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The growing demand for effective antimicrobials determined a significant increase of new nanoformulated
materials to fight against bacteria and viruses, to be used in many industrial sectors including textiles,
cosmetics, pharmaceuticals, and air and water filtering. Nano silver (Ag)-based materials, well-known for
their antibacterial properties, are among the most exploited ones. However, the toxicity mechanisms of Ag
nanoparticles (NPs) are still debated, requiring more evidence to support a safe-by-design (SbD) strategy
for these materials. This study used zebrafish (D. rerio) to assess and compare the toxic and adverse effects
(AEs) of commercial Ag-NPs (naked and PVP-coated) and newly synthesized hydroxyethylcellulose-coated
Ag-NPs in solution (Ag-HECs) or the powder (Ag-HECp) form. Statistical correlation analysis between AEs
and NP physico-chemical (p-chem) properties, such as size, surface charge, and solubility, was also
performed. The results ranked the materials as follows in terms of acute lethality (LCso) and malformation
(ECso) effects: Ag-HECp > Ag-HECs > Ag-PVP > Ag-NKD. Notable AEs included axial defects, pericardial
edema, and reduced lipid yolk consumption, impacting embryo growth and hatching time. Correlation
analyses showed that the stabilizing agent HEC, though a safe polymer, played a significant role in
modulating Ag-NPs' reactivity toward embryonic structures. The study discusses the biological mode of
action and potential molecular events underlying the observed effects. These findings contribute to
understanding the biological targets and AEs modulated by tuning Ag-NPs' properties and will additionally
feed the SbD frameworks under development for implementing safe and sustainable Ag-based nano-
enabled antimicrobial materials.

Antimicrobial silver-based NPs embedded in the eco-friendly biopolymer hydroxyethyl cellulose (Ag-HECs) were conceived in a safety-by-design framework,
aiming to efficiently combat bacteria and viruses while minimizing impact on non-target organisms. Zebrafish embryos, used to bridge in vitro and in vivo
studies, highlighted that the novel Ag-NPs did not show improved safety compared to commercial Ag-NPs, when considering acute toxicity and relevant

adverse effects (AEs). Correlation analysis between AEs and NPs' p-chem properties revealed that the NP surface chemistry and positive { potential were
crucial factors affecting the reactivity towards zebrafish and pointed out the possibility of making Ag-NPs safer by tuning such properties. This finding
provides valuable insights for optimizing nanomaterial design to minimize harm to human and environmental health.
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1. Introduction

The nanotechnological market is rapidly expanding all over
the world, allowing great advantages in the production of
many consumer goods with improved efficacy in many

Scienza 1, 20126 Milano, Italy. E-mail: patrizia.bonfanti@unimib.it, industrial ~sectors. One of the main fields where

paride.mantecca@unimib.it

nanomaterials (NMs) find fertile ground for their application
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represents a high demanding sector for novel materials and
coatings capable of fighting the spread of bacterial infection,
including those caused by the steadily growing antibiotic-
resistant strains as well as addressing the emergence of viral
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infections such as SARS-CoV-2."? In this respect, many NMs
are under scrutiny for their ability to kill bacteria and
inactivate viruses basing on their biological reactivity. In
particular, metal and metal oxide nanoparticles (NPs), like
Ag, CuO, ZnO, MgO, and TiO,, can provide long-term
antibacterial and antibiofilm effects through the production
of reactive oxygen species (ROS) that are able to induce
damage to cellular structures, metabolic pathways, and DNA
replication in bacterial cells.®* Moreover, it has been
evidenced that, thanks to their efficient ROS-mediated
cytotoxicity, resulting in bacterial growth inhibition, metallic
NPs induced an attenuation in antibiotic resistance gene
transfer.* These findings push toward an increasing use of
metallic NMs for developing antimicrobials.
Nonetheless, concerns about their human and eco-toxicity
are slowing down their application and access to the market.
Thus, for NMs to be used in daily healthcare and other
industrial applications, such as antimicrobial textiles and
depolluting and antibiofilm air and water filters, a key
challenge is to ensure human and environmental safety,
preventing or minimizing NM toxicity. A suitable approach to
guarantee such characteristics to new nano-antimicrobials is
represented by the safe-by-design (SbD) strategy, which is
based on the possibility to design and re-design materials
and processes during the initial stages of product
development, to minimize exposure and hazards, while
optimizing the efficacy.”® In the framework of the EU H2020
project ASINA, Ag-based NMs are developed and investigated
for producing functional antimicrobial textiles and
cosmetics, according to SbD principles. To implement the
strategy, both NMs and nano-enabled products (NEPs)
containing Ag-NPs are being optimized to achieve efficient,
but safe antimicrobial activities. In a recent review on the
effects and mode of action of Ag-NPs in bacteria, human cells
and in vivo systems, it is underlined how the exact
bactericidal and cytotoxic mechanisms of Ag-NPs remain
almost unclear.” They may arise from either Ag-NPs
themselves or released Ag ions; the final cytotoxic effects
have been reported to be dose-, size- and time-dependent.®°
Nevertheless, Ag-NP toxicity to both prokaryotic and
eukaryotic cells strictly depends on the particle physico-
chemical (p-chem) properties and in particular on the surface
reactivity.'"” These authors reported that the structural
properties of the NPs might influence the release of Ag" ions,
which ultimately are the key players of the NP surface
oxidative potential and the consequent cellular toxicity. This
gives reason to the many efforts still in place to find out the
best modality to synthesize and tune the surface properties
for engineering Ag-NPs, with the final aim of improving their
antibacterial action without increasing their toxic effects on
human cells and on environmental organisms.

Noteworthily, the surface modification may significantly
modulate the Ag-NP toxic effects even more than other
parameters. Studying the effects of Ag-NPs coated with
polyvinylpyrrolidone (PVP), citrate, citrate-tannic acid, citrate-
gluthathione or gum arabic on Japanese medaka (Oryzias
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latipes), Kwok et al. demonstrated that the Ag dissolution
largely depended on the NP size, but the toxicity was mainly
affected by the NP aggregation behaviour, which in turn was a
result of the properties dictated by the coating materials.'*
Similarly, citrate- and branched polyethylenimine (BPEI)-coated
Ag-NPs displayed different embryotoxic and teratogenic effects
on exposed Xenopus laevis embryos, as a consequence of the
enhanced capability of the positively charged BPEI-Ag-NPs to
interact with and affect embryonic tissues.'* In in vitro cultured
murine RAW 264.7 macrophages, 20 nm and 50 nm Ag-NPs
coated with bovine serum albumin (BSA), PVP and chitosan
influenced TNF-a and ROS production, with the negatively
charged BSA-Ag-NPs being the more potent in inducing the
adverse effects.”® In HepG2 cells treated with Ag-NPs modified
with sodium bis(2-ethylhexyl)-sulfosuccinate,
cetyltrimethylammonium bromide, PVP, poly-L-lysine and BSA,
both uptake and cytotoxicity were significantly affected by the
coating, again with the BSA-Ag-NPs being the most toxic,
although no clear correlations with the particle surface charge
were identified."* Taken together, these results evidence how
Ag-based hybrid NMs, usually obtained by surface modification
with polymers, are worthy of additional efforts in view of
characterizing the hazard profile and the role of the modifying
agent in orienting the mechanisms of toxicity.

The possibility to generate new hybrid NMs takes
advantage of an almost infinite variety of combinations
between e.g metal NPs and synthetic or bio-based
polymers, which make the option of case-by-case biological
testing on traditional mammalian models unfeasible, since
they are cost- and time-consuming. In this sense, the use
of zebrafish (Danio rerio) embryos may provide significant
contributions for alternative nanotoxicity screening using a
whole organism model that can bridge the gap between
in vitro and mammalian biocompatibility studies. This
vertebrate developmental in vivo model is relevant in
aquatic toxicity studies, as well as in predictive
mechanistic human toxicology,"”> while Noyes et al
suggested zebrafish as a powerful and easy-to-use in vivo
model for sustainable chemical design.'® It has been also
definitely established as a valuable model for NP toxicity
assessment,"” with several published papers also reporting
on the adverse effects of Ag-NPs."®2' The size, with
smaller particles being the most toxic, and dissolution of
Ag ions seem to be the most important factors driving
the Ag-NP toxicity in zebrafish.**** By adopting a
toxicogenomic approach, the last authors reported that the
main  molecular affected  are  oxidative
phosphorylation and protein synthesis, independent from
the nano-, bulk and ionic form of Ag, thus suggesting a
common mechanism of action. Despite the huge efforts
put in the last ten years to elucidate the Ag-NP toxicity,
relatively few papers specifically address the interplay
between the metallic core and the polymer surface coating
in determining the hazard profile and the toxicity
mechanisms of hybrid NMs in zebrafish. Nonetheless, this
represents a aspect for the synthesis and

events
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application of new Ag-based nano-antimicrobials, following
the SbD framework.

