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Abstract

This thesis presents an initial evaluation of the utility of adherent embryonic zebrafish
fibroblast cells (ZF4) as a potential early-stage aquatic in vitro model for nanosafety
evaluation, assessing the molecular and toxicological responses activated by exposure to
silver nanoparticles (AgNPs) of different sizes and their ionic counterpart (AgNO3). A
range of characterisation methods were implemented to evaluate changes in the physico-
chemical properties of AgNPs, such as hydrodynamic size, zeta potential, polydispersity
index, dissolution and agglomeration in the different exposure media used, including cell
culture media supplemented with 10 % serum (CCM), serum-free media (SFM) and ultra-
pure water (UPW). The biological responses of the ZF4 cells were assessed by exposing
the cells to three representative AgNP sizes (10, 30 and 100 nm) and three concentrations
of the NPs (2.5, 5 and 10 pg/mL) and AgNO3 (1, 1.5 and 2 pg/mL) determined on the
basis of a 24-hour cytotoxicity exposure, representing low, medium, and high (ECso)

concentrations, respectively.

Results demonstrated that the exposure medium had a significant impact on the
physiochemical characteristics of the Ag NPs, inducing dissolution and / or agglomeration
and sedimentation, with CCM having a stabilisation effect due to protein corona formation.
The biological responses in ZF4 cells revealed that the AgNP size, exposure
concentration, and form (particulate versus ionic) played a key role in mediating toxicity.
A NP size and concentration-dependent toxicity was observed, which correlated with the

amount of ionic Ag for all the biological assays, demonstrating that the 10 nm AgNPs and



the ionic control induced significant cellular damage, compared to the 30 and 100 nm
AgNPs which underwent less dissolution and less uptake on a particle number basis at
constant exposure mass. AgNPs were found to disrupt the plasma membrane, leading to

leakage of cytoplasmatic enzymes and peroxidation of lipids.

Internalisation of the NPs was found to be mediated by different endocytic processes,
such as clathrin and caveolae-mediated endocytosis for the 30 and 100 nm AgNPs,
whereas the 10 nm AgNPs were mainly internalised by macropinocytosis and simple
diffusion due to their small size. Similarly, the data suggested that the dissolved Ag* ions
were able to escape the endocytic vesicles and disrupt intracellular homeostasis by
inducing damage to the mitochondrial membrane, lysosomes, and endosomes, which
affected biological processes such as autophagy. The disruption of the intracellular
contents leads to the generation of Reactive Oxygen Species (ROS), which along with
free NPs and ionic silver (Ag*) disrupted calcium flux, and induced cell cycle arrest.
Deoxyribonucleic acid (DNA) damage was confirmed as DNA strand breaks, the amount
of which was strongly related to the cell death mechanism induced. Cell death is the final
outcome of cytotoxicity, and can be linked to apoptosis, which is mediated via a
mitochondrial pathway as the cell attempts to overcome the damage, as found for the 30
and 100 nm AgNPs, whereas necrosis was activated when the cells suffered irreparable

damage such as with the 10 nm and ionic Ag (AgNO3).

To conclude, fibroblast-like ZF4 cells have great potential to be used as an aquatic early-
stage in vitro model for nanotoxicity studies, providing insights about the toxicity of AGNPs.

The responses to the AgNPs in ZF4 cells were comparable to responses reported for



similar NPs in other fish cell and mammalian models. In addition, our results provide
insights about the molecular events triggered as part of a cytotoxic response, potentially
contributing to the establishment of Adverse Outcome Pathways (AOP), and in support of

efforts towards reduction of animal experimentation.

Graphical abstract

Silver nanoparticles
L (AgNPs) l

; 1
! ZF4 cell toxicity N Characterisation !
| I I 1
' TEM Y i
H ) Uptake I, SRR .
' SR ) :»&‘,‘-: I Protein i
1 PR 1 H t ‘ 1
1 External Molecular S e |
' toxicity toxicity [ \ I | |
! Calcium Uptake by confocal Uptake by ICP- | ! i
! | | disruption microscopy Ms |l Protein corona !
'l Membrane Mitochondria L) i I
1 . . 1
! D'(SITDF:_:')O" disruption | | | |
: | ol Inhibition of i
' pathways ,
' e ROS Lipid | :
! R peroxidation i
Lot Prsos e Caveolae !
:...»..‘.....,‘_ B o 7 e Clathrin :
: DNA damage ClerEs o Macropinocytosis '
:

