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Cellular repair mechanisms triggered by exposure
to silver nanoparticles and ionic silver in
embryonic zebrafish cellst

Ana C. Quevedo, ® Iseult Lynch ©®* and Eugenia Valsami-Jones @

The potential environmental risks of silver nanoparticles (AgNPs) require advanced toxicological studies that
elucidate the intrinsic and extrinsic cellular responses in organisms, triggered by nanoparticle (NP) exposure.
As part of our ongoing efforts to confirm the utility of continuously cultured embryonic zebrafish cells (ZF4)
as an in vitro aquatic model for nanotoxicology, we evaluated the molecular mechanisms of cytotoxicity and
the cellular repair mechanisms triggered after exposure to three AgNP sizes (10 nm, 30 nm and 100 nm) and
jionic Ag (as AgNOs) under serum conditions. The results demonstrated the crucial role of the adsorbed
protein corona in reducing AgNP cytotoxicity and the time dependent AgNP internalisation. At 2 hours, the
NPs were likely to be attached to the cell membranes as part of the first NP-cell encounter, whereas after 24
hours AgNPs were found in lysosomes and in close proximity to the nucleus. The cytotoxicity of PVP-coated
AgNPs was size-related, as smaller (10 nm) AgNPs and ionic silver displayed major induction of all evaluated
responses compared to the 30 nm and 100 nm AgNPs. All treatments demonstrated overgeneration of
reactive oxygen species (ROS) and disruption of the intracellular Ca®* balance. Cells were able to activate
defence mechanisms in response to the induced damage, such as cell cycle arrest which prevented cells
reaching the S phase, thereby providing time to repair DNA damage. The smaller AgNPs and the ionic
control triggered massive cell cycle arrest, high percentages of DNA breaks and cell death, while exposure
to the 100 nm AgNPs led to activation of G1 and G2 phases suggesting that ZF4 cells can overcome the
damage. In addition, we evaluated the sequence of molecular events that lead to the toxic mode of action
of the AgNPs in cells, supporting the establishment of adverse outcome pathways (AOP) and the 3Rs
framework for the reduction of animal experimentation.

There is a growing interest in the development and use of alternative in vitro toxicological models. In this study, we present and demonstrate the utility of

the immortalised embryonic zebrafish cell line (ZF4 cells) to assess the cellular repair mechanisms induced following exposure to silver nanoparticles

(AgNPs) at different sizes and doses. Furthermore, we elucidate the dynamic interplay between toxicity pathways and molecular responses activated to deal

with the generation of oxidative stress, calcium disturbances, genetic damage, inhibition of cell division, and induction of cell death in ZF4 cells.
Additionally, the lack of ethical concerns and ease maintenance of ZF4 cells make them a very attractive alternative cell model that may provide a valuable

alternative to the well-established fish gill cell lines for a novel in vitro 21st century toxicological assessment.

1. Introduction

increased so too have environmental concerns about the
potential risks linked to the release of AgNPs into ecosystems.

Silver nanoparticles (AgNPs) are one of the most commonly
used nanomaterials in consumer products, primarily due to
their antimicrobial properties that have been widely exploited
in a diverse range of consumer products, such as soaps, pastes,
textiles, and other health sector goods." As the AgNPs market
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Silver-based products are likely to result in the release of
dissolved silver, along with other forms of particulate silver
(e.g. transformation products), becoming highly toxic to
prokaryotes and many marine and freshwater organisms."

At the cellular level, the physicochemical characteristics
(e.g., size, surface area and charge) of nanoparticles (NPs)
influence their internalisation by cells and determine their
cytotoxicity as the internalized NPs interact with organelles,
potentially disrupting the cellular equilibrium and triggering
stress-related responses.” This redox imbalance within cells

Environ. Sci.: Nano, 2021, 8, 2507-2522 | 2507


http://crossmark.crossref.org/dialog/?doi=10.1039/d1en00422k&domain=pdf&date_stamp=2021-09-11
http://orcid.org/0000-0002-0233-3576
http://orcid.org/0000-0003-4250-4584
http://orcid.org/0000-0002-8850-7556
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1en00422k
https://pubs.rsc.org/en/journals/journal/EN
https://pubs.rsc.org/en/journals/journal/EN?issueid=EN008009

Open Access Article. Published on 24 July 2021. Downloaded on 12/4/2025 6:15:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

often results in increased intracellular reactive oxygen species
(ROS), which can be generated in multiple organelles, as a
result of an imbalance between ROS production and their
scavenging and a decrease in the phase II antioxidant
defence enzymes, such as superoxide dismutase (SOD),
catalase (CAT), and glutathione reductase (GR).>?
Intracellular ROS can act as messengers or mediators in
many cellular signalling processes, having an essential role
in cell life and death decisions. In addition, the ROS
signalling pathway is closely linked to intracellular calcium
(Ca®) levels, which also regulate several physiological
processes acting as a second intracellular messenger.*> For
example, disruption of Ca** homeostasis has been linked to
mitochondria-mediated caspase activation due to an increase
of the intracellular Ca** concentrations, leading to
cytotoxicity via apoptosis and necrotic cell death.® ROS
overload and the associated disruption of biological process
may also induce disruption of deoxyribonucleic acid (DNA),
proteins, lipids, and other macromolecules.”

The DNA molecule plays an essential role in the cell cycle
as it carries the genetic information for the development,
functioning, growth and reproduction of biological entities.®
Hence, DNA interaction with NPs may result in DNA strand
breaks, which exacerbate ROS production and induce a
crucial downstream of defence biological response to
maintain the genomic stability.” In response to DNA
disruption, the cell triggers repair mechanisms such as cell
cycle checkpoints, DNA repair regulators, and cell death
mechanisms to reduce the probability of mutation.”'® The
cell cycle is an essential part of the cell's repair mechanisms,
involving a series of checkpoints and controls to ensure DNA
replication and cellular division, providing time to cells to
overcome any disruption by inducing arrest at different
cellular phases."™* The cell cycle includes two main periods
known as interphase, which can be further divided into three
phases: G1, where the cell grows and produces enzymes and
nutrients that are necessary for cell division, S phase,
wherein the cell synthesizes a copy of the DNA for
replication, and G2 phase, where the cell continues to grow
and carry out mitosis, which is the second period."* Uptake
of NPs has been shown to be influenced by the cell cycle
phase, with the concentration of 40 nm yellow-green
carboxyl-modified polystyrene NPs in the cells after 24 hours
being G2/M > S > G0/G1."

The use of in vitro models has significantly contributed to
improved understanding of the molecular and cellular
responses activated after exposure to AgNPs."” Use of fish
cells represents a versatile aquatic model to support existing
alternatives to live fish studies by adhering to the 3Rs
principles of refinement, reduction and replacement of
animals in experimentation.'® Fish cells, as with other
mammalian cells, can be cultured with optimised cell culture
medium, which is normally supplemented with a certain
serum percentage (heat-inactivated or not) that will depend
on the cell line requirements as well as the type of
assessment planed.”” Serum contains a complex mixture of
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salts, peptides, proteins, polysaccharides and other nutrients
required to maintain good cell growth and healthy cells. The
supplemented cell medium can strongly interact with AgNPs
during biological exposures, providing further insights into
the behaviour of the AgNPs in relevant fluids."®" For
example, the addition of serum results in binding of proteins
and other biomolecules onto the surface of the NPs (corona
formation), inducing changes in their stability (e.g,
dissolution, agglomeration). The acquired biomolecule
corona provides a new identity to the NPs enabling them to
engage with cellular receptors, influencing adhesion, uptake,
transport and cytotoxicity.>**!

To explore the utility of commercial embryonic zebrafish
cells (ZF4) as an emerging in vitro aquatic model for
nanotoxicity, we present a set of cellular assays exploring the
induction of cellular defence mechanisms and cytotoxic
outcomes in response to PVP-capped AgNPs of different sizes
(10, 30 and 100 mm) and concentrations in comparison to an
ionic silver (Ag") control. Furthermore, we aim to determine
the effectiveness of this fibroblast adherent cell line as an
alternative early-stage toxicological screening tool. The
mechanistic insights generated from the analysis of the
molecular and cellular events activated in the presence of
NPs will contribute to the establishment of a nanomaterials’

adverse outcome pathway (AOP) and support the
development of safer nanomaterials.

2. Materials and methods

2.1 AgNPs characterisation

Polyvinylpyrrolidone (PVP) coated silver nanoparticles

(AgNPs) with sizes 10, 30, and 100 nm were purchased from
Nanocomposix, USA, (BioPure, Silver Nanospheres PVP, 1 mg
mL™"). The characterisation of the three representative sizes
was performed in either serum free medium (SFM) DMEM/
F12 (Gibco 11330) or complete culture medium (CCM). The
CCM was prepared by supplementing DMEM/F12 with 10%
foetal bovine serum (FBS) (Gibco, 10270).