To this end, in this study, the hazard profile of newly
synthesized hydroxyethylcellulose (HEC)-coated Ag-NPs,
obtained in solution (Ag-HECs) or the powder (Ag-HECp)
form, was evaluated and compared to that of commercially
available polyvinylpyrrolidone (PVP)-coated Ag-NPs (Ag-PVP)
and naked Ag-NPs (Ag-NKD) on zebrafish embryos. The
synthesized Ag-HEC NPs have previously demonstrated their
antimicrobial activity (against both Gram + and - bacteria,
E. coli and S. aureus respectively, and viruses, Sars-Cov-2),>*
making them promising candidates for fighting resistant
pathogens. Moreover, the Ag-HEC NPs are derived from a
single-step, environmentally friendly synthesis, performed at
room temperature, and their efficacy is guaranteed even at
low concentrations, making them promising NMs also from
a perspective of sustainability.”® HEC, known for its
intrinsic antibacterial properties, serves as a benign agent
and is particularly effective in stabilizing Ag-NPs in water,
allowing their use in manufacturing processes (e.g. spray
coating) for their incorporation in nano-enabled products
(NEPs), such as textile or cosmetic products with
antibacterial and antiviral properties, and their application
also in hospitals.>*>*

After the p-chem characterization of the NPs and the
suspensions, the fish embryo acute toxicity (FET) test®” was
performed to determine the concentration-dependent toxic
responses, as well as the comparative lethal and teratogenic
concentrations. To  promote the knowledge and
implementation of the SbD approach, the main adverse
morphological outcomes have been characterized and
correlated with the particles’ p-chem properties.

2. Materials and methods
2.1. Ag nanoparticles

Naked silver-nanopowder (Ag-NKD) (99% trace metal basis,
CAS number 484059) and silver-nanopowder containing
polyvinylpyrrolidone as a coating agent (Ag-PVP) (99.5% trace
metal, CAS number 576832) were purchased from Sigma-
Aldrich and used as reference materials for a comparative
toxicological analysis with the ASINA produced NMs. As
reported in the product datasheet, the primary size of Ag-
NKD and Ag-PVP NPs was <150 nm and <100 nm,
respectively. ASINA NPs, kindly provided by the Italian
National Research Council (ISSMC-CNR, former ISTEC-CNR,
Faenza, Italy), are Ag coated with hydroxyethyl cellulose
(HEC), obtained in suspension or in the powder form
(referred to in the text as Ag-HECs and Ag-HECp,
respectively), as previously described.>******° The Ag
concentration in suspension was equal to 0.5% wt in Ag-
HECs and 7.18% wt in Ag-HECp. The detailed
characterization of these novel NPs reported by Motta et al.
revealed a rather narrow primary size distribution for both
Ag-HECs and Ag-HECp NPs (3-20 nm and 5-50 nm for Ag-
HECs and Ag-HECp, respectively).*”

This journal is © The Royal Society of Chemistry 2024
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2.2. Preparation and characterization of Ag-NP suspensions

Stock suspensions were prepared according to a standardized
dispersion protocol established in the ASINA project.*
Briefly, stocks of 1 mg Ag mL™' Ag-NPs were prepared in
sterile MilliQ water as follows. Ag-NKD and Ag-PVP were
weighed, and the suspensions were dispersed by sonication
cycles (1 s pulse, 1 s pause) for 10 min using a probe-type
ultrasonic homogeniser (Sonopuls HD3100, Bandelin, Berlin,
Germany), operating at 40 W. Ag-HEC stock suspension was
vortexed for 30 s and directly diluted in MilliQ water to reach
the desired concentration. Ag-HECp powder was weighed, left
to set overnight in the appropriate volume of MilliQ water
and then vortexed for 30-60 s. No sonication was applied for
the two Ag-HEC NPs. Ag-NP stock solutions were kept at +4
°C in the dark and used for analysis within one month.

Dynamic light scattering (DLS), transmission electron
microscopy (TEM) and inductively coupled plasma optical
emission spectrometry (ICP-OES) analyses were used to
characterize Ag-NP suspensions in terms of size, shape,
surface charge ({-potential), agglomeration state and
dissolution.

TEM analyses were performed on Ag-NP suspensions
prepared in MilliQ water at a concentration of 100 pug mL™;
five uL of suspension was deposited on a TEM grid (Formvar-
carbon support film, 200 mesh, copper) and left to dry
overnight. All the samples were observed under a Jeol Jem
2100 Plus TEM microscope (Jeol Ltd., Tokio, Japan).

For DLS analysis, Ag-NP stock suspensions were vortexed
and diluted in distilled water (DI) and embryo rearing
solution (FET solution) (in mg L™": NaHCO; 100, Instant
Ocean salt 100, CaSO, 190) to obtain the concentration of 10
and 100 mg L™ for Ag-NKD and Ag-PVP and 10 mg L™ for
Ag-HECs and Ag-HECp. All the suspensions were analysed
using a Zetasizer Nano ZS90 (Malvern Ltd., Warwickshire,
UK) at time 0, just after preparation, and after 24 h and 96 h
of incubation at 25 °C to assess the NP stability in
suspension for the entire duration of the FET test. Three
independent suspensions for each NP were run in triplicate
to obtain the average hydrodynamic diameter (Dy), size
distribution based on the polydispersity index (PdI) and
{-potential measurements.

ICP-OES analysis was performed to assess the release of
Ag' from NPs in FET solution. Briefly, Ag-NP suspensions
prepared in FET solution at concentrations of 1-10 and 100
mg L™" were sampled under static conditions (without further
shaking of the starting suspensions) at three time points (t0,
t24 and t96 h), representing the conditions of exposure of the
embryos. Samples were filtered through 10 kDa molecular
weight cut-off membranes (4500 rpm for 45 min) and the
filtered solutions were analysed by ICP-OES coupled with a
OneNeb nebulizer (ICP-OES 5100 vertical dual view
apparatus-Agilent Technologies, Santa Clara, CA, USA). The
analysis was performed in radial viewing mode, and
calibration curves were obtained with 0.1, 1.0, 10.0 and 100.0
mg L™ standards for the Ag element (PerkinElmer 1 mg L™
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Ag in 2% HNO;, N9304265). Nitric acid was added to
standards and diluted samples (1:10 v/v).

2.3. Fish embryo toxicity test

Wild-type zebrafish (AB strain) were maintained as described
in the ESIT (Materials and methods S2). All experiments were
performed on embryos within 120 h post fertilization (hpf),
thus were not subject to animal experimentation rules
according to European and Italian directives.”’ To obtain
critical concentrations able to incite nanotoxicity in 50% of
96 hpf zebrafish embryos, a fish embryo toxicity (FET) test
was set up following the OECD guideline n. 236 (ref. 27) with
minor modification.

Briefly, groups of 20 zebrafish embryos at the same
developmental stage (3 hpf) were selected and randomly
transferred into Petri dishes (@ 6.0 cm) (5 embryos per dish)
containing 10 mL of FET solution (control group) or Ag-NP
suspensions at different concentrations. Based on previous
range finding tests, nine fresh final working concentrations
considering the Ag mass range of 0.1-100 mg L™* for Ag-NKD
and Ag-PVP and 0.1-15 mg L™* for Ag-HECs and Ag-HECp
were prepared in FET solution starting from sonicated (Ag-
NKD and Ag-PVP) or vortexed (Ag-HECs and Ag-HECp) stock
solutions. The suspensions were vortexed for 30 s prior to
use to obtain homogeneous dispersion of particles. The
solution with the stabilizer HEC at two concentrations (1 and
10 mg L), equivalent to those of Ag-HEC NP suspensions,
was also tested by FET to identify its potential toxicity.
Embryos were exposed in a thermostatic chamber (Piardi,
Italy) at 26 + 0.5 °C, under static conditions.