: | Comet assay

1

i Cell death

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1




Acknowledgements

| would like to express my deepest appreciation to my supervisors Prof Eugenia Valsami-
Jones and Prof Iseult Lynch for being a pillar of support and inspiration throughout my
PhD research. | am deeply grateful for all the time, encouragement, and hard work

invested in this project; without you, none of this would have been possible.

| would also like to extend my sincere thanks to Prof Eva, for giving me the opportunity of
being part of the ACEnano project, which provided me with the funding necessary to
accomplish an essential part my research, as well as plenty of opportunities to gain
professional experience while writing publications and attending to workshops and
conferences. Likewise, | would like to acknowledge Prof Iseult and the NanoCommons
project for funding my attendance to workshops and conferences, which also gave me
new professional experiences as well as the opportunity to visit incredible places.

| would also like to thank all the people | have had the pleasure to work with at our lab.

First of all, | would like to thank Emily for sharing her invaluable cell culture skills, which
were the basis for my research. Laura and Sophie, thank you for your kind assistance with
the TEM samples. Also thanks a lot to Grace, Marie, Andy, Hayat, Hassan, Marie, Aline,
and especially Clarissa for making the long days at the lab more enjoyable. | also owe a
particular thanks to Chris and Norman for the support in running hundreds of ICP-MS

samples. Also, a special thanks goes to Nick for his kind assistance with any issues | had



with lab orders, invoices, cleaning rota, etc; your help made things so much easier at the
lab.

| am also very grateful to staff members and friends from the Pharmacy school that | had
the pleasure to meet. Particularly from the Nanomedicine group, Hanouf, Abdullah, and
Rifka; thanks a lot for our breakfast/dinner chats that kept me going through hard times
while sharing our lab experiences and concerns with plenty of food. Adriana from the flow
cytometer facilities at the Medical school, thanks a lot for your assistance and kind words.

Alex from the BALM facilities, for his assistance with the confocal microscope.

A special thanks to my amazing family for constantly supporting and motivating me to
keep going during all the years | spent abroad. Thank you very much for your kind words
and constant video calls when | needed them the most. Principally, | am deeply indebted
to my mom: Mama, muchas gracias por todo tu apoyo incondicional, monetario y
emocional; gracias por siempre motivarme a seguir adelante, nunca rendirme y siempre
dar lo mejor de mi. Gracias por ser el mejor ejemplo a seguir. To my sister and my
beautiful nieces; thank you for greeting me every December with lots of hugs, enthusiasm,

food, and free stress relief massages!

Last but not least, | am deeply grateful to Dr Fabricio Ledezma for being a source of
unconditional support in every aspect. Thanks a lot for nurturing my research skills with
our long chemical, statistical, and math classes. Thanks a lot for always cheer me up with
wise words (and very long chats) when | really need them.

My eternal thanks and appreciation to all the people who supported me throughout my

PhD and made this accomplishment possible. THANK YOU!

\



List of publications

This thesis includes three chapters that were published in peer-reviewed journals. Papers
accepted for publication directly from this doctoral research include:
QUEVEDO, A. C., LYNCH I. & VALSAMI-JONES, E. (2021). Silver nanoparticle

induced toxicity and cell death mechanisms in embryonic zebrafish cells. Nanoscale,
2021.13(12): p. 6142-6161.

QUEVEDO, A. C., LYNCH I|. & VALSAMI-JONES, E. (2021). Cellular repair
mechanisms triggered by exposure to silver nanoparticles and ionic silver in embryonic
zebrafish cells. Environmental Science: Nano, 8(9): p. 2507-2522.

QUEVEDO, A. C., ELLIS L-J.A, LYNCH I. & VALSAMI-JONES, E. (2021).
Mechanisms of Silver Nanoparticle Uptake by Embryonic Zebrafish Cells.
Nanomaterials, 11(10): p. 2699.

Papers published/accepted that are not directly related to the research topic, but that were

completed during the PhD course include:

BRIFFA S. ELLIS L. J, HARRISON D, QUEVEDO A. C, ADWIBI |, REILLY K,
BASHIRU [; TAIWO H. A., HOUSSEIN H. D. & VALSAMI-JONES E. (2021). A review
of nanomaterial applications in biomedicine with a specific focus on technologies
against coronavirus infections. Manuscript submitted to Nanoscale Advances.

