AshaRani et al., 2009).



To conclude, the sensitivity of regenerating organisms to AgNPs demonstrated in this
study suggests careful handling of AgNP in applications for healing or developing tissues.
The AgNP-induced effects on stem cell dynamics and the delayed neuroregeneration indicate
that it is essential to include tissue heterogeneity and nanoparticle characteristics in future risk
assessment. AgNP characteristics influenced subcellular effects such as the severity of DNA
damage and characteristics changed during exposure, forming agglomerates and precipitating
out of suspension. Based on these results, we want to emphasize the importance of
characterizing NP properties in different settings, and strongly suggest to take these

characteristics into account in toxicity studies.
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