Lethal endpoints (coagulation, lack of somite formation,
lack of tail detachment from the yolk sac, lack of the
heartbeat) indicating acute toxicity were monitored daily until
the end of the test (96 hpf). Hatching rates of all treatment
and control groups were recorded in embryos at 48, 72 and
96 hpf.

Moreover, to assess whether exposure to Ag-NPs affected
the organogenesis, a list of phenotypes representative of
morphological endpoints to evaluate teratogenicity was
considered (see Table 3).

At least three independent exposure experiments were
performed and the experiments were considered valid only if
the survival rate in the control embryos was >90%. At the
end of experiments, the mortality index, the percentage of
altered phenotypes among survivors and the hatching rate
were determined to obtain the median lethal concentration
(LCsp), the median effective concentration (ECs,) and the
median hatching time (HTs,), respectively.

2.4. Ag uptake quantification in embryos

Accumulation of Ag was performed in 96 hpf zebrafish larvae
exposed to 10 mg L™" (Ag-NKD and Ag-PVP) and 1 mg L™" (Ag-
HECs and Ag-HECp) concentrations corresponding to at least
one third of the calculated LCs,. Larvae (pools of 50 animals;
n = 3 experimental replicates per treatment) were collected at
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the end of the FET test and processed according to Boyle and
Goss.*” Briefly, after being transferred to 15 mL tubes and
washed 4 times with an excess of NaCl (2.9 g L™") to remove
Ag bound to the body surface, zebrafish were rinsed in MilliQ
water and stored in dry ice until requested. For Ag
quantification, larvae were treated by adding 0.25 mL of
nitric acid and 0.25 mL of hydrogen peroxide to each sample.
The digested mixture was added to 2.5 mL of MilliQ water
and then analyzed by ICP-OES coupled with a OneNeb
nebulizer (ICP-OES 5100—vertical dual view apparatus -
Agilent Technologies, Santa Clara, CA, USA). The analysis was
performed as described in section 2.2.

2.5. Morphometric analyses

At the end of each FET test, a subset of ten 96 hpf zebrafish
larvae were randomly collected from each experimental group
(in total at least n = 30), anesthetized in 0.016% tricaine
methanesulfonate (MS-222) and fixed in 10% neutral
buffered formalin. Photomicrographs in lateral (left side) and
dorsal view of the larvae mounted in 3% methylcellulose were
taken using a stereomicroscope Zeiss (Stemi SV6) equipped
with a digital camera (Axio Cam ERc5s). Digital images were
processed with Zen 3.4 (blue edition) software to quantify the
following morphometric features: body length (distance from
the tip of Meckel's cartilage to the tail tip), eye size (area and
longitudinal diameter), yolk sac area and head width (see
Fig. 6A). Morphological parameters were not measured at the
highest exposure concentrations when the mortality rates
were higher than 90%.

2.6. Morphological and elemental analyses of the chorion by
scanning electron microscopy (SEM)

For chorion SEM analysis, 48 hpf zebrafish embryos were
randomly selected from the control, reference Ag-NP (25 mg
L") and Ag-HEC NP (5 mg L") groups (n = 6 each, 2
embryos/group, 3 biological replicates) and anesthetized with
MS-222. The chorions were mechanically separated from the
embryos by using tweezers and fixed overnight (O/N) in 2%
glutaraldehyde in 0.1 M Na-cacodylate buffer (CAC), washed
with 0.1 M CAC and post-fixed with 1% osmium tetroxide
prepared in 0.1 M CAC for 90 min at room temperature (RT).
Each sample was dehydrated with a graded ethanol series up
to 100%, infiltrated with hexamethyldisilazane and then left
to dry O/N at RT. The samples were placed on SEM
aluminium stubs covered with adhesive carbon foil and dried
at RT for 2 h under vacuum. In order to increase the
conductivity, a 10 nm gold layer was sputtered onto the
chorion samples by using high vacuum Quorum Q 159T-ES
systems. Afterwards, the chorion morphology and the
presence of Ag-NPs over the chorion surface were analyzed
through SEM (Zeiss Gemini 500 FEG SEM) coupled with
energy-dispersive ~X-ray spectroscopy (SEM-EDX). SEM
micrographs were acquired with an accelerating voltage of 10
kv and a working distance (WD) of 10 mm.

This journal is © The Royal Society of Chemistry 2024
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2.7. Whole-mount staining

To improve optical transparency of zebrafish embryos in
whole mount staining, the embryos were treated shortly
before 24 hpf with 75 uM 1-phenyl 2-thiourea (PTU) that
inhibits melanogenesis.*® At the end of the FET test (96 hpf),
the control and malformed treated larvae (25 mg L' Ag-NKD,
10 mg L™ Ag-PVP, 5 mg L' Ag-HECs, 1 mg L™ Ag-HECp) (n =
5 larvae for each experimental group, 3 biological replicates)
were randomly divided into two groups. One group (96 hpf)
was immediately anesthetized in MS-222 0.016% before
fixation. The other was maintained in FET solution and
processed at 120 hpf to track for an additional 24 h the
development of the two selected endpoints.

To monitor yolk lipid retention, whole mount Oil Red O
(ORO) staining was performed accordingly to Cornet et al.
with minor modification.>® Briefly, 96 and 120 hpf larvae
were fixed in 4% paraformaldehyde for 2-4 h at RT, washed 3
times with PBS and submerged twice for 10 min in propylene
glycol (PG) at 85% and 100%, respectively. Staining was
achieved with 0.5% ORO in 100% PG O/N at RT with gentle
rocking, followed by washing in 100% PG for 30 min, 85%
PG for 50 min and 85% PG + equal volume of PBS for 40
min. After final washing in PBS, the larvae were observed
under a dissecting microscope (Zeiss, Germany) equipped
with digitising software AxioVision.

To clearly observe the cartilage structures, 96 and 120 hpf
larvae were stained with the selective dye Alcian blue, which
binds to the typical sulfur-containing glycosaminoglycans of
the cartilaginous matrix. Anesthetized larvae were fixed in
10% buffered formalin O/N at RT and stained O/N at 4 °C
with 0.01% Alcian blue 8GX in 70% ethanol and then cleared
in a mixture of benzyl alcohol:70% ethanol: glycerine (1:2:
2).*® Each cartilage-stained larva was embedded in 3% methyl
cellulose in the correct orientation (ventral position and left
lateral position) and photographed with the Zeiss microscope
mentioned above for qualitative and quantitative assessment
with Zen 3.4 software. The following pharyngeal cartilages’
angles were evaluated: Meckel's-Meckel's (M-M) angle,
ceratohyal-palatoquadral cartilage (CH-PQ) angle, CH-CH
angle, PQ-Meckel's angle.

2.8. Statistical analyses

All data were expressed as means + standard error (SE). Data
were tested for homogeneity (Shapiro-Wilk test) and equality
of wvariances (Brown-Forsythe test), and statistically
significant differences between experimental groups in
mortality, malformed embryos, hatching rates and
morphological measurements were detected at p values <
0.05 by one-way analysis of variance (ANOVA) followed by the
Bonferroni and Fisher LSD post hoc test. Percentages of each
single abnormal phenotype were investigated by the chi-
square method, using Yates's correction for continuity (y’test)
or Fisher's exact tests. The elaboration of mortality
percentages, malformed embryo percentages and cumulative
hatching data of zebrafish embryos by probit analysis®®

This journal is © The Royal Society of Chemistry 2024
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allowed obtaining the 96 hpf median lethal concentration
(LCs0), median effective concentration (ECso) and median
hatching time (HTs) values, respectively. Teratogenicity for
each compound was calculated as the teratogenic index (TI),
i.e.,, the ratio between LCs, and ECs, for each Ag-NP. All
statistical tests were applied with at least 95% confidence
interval using the IBM SPSS statistic 28 software.

Correlation analysis among physical and chemical
parameters and biological outcomes was performed using R
(R Core Team 2022). Significant correlations were
considered at p values < 0.05. Correlations between p-chem
and biological outcomes and correlations among the
biological outcomes were specifically investigated for
identifying NP properties that may determine the observed
biological effects and to explore the likelihood of
association between different biological outcomes. These
latter associations may in fact be predictors of relevant
altered biological processes. The Pearson coefficients,
evaluated with the Hmisc package,® are reported with
statistical significance.