A sample (1 mL) containing one of the AgNPs at a final
concentration of 10 pg mL™" was placed in a disposable
polystyrene cuvette (Sarstedt, 67.742), then the hydrodynamic
size, zeta potential, and polydispersity were immediately
assessed by dynamic light scattering (DLS) (Zetasizer Nano
series, Malvern). For zeta potential analysis, 700 pL was
prepared freshly and placed in a folded capillary cell (Malvern,
DTS1070) for analysis. All samples were prepared freshly and
measured directly followed by incubation for 24 hours at 28 °C
after which the size and zeta potential were reevaluated to
assess the stability of the NPs in the exposure medium.

2.2 Silver nitrate (AgNO3) stock

To understand the toxicity of the ionic Ag in ZF4 cells, a stock
suspension of 1 mg mL™" of Ag (with equivalent mass of
silver in ionic form) was prepared. First, silver nitrate (AgNO;
salt, VWR chemicals, USA) was weighed calculating the total

This journal is © The Royal Society of Chemistry 2021
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amount of Ag’, then, the salt was dissolved in UPW in a
laminar flow cabinet to maintain the suspension sterile.

2.3 Culturing of embryonic zebrafish cells (ZF4)

ZF4 cells established from 1 day old zebrafish embryo were
purchased from ATTC (https://www.atcc.org/products/all/CRL-
2050.aspx) and cultured as described on the manufacturer's
website and in ref. 22. Briefly, ZF4 cells were cultured in
vented cap T75 flasks (Corning, CLS430641) in a total volume
of 10 mL of CCM and incubated in a humidified atmosphere
of 5% CO, at 28 °C. The CCM was prepared using DMEM/
F12 supplemented with 10% foetal bovine serum (FBS)
(Gibco, 10270) and 1% penicillin and streptomycin (Gibco,
15070). Once the cells reached 80% confluence (passage 28),
the cell medium was discarded, and the cells were washed
with 5 mL warm (28 °C) phosphate-buffered saline (PBS)
(Thermofisher, D5837); then, cells were detached using 1.5
mL 0.25% trypsin (Gibco, 15090) for 3 minutes at 28 °C. After
the cells were fully detached, 1.5 mL of the suspension was
diluted in 8.5 mL of CCM and placed in T25 flasks. The cells
were maintained in T75 flasks by splitting once a week. For
experiments that required a larger number of cells, ZF4 cells
were transferred to T175 vented cap flasks (Corning, 431080).
For this, cells were detached as previously mentioned (see
above); then, 3 mL of the cell suspension was resuspended in
T175 flasks containing 17 mL of CCM and left to grow for
one week. To maintain the cell line in T175 flasks, the cells
were washed with 10 mL of warm PBS, detached using 3 mL
of trypsin and then diluted with 18 mL of CCM. Cells were
sub-cultured once a week.

2.4 Toxicity of AgNPs and AgNO;

To select exposure concentrations for the AgNPs and AgNO;
treatments, the effective concentration at which 50% of the
cell viability is reduced (ECs,) was evaluated by lactate
dehydrogenase activity (LDH) assay. First, ZF4 cells were
treated with increasing concentrations of either AgNPs (5, 10,
20, 30, 40 and 60 pg mL™") or AgNO; (Sigma, 209139) (0.5, 1,
2, 3, 5, and 8 pug mL™") and incubated for 3, 24, 48, and 72
hours in CCM. To understand the role of the proteins
adsorbed to the AgNPs (the NP-corona) in modulating the
toxicity of AgNPs and silver ions, serum-free treatments
(DMEM/F12) were tested in parallel. Both CCM and serum-
free medium (SFM) treatments were prepared freshly on the
day the assay was performed, using equal concentrations
(0.25, 0.5, 1, 1.5, 2 and 2.5 ug mL ") of the three AgNP sizes
and AgNO; concentrations of 0.5, 1, 2, 3, 5, and 8 ug mL™%;
however, due to the higher toxicity of the NPs in the absence
of serum recorded by other authors,'”** the treatments were
incubated for shorter periods of time, i.e., for 3, 6, 12, and 24
hours. After the incubation times for treatments in CCM and
SFM, the cell viability was analysed using the LDH assay
(CytoTox 96, Promega Corporation, USA) using a modified
protocol (Ali-Boucetta et al 2011) to measure the LDH
content of the live cells instead of LDH released into the
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medium from dying cells after AgNPs exposure.>* This
modified protocol was selected due to recorded interferences
from the absorbance properties of the AgNPs when applying
the manufacturer's protocol.>*?® The methodology is
described on cancer cells in the original publication by Ali-
Boucetta et al. (2011),>* and in a previous ZF4 cell publication
by Quevedo et al. (2021).>* Briefly, ZF4 cells were seeded in 96-
well plates at a density of 8000 cells in a total volume of 200 uL
per well in CCM or SFM and incubated at 28 °C and 5% CO,.
The next day, cells were treated with AgNPs or AgNO; in either
CCM (10% FBS) for 3, 24, 48 and 72 hours or SFM for 3, 6, 12,
and 24 hours. After each incubation period, the cell medium
was removed and replaced with 110 pL of 0.9% lysis solution
and incubated for 45 minutes at 28 °C. Lysates were collected
and transferred into 1.5 mL polystyrene tubes and centrifuged
at 20 073 x g (Eppendorf, 5430R) for 5 minutes; 50 pL of the cell
lysate was transferred into 96 well plates, followed by addition
of 50 uL of reconstituted substrate mix (LDH kit, Promega).
Plates were covered with foil and incubated at room
temperature for 15 minutes. Finally, 50 puL of stop solution
(LDH kit, Promega) was added per well; the absorbance was
immediately recorded using a plate reader at 492 nm (Tecan,
Spark). All experiments were performed in triplicate, for the
three AgNPs sizes (10, 30 and 100 nm) and AgNO; in CCM and
SFM. Results were calculated based on the percentage of cell
survival using the following formula:

Percentage (%) survival = [sample absorbance/mean control] x 100

2.5 Nanoparticle internalisation by ZF4 cells

In order to assess the uptake of AgNPs, cells were seeded in
uncoated 24 well plates (13 mm) glass bottom dishes
(MatTek, P24G013F) at a density of 100000 cells in a total
volume of 1 mL of CCM and incubated at 28 °C and 5% CO,.
Twenty-four hours post-seeding, cell medium was replaced
with treatments prepared in CCM with final concentrations
of 2.5, 5 and 10 pg mL™" of 10, 30 or 100 nm AgNPs for either
2 or 24 hours. After the desired incubation period, cells were
carefully washed thrice with warm PBS, then the nucleus and
lysosomes were marked with 500 uL of a staining solution
consisting of warm CCM mixed with 1 uL mL™" Hoechst
33342 (Thermofisher, 62249) and 1 uL mL™" LysoTracker™
Deep Red (Thermofisher, L12492) for 45 minutes at 28 °C.
The staining solution was removed, and cells were washed
twice with warm PBS. Then, cells were fixed for 20 minutes
with 500 L of 4% paraformaldehyde (Thermofisher, 43368)
diluted in PBS. Finally, the cell membrane was stained with
500 pL of Alexa 488 wheat germ agglutinin (WGA) conjugate
solution (Thermofisher, W11261) at a final concentration of 5
ug mL™' and incubated for 15 minutes in the dark at room
temperature. After the staining period, cells were carefully
washed with PBS and then examined by confocal microscopy
using a NIKON A1R 808 series microscope. Hoechst staining
(excitation/emission 350/461 nm) was used for nucleus
identification and was visualised using the blue laser; for
lysosomes (647/668 nm) the red filter was used, and for the

Environ. Sci.: Nano, 2021, 8, 2507-2522 | 2509


https://www.atcc.org/products/all/CRL-2050.aspx
https://www.atcc.org/products/all/CRL-2050.aspx
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1en00422k

Open Access Article. Published on 24 July 2021. Downloaded on 12/4/2025 6:15:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

cell membrane (495/519 nm) the green filter was used.
Images were recorded with a 60x objective lens for all
channels, including a reflectance filter (488 nm) for the
AgNPs (reflectance mode). The NP reflectance intensity of
each cell was isolated by manually drawing a region of
interest (ROI) in the acquired image using FIJI open-source
image processing tool (V.2.00-RC69) and following the outline
of the cells based on the cell membrane staining with Alexa
488 (green). Then the intracellular background fluorescence
of the selected area (determined from an adjacent area
without cells) was recorded and subtracted from the initial
NP reflectance intensity. A similar method was followed to
calculate the total intensity of fluorescence per NP (visible
intracellular accumulations of NPs) as described in the
literature.>”>° A full description of the methodology used for
this analysis can be found in the ESL}