DONG F, QUEVEDO A. C, WANG X, VALSAMI-JONES E, & KREFT, J-U. (2021).
Experimental evolution of Pseudomonas putida under silver ion versus nanoparticle
stress. Environ Microbiol, Online ahead of print. doi: 10.1111/1462-2920.15854.

QUEVEDO A. C, GUGGENHEIM E, BRIFFA S. M, ADAMS J, LOFTS S, KWAK M,
GEOL LEE T, JOHNSTON C, WAGNER S, HOLBROOK R, HACHENBERGER Y,
TENTSCHERT J, AND VALSAMI-JONES, E (2020). UV-Vis Spectroscopic
Characterization of Nanomaterials in AQueous Media, JoVE, no. 176, pp. e61764.

CARRAZCO-QUEVEDO, A, SALAMANCA, MJ., POYNTER, A, LYNCH, I. &
VALSAMI-JONES, E. (2019). Bioaccumulation and toxic effects of nanoparticulate and

Vil



ionic silver in Saccostrea glomerata (rock oyster). Ecotoxicology and Environmental
Safety 179: 127-134.

Vil



Table of contents

Covid disruption statement....... ... e I
LY 0153 = T OO PPPPPPR Il
ACKNOWIEAGEMENTS ... e e e e e e e e aaens Vv
List Of pUDICAtIONS ..o e e e e e eeeeees VI
Table Of CONTENTS ... e e e e e e e e e IX
LISE OF fIQUIES ...ttt e XIV
LISt Of tADIES ... XVII
List Of @bDreviations ........ ... XVIII

Chapter 1: Introduction

1.1 Nanotechnology as an emerging field..............ooo 1
1.2 Origin Of NIMS ... e e e e e e e eas 2
1.3 Engineered or manufactured NMS ... 2
1.4 Silver Nanoparticles (AgNPs): a widely applied nanomaterial.......................... 3
1.5 AgNPs, a risk for the environment? ... 5
1.6 Behaviour of AQNPs in aqueous environments ..........ccccceoeiiiiiiiniiiiiiiiiiiieee 8
1.6.1 Oxidation and ComMPIEXatioN........cceiiiiieeie i 8
1.6.2  Agglomeration and diSSOIUION.........ccooiiiiiiiiiiiii e 9
1.7 AgNPs in experimental Media.............uueieiiiiiiii 11
1.8 Toxicity of Ag™ and AgNPS in fiSh ... 13
1.9 Factors that influence the transport, fate, and toxicity of AQNP ....................... 17
1.10 Interactions between AgNPs and biological systems ..............ccceveiiiiiieeinnnnnn. 20
1.10.1  Protein COMONA.........ooiiiiiiiiee et e e e e e e e e e e e e e e e 20
1.10.2 Cellular internalisation pathways ...........oooiuiiiiiiii e 21
1.11 Cellular and toxicological effects of NPS............cccciiiiii, 25
1.11.1  Membrane disruption and adaptative responses...........ccccevririiiiiiiiiiiccennneennn. 25
1.11.2  Mitochondrial diSTUNCHON .........oeeiiiiiiiii e 28



1.11.3  OXIidative SIrESS ....eiiiiiiii e 29
1.11.4 DNA damage and repair mechaniSms ..............ooooiiiiiiiiiiiiiiiieeeeeee e 30
1.11.4.1 DNA repair mechanisms: Cell CYCle ... 32
1.11.5 Cell death MeChaniSMS...........uiiiiiiiiii e 34
R R T I o o ] (o 1= LS 35
L B ST N | (o] ] = T )P 37
T 11.5.3 NECIOSIS ..ot r e e e e e e e e e e e e e e e e e e e 39
1.11.6 Representative toxicological biological models: Zebrafish.......................oo. 40
1.11.7 Alternative testing frameworks and strategies ............ccccuvveiiiieii, 44
1.11.8 Embryonic zebrafish cells: a potential model for nanotoxicity studies ............. 45
1.12 Thesis hypothesis and objectives of the research ..............cccccoeeiiiii 53

Chapter 2: Silver nanoparticle induced toxicity and cell death mechanisms in
embryonic zebrafish cells