3. Results

3.1. Characterization of Ag-NP suspensions

To support the interpretation of biological test results, the
main physical characteristics of the benchmark and newly
synthesized Ag-NPs such as shape, primary size, mean
hydrodynamic diameter, dispersibility and { potential vs.
time of exposure in DI water and FET solution were
investigated (Fig. 1). For all Ag-NPs, TEM images showed
spherical primary particles that formed heterogeneous
agglomerates, hundreds of nm large in the case of Ag-NKD
and Ag-PVP and well dispersed for the HEC doped Ag-NPs
with a narrow size distribution of 3-20 nm for Ag-HECs and
5-50 nm for Ag-HECp, as reported in previous studies.**

DLS analysis of the Ag-NPs in DI water and FET solution
was performed at three time points (t0, t24, t96 h) to cover
the entire duration of the FET test, at the concentrations
selected on the embryotoxicity result basis (10 and 100 mg
L™" for reference Ag-NPs and 10 mg L' for the novel ones)
(Fig. 1E). As expected, particularly for Ag-HEC based
materials, the hydrodynamic diameter (D) is larger
compared to that measured by TEM, because of the polymer
shell involving a massive steric hindrance. For Ag-NKD and
Ag-PVP NPs, the large D), values are consistent with the
formation of aggregates in suspension, typical of
nanopowders prepared by high temperature processes. The
differences in the size and ¢ potential between DI water and
the test medium were not significant. The Dy, of all Ag-NPs
decreased over 24 h in both DI water and FET solution
probably due to some precipitation phenomena subtracting
larger particles from the detector and then remained almost
unchanged up to 96 h when the NPs were dispersed in DI
water. Only HEC coated Ag-NPs showed a significant decrease
of Dy, when moving from DI water to FET solution. {
potential values at t0 were negative (ranging from -6 and -21
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mV) for Ag-NKD and Ag-PVP NPs, while those of Ag-HEC
coated NPs were positive; for all NPs, the ¢ potential values
remained essentially unchanged at 24 h and 96 h (data not
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shown). The Z potential measured in FET solution pointed
out lower absolute values than in DI, typical of reduced
electrosteric colloidal stability. This behaviour is consistent

A
C
°
®
®
Hydrodynamic size, nm (PdI) ® Z- potential
E
AgNps Primarysize  Mediu 0h 24h 96 h Oh
mg/L @ (nm) m
317 £ 104 113 £70 117+ 89
DI -13+17
Ag-NKD (0.61+0.06)  (0.51%0.08) (0.45 = 0.06)
10 + + +
A 32 if)OfS 013? + (5)109 OZ;T + 2104 m6%9
<150nm @ il5) @ o) © 09
302+ 114 71+£32 95+71
. DI —21 41
Ag-NKD (0.38+0.02)  (0.48%0.11) (0.52 0.06)
100
FET 260 + 145 82+17 64+7 1743
(042+002)  (0.390.11) (0.450.07)
254 £ 102 112+ 17 102 + 37
DI ~20+£2
Ag-PVP (0.64=0.05)  (0.45+0.09) (0.35+0.01)
10 + + ES
B ot (Oasuus mesaosy LR
E FICI T I i
DI -17+x1
Ag-PVP (0.56+£0.04)  (0.39+0.05 (0.490.17)
100 + & +
FET 193 £ 99 96 +23 88 +24 1021
(0.59+£0.06)  (0.40£0.07) (0.45 0.09)
119 £ 3.00 102+ 6 920+3
DI —13 £2
Ag- (0.16£0.02)  (0.17£0.03) (0.180.01)
3-20 nm
HECs 10 8915 80+4 77+£2
FET —4+4
(0.18£0.00)  (0.18£0.01) (0.180.03)
372+ 7.00 244 + 14 186 + 33
DI 171
Ag- (0.34+003)  (0.39£0.02) (0.45=0.07)
5-50 nm
HECp 10 FET 280 + 37 80 +4 225+ 18 911
(033£003)  (0.29£0.01) (0.30+0.02)

* TEM data; ° Pdl: polydispersity index.

data are represented as mean * SD

Fig. 1 Physico-chemical properties of the Ag-NPs. (A-D) Transmission electron microscopy (TEM) images of Ag-NKD (A), Ag-PVP (B), Ag-HECs (C)
and Ag-HECp (D). (E) Hydrodynamic diameter and { potential by dynamic and electrophoretic light scattering. The average size and standard
deviation were calculated using the maximum peak values for each hydrodynamic and {-potential measurements from triplicate trials for each
suspension. Data are represented as mean * SD. FET: embryo rearing solution; DI: distilled water. Scale bar = 100 nm.
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with the DLVO model and is due to the high ionic strength
of the FET solution triggering the shrinkage of the electric
double layer.

As reported in ESIf Table S1, no significant release of Ag
occurred when dispersing Ag-NPs in FET solution, the
detected Ag values were often close to the instrumental LOD
(>0.01 mg L™). The very low concentration of Ag ions
detected for all NPs could be due to the high chloride content
in the FET medium itself, which most likely complexed with
and precipitated the Ag" ions, making them no longer
available for detection.

3.2. Ag-NP embryotoxicity

The Ag-NP embryotoxicity was evaluated by monitoring
embryos daily during the FET test to determine the mortality
and malformed embryo rates, time of hatching and specific
malformation prevalence.

Zebrafish embryos exposed to all tested Ag-NPs developed
concentration-dependent lethal and sub-lethal effects (Fig. 2).

However, the embryotoxic effects occurred at lower
concentrations in embryos exposed to the HEC coated Ag-
NPs than in those exposed to the reference NPs, with a
significant incidence of dead and malformed embryos
starting from 5 mg L' for Ag-HECs and 1 mg L' for Ag-
HECp against the 25 mg L™ for Ag-NKD and Ag-PVP. On the

A = Mortality Malformed embryos
100 -
80 -
X 60
40 -
20 1
0 == Eogr F
Ctr O.IIO.S| 1 ’ 5 I
Ag-NKD (mg/L)
C )
Mortality Malformed embryos
bt wx T
100 - =

20 -

=

0 =

- L
o.75| 1 ‘2.5‘ 5 ’7.5|10|15
Ag-HECs (mg/L)

1 =
ctr | 0.1 | 0.5
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other hand, HEC alone was demonstrated to be safe at the
concentrations (1 and 10 mg L) at which the Ag-HEC NPs
showed significant embryotoxicity (ESIT Fig. S1).

The acute embryotoxicity was particularly evident for Ag-
HECp NPs as, at the exposure concentration greater than 1
mg L', most of the mortality occurred very early (within 24
hpf). In contrast, for the other Ag-NPs there was a gradual
increase of mortality over 96 h of exposure for all
concentrations tested (ESIt Fig. S2).

The 96 hpf-LCs, and EC;, values extrapolated from the
concentration-response curves related to the mortality and
malformed embryo rates confirmed the higher toxicity of Ag-
HEC NPs compared to the reference ones (Table 1). The
absence of confidence intervals' overlap between the
reference and Ag-HEC NPs suggested a statistical difference
in 96 hpf-LCs, and ECs, values. Ag-HECp was 1.95-2.6 times
more toxic than Ag-HECs, but comparing the confidence
intervals, this difference in toxicity cannot be considered
statistically significant.

Finally, all Ag-NPs tested were not classifiable as
teratogens in zebrafish having a TI < 3.*® The substantial
embryotoxicity rather than teratogenicity of Ag-NPs is also
supported by the strong positive correlation between
mortality and malformed embryo rates (see Fig. 7).

Regarding hatching ability, which is known to be often
impaired in zebrafish embryos exposed to metal-based NPs,

= Mortality Malformed embryos i .