2.6 Intracellular calcium flux

Calcium (Ca*") plays a key role in diverse cellular signalling
functions, providing information about cellular activity and
disturbances. To evaluate the intracellular calcium flux a
Screen Quest™ Fluo-8 Calcium Assay kit was used (AAT
Bioquest, 36307). Once inside the cell, the fluorescent dye
results in enhanced fluorescent intensity when activated
upon binding to calcium.®® First, cells were seeded in 96-well
flat bottom plates (Corning, 3917) at a density of 8000 cells
in 200 pL of CCM at 28 °C with 5% CO,. Twenty-four hours
post-seeding, cells were treated with 2.5, 5 or 10 pg mL™" of
10, 30 or 100 nm AgNPs or 1, 1.5 and 2 ug mL™" of AgNO;
prepared in CCM for 24 h at 28 °C. A positive control of 20%
dimethyl sulfoxide (Sigma, D4540), prepared in SFM, was also
included for 30 minutes. After the incubation time, the cell
medium was carefully removed and cells were stained with
100 pL of the Fluo-8 NW dye working solution, which was
prepared by following the manufacturer's protocol. Briefly, 10
pL of Fluo-8 NW DMSO working stock was added into 10 mL
of 1x assay buffer. The 1x buffer was prepared by mixing 9
mL of Hanks' buffer with 20 mM Hepes buffer into 10x
Pluronic® F127 Plus (1 mL). After the working solution was
loaded into the plate, the cells were placed in the dark and
incubated for 30 minutes at 28 °C, then for 30 minutes at
room temperature. Immediately, the calcium flux was
assessed using a multimode microplate reader (Tecan Spark)
in time resolved fluorescence mode. The plate reader was set
to monitor the excitation/emission at 490/525 nm. The
intensities were corrected by subtracting the average of the
untreated control to obtain base-line corrected values
according to the supplier's protocol. Three
replicates per treatment were performed.

individual

2.7 Oxidative stress

Many cellular and biochemical alterations are associated with
excessive ROS production, especially in cellular organs where
the oxygen consumption is high. Hence, to further
understand the cytotoxicity of AgNPs and ionic Ag, the total
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intracellular ROS production was analysed via flow cytometry
using a total ROS Assay kit (Thermofisher, 88593074)
following the manufacturer protocol. Briefly, cells were
seeded in six-well flat bottom plates (Corning, CLS3736) at a
density of 5 x 10° cells in a total volume of 2 mL per well in
CCM and incubated at 28 °C and 5% CO,. After 24 h, the
medium was replaced with 2.5, 5 and 10 pg mL™" of 10, 30
and 100 nm AgNPs and 1, 1.5 and 2 ug mL ' AgNO;,
treatments prepared in CCM and incubated for 24 h at 28 °C.
100 uM menadione and 5 mM of N-acetyl-i-cysteine (NAC)
were prepared in CCM and included as positive controls to
induce and inhibit ROS production, respectively. Controls
were added one hour before the end of the incubation
period. After the incubation period the cell medium was
removed, cells were washed with warm PBS and detached
using 0.25% trypsin for 3 minutes at 28 °C. The medium and
cells were centrifuged for 10 minutes at 270 x g at 4 °C. The
supernatant was removed, and the pellet was labelled using
CellROX® Deep Red (Thermofisher, C10422). For this, the
cell pellet was resuspended (500 pL) and incubated in
CellROX® Reagent for 30 minutes at 28 °C; after the
incubation, the stained cells were centrifuged at 270 x g at 28
°C and finally the pellet was diluted with 500 pL of warm
PBS. Afterwards, cells were analysed by fluorescence-activated
cell sorting (FACS) (BD LSRFortessa™) using the
allophycocyanin (APC) filter with excitation of 644 nm and
emission of 665 nm. The flow cytometer electronic
compensation was set up based on unstained cells (control)
and cells labelled with the single stain, then, cell doublets
were excluded from the analysis. At least 10000 counts were
analysed per sample and three individual replicates were
performed per treatment. Results were analysed using FlowJo
V10 software (V.10.0.8, FlowJo, LLC, Ashland, OR, USA).

2.8 Cell cycle analysis

The cell cycle involves a signalling cascade to divide a cell
into two daughter cells; to explore potential disruptions of
the cell cycle from exposure to AgNPs and ionic Ag, FxCycle™
PI/RNase Staining Solution (Thermofisher, F10797) flow
cytometry was used. Briefly, cells were seeded in six-well flat
bottom plates (Corning, CLS3736) at a density of 5 x 10° cells
per well in CCM in a final volume of 2 mL, incubated at 28
°C with 5% CO,. After 24 h, treatments prepared in CCM
were added at 2.5, 5 or 10 pg mL™" of AgNPs (10, 30 and 100
nm) or 1, 1.5 and 2 pg mL™" of AgNO;, and incubated for 24
h at 28 °C. 3 uM topotecan (Sigma, T2706) and 10 uM
etoposide (Sigma, E1383) were also incubated for 24 hours as
positive controls to induce cell cycle arrest in phases S and
G2, respectively. After 24 hours, the cell medium of all
treatments was removed, cells were washed with PBS and
detached using 0.25% trypsin for 3 minutes at 28 °C. The cell
medium and cells were centrifuged for 10 minutes at 270 x g
at 4 °C. Then, the supernatant was discarded, and the cell
pellet was carefully fixed with 3 mL of cold ethanol absolute
(Sigma, 34852). After fixation, the cells were centrifuged, and

This journal is © The Royal Society of Chemistry 2021
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the supernatant fixation was carefully removed. Finally, the
cell pellet was stained using 500 pL of red fluorescent
propidium iodide (PI) stain (FxCycle™ PI/RNase staining)
and incubated at room temperature for 30 minutes. Stained
cells were analysed by FACS using the PI (Texas red) filter,
with an excitation/emission of 535/617 nm. The flow
cytometer electronic compensation was set as previously
described (see above), based on healthy stained and
unstained cells and cell doublets were eliminated from the
analysis for better results. At least 10000 counts were
analysed per sample and three replicates were included for
all the samples. Flow cytometry results were analysed by
FlowJo V10 software using the cell cycle tool.

2.9 DNA damage determined by comet assay

Cells were seeded in 12-well flat bottom plates (Costar, 3737)
at a density of 200 000 cells in 1 mL of CCM and incubated at
28 °C and 5% CO,. After 24 h, cells were treated with 2.5, 5
and 10 pug mL ™" of 10, 30 and 100 nm AgNPs and 1, 1.5 and 2
ug mL™" of AgNO; for 24 h at 28 °C. A concentration of 200
UM hydrogen peroxide (H,0,) as positive control prepared in
CCM was also included for 30 minutes to induce DNA
damage. After the incubation period, the cell medium was
removed; cells were washed with PBS and detached using
0.25% trypsin for 3 minutes at 28 °C. Then, the medium and
cells were centrifuged for 3 minutes at 956 x g at 22 °C. After
centrifugation, the supernatant was carefully removed, and
the cell pellet was resuspended in 100 pL of PBS. Then 20 pL
of the diluted cell suspension was diluted with warm (28 °C)
0.7% low melting point agarose (LMA) (Gibco, V384A), then
100 pL of the suspension were added onto a slide precoated
with 1% normal melting point agarose (NMA) (Promega,
V384A) and covered immediately with a glass coverslip (24 x
60 mm); slides were set to cool over ice for 20 minutes at 4
°C (see section 1 of the ESIT for detailed description of the
preparation of the buffers and slides). The coverslip was
gently removed and another layer of 90 uL LMA was added,
another coverslip was added, and the slide was set to cool for
20 minutes at 4 °C. After the cold incubation, the coverslips
were carefully removed, and the slides were placed into a
lysis solution at 4 °C overnight. Afterwards, the slides were
placed onto an electrophoresis chamber with cold
electrophoretic buffer for 20 minutes; after the unwinding
step, electrophoresis was conducted for 20 minutes at 20 V
cm '-300 mA at 4 °C. Then, the slides were transferred onto
a rack and covered with 2 mL of neutralizing buffer for 5
minutes. The slides were fixed in —-20 °C ethanol for 5
minutes and set to dry on a flat surface for 24 hours. Finally,
the slides were stained with SYBR™ Gold nucleic acid
(Thermofisher, S11494) using a 1:1000 dilution of stock
solution prepared in UPW. Samples were incubated in the
dark for 24 hours at 4 °C and then visualised using a
fluorescent microscope with the blue laser. Tail intensity (%
TI) of 50 comets was recorded using Comet Assay IV digital
software (Perceptive Instruments, Wiltshire, UK). Three
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replicates were performed for each treatment, equating to
150 comets per sample to calculate the mean and standard
deviation. Images were also taken when recording the TI of
the comets. Results were analysed using Comet Assay IV
macro https://www.instem.com/solutions/genetic-toxicology/
comet-assay.php. A full description of the buffers used can be
found in section 1 in the ESIL}

2.10 Statistical analysis

All the results were plotted and analysed using GraphPad
prism 8 software (V.8.4.3). Statistical analyses were performed
in GraphPad using a two-way ANOVA followed by a
Bonferroni post hoc comparison for all AgNPs and AgNO;
treatments against the untreated control (naive).