21 ADSTITACT. ... 56
2.2 INEFOAUCTION ... e 57
2.3 Materials and methods............oooii 60
2.31 Characterisation of AGNPS........ooo e 60
2.3.2  Silver nitrate (AGNO3) STOCK .......eiiiiiiiiieee e 61
233 Dissolution of AGNPs in water and CCM ... 61
2.3.4  Culture of embryonic zebrafish cells (ZF4) ... 64
2.3.4.1 Culture of cells for flow CytoOmMetry ..........ooooi i 64
2.3.5 Lactate dehydrogenase activity (LDH) @Ssay .........cccceeeeeiiiiiiiiiieeiiiiiieeeeeens 65
2.3.6  AULOPNAGY @SSAY ....uuuieiiiiiiiiiiiie e 67
2.3.7  ApOpPtOSIS VEIrSUS NECIOSIS ASSAY ....cceiieeeeieeeiuinnnuiaaaaaaaeeaaaeeeeeeeeeeeneennnnnnnaaaeeaens 68
2.3.8  Mitochondrial membrane potential (MMP) ... 70
2.3.9 Lipid peroXidation............oooiiiiiiiiiie e 71
2.3.10  Statistical @NalYSiS..........uuuuiiiiiiiiiiiiiiii e 72
24 RESUILS ... 73
241 Characterisation of AgNPs in ultrapure water and culture media..................... 73



242 Dissolution of AGNPs in water and CCM ... 76

243 Lactate dehydrogenase activity (LDH) @ssay .........cccceeveeiiiiiiiiiineiiiiieeceees 79
YA 3 S AN (o] o] g T=To ) VAN | 0 To 1§ [ 4 ] o S 82
245  ApPOPLOSIS @NA NECIOSIS .. .uuuuieeiee e eee et e e e e e e e e e e e e eeeeeeea e e ees 83
24.6 Mitochondrial membrane potential...............ooooiiiii s 85
24.7 Lipid peroXidation............oooiiiiiiiiiie e 89
2.5 DISCUSSION ...ttt e e e e e e e e e e e e e e e e e 94
2.6 (O70] o 111111 o] o - T PP PPPPPPPPPP 105
2.7 Author ContribULIONS ........oooi e 106
271 Conflicts Of INTEIEST .......eeeieeeeeiiie s 107
2.7.2  ACKNOWIEAGEMENTS ......uuiiiiiiiiiiiii e 107

Chapter 3: Cellular repair mechanisms triggered by exposure to silver
nanoparticles (AgNPs) and ionic silver (AgNO3) in embryonic zebrafish cells (ZF4)

3.1 ADSTIFACT. ... 108
3.1 INEFOAUCTION ... 109
3.2 Materials and Methods...........ooo i 111
3.2.1 AgNPs characterisation .............cccccuiiiiiiiiii e 111
3.2.2  Silver nitrate (AgNO3) STOCK .......oiiiiiiieiiii e 112
3.2.3  Culturing of embryonic Zebrafish cells (ZF4) ... 112
3.24  Toxicity of AQNPS and AGNO3 ....oooiiiiiiiiiiieeeie e 113
3.2.5 Nanoparticle internalisation by ZF4 cells ..........ooumeeiiiiiiii, 114
3.2.6 Intracellular calCium flUX.........cciii e 115
3.2.7  OXIdAliVE SIrESS ...eiiiiiiiiiiiie e e 116
3.2.8  Cell CYClE @N@lYSIS......ueeeiiiiiiiiiiiiiiee e 118
3.29 DNA damage determined by Comet assay............uueeeieieieiiiiiiiiiiiiis 119
3.2.10  Statistical @nalySiS..........eeiiiiiiiiiiiiii 120
3.3 RESUILS ...t 121
3.3.1 Characterisation of the NPS ... 121
3.3.2 LDH @SS@Y ..ttteeeeeeieiieie ettt 123

Xl



3.3.3 Nanoparticle internalisation..............oooo oo 126

3.34 Intracellular calCium flUX.........ccii e 132
3.3.5  OXIdAtiVe SIrESS ...oeiiiiiiiiiiie e 133
3.3.6 Cell CYCIE @ITEST ... 136
3.3.7 DNA damage by comet @ssay .........coooiiiiiiiiiiiiiiiiie s 138
3.4 DISCUSSION ...ttt ettt e e e e e e 142
3.5 CONCIUSIONS ...t e e e e e e e e e e e e e e e e e annnes 150
3.6 ACKNOWIEAGEMENTS ... 151

Chapter 4: Cellular uptake mechanisms of silver nanoparticles (AgNPs) by
embryonic zebrafish cells (ZF4)