100

80 -

60 -
X

40

20 - I I

0 ﬁi II I ;I
Ctr 0.1’0.5‘ 1 ‘ 5 |10
Ag-PVP (mg/L)
D . ;
= Mortality = Malformed embryos

100 1

80 -

60 A
X

40 -

20 A

& & &
0 -I - .
Ctr | 0.1 05 0.75 1 2.5 5 7.5 10
Ag-HECp (mg/L)

Fig. 2 Embryotoxicity of Ag-NPs evaluated by FET. Mortality and malformation rates in 96 hpf zebrafish embryos after exposure to naked (A) and
polyvinylpyrrolidone (PVP) coated (B) Ag-NPs (0.1-100 mg L™) and to hydroxyethyl cellulose embedded Ag-NP suspension (HECs) (C) and powder
(HECp) (D) (0.1-10 mg L™). All values in the graphs are given as mean + SE of at least three independent assays. *p < 0.05, **p < 0.01 indicate
statistical difference from the control; #p < 0.05, ##p < 0.01 indicate statistical difference between Ag-HEC NPs and reference NPs; °p < 0.05,
°°p < 0.01 indicate statistical difference between Ag-HECs and Ag-HECp NPs (ANOVA + post hoc Bonferroni).
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Table 1 Median lethal concentration (96 hpf, LCs), median effective concentration (96 hpf, ECsg) and teratogenic index (Tl) after exposure of zebrafish

embryos to Ag-NPs

Ag-NKD

Ag-PVP

Ag-HECs Ag-HECp

96 hpf-LCs, (mg L)
96 hpf-EC5, (mg L)
TI (LC50/ECs0)

44.29 (32.81-60.88)
40.03 (26.59-79.84)

111 0.96

30.45 (25.34-37.33)
31.80 (21.59-62.56)

6.84 (5.28-9.23)
4.68% (4.15-5.37)
1.46

2.91¢ (1.41-10.89)
2.12% (1.45-4.67)
1.37

Note: confidence intervals 5-95% are indicated in the brackets. “ Statistically different from Ag-NKD and Ag-PVP NPs based on the confidence

interval comparison.

Ag-HEC NPs were found to interfere more than the reference
Ag-NPs with this process as well, which is particularly
remarkable considering the lower concentration range used.

Interestingly, based on HT;s, extrapolated from cumulative
hatching rates (ESIT Fig. S3), Ag-HECs showed a slight
tendency to anticipate the hatching process as concentrations
increased (Table 2).

Conversely, Ag-HECp exhibited an opposite trend, causing
delayed hatching at the higher concentrations tested.
However, at 96 hpf no significant change in the hatching rate
was observed regardless of treatment, except for 1 and 2.5
mg L' Ag-HECp, which inhibited hatching in approximately
40% of embryos (ESI{ Fig. S3). However, considering Pearson
coefficients, a low (-0.33) but significant negative correlation
between malformed embryos and hatching rates at 96 hpf
was evidenced, suggesting that malformed phenotypes
negatively impact hatchability considering the whole set of
NPs tested (see Fig. 7).

Observing the embryos under the stereomicroscope during
the FET test, agglomerates of particles adhering to the
external surface of the chorion were highlighted
(Fig. 3, column 1 LM), therefore a SEM analysis was applied
to explore if the chorion structure was affected by Ag-NP
interaction. The outer and inner layers (OL and IL
respectively) of the control group's chorion appeared to have
a smooth surface with delineated, uniformly sized, and
visibly open pores (Fig. 3, column 1 OL, column 2 IL).

Exposed embryos' chorions revealed instead a rough surface
on both sides with deformed plugs on the OL and irregular,
enlarged and partially blocked pores on the IL
(Fig. 3, column 1, OL).

Ag-NKD and Ag-HEC NPs were detected on the inner
surface of the chorion by EDX mapping, which confirmed Ag
identity, indicating the possible random passage of the
smallest Ag-NPs through the chorion pores (ESIT Fig. S4).

However, sub-lethal exposure to all Ag-NPs did not lead to
a detectable increase in total Ag concentrations in 96 hpf
zebrafish larvae compared to the controls, likely due to Ag
values very close to the ICP-OES instrumental LOD and the
presence of a background Ag concentration in the controls
(ESI} Fig. S5).

3.3. Developmental adverse effects

The comparative toxicity profile of the novel and benchmark
Ag-NPs was expanded by focusing on the evaluation of
sublethal changes in zebrafish development.

Several recurrent morphological defects such as bent and
twisted notochord, pericardial edema, craniofacial and eye
abnormalities, deformation and edema of the yolk sac were
observed in surviving zebrafish larvae at the end of the FET
test, with an increasing incidence rate and severity at the
higher concentrations tested for each Ag-NP (Table 3,
Fig. 4 column 1).

Table 2 Median hatching time (HTso) after exposure of zebrafish embryos to Ag-NPs

Control Ag-NKD Ag-PVP Ag-HECs Ag-HECp
mg L
0 72.4 2.1
0.1 78.2+£2.2 78.0£1.1 80.0 £ 3.3 74.0 £ 2.5
0.5 74.7 £2.1 76.6 £0.2 80.8 7.2 74.8 £2.7
0.75 75.4+0.3 80.5 + 2.4
1 74.9 £ 0.9 729+ 0.1 81.3 £ 3.8 85.4 + 4.2%*
2.5 73.2+1.2 86.0 + 6.0%*
5 77.7 £2.9 79.7 £ 1.5 68.5 + 5.2 79.0 £5.6
7.5 59.7 + 0.8* 88.1%*
10 76.5 £ 2.6 77.6 £1.3 62.2 £ 1.7*
15 69.2
25 73.2+3.2 64.9 + 0.9%
50 74.3 £ 4.6 71.1+£0.8
75 79.0 £ 5.0
100 79.9 £ 4.5

Note: HTs, stands for time, expressed as hpf, required for 50% hatching of embryos. All values are presented as the mean + standard deviation.

*p < 0.05, **p < 0.01 versus the control group.
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Control

Ag-NKD 25mg/L

Ag-HECs 5Smg/L Ag-PVP 25mg/L

Ag-HECp 5mg/L

Fig. 3 Light

(LM) and
microscopy (SEM) analysis of zebrafish chorions from the control

stereomicroscopy scanning electron
and Ag-NP exposed 48 hpf zebrafish embryos. Column 1:
representative LM images of the whole embryo surrounded by
the chorion (top) (scale bar = 200 pum) and SEM images of the
chorion outer layer (OL, down) (scale bar = 2 um) of the control
and Ag-NP exposed embryos. Column 2: representative SEM
images (scale bar = 1 um) of the chorion inner layer (IL) of the
control and Ag-NP exposed embryos. SEM analysis showed the
pore plugs on the OL (arrows) and the cone shaped pores on
the IL (arrowheads).

This journal is © The Royal Society of Chemistry 2024
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Although delayed yolk sac absorption was not considered
as a teratogenic endpoint, this phenotypic feature was
observed in all Ag-NP exposed groups with a concentration-
dependent incidence (ESIf Fig. S6). Furthermore, comparing
the two HEC-doped Ag-NPs, Ag-HECp slowed down the yolk
absorption already at the lowest concentrations (0.1-0.75 mg
L") with a statistically significant rate compared to Ag-HECs.
The ECs, values calculated for each phenotypic feature were
higher for the reference NPs than for the newly synthesized
ones and revealed that the most sensitive phenotypes were
the reduction of yolk absorption, the axis defects and
pericardial edema (ESIf Table S2). However, other
abnormalities such as absent or aberrant pectoral fins,
craniofacial alterations, and general growth retardation were
found to occur at low concentrations especially for HEC
doped Ag-NPs (ESIT Table S2).

The cross-correlation of all endpoints indicated that they
were positively correlated with each other, showing that the
occurrence of one abnormal phenotype was associated with
the presence of other abnormalities (see Fig. 7).

Reduced yolk absorption and head malformations were
observed at exposure concentrations below the LCs, values
for the different materials. In order to correlate the
aberrant yolk sac size with the toxic effects of Ag-NPs on
early embryonic nutrition, embryos were stained with the
lipophilic dye ORO to highlight the mobilization of
neutral lipid constituents of the yolk
(Fig. 4, columns 2 and 3).

In the 96 hpf control larvae, ORO stained the yolk sac,
head, swim bladder and vessels such as the posterior
cardinal vein, dorsal aorta and intersegmental vessels
(Fig. 4, column 2). In contrast, larvae exposed to Ag-NPs,
particularly those treated with HEC-doped ones, showed
stronger ORO staining of the yolk sac and clear reduction in
staining of the swim bladder and vasculature. At 120 hpf, a
stained yolk sac and a small or uninflated swim bladder
remained in the treated larvae compared to the control
(Fig. 4, column 3).