3. Results
3.1 Characterisation of the NPs

The AgNPs were characterised in CCM and SFM, displaying
noticeable differences in the hydrodynamic sizes after 0 and
24 hours. The sizes of the 10, 30 and 100 nm AgNPs in SFM
at 0 hours were recorded as 47.86 + 0.01 nm, 94.82 + 0.01 nm
and 135.9 + 0.05 nm; however, after 24 hours, substantial
differences were displayed, with 617.21 + 0.690 + 0.1, and
540.93 + 0.03 for the 10, 30 and 100 nm AgNPs, respectively
(Fig. 1). The increase in size after 24 hours in SFM can be
linked with the PDI results, as after 24 hours the PDIs
recorded were around 1, suggesting high agglomeration and/
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Fig. 1 Characterisation of the AgNPs by dynamic light scattering
(DLS) in serum free media (SFM) and complete culture media (CCM)
at different time points. Three representative AgNP sizes (10, 30 and
100 nm) were prepared in CCM and SFM at a concentration of 10 pg
mL™ and incubated for 0 and 24 hours at 28 °C. Figures A and B
show the hydrodynamic size (nm) and polydispersity index (PDI) of
the AgNPs in SFM and CCM respectively. C and D show the zeta
potential in SFM and CCM after 0 hours and 24 hours incubation.
Results represent the average of three replicates and their standard
deviation. The SFM and CCM were characterised also to determine
the size of the salt or protein clusters.
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or sedimentation of the NPs, compared to the fresh samples
(0 hours) which showed PDIs between 0.03 and 0.23 for the
three AgNPs sizes. On the contrary, the AgNPs sizes in CCM
were broadly constant, with only small differences between 0
and 24 hours, which suggests rapid formation of a protein
corona as well as some level of agglomeration upon
dispersion. Interestingly, the 10 and 30 nm particles
displayed similar sizes in CCM at 94.49 + 0.03 and 95.20 +
2.85 nm respectively at 0 hours, and 105.66 + 0.3 and 102.65
+ 0.02 respectively at 24 hours, whereas the 100 nm AgNPs
increased from 160.63 + 0.52 nm (T0) to 175.06 + 0.5 nm (24
hours). The zeta potential data suggests that the NPs had
limited interaction with the medium compounds in SFM as
both time points displayed similar results (-6 to -7 mV). On
the other hand, the zeta potentials in CCM became slightly
more negative (=10 to -12), displaying similar results at 0
and 24 hours (Fig. 1D). These results suggest that the small
and medium sized AgNPs were more likely to increase in size
upon dispersion compared to the larger NPs. Moreover, the
addition of serum had a strong effect on the physiochemical
characteristics of the NPs, which can be related to the
absorption of proteins onto the NPs, as well as enhancing the
colloidal stability through steric mechanisms. Full
characterisation results can be found in section 2 in the ESI}
as Table S1. Further characterisation of the NPs using
different concentrations and testing media is broadly
described in a previous publication.??

3.2 LDH assay

To evaluate direct NP-cell interactions and the role of the
acquired protein corona in mitigating the toxicity of AgNPs
and silver ions, treatments prepared in SFM and CCM were
compared. Representative low, medium, and high
concentrations were selected based on the exposure
concentration that decreased the cell viability to 50% (ECs)
after 24 hours in treatments prepared in CCM. The recorded
ECso for the AgNPs was around 10 ug mL™', whereas for
AgNO; it was 2 pg mL™". Hence, concentrations of 2.5, 5 and
10 pg mL™" for the AgNPs and 1, 1.5 and 2 ug mL™" of ionic
Ag were used for all subsequent experiments, to further
understand the role of AgNP dose and size on the induction
of cellular repair pathways in ZF4 cells under normal cell
culture conditions (10% FBS). A summary of the recorded cell
viabilities (%) after 24 hours in CCM can be found as Table
S2 in the ESIf} For more information about other tested
concentrations, exposure time points and the full
methodology used for treatments prepared in CCM, see
Quevedo et al., (2021).>>

To understand the cytotoxic effects of the AgNPs and its
ionic counterpart under serum free conditions, the ECsq in
ZF4 cells was also determined. The AgNP concentrations in
SFM were equal to those in the CCM treatments; however,
due to the high toxicity recorded (reduction in cell viability
%) after 24 hours (<10% viability) results are displayed only
up to 24 hours of incubation (Fig. 2). The SFM treatments
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Fig. 2 Cytotoxicity of AgNPs and AgNOs to ZF4 cells in serum free
medium (SFM). Cells were treated with AgNPs and AgNOs prepared in
SFM for 3, 6, 12 and 48 h. The graphs show the percentage viability of
ZF4 cells treated with 0.25, 0.5, 1, 1.5, 2 and 2.5 ug mL™ of AgNPs for
10 nm A), 30 nm B), and C) 100 nm. D) Viability of cells treated with
0.5, 1,2, 3,5, and 8 ug mL ™ of AgNOs. Graphs represent the average
of three individual replicates and their standard deviation. Data with
asterisks (*) indicate statistically differences between AgNPs treatments
compared with the naive control at each time point (*p < 0.05, **p <
0.01, and ***p < 0.001). All bars under the lines are included within
the asterisk above.

thus demonstrated higher toxicity compared to the
treatments prepared in CCM, as expected due to the
mediating effects of the corona formed in CCM. The DMEM/
F12 medium (SFM) registered a low protein content (17 +
0.22 pg mL") compared to the CCM which was
supplemented with 10% FBS leading to a protein content of
244 + 03.98 ug mL™'. Hence, lower concentrations were
selected for the toxicity experiments in SFM due to the
massive membrane damage induced by the bare AgNPs.

The 10 nm AgNPs in SFM showed a 50% decrease in the cell
viability at 2 pg mL™" after just 6 hours (Fig. 2A). After 24 hours
exposure to the 10 nm AgNPs cell death reached 49.24 + 1.52%
at 1 ug mL™", indicating that as expected the AgNPs in SFM
exhibit higher toxicity compared to the treatments in CCM
where cell viability was about 50% even with exposure to 10 pg
mL™. For the 30 nm and 100 nm (Fig. 2B and C), the toxicity
was lower, decreasing the cell population to around 60-70%
from 3 to 12 hours at the highest concentration (2.5 pg mL™")
in SFM. However, after 24 hours, the ECs, was 1.5 pg mL ™ for
both sizes, with 51.19 + 5.80 and 53.87 + 0.42% cell viability
respectively in SFM. On the other hand, the results for the ionic
control in SFM (Fig. 2D) showed a noticeable decrease (40-
50%) in the cell viability after 3 hours at 2 ug mL ™" which by 24
hours had decreased below 70%, with viability percentages
ranging from 11-38% for the remaining AgNO; concentrations.
Thus, the silver ions also displayed higher toxicity in SFM
treatments compared to the AgNO; treatments in 10% FBS,
further demonstrating the important role of proteins in

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1en00422k

Open Access Article. Published on 24 July 2021. Downloaded on 12/4/2025 6:15:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Nano

Uptake 2 hours Uptake 24 hours
E 300 E 20
E‘,.zoo g *
23 gg
Eg £8
P 5%"
% 100 %
5
c c
8 8
= =
10nm 30nm 100nm 10nm 30nm 100nm
AgNPs size (nm) AgNPs size (nm)
NPs/cell 2 hours NPs/cell 24 hours
0.00 0.0
= 5=
273 0.00 &% 00
S5 $§
@ 20.00. ° §_
gt gL
g2 § Zoon
Z 3 0.002 z8

14
o
3
o
o

100 nm " 1omm 30nm
AgNPs size (nm)

30 nm
AgNPs size (nm)