41 ADSTIITACT. ... 152
4.2 INEFOAUCTION ... 153
4.3 AV (=11 ToTe (o] (oo |V TP PPPPPPPPPP 155
4.3.1 Characterisation of AGQNPS........oooi e 155
4.3.2  CURUIE OF CelIS ... 156
4.3.3  Quantification of total silver in ZF4 cells using ICP-MS ...........cccccccccn. 156
4.3.3.1 Exposure of ZF4 cells 10 AGNPS ......ooooiiiiiii e 156
4.3.3.2 Digestion of the cells for quantification of Ag internalisation.......................... 157
434 Uptake pathway inhibition using pharmacological inhibitors.......................... 157
4.3.4.1 Visualisation of the inhibition of cellular uptake pathways ................cccccceee.. 157
4.3.4.2 Quantification of internalised Ag™* after inhibition of cellular uptake ............... 159
4.3.5 Imaging of intracellular AQNPs using TEM ... 160
4.3.6  Early endosome induction (EEI) ..o 161
TG T A AN | (o] o] g T=To |V 1= oo ] 1S = O 162
4.3.8  Protein corona isolation and analysis of proteins using PAGE ..................... 163
4.3.9  Statistical @nalysSiS.........cccuuueiiiiiiiiieii e 164
4.4 RESUILS ...t 164
441 Characterisation of the AgNPS........cooo s 164
4.4.2  Cellular uptake using ICP-MS ... .o 168

Xl



443 Inhibition of the cellular uptake pathways using confocal microscopy........... 169

4.4.3.1 Quantification of the uptake of Ag* following inhibition of the cellular uptake 172

444 Intracellular localisation of NPs using TEM............ccccooiiiiiiiiiiieeeee 176
4.4.5  Early endosomes induction (EEI)...........oooouiiiiiiiiiiieee e 178
T S G I AN | (o] o] g T=To |V oY= oo 1S = U 180
447 Protein corona isolation and analysis of proteins using PAGE and mass
S 01T ed (0] 01T LY 181
4.5 DISCUSSION ...ttt e e e et e e e e e 187
4.6 CONCIUSIONS ...t e e e e e e e e e e e e e e e e e annnes 193
4.7 ACKNOWIEAGEMENTS ... 194
Chapter 5: Discussion, future work, and conclusions

5.1 DISCUSSION ...ttt ettt e e e e e e e e e 195
5.1.1 Characterisation of the NPS ... 196
51.2 Uptake mechanisms in ZF4 cells ... 198
5.1.3 Mechanistic insights from protein binding ... 201
514 Potential cytotoxicity- Is there a nano effect? ............cccooiiiiiiiiiiii 202
5.1.5 Regulatory CONtEXt ... 207
5.2 Preliminary work towards ZF4 3D cell models..........cccoooeeiiiiiiiiiiiiin, 211
5.3 CONCIUSIONS ...t e e e e e e e e e e e e e e e e e 213
6. REFEIENCES ... 215
7 0] O 1 = T (=T 237
8. 0] 0 4 = T (=T 260
9 0] O 1 = T (=T 284

Xl



List of figures

Chapter 1

Figure 1.1. Nanometre (nm) scale of different objects found in nature ........................... 2
Figure 1.2. Market share of different nanomaterials and the main uses of silver
nanoparticles in Europe from 2016-2020 .........ccooiiiiiir i 4
Figure 1.3. Release of AQNPs into aquatic environments, including their possible chemical
and biological INtEractions. .............coiiiiii i 11

Figure 1.4. Chemical and biological interactions of AgNPs in cell culture medium and cells.

....................................................................................................................................... 13
Figure 1.5. Schematic diagram to illustrate the ion-transport of sodium (Na*) and chloride
(CL)In ill @PIthElia. .......eeeeeeee e e e eeeeas 15
Figure 1.6. Mechanism of acute silver toxicity in freshwater fish. Toxicity is related to the
blocking of ion transport through membranes in gills of fish. ............cccciiiiiinne 16
Figure 1.7. DNA damage and ROS formation. ............cccoeiiiiiiiiiiiiiiiieeeeeeeeeee e 30
Figure 1.8. Cell cycle phases and responses to overcome cellular damage. ................ 34
Figure 1.9. Types of cell death and their key features. ..., 35
Figure 1.10. Zebrafish models, advantages, and disadvantages.................ccccvvereeeeenen. 44
Figure 1.11. Traditional testing models vs cellular based models................cccuvvrirereeeeen. 45
Figure 1.12. Zebrafish embryonic cells as an alternative toxicological modeil................ 51
Figure 1.13. Summary of the hypothesis, goals, and overall aim of the research.......... 55
Chapter 2