Furthermore, to verify if the craniofacial malformations
observed at the end of the FET test were related to altered
chondrogenesis in the head and jaws, qualitative and
quantitative morphometric evaluation on Alcian blue stained
96 and 120 hpf larvae was applied (Fig. 5 and ESIt Fig. S7).

Treatment with Ag-NPs did not appear to have altered
chondrogenesis, as the craniofacial cartilaginous elements,
i.e. Meckel's and palatoquadrate cartilages, which constitute
respectively the elements of the lower and upper jaw, the
ceratohyal cartilages and the gill basket are recognisable.
However, compared to the control, the typical pattern of the
craniofacial skeleton in most of the treated larvae (except
those of Ag-PVP) was similar to that of an earlier
developmental stage.

Quantitative morphometric analysis of Ag-NP effects on the
head skeleton was performed by measuring the angles of the
visualized cartilaginous structures (ESIT Fig. S7). Except for Ag-
PVP, exposure to sublethal concentrations of all other Ag-NPs
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96 hpf

Control

Ag-HECp 1mg/L Ag-HECs 5mg/L. Ag-PVP 10mg/L. Ag-NKD 25mg/L
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120 hpf

-

Fig. 4 Analysis of the yolk lipid content. Stereomicroscopic lateral view of the control and Ag-NP exposed larvae at 96 hpf and 120 hpf. Column
1: representative phenotypic alterations at the end of the FET test. Columns 2 and 3: whole-mount Oil Red O staining of randomly selected larvae
of the control and Ag-NP groups. ORO staining indicates the content and distribution of neutral lipids in the larvae. Ag-NPs impair endotrophic
lipid consumption during zebrafish development. Scale bar column 1 = 500 pum; scale bar columns 2 and 3 = 200 um. Abbreviations: h: heart; ys:
yolk sac; sb: swim bladder; (7): cardiac oedema; (*): intersegmental vessel; (<): dorsal artery; (—): posterior cardinal vein.

resulted in a significant increase of the M-M and CH-CH
angles in the 96 hpf larvae, a change that also extends to the
M-PQ and PQ-CH angles in the 120 hpf larvae.

3.4. Morphometric analyses

The qualitative phenotypic analyses of Ag-NP induced defects
for each larva were integrated by quantitative data derived
from morphometric characteristics (Fig. 6), which are very
sensitive  parameters  detectable at  sub-teratogenic
concentrations (i.e. at concentrations at which no
malformations are observed in embryos).

The results showed that groups exposed to Ag-NPs
differed significantly from the controls for morphological
parameters related to embryo growth (body length and yolk
sac area) starting from 10-25 mg L' for Ag-NKD and Ag-
PVP and 0.5-1 mg L' for Ag-HECs and Ag-HECp
(Fig. 6A and B). A statistically significant decrease in body
length and an increase in yolk sac area were observed
among all NPs tested and confirmed by the negative
Pearson coefficient (Fig. 7).

Morphometric measurements showed that all tested Ag-
NPs significantly affected also the skeletal (head width) and

This journal is © The Royal Society of Chemistry 2024

sensorial (eye area and diameters) parameters. However, the
stunted growth of embryos was allometric as bivariate
analysis showed a strong positive correlation between the
larva length and head width and/or eye size (Fig. 7).

Interestingly, all quantitative measurements (body length,
head size and eye size) showed a negative correlation with all
other altered phenotypes (Fig. 7).

3.5. Correlation between NP properties and adverse effects

The understanding of the material properties that mostly
affected the reported effects was explored by analysing the
overall correlations between the biological outcomes and the
NP p-chem properties (Table 4).

The main adverse outcomes, such as lethality and total
malformed embryos, showed a significant correlation with
the concentration of exposure (0.60 and 0.50, respectively).
Interestingly a positive association of these outcomes was
observed also with the total dissolved ions measured at 24
h (0.43 and 0.37 for mortality and total malformations,
respectively) and at 96 h (0.53 and 0.48 for mortality and
total malformations, respectively), suggesting therefore that
besides the particles, ions can also play a role in the toxicity

Environ. Sci.: Nano, 2024, 11, 2521-2540 | 2531
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120 hpf

Ventral view Lateral view

Fig. 5 Analysis of craniofacial cartilages. Stereomicroscopic ventral and lateral view of the control and Ag-NP exposed zebrafish embryos at 96
and 120 hpf. Whole-mount Alcian blue staining showing the cartilage morphology of the head and branchial region. In all images, the rostral
region is to the left. All embryos are shown at the same scale (scale bar = 200 um). Abbreviations: M = Meckel's cartilage; CH = ceratohyal

cartilage; PQ = palatoquadrate; E = eye.

of the tested NPs. The correlation with the dissolved ions
should, however, be considered with caution, taking into
account the limitations already described for our data. The
exposure concentration also showed a significant positive
correlation with specific altered phenotypes, such as spinal
cord malformations (0.51), reduced yolk resorption (0.33)
and impaired fin development (0.44). Interestingly, the
spinal cord malformations and impaired fin development
showed a significant correlation with the dissolved ions
measured at 24 h (Pearson coefficients of 0.52 and 0.44,
respectively) and at 96 h (Pearson coefficients of 0.53 and
0.46, respectively). The correlation reported confirmed the
observation that some of the NPs tested determined specific
outcomes. Yolk defects were mostly correlated with the Ag-
HEC particles as indicated by the positive association for
the yolk area (0.31) and reduced yolk resorption (0.56) with

2532 | Environ. Sci.: Nano, 2024, 11, 2521-2540

the variable “group” (Table 4). Again, this correlation
should, however, be taken with caution. The number of
different NPs tested here, which is only four, may introduce
bias in the reported correlations. In the future, it would be
desirable to have a broader dataset with a greater number
of different NPs, ideally more than 10, tested under similar
conditions. Among the other analysed physical variables,
noteworthy is the negative correlation between the
(-potential and the hatching at 96 h. The negative sign in
the correlation indicates that positive {-potentials are related
to a reduction of the hatching observed at 96 h. This
correlation, although affected by the specific outcomes
observed for the Ag-HEC doped NPs, suggests that also in
the zebrafish model, the {-potential may provide
information on specific sub-lethal endpoints and should be
further explored.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Morphometric parameters of the control and exposed zebrafish embryos. A) Description of morphological traits measured from the lateral
(left) and dorsal (right) images of the 96 hpf control embryo. Measured traits are as follows: body length (red), yolk sac area (yellow), eye area
(green), eye diameter (blue) and head width (orange). Lateral view, scale bar 200 um; dorsal view, scale bar 500 um. B-E). All values in the graphs
are given as mean * SE of at least three independent assays. *p < 0.05, **p < 0.01 indicate statistical difference from the control; #p < 0.05, ##p
< 0.01 indicate statistical difference between Ag-HEC NPs and reference NPs; °p < 0.05, °°p < 0.01 indicate statistical difference between Ag-
HECs and Ag-HECp NPs (ANOVA + Fisher LSD method).
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Fig. 7 Pearson correlation matrix between the altered phenotypes evaluated after Ag-NP exposure. Numbers show the degree of correlation
between each pair of malformations. The positive correlation is highlighted in green (i.e. malformations that occur simultaneously), while the
negative correlation by the red color (i.e. phenotypes that manifest in the opposite direction). Color intensity is related to the degree of correlation.
**p < 0.01, ***p < 0.001. HA = hatching, CD = craniofacial defects, OT = otolith defects, EM = eye malformations, HE = hearth edema, L =
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tail, IF = impaired fin, BL = body length, YA = yolk area, HS = head size, ED = eye diameter, EA = eye area.