10 nm 100 nm

I 2.5AgNPs I 5AgNPs 1 10 AgNPs

Fig. 3 Internalisation of AgNPs by ZF4 cells in CCM determined by
confocal microscopy. Data is presented as the mean intensity (A.U.) x
1000 measured after 2 and 24 hours. Samples were treated with 2.5, 5
and 10 pug mL™ of 10, 30 and 100 nm AgNPs. A and B) Uptake of
AgNPs of different sizes and concentrations after 2 or 24 hours.
Results represent the mean cellular intensities of three individual
samples, for a total of 12 cells per AgNP concentration and size. C and
D) Number of intracellular NPs accumulated per unit area (of cells) at 2
or 24 hours. Results represent the average of three individual samples
per AgNP concentration and size.

reducing the cytotoxicity of both AgNPs and their ionic
counterpart. Therefore, all subsequent treatments were
prepared in CCM to avoid cell distress due to the lack of
nutrients as well as to mimic the in vivo environment. Full SFM
results are presented in Table S2 in the ESLf

3.3 Nanoparticle internalisation

Confocal microscopy results were calculated as reflectance
per NP (total intensity of fluorescence per NP spot), and to
further understand the entry of the NPs into the cells, an
estimation of the number of intracellular NPs accumulated
per unit area was calculated (NPs per cell). After 2 hours all
the NPs followed an inverse concentration-intensity response,
with higher intensity values at the lowest AgNPs
concentration (2.5 pg mL™") and lower intensity values
(corresponding to lower concentrations of internalised
AgNPs) at the highest AgNPs concentration (10 pg mL ™)
(Fig. 3A and Table S3 in the ESIt). The smallest AgNP size (10
nm) presented the highest levels of fluorescent intensity (A.
U.) of the three AgNP, likely as a result of the higher particle
number at constant mass. The 30 nm AgNPs displayed a
similar concentration-intensity response, with intensity
values below those of the 10 nm AgNPs but higher than the
100 nm particles which presented the lowest intensity values
for the three AgNP sizes. These results might be related to
the NP attachment to the cell surface as well as the NPs
internalisation, as smaller NPs are likely to be internalised
faster than larger ones.

This journal is © The Royal Society of Chemistry 2021
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Similarly, the number of particles per mL may also
influence the uptake of the NPs, as smaller AgNP sizes present
a much higher number of NPs mL™ compared to the larger
sizes, at the same mass concentration (calculations can be
found in Table S3 in the ESIf). The highest AgNP
concentrations showed lower fluorescence intensity values,
which may suggest that cells reduced the turnover of their
uptake machinery by activating other cellular processes. After
24 hours a reduction in the fluorescence intensity for all the
NPs and sizes was evident compared to the initial 2 hours
exposure (Fig. 3B). This is likely a result of AgNP
transformation processes inside the cells, such as dissolution
which would reduce the reflectance and thus appear as loss of
NPs, and would be more pronounced for the 10 nm AgNPs due
to their large surface area and confirmed higher dissolution
rates compared to the larger particles;”* which is consistent
with the data in Fig. 4A and B where the reflectance decrease
between 2 and 24 hours was greatest for the 10 nm particles.
Cell division has been also shown to result in a halving of the
NP fluorescence intensity as the NPs are split between daughter
cells,’** but the doubling time for ZF4 cells have been
reported to be around 72 hours so this was unlikely to explain
the decrease in fluorescence in this case.

Estimation of the number of NPs per cells revealed the
lowest number of NPs at 2 hours, with an overall mean of 0.003
NPs per cell, whereas after 24 hours there was an increase in
the number of NPs per cells to 0.01 NPs per cell (Fig. 3C and D
and Table S4 in the ESIT). The 10 nm size displayed the highest
values for both exposure times, which is related to the larger
number of NPs mL ™" with smaller sized particles at a constant
mass concentration. The 100 nm AgNPs showed higher
numbers of NPs per cell compared to the 30 nm particles,
which showed the lowest intracellular NP accumulation values.
The results may suggest that after 2 hours most of the NPs were
attached to the cell membrane making their visualisation
complex, whereas after 24 hours, the NPs may have undergone
agglomeration in the cell lysosomes facilitating their
visualisation, but also influencing their intensity by reflecting
more (for larger apparent sizes) as shown in the uptake after 24
hours (Fig. 3B). Confocal images support the fact that AgNPs
might be interacting with the cell membranes at shorter
exposure times, as the images for 24 hours showed
internalisation of the NPs and their accumulation in lysosomes
which cluster in close proximity to the blue-stained nuclei
(Fig. 4). Confocal microscopy was only performed on samples
containing NPs, as it is necessary to have particle mass to
reflect the light and thus the ionic control could not be
analysed by this method. Tables summarising the NP
intensities, NPs per cell values, and the remaining confocal
images can be found in the ESIf as Tables S3-S5 and
additional images are shown in Fig. S2 and S3.f

3.4 Intracellular calcium flux

Intracellular calcium (Ca**) contributes to the maintenance
of cellular homeostasis and leads to the transport of Ca*"
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Fig. 4 Representative confocal images of ZF4 cells treated with AgNPs. Cells were treated with 10 pg mL™* of 10 nm AgNPs for 2 and 24 hours,
then stained with Hoechst (blue) for the nucleus, LysoTracker deep red (red) for lysosomes, and Alexa 488 (green) for the cell membrane. Figures
A and D show the untreated control (naive) composite of the three dyes. Due to visual interference between the NP reflectance and the dye used
to stain the cell membrane (B and E), the green channel was removed to visualize the NPs for images C and F. Figures B and C show cells treated
with 10 ug mL™ of 10 nm AgNPs for 2 hours. B) Overlay of the nucleus, lysosomes and cell membrane staining. C) Blue and red staining overlaid
with the NPs (reflectance) channel. The yellow arrows show AgNPs attached to the cell membrane with no noticeable NP internalisation. Figures
D-F show cells treated with 5 ug mL™ of 10 nm AgNPs for 24 hours with a close-up (zoom in) of a few cells for better visualisation (yellow box). E)
Overlay of blue, red and green dyes. F) Overlay of the red and blue staining and the NPs (reflectance) channel. Yellow arrows pointing to the white
dots (NPs) show the internalisation of the NPs and their proximity to the nucleus and their localisation in lysosomes. The scale bar for all the

images is 22 um. Images were taken with a NIKON A1R 808 series microscope using a 60x objective.

across cell membranes; thus, in order to understand the
impact of AgNPs on this regulated cellular function, the
intracellular calcium mobilization was assessed through a
negatively charged fluorescent dye (Fluo-8 NW) that stays
inside healthy cells, and whose fluorescence is greatly
enhanced upon binding to cytosolic Ca*>". Thus, the positive
control, DMSO, results in a 200% increase in intracellular
Ca®" relative to the control cells (Fig. 5). However, where
damage, the
intracellular Ca®>" levels may be recorded as less than the
control cells due to leakage from the cell. The fluorescence
intensity results were corrected by subtracting the blank

there is significant membrane cells’

from the treatment values, then, the corrected intensity was
normalised to an equal number of cells for all treatments
(1000 cells) based on the lowest cell count numbers, as the
intensity could decrease as a result of lower numbers of
viable cells at the higher AgNP/ionic Ag concentrations, and
finally for easier interpretation, transformed to percentage
(%) against the naive. Results, for the 10 nm AgNPs
displayed an inverse dose-response trend, with highest
calcium percentages (%) at the 2.5 and 5 upg mL™"
concentrations (219.99 + 80.12 and 178.53 +* 43.17%,
respectively), whereas the 10 ug mL™" showed a decrease in
the percentage of calcium (164.19 + 18.75%) although still
much higher than that of the naive cells (100 = 0.0%)
(Fig. 5). Interestingly, the ionic control displayed the lowest
calcium percentages at all concentrations (77.81 + 4.31,

2514 | Environ. Sci.: Nano, 2021, 8, 2507-2522

14.16 + 3.14, and 14.74 + 0.88% for 1, 1.5 and 2 pg mL ™,
respectively) compared to the AgNPs treatments and naive
(Fig. 5). This decrease in the intensity of the fluorescent dye
below the levels present in the naive cells was not due to
differences in the number of viable cells (which was corrected
for by normalising the values to 1000 cells) and instead is
suggestive of leakage of Ca®* from the cells as a result of
membrane damage by the Ag" ions, and is consistent with
induction of lipid peroxidation as shown in our previous
work.?* These results suggest that the calcium response can be
disrupted by interaction with AgNPs and Ag' ions, although
more work is needed to understand the nature of the
disruption and whether it results in overstimulation of
blockage of the permeable channels at the plasma membrane,
leading to the disruption of the signalling cascade and the
interplay between NP and ionic silver.**** The 30 nm AgNPs
had no effect on the cellular Ca>" content (98.34 + 29.67) at 2.5
pg mL™', compared to the naive cells, while there was a
noticeable increase of Ca®" at the medium (116.40 + 53.92) and
high (255.68 + 26.63) 30 nm AgNP concentrations (5 and 10 pg
mL™, respectively). Similarly, the 100 nm AgNPs showed a very
slight increase in intracellular calcium content (101.03 + 3.01)
at the lowest AgNP concentration (2.5 ug mL ™), with increasing
percentages at 5 and 10 ug mL™' AgNP concentrations
(109.04 + 6.37 and 164.34 + 23.21, respectively), suggesting
that the larger AgNPs induce less noticeable changes in the
intracellular calcium content compared to the smaller

This journal is © The Royal Society of Chemistry 2021
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particle sizes. Normalised results can be found in Table S6
in the ESLY

3.5 Oxidative stress

Reactive oxygen species (ROS) are highly chemically reactive
oxygen-containing molecules that can be generated at low
levels as a natural product of oxygen metabolism; however,
overload of ROS occurs as response a to cellular disruption
and stress. All the NP concentrations tested induced an
increase in ROS. The 10 nm AgNPs exhibited a dose-
dependent increase in ROS-induction, from 106.2 + 32.11%
at 2.5 pg mL™" to 217.2 + 16.85% at 10 ug mL™" compared to
the naive control (100 + 18.95%) (Fig. 6).

The 30 nm AgNPs showed major ROS production at 2.5 pg
mL™" (136.1 + 4.77%) and 10 pg mL ™" (173.7 + 8.0%) with a
decrease at 5 ug mL™" (121.9 + 7.9%), suggesting that cells
may have tried (unsuccessfully) to overcome the damage. The
100 nm AgNPs also presented major ROS induction, however,
the lowest concentration displayed the highest ROS
production as shown in Fig. 6. On the other hand, the AgNO;
showed a concentration-dependent ROS response, with values
similar to those of the 10 nm AgNPs, suggesting a close link
between the small NPs, which likely have the highest
dissolution, and the ionic complexes. Overall, the results
showed that 10 nm AgNPs induced major ROS production at
high concentrations, whereas the 30 and 100 nm AgNPs
induced ROS at low (2.5 pg mL™") and high concentrations
(10 pg mL™"), while the medium concentration (5 pug mL™)
seemed to be slightly better assimilated by the cells, perhaps
as a result of activation of cellular repair mechanisms in an
attempt to overcome the damage. The FlowJo extracted
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Fig. 5 Intracellular calcium induced by (A) AgNPs and (B) AgNOs in
ZF4 cells at 24 hours in CCM. Cells were treated with 2.5, 5 and 10 pg
mL™ of 10, 30 and 100 nm AgNP and 1, 1.5 and 2 ug mL™ of AgNOs as
ionic control for 24 hours. A positive control of 20% DMSO was also
included for 30 minutes to ensure the reliability of the assay. The
obtained intensities were corrected by subtracting the mean of the
naive cells from all treatments, then the corrected intensities were
normalized to an equal number of 1000 cells per treatment and finally
transformed to percentage (%) against naive. Results represent the
mean and standard deviation of three individual replicates. Data with
asterisks (*) indicate a statistically significant difference of AgNPs
treatments (*p < 0.05, and ***p < 0.001) compared to the naive cells.
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Fig. 6 Total oxidative stress in ZF4 cells treated with AgNPs and
AgNOs. Graphs show the normalised values of the recorded
allophycocyanin (APC) filter mean intensities. Results were normalised
against the naive cells. A-C) Oxidative stress induced by AgNPs of
different sizes after 24 hours. D) ROS production following AgNOs3
exposure for 24 hours. Menadione (100 pM) and N-acetyl-L-cysteine
(NAC) 5 mM were included for 1 hour as controls to induce and reduce
ROS production, respectively. Data with asterisks (*) indicate
statistically significant differences between AgNPs treatments (*p <
0.05, **p < 0.01, and ***p < 0.001) and the naive cells. All bars under
the line are included within the asterisk above.

histograms and a table containing a summary of the
normalised results can be found in Table S7 and Fig. S4 in
the ESLf

3.6 Cell cycle

The cell cycle involves a series of events that lead to cell
division and replication. An arrest in the cell cycle implies a
stopping point in the cycle, where duplication and division
are no longer available, since arrest is a process used to
facilitate DNA repair before cell proliferation. This is
represented by an accumulation (increase in the percentages)
of cells in a specific cell cycle phase, indicating that cells
were arrested/delayed in that phase.'* Results for the 10 nm
AgNPs showed complete disruption of the cell cycle, as all
concentrations displayed reduced % cells in each of the G1, S
and G2 phases, except the lowest AgNP concentration (2.5 pg
mL™) which showed a slight increase in the % cells in G2
(11.30 + 0.3% compared to 10.03 + 1.6% of the naive cells)
(Fig. 7). The noticeable decrease in all the cell cycle phases
for the 10 nm AgNPs, may suggest that cell death has a key
role in cell cycle regulation, as cells may not be able to
overcome the irreparable damage, inducing cell cycle
dysregulation by inhibiting normal controls on the system,

Environ. Sci.: Nano, 2021, 8, 2507-2522 | 2515
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Fig. 7 Impact of AgNPs on cell cycle progression of ZF4 cells. Cells
were treated with either 2.5, 5, and 10 ug mL™? of three different
AgNPs sizes (10, 30 and 100 nm) or 1, 1.5 and 2 pg mL™ of AgNOs for
24 hours in CCM. A-D) Percentage (%) of cells in each of the cell cycle
phases after the exposure to AgNPs or AgNOs. Figures represent the
mean intensity of propidium iodide versus the number of cells counted
(10 000). Concentrations of topotecan (3 uM) and etoposide (10 uM)
were included as positive controls for S phase and G2/S phases,
respectively. Data with asterisks (*) indicate statistically significant
differences between AgNPs treatments and naive cells for each phase
(*p < 0.05).

and finally turning to cell death.**?® The 30 nm AgNPs
showed a clear cell cycle arrest at phase G2 with 12.36 + 3.15,
13.18 + 1.37, and 12.53 + 0.37% of the cells in this phase for
the 2.5, 5 and 10 ug mL™" concentrations, respectively,
compared to 10.03 + 1.6% of the naive cells. At phase G1, the
5 ug mL' was the only concentration that induced
statistically significant (*p < 0.05) cell cycle arrest with 67.70
+ 2.78%, compared to naive with 65.46 + 2.2%. The 100 nm
AgNPs displayed a slight increase in the % cells at phase G1
with 65.73 + 2.45% suggesting a small percentage of delayed
cells in this phase. On the contrary, all the concentrations
showed cell cycle arrest at phase G2 with 11.02 + 4.18, 12.46
+ 2.15 and 10.95 + 1.97% for 2.5, 5 and 10 pg mL™,
respectively. Interestingly, all the AgNP concentrations for all
three sizes (10, 30 and 100 nm) showed a decrease in phase S
of the cell cycle, suggesting that cells are not entering this
phase (of DNA synthesis), remaining in the other phases of
the cell cycle to attempt to repair the damage induced by the
AgNPs or Ag" ions.'* On the other hand, the 1.5 and 2 pg
mL™" concentrations of the ionic control (AgNO;) showed the
highest percentages of cell cycle arrest in phase G1 with
68.35 + 1.06 and 71.0 + 2.40% respectively, compared to the
naive and AgNPs treatments. As was the case with the 10 nm
AgNPs, the ionic treatments displayed a reduction in the
percentage of cells entering phase G2 at the medium (7.87 +
0.92) and high concentrations (6.75 + 0.78), whereas the

2516 | Environ. Sci: Nano, 2021, 8, 2507-2522
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lowest concentrations (1 pug mL™") showed cell cycle arrest
(increase of % cells at this phase) with 11.76 + 0.94%. A
summary of the results, including the percentages obtained
for each phase and histograms, can be found in ESIf as
section 6, Fig. S5 and Table S8.}