Table 4 Correlations between biological outcomes and the Ag-NP p-chem properties

Primary z-ave PdI Z-pot Z-ave PdI z-ave PdI Bioav_ions Bioav_ions Bioav_ions
Group Conc size to to t0 t24 t24 t96  t96 tO t24 t96
% Dead — 0.604 *** — — — — — — — —_ — 0.433 *** (0,53 ***
% — 0.503 *** — — — — — — — —_ — 0.367 ***  (0.481 ***
Malformed
% HA 96 hpf -0.381 — — — — -0.207 — — — —_ — — —
seskeok skosk
HTs, — — — — — — — — S — — —
CD — — — — — — — — S — — —
oT — — — — — — — — S — — —
EM — — — — — — — — S — — —
HE — 0.313 *#*% — — — — — —  —  0.331 *¥* — —
SP — 0.507 *** — — - = — — - - = 0.525 ***  (.533 ***
L — 0.306 **  — — — — — — - - — — —
K — — — — — 219%** — — - - = — —
S — 0.361 *** — — — — — - - — — 0.335 ##*
YD/E — — — — — — — — —  —  0.319 *** — —
RYR 0.556 *** (0,326 *** — — — — — — — —_— — — 0.326 ***
GR — — — — — — — — — —_- — — —
ST — — — — — — — — — —  0.377 *** —
IF — 0.437 ***  — — — — — — — —_ — 0.443 ***  (0.463 ***
BL -0.456 —_ — —_ —_ —_ —_ — —_ _ - —_ —_
kKK
YA 0.31 ** — — — — — — — — —_ — — 0.325 **%*
HS — — — — — — — — — —_ — — —
ED -0.404 —0.382%** — — — —0.233*** — — — —_ — — —0.319 ***
skskeok
EA -0.356 -0.318 — — — —0.256*** — — — —_ — — —
sk skkosk

CD = craniofacial defects, OT = otolith defects, EM = eye malformations, HE = hearth edema, SP = spinal cord, L = lordosis, K = kyphosis, S =
scoliosis. YD/E = yolk deformation/edema, RYR = reduced yolk resorption, GR = general growth retardation, ST = short tail, IF = impaired fin,
BL = body length. YA = yolk area, HS = head size, ED = eye diameter, EA = eye area. Bioav_ions refers to the amount of Ag" measured with ICP-
OES in the FET solution.

4. Discussion from the early stages of production. This involves addressing
environmental impact, technical-economic performance,
functionality, and safety throughout the entire life cycle of

the product, with the aim of minimizing or eliminating any

The primary goal of the SbD approach is to assess and
enhance safety in the development of NMs or NEPs starting
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unwanted or unexpected risks to human and environmental
health. However, the management of safety issues in NM
development and the selection of the optimal SbD solution
are still areas of ongoing research.

The manipulation of metal-based NMs with antimicrobial
properties has been proposed as a valuable and customizable
strategy to effectively reduce bacterial infections while
minimizing side effects in non-target organisms.

In the EU Horizon 2020 ASINA project, a SbD approach
was employed to develop effective antimicrobial Ag-NPs using
an environmentally friendly and easily scalable synthetic
method.** This involved incorporating Ag-based NPs into the
eco-friendly biopolymer HEC as a stabilizer and reducing
agent. The resulting HEC-coated Ag-NPs were investigated for
their selectivity, demonstrating a very high and promising
selectivity index in terms of their activity against microbes
versus human cell toxicity.”® Nevertheless, study
emphasizes the importance of conducting a comprehensive
hazard assessment using whole organisms as experimental
models to refine the SbD process and facilitate the
commercial utilization of Ag-NPs. This consideration is
crucial due to the known toxicity of silver to organisms, even
at low concentrations.’*™* At the same time, Ag-HECs are
also a more powerful antibacterial and antiviral agent. In this
sense, the SbD applied to biocidal nanomaterials would take
into account an accurate balance between the effectiveness
and the safety profile of new antimicrobials.

To meet the 3Rs,** the Ag-HEC NP potential toxicity was
investigated on zebrafish embryos, because before exogenous
feeding (up to 120 hpf), they are considered complementary
and alternative vertebrate models bridging the simplicity of
in vitro cell culture to the complexity of in vivo mammalian
models.*"** In addition, zebrafish also allow a focus on
aquatic organisms, as surface waters and sediments are the
release compartments of Ag-NPs from many used products
whose measured concentrations range from 0 to 1700 ng L™
in effluents of wastewater treatment plants and 0.3-8.6 ng
L™ in surface freshwater.">*®

A first set of experiments was performed according to the
standard OECD n. 236 fish embryo toxicity test,”” useful for
generating comparable results that can be adopted for the
evaluation of NM toxicity. From literature data, Ag-NPs vary
in their toxicological properties in different fish species,
mostly due to extensive variations in size, charge, coating,
agglomeration, and dissolution of Ag*.*”*®

However, comparing the toxicological profiles of the
various Ag-NPs studied in zebrafish embryos over the years is
challenging due to differences in experimental conditions,
such as the developmental stage and treatment duration.
This hinders the understanding of how variations in Ag-NPs'
p-chem properties can drive their toxicity.

In this study, we chose to compare the effects of the two
SbD newly developed Ag-NPs coated with HEC in suspension
and the powder form, and commercial naked and PVP coated
Ag-NPs used here as reference materials. The FET results,
also supported by the Pearson correlation analysis, showed a

our
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strong concentration-dependent response in terms of
mortality and malformed embryos with 96 hpf-LCs, and ECs,
calculated values very close to each other and a consequent
TI < 3, indicating more embryotoxicity than teratogenicity for
all the tested Ag-NPs.>® Unexpectedly, based on these values,
Ag-HEC NPs were four to fifteen times more toxic than the
reference NPs with 96 hpf-LCs, of 6.84 mg L' for Ag-HECs
and 2.91 mg L™ for Ag-HECp. Since HEC alone was non-toxic
at the concentration of Ag-HEC treatment suspensions
causing near 100% mortality, the increased toxicity of Ag-
HEC NPs could be attributed to the specific p-chem
properties dictated by such surface coating as the higher the
stability, the lower the agglomeration in FET medium and
the smaller the DLS hydrodynamic size, in comparison with
the reference Ag-NPs. However, these p-chem properties did
not correlate with the adverse outcomes, meaning that HEC
may have played a role in facilitating Ag-NP biointeraction
with the chorion before hatching and subsequently with
larvae, where the NPs exerted their toxicity. In a study on
cancer therapy, this polymer has indeed been shown to
promote the internalization of methotrexate in cancer cells
and thus be used successfully as a drug carrier.** Comparing
the two novel NPs, Ag-HEC in the powder form displayed the
highest toxicity in zebrafish embryos, as already observed in
the AOP oriented study on an alveolar in vitro model, A549
cells, by Motta and collaborators.*® As suggested in the
mentioned paper, the possible p-chem transformations of the
coating polymer during the spray freeze-drying processes
used to obtain the Ag-HEC powder sample could have raised
its biological reactivity. This hypothesis will need to be
further investigated. The Ag-NP positive surface charge has
been already demonstrated to be a key factor in determining
developmental hazard in Ag-BPEI treated X. laevis embryos,'”
likely due to the establishment of the electrostatic
interactions with the negatively charged surface of the outer
cell membranes.” Considering fish embryos, special
attention should also be paid to the chorion, an acellular
three-layered envelope that surrounds the embryo protecting
it from external influences until hatching. Indeed, it has been
shown to have negative surface charges® and to effectively
adsorb Ag leading to up to a 20-fold increase in total Ag
concentrations compared to later chorion-free stages.”® The
positive charge provided by the biopolymer not only
improved the Ag-HEC NP adhesion to the chorion, but it may
have also contributed to facilitating the uptake of Ag into the
perivitelline space through the chorion pores.

To all these considerations, the smaller primary size of
the novel Ag-HEC NPs compared to the reference ones needs
to be considered as another physical property that influences
their toxicity. Bar-Ilan et al., using colloidal Ag in a panoply
of sizes (3, 10, 50, and 100 nm), demonstrated size
dependent effects in which smaller Ag-NPs were more toxic
than larger particles in zebrafish embryos.'® Similarly, Qiang
et al. considered 4 and 10 nm size range Ag-NPs, showing
that only the smallest ones are able to perturb embryonic
development following their uptake.> The particle size