3.7 DNA damage assessed by comet assay

Single-cell gel electrophoresis or alkaline comet assay was
used to detect single DNA strand breaks in ZF4 cells exposed
to AgNPs and its ionic counterpart (AgNO;). The results
showed increased DNA strand breaks for all AgNP
concentrations and sizes. DNA strands breaks increased in a
concentration-dependent manner as well as showing a NP
size-dependent effect compared to the naive cells (1.88 =
1.45%). The registered tail percentages following exposure to
2.5, 5, 10 pg mL " were 7.5 + 2.61, 8.70 + 4.52, and 11.45 +
3.53% for 10 nm AgNPs and 8.32 + 6.03, 8.88 + 9.69, and
10.45 + 5.02% for 30 nm AgNPs (Fig. 8). Both sizes showed a
statistically ~ significant  difference at the  highest
concentration (10 ug mL™"). The 100 nm AgNPs displayed the
lowest percentages of DNA breaks of the three AgNP
concentrations, which suggests that the smaller NPs may get
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Fig. 8 DNA damage in ZF4 cells treated with AgNPs of (A) 10 nm, (B)
30 nm, (C) 100 nm and (D) AgNOsz. The mean DNA strand break
percentages (%) obtained by analysing the DNA tail intensity (%) were
determined using the comet assay. Three individual replicates were
prepared and 150 comets in total were scored per treatment. Comets
were analysed using IV comet macro software. Data with asterisks (*)
indicate a statistically significant difference of AgNPs treatments (*p <
0.05 and ***p < 0.001) compared with the naive cells. All bars under
the line are included within the asterisk above.
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internalised more easily, strongly interacting with the DNA;
whereas for the 100 nm AgNPs internalisation and contact
with DNA may be less likely. The positive control showed the
highest percentage of DNA strand breaks compared to the
AgNPs treatments and naive, displaying almost identical
values for the medium and high concentrations, with 79.48 +
2.67% for 1 pg mL™', 82.67 + 1.46% for 1.5 pg mL™" and
82.90 + 0.91% 2 pg mL™". Besides, the ionic control displayed
above 50% DNA in the Comet tails higher than the positive
control (H,O, 46.81 + 6.02). The AgNO; treatments also
showed a significant difference at all concentrations
compared to the naive cells (*» < 0.001). Overall, all the
comets in the acquired images reveal tail differences between
the AgNP treatments versus its ionic counterpart (AgNOj;),
which showed massive percentages of DNA breaks compared
the nanoparticulate form. A full summary of the results can
be found in the Table S9 in the ESIt as well as in the images
of the comets in Fig. S6.}

4. Discussion

Understanding the interactions of NPs within cells and how the
NP size and biological exposure influence the cellular uptake,
cell stress mechanisms, and cytotoxicity outcomes are key for
the development of safer NMs.?” Cellular models provide a fast
and reliable tool to further understand the molecular
responses triggered after exposure to NPs. In this regard, the
use of fish cells (e.g., topminnow fish and rainbow trout) has
been widely exploited in terms of aquatic toxicology, being an
excellent representative model with easy maintenance and
consistent correlation with in vivo responses.****"** However,
as the production of NP-based products increases, the
assessment of the possible negative outcomes in the aquatic
environment and biological systems also increases,
highlighting the continuous need for new alternative
models.*>** Towards this goal, and as part of our efforts to
elucidate the interactions of AgNPs with fish cellular models,
we evaluated the potential use of commercial embryonic
zebrafish cells (ZF4) as an emerging in vitro toxicological
model. These adherent fibroblast ZF4 cells were established
from a 1 day old embryo,** and provide an additional endpoint
for early-stage assessment, compared to other fish cells lines,
that are established from adult fish tissues.*” Furthermore, ZF4
cells can be maintained under regular cell culture conditions,
which includes serum supplemented medium, preservation of
the cell line in liquid nitrogen, and continuous growth and
culture, features that make this cell line a potential screening
tool for NPs toxicity as well as other types of xenobiotics (e.g.,
microplastics and pharmaceutical compounds).>**°™4°

AgNPs are strongly influenced by the surrounding
environment. Hence, the interactions between NPs and
constituents of the cell medium provide insights about the
NPs' behaviour in relevant biological fluids or complex
environments.’® It is known that the presence of proteins
and salts and in cell medium can either reduce or enhance
the toxicity of NPs as well as inducing alterations in the
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physiochemical characteristics of the NPs, such as changes in
the size, shape, and surface area."®>'™® In this regard, the
characterisation in CCM and SFM by DLS demonstrated that
the serum had a stabilizing effect on the NPs, as the
hydrodynamic size did not change over 24 hours, compared
to the AgNPs in SFM, which revealed major agglomeration
after 24 hours. Moreover, the zeta potential in CCM
treatments remained similar at both time points suggesting
that corona formation around the PVP-capped AgNPs in CCM
provided additional stability, with corona formation also
evidenced by the slight increase in size as a result of the
binding of serum proteins onto the NPs' surface.”*>® The
hydrodynamic size in CCM was expected to increase most for
the smaller particle size (10 nm) as the small particle size
means that larger proteins may bind more than one particle
leading to some agglomeration. Also, for the larger particles,
a diameter increase of just a few nm as a result of protein
binding is less discernible by DLS than the increase in size of
the smaller NPs.>” On the other hand, AgNPs in SFM revealed
strong agglomeration and/or sedimentation after 24 hours,
with sizes between 500 to 600 nm, presumably due to the
high concentration of ionic salts in the medium despite the
PVP capping which should provide steric stabilisation."”
Similar NP behaviour in SFM has been previously
demonstrated by other authors.'”'%***® For example, a study
by Yue et al. (2014) determined that citrate AgNPs in SFM
exposed to rainbow trout cells presented a noticeable
increase in size, going from an initial size of 40-100 nm to
1000-1750 nm after 24 hours (ref. 19) although of course the
particles here were electrostatically stabilised only.

The dynamic interplay between the intrinsic properties of
the NPs and the components of the physiological
environment is closely related to the activation of the cells’
molecular responses (Fig. 9).°° In this study all the
experiments were performed in CCM; however, to further
understand the effect of serum on the toxicity the NPs, an
additional cytotoxic assay in SFM was included. Results
demonstrated that AgNPs treatments in CCM (10% FBS)
produced a minor cytotoxic effect on cells compared to the
serum-free treatments, which revealed higher toxicity at
earlier exposure times, as suggested by other authors in
mammalian and fish cell models."””***®" Similarly, the
ionic control revealed lower toxicity in serum-containing
treatments. Additionally, all the Ag" concentrations displayed
higher toxicity compared to the NPs in serum-free
treatments, with Ag" inducing a 50% reduction of the cell
population at 2 pg mL™" in the first 6 hours of exposure and
under SFM conditions. The reduction of AgNP cytotoxicity in
CCM compared to SFM treatments may be influenced by the
binding between NPs, and ionic silver and the proteins
present in the medium, having a mitigating effect on the
toxicity. This can be related to fact that there is less direct
interaction between the NPs with the cells due to the protein
corona in the NPs, which is mainly formed of serum proteins
as well as due to the binding or proteins with Ag".'”?%3%61
On the other hand, the absence of biomolecules (from
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serum) in the SFM treatments as well as the high surface
reactivity of NMs, may result in higher cellular damage due
to the strong adhesion of the bare NPs to the cell membrane,
potentially forming a corona from biomolecules pulled out
from the cell membrane, such as cytosolic proteins (from the
cytoskeleton) and other cell membrane proteins.®*®?

The cellular uptake and biodistribution of NPs are strongly
influenced by proteins in the biological suspension, which also
affect their fate, bioavailability, and potential toxicity.'®*°®
Results for NP internalisation by confocal microscopy showed a
major NP intensity during the first 2 hours, however, this
might be due to NP adhesion to the cell membrane and not
cellular uptake. It has been previously reported by Abdelkhaliq
et al. (2018) that the cellular adhesion of polystyrene NPs
occurred after 10 minutes of exposure, whereas internalisation
was confirmed after 24 hours at a much slower rate.®” The
confocal images confirmed these findings; after 2 hours, the
AgNPs were mainly associated with the cell membranes, while
after 24 hours of exposure, the AgNPs were found located
centrally in the lysosomes of the cells (Fig. 4). In addition, NPs
per cell calculations demonstrated a high number of visible
intracellular NPs after 24 hours, especially for the 10 nm
particles, which can be related to the larger number of NPs
mL ™" at constant mass (Table S4 ESIt). In addition to the
number of NPs per cell, the estimation of the total SA of the
NPs'" in our previous study at the different mass
concentrations (2.5, 5 and 10 ug mL™) confirms that the
smaller NPs have the largest SA (6.22 x 107> m? g™* at 10
ug mL ™) followed by the 30 nm (5.78 x 10> m?> g™ at 10
ug mL™") and lastly the 100 nm NPs (3.67 x 10 m?* g™
10 pg mL).>?

2518 | Environ. Sci.. Nano, 2021, 8, 2507-2522

Interestingly, results for the reflectance intensity (uptake) at
both exposure times (2 and 24 hours) showed inverse
tendencies, with the highest intensity values at 2 hours (10 nm
> 30 nm > 100 nm), whereas after 24 hours, there was a notable
decrease in the reflectance intensity of NPs, and the overall
reflectance intensity was in the order 100 nm > 30 nm > 10 nm.
These results may suggest that cells might be able to cope with
NPs at short exposure times, as most of the NPs were located in
the cell membrane (Fig. 4); after 24 hours, other factors may be
influencing the reflectance intensity of the NPs such as
dissolution (mainly for smaller NPs as 10 nm), which would
decrease reflectance intensity levels, agglomeration (higher
intensity for larger NP sizes), and possible exocytosis. Although
NP exocytotic mechanisms are not widely understood (it might
differ depending on the NP characteristics), it is known that cells
might be able to excrete NPs by lysosomal exocytosis, as a
mechanism to reduce intracellular NP concentrations,®®
although experimental evidence for exocytosis of NPs is needed.
Furthermore, cells may deactivate preexisting uptake routes due
to saturation of the uptake pathways (after long exposure
periods), related to the massive energy input needed to activate
other cellular processes, such as stress mechanisms.®® The
internalisation of the NPs can be achieved by different
membrane interactions and uptake processes, such as receptor—-
ligand mediated active process, as well as non-specific routes
such as passive fluid encapsulation. A series of calculations were
used to quantitatively estimate the likelihood of AgNPs (10, 30
and 100 nm) entering cells through either direct membrane-
bound interactions and/or fluid phase encapsulation (through
clathrin-coated pits), based upon the properties of the vesicles
and the NPs (e.g., size), as described previously.>”*® Results for

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1en00422k

Open Access Article. Published on 24 July 2021. Downloaded on 12/4/2025 6:15:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Nano

the highest AgNP concentrations (10 ug mL ™) suggest that the 10
and 100 nm sizes were more likely to enter the cells via fluid phase
(clathrin-coated) uptake, whereas for the 30 nm AgNPs, the
calculations showed a clear likelihood for the NPs to enter the cell
via membrane proteins/receptors, showing a larger number of
NPs at the cell surface and in the lumen which may enter the cells
by binding to the inner membrane vesicle rather than through the
fluid phase (see results in ESIf section 8 as Table S10). However,
further studies are necessary to confirm this hypothesis.

Interestingly, the exposure concentrations, size and form
(particulate or dissolved) of the AgNPs were linked to the
induction of different biological outcomes. It has been
suggested that smaller particle sizes may present a higher
biological effect compared to larger particles at constant
mass concentration due to the higher number of smaller
particles.”””" ZF4 cellular exposure to AgNPs and AgNO;
resulted in an overgeneration of ROS, especially with the
smaller sized AgNPs at all concentrations, supporting the
likelihood of higher toxicity of the smaller size, which can be
more easily internalised, inducing major intracellular
disruption as well as producing a higher release of ionic Ag
inside the cells. The release of ions from NPs has been linked
to a number of cytotoxic responses, becoming a threat to
aquatic organisms as suggested in other fish cell
studies.’®**°*727% The overgeneration of ROS by NPs
exposure has been strongly related to disruption of other
signalling related process, such as intracellular Ca*"
disruption, leading to adenosine triphosphate (ATP)
depletion, DNA damage, and eventually cell death.”>”’
Interestingly, results for the intracellular Ca®>" mobilisation
demonstrated that the flux was altered by exposure to AgNPs
and its ionic counterpart. Data showed a size and
concentration dependent intracellular Ca>" release for all the
concentrations and AgNP sizes, suggesting the active role of
the AgNPs in inducing mitochondrial membrane
permeability, leading to the release of Ca** into the
cytosol.”>”®7% This agrees with a study by Bermejo-Nogales
et al., (2016) in hepatoma fish (Poeciliopsis lucida) cells, who
demonstrated that AgNPs were able to induce oxidative stress
via mitochondrial membrane potential disruption, eventually
leading to cell death.”” On the other hand, the ionic
counterpart showed the lowest values for Ca** release; this
reduction in the intracellular Ca** content might be due to
massive amounts of membrane damage (analysed by LDH)
leading to leakage of the Ca** and the dye from the cells such
that it is no longer detected.**?* For example, a study fish
(Pimephales promelas) demonstrated that PVP-AgNPs and
AgNO; induced oxidative stress and high levels of
neurotoxicity, and disruption of sodium (Na'), potassium and
(K", and hydrogen (H") channel homeostasis.®* Further work
is needed to be able to draw conclusions regarding the mode
of action of the AgNPs here in terms of their impacts on Ca”*
transport and mobilisation.

High levels of ROS and prolonged elevation of Ca®" in the
cytosol may lead to DNA damage.®’®®" In addition, the type
and extent of DNA impairment vary depending on the NP
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characteristics, such as size, surface modification, and
concentration.®” Interestingly, our results demonstrated a
strong correlation of the % DNA strand breaks with the AgNPs
size and concentration; here again the smaller AgNPs (10 nm)
and the ionic control at all concentrations induced the highest
% DNA strand breaks. These results are related to the fact that
all AgNPs sizes and concentrations tested induced disruption
in the cell cycle, preventing cells from reaching the S phase in
which DNA replication occurs, as suggested by other
authors.""** The cell cycle results for the 10 nm AgNPs may
suggest that the cells were not able to proliferate and continue
with mitosis, instead relying on cell death as a means to
overcome the DNA damage.*> On the other hand, the 30 and
100 nm AgNP sizes clearly displayed an increase in the % cells
accumulating in the G1 and G2 phases, which relates to cell
proliferation, suggesting the induction of cell cycle arrest at
these phases, providing time for the cell to repair the DNA
damage and carry on with the processes for cell division.”"’
The results can be related perhaps to the activation of the pro-
apoptotic proteins (e.g., Bax family), which regulate cell cycle
checkpoints, DNA repair, and cell death to maintain genomic
stability.'® In the presence of DNA damage, the cell activates
cell cycle arrest in G1 and G2, regulating cell death
mechanisms and triggering apoptosis by the activation of pro-
apoptotic proteins and transcriptional induction of genes to
remove damaged cells.** However, further studies are necessary
to explore the role of these pro-apoptotic proteins in the
activation of apoptosis in ZF4 cells.

The cellular mechanisms triggered in response to AgNP-
mediated toxicity elucidate the dynamic interplay between
toxicity pathways including generation of oxidative stress and
calcium disturbances, genetic damage, inhibition of cell
division and induction of cell death, and the molecular
responses activated to deal with these, as shown in the
schematic illustration in Fig. 9. The use of embryonic ZF4 cells,
compared to other fish cells (e.g, rainbow trout gill cells) which
are established from adult models, may provide an additional
early-stage toxicity model, contributing with new biological
data in different fish species. In addition, this information will
help to confirm the applicability of ZF4 cells as a potential tool
to screen NP toxicity, providing valuable mechanistic data to
build an adverse outcome pathway (AOP) for NPs, as well as
encouraging the reduction of animals in experimentation
through the application of the 3Rs framework."®*>

5. Conclusions

This study demonstrates the potential use of ZF4 cells as an
emerging aquatic model to assess toxicity and molecular
mechanisms related to exposure to NPs. The interactions
between AgNPs and biological fluids revealed that NPs'
physicochemical changes, colloidal stability, and cytotoxicity
are closely related to the surrounding environment.
Moreover, our findings suggest that 10 nm AgNPs can be
taken up easily into the ZF4 cells, due to their small size and

enormous specific surface area, which enables fast
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dissolution of the NPs and release of ions in the lysosomes,
leading to loss of reflectance signal (in the confocal assays),
as well as enhancing their Ag" related toxicity and triggering
cell death. Results for the uptake of the NPs, by confocal
microscopy, showed that internalisation of the NPs occurred
at longer exposure times (24 hours), while at shorter exposure
periods (2 hours) the NPs were mainly associated with the
cellular membrane.

The internalisation of the NPs triggered the activation of
defence mechanisms to deal with induced NP-toxicity. These
responses were strongly linked to the concentration and size of
the AgNPs and included overgeneration of ROS and disturbances
of calcium flux as these processes are closely interconnected.
Moreover, AgNP exposure led to DNA breaks (genotoxicity),
which also was strongly related to the size and ionic form the
AgNPs, leading to some evidence of the activation cell cycle
arrest in the G2 phase and a reduction of the % of cells reaching
the S phase, to provide time to overcome the induced DNA
damage as part of the cells’ defence mechanisms.

These data, while confirming much of what is already
known about AgNP toxicity, are an important addition to the
literature as they indicate that ZF4 cells, a continuous
adherent zebrafish embryo cell line, behave similarly to other
fish and mammalian cells. As such, ZF4 cells can be utilised
in high throughput screening as a lower tier model to assess
nano-ecotoxicity, and represent an important alternative to
zebrafish embryo testing, which requires culturing of adult
fish and associated ethical permissions and animal handling
licences.
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