Environ. Sci.. Nano, 2024, 11, 2521-2540 | 2535
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dependent toxicity could potentially be a function of its
relationship to the NP dissolution rate, the amount of
reactive surface area, or bioavailability.>*** In smaller
particles, the higher surface-to-volume ratio increases the
proportion of atoms on the surface of the NPs in contact with
the test solution or biological matrices leading eventually to
higher oxidative dissolution with Ag" ion release and ROS
production responsible for higher toxicity.”>>® Although it is
still challenging to distinguish whether the toxicity is
induced by Ag-NPs themselves or by Ag",® in our study no
association emerged between the NP size and lethality and
sub-lethality endpoints, but a positive association of FET
toxicity outcomes with dissolved ions can be hypothesised.
This suggested, with due caution, that the latter could be
relevant in the toxicity of the tested NPs. This association
emerged despite the low concentration of Ag measured in the
FET solution by ICP-OES analysis, likely due to the formation
of complexes and precipitates by the Ag ions eventually
released by the NPs, caused by the high chloride content of
this solution. These precipitates as well as the NPs were
excluded from the quantitative analysis since we applied a
static dissolution protocol. This condition does not differ
from what could happen in natural water where Ag" ions can
have a strong tendency to associate with negatively charged
ions (i.e. chloride, sulphate and fluoride) or complex with
humic substances leading to a decrease of Ag-NP toxicity.>**°
However, the higher toxicity of Ag-HEC NPs with respect to
naked or PVP-Ag NPs cannot be justified only on the basis of
the soluble fraction of Ag measured in FET solution. Boyle
and Goss, evidencing that the total Ag in zebrafish digests
was consistently higher for embryos exposed to Ag-NPs than
for those exposed to AgNO;, suggested that the chemistry of
microenvironments such as the chorion, perivitelline fluid or
epithelia where NPs accumulate is likely important to the
delivery and release of soluble Ag at its site of toxicity.** In
support of the above process, studies have shown that after
exposure to metal oxide NPs, the chorion can actively
accumulate and sequester metal ions in the perivitelline fluid
due to the presence of different proteins within it.*"**~** The
accumulation of exogenous ions makes the perivitelline space
an unfavorable microenvironment for the embryo
development. In fact, it was demonstrated that although the
chorion acts as a barrier blocking the passage of NPs,
exposure to different types of Ag-NPs causes similar or even
greater toxicity in embryos with chorions than in
dechorionated ones.”®® These findings are intriguing for
understanding the role of the chorion in increasing or
decreasing the toxicity of NMs and raise doubts on the
opportunity to always remove the chorion in order not to
underestimate their toxicity as suggested by ISO
22082:2020.°° The interaction with biological matrices such
as the chorion during the early stages of development could
therefore be crucial for Ag-NP oxidative dissolution reactions
and HEC could facilitate this interaction.

In our study, granular agglomerates covering the outer
surface of the chorion were observed in 48 hpf embryos and,
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although the hydrodynamic size of all NPs was smaller than
the pore size of the chorion of 0.5-0.7 pum, only random
passage through chorionic pores of naked and Ag-HEC NPs
was evidenced. In addition, no Ag accumulation was
detectable in 96 hpf larvae after hatching, indicating low
bioavailability of Ag-NPs. Consistent with our findings,
Bohme et al. demonstrated that Ag-NPs strongly associate
with the chorion and substantial amounts seem to reach the
perivitelline space, whereas only minor amounts reach the
embryo.®” Similarly, Auffan et al. reported that after 48 h of
exposure to 5 mg L™" Ag-NPs, the zebrafish chorion adsorbed
58-85% Ag-NPs.°®

The exposure to all tested Ag-NPs caused morphological
alterations of the outer and inner surfaces of the chorion
with the formation of deposits apparently attributable to the
mucous material and the enlargement of the pore structure
as observed by SEM analysis. Chen et al. suggested that these
modifications could be related to NP and chorionic
glycoprotein interaction reducing the barrier effect of the
chorion against microorganisms, toxins, and other
environmental stresses.®® Nevertheless, it cannot be excluded
that damage to the chorion and blocking of chorion pore
canals by larger sized agglomerates have the potential to also
reduce gas exchange creating hypoxic conditions in the inner
chorionic space that affected embryo development. One of
the consequences of this hypoxia has been associated with
premature hatching of the embryos,”””" a response that we
observed at the highest concentrations of Ag-HEC NPs.

Interestingly, Ag-HECp caused delayed hatching, in
agreement with the results obtained at high concentrations
(50-100 mg L™") of Ag-BSA and Ag-starch NPs'® and at 10 mg
L™ maltose & gelatine Ag-NPs.””> Pearson's correlation
analysis associated delayed hatching with positive {-potential
and malformed phenotypes, suggesting that different surface
charges have indeed a relevant role in determining
interactions and effects in our testing model. A substantial
limited effect on the hatching process observed for the two
reference Ag-NPs is instead in agreement with Yoo et al.”?

The occurrence of systemic teratogenicity was similar in
all Ag-NPs tested with severe dysmorphologies such as bent
and twisted notochord, pericardial edema, craniofacial and
eye abnormalities, deformation and edema of the yolk sac as
reported in previous papers testing different Ag-NPs.'®7*7¢
The similar spectrum of malformations among the various
types of Ag-NPs is indicative of a similar mode of action of
the Ag, which is expressed at different concentrations in
relation to the different p-chem characteristics of the NPs.
The most noticeable morphological outcome that we
observed was a concentration dependent non-depleted yolk
sac associated with stunted growth of the embryos. This
phenotype mentioned only by some authors'***”® among the
sub-lethal signs has so far been underestimated. Since
zebrafish embryos are closed systems until 120 hpf relying on
endotrophic yolk reserve mobilization for their development,
we chose to investigate the retention of neutral lipids in the
yolk sac and their distribution in the vasculature, heart, head

This journal is © The Royal Society of Chemistry 2024
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and swim bladder by ORO staining as a marker of yolk
consumption.” The pale ORO staining of blood vessels
observed in all treated embryos, particularly in Ag-HEC NPs,
indicates a reduction in circulating plasma lipids compared
to the control embryos. Since the yolk syncytial layer (YSL) is
known to be involved in the degradation and transfer of yolk
sac reserves to the embryo and growing larva via the
circulatory system,”® this could be the result of an alteration
of the activity of this extraembryonic structure induced by
exposure to Ag-NPs. Our data indeed resembled in part a
clofibrate-induced malabsorption syndrome in zebrafish
embryos, resulting from inhibition of the YSL constitutive
cell secretion.”® However, the strong ORO staining evidenced
in the cardiac area in the treated versus control embryos
suggests that pericardial edema may also contribute to
decreased lipid transfer into the circulation by reducing
blood flow. As described by Fraher et al.,** who performed a
lipidomic analysis of zebrafish embryos, the intensity of ORO
staining should gradually decrease in the yolk as
development progresses and simultaneously increase in the
body of the embryo up to 72 hpf and then be present in
traces at 120 hpf. We have not observed this trend in the
treated embryos which at 120 hpf still show a well stained
yolk and a non-inflated swim bladder indicating a
developmental delay.

The inability of the treated embryos to consume their
yolk is consistent with the growth retardation evidenced
also by the morphometric data that showed a concentration
dependent decrease in size of larvae at 96 hpf and analysis
of craniofacial cartilages which appear to be
developmentally delayed. This hypothesis was supported
also by the strong negative Pearson coefficient between the
embryo growth parameters and the yolk area. Whether the
reduced yolk depletion is due to a defective YSL nutrient
transport or to cardiac defects, causing circulatory
impairment, needs to be deeply investigated and will be the
subject of subsequent studies.

5. Conclusion

In conclusion, toxicity results coupled with correlation
analysis of adverse effects with Ag-NP p-chem properties
allow us to assume that the surface chemistry and the
positive { potential are the relevant key factors affecting the
zebrafish embryo health. HEC, despite being a green and safe
polymer, seems to confer bio-interactive related properties to
Ag-NPs that, together with their small size and positive ¢
potential, increase their biological reactivity towards
zebrafish embryos, reducing the concentrations at which
lethal and sublethal outcomes appear.

However, the LCs, and ECs, values of Ag-HEC NPs
measured in mg L™ stand well above natural surface water
concentrations quantified in ng L™ and their application as
antimicrobials in end-use products should take into account
the balance between risks and benefits, considering the
effective concentration in non-target organisms versus the
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minimal inhibitory or bactericidal concentration. Obviously,
due to the rapid increase in the use and production of Ag-
NPs, environmental levels of Ag-NPs are expected to
experience an exponential increase, which needs to be
factored into decision-making processes.

Considering the sublethal endpoints induced by Ag-
NPs, the decrease of yolk lipid consumption is reported
here for the first time and deserves to be further
investigated.

In the framework of the ASINA project, the introduction of
Ag-HEC design options did not satisfy the expected
improvement of the safety profile but revealed an interesting
correlation of surface chemistry and the colloidal properties
with the identified embryo adverse effects, suggesting design
criteria for exploiting advantageously the toxicity against
undesired biological targets.
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