Figure 2. 1. Flow cytometry quadrant. .............c..uuuiiiiiiiiiiiiiee e 70
Figure 2. 2. TEM characterisation of the 3 different AQNPs by TEM.............cccoceiee. 73

Figure 2. 3. Hydrodynamic diameter of AgNPs by DLS in different test media at the
different CONCENTIAtIONS. .........uuiiiiiiiii e 75

XV



Figure 2. 4. Dissolution of AgNPs in ultrapure water (UPW) and complete culture media

(0 1Y RO PPR PO 79
Figure 2. 5. Viability of embryonic zebrafish cells (ZF4) treated with AgNPs and AgNO3
(O 2 S S B= T o o IR 2 o = 81
Figure 2. 6. Autophagy induction in ZF4 cells treated with AQNPs or AgNOs for 24 hours.
....................................................................................................................................... 83
Figure 2. 7. Populations of ZF4 cells that were viable, apoptotic, and necrotic following
treatment with AgNPs or AGNO3 for 24 hOUIS. .....oooeiiiiiii e 85

Figure 2. 8. ZF4 cells stained with MitoHealth to assess mitochondrial permeability. ...87

Figure 2. 9. Mitochondrial membrane permeability of ZF4 cells treated with AgNPs or

AGNO3 FOr 24 NOUIS. ..ottt e e et e e e e e e e e e e e e e e s ennneeeaaeeans 89
Figure 2. 10. Lipid peroxidation in ZF4 cells treated with AQNPs or AgNOs3 for 24 hours.
....................................................................................................................................... 91
Figure 2. 11. Comparison of all the data presented in Figures above.............ccccccccoo.. 93
Figure 2. 12. The number of particles at the different AQNPs mass concentrations. .....98
Chapter 3

Figure 3.1. Serum Free Medium (SFM) and Complete Culture Medium (CCM) at different

11 TS 0T | £ PO 122
Figure 3.2. Cytotoxicity of AQNPs and AgNO3 to ZF4 cells in Serum Free Medium (SFM).
..................................................................................................................................... 125
Figure 3.3. Internalisation of AgNPs by ZF4 cells in CCM determined by confocal
1o 0 1= oo )PP 127
Figure 3.4. Representative confocal images of ZF4 cells treated with AgNPs............. 129
Figure 3.5. Confocal images of ZF4 cells treated with AgNPs for 2 hours................... 130
Figure 3.6. Confocal images of ZF4 cells treated with AgNPs for 24 hours................. 131
Figure 3.7. Intracellular calcium induced by AgNPs and AgNO3 in ZF4 cells at 24 hours in
O S 133
Figure 3.8. Total oxidative stress in ZF4 cells treated with AQNPs and AgNOQea. .......... 135

XV



Figure 3.9. Impact of AGNPs on cell cycle progression of ZF4 cells. ...........cccvvveeeeeee. 138

Figure 3.10. Comet aSSay IMagES. ......ccciiiuuiiiiiiiiie e 139
Figure 3.11. DNA damage in ZF4 cells treated with AQNPs and AgNOs. ..........cceeeeeee. 141
Figure 3.12. Hypothetical cellular mechanisms of effects induced to ZF4 cells by AgNP
EXPOSUIE ..ttt e e et et e e ettt ettt et e e e e oo oo e et e et e e e e e e e e e h e e e e e e e e et e e e e e e r e e nnnn s 149
Chapter 4

Figure 4.1. Characterisation of AGNPS. ... 167
Figure 4.2. Intracellular uptake of AGNPS. ..........uuiiiii e 169
Figure 4.3. Inhibition of the cellular uptake pathways. ...........cccccoiiiiiiiiiie 171
Figure 4.4. Quantification of the inhibition of the cellular uptake pathways.................. 175
Figure 4.5. TEM images of cells treated with AgNPs. ... 177
Figure 4.6. Early endosome indUCHION. ...........uuiiiiiiiiiiiiiiiii e 179

Figure 4.7. Autophagy induction in ZF4 cells as determined by confocal microscopy. 181
Figure 4.8. Coomassie blue staining of PAGE gels for isolated protein corona........... 183

Figure 4.9. Proteins secreted during AgNPs exposure in medium supplemented with 10%

B S . ettt e e e e e e e e e et e et e e e e e e nneee e e e e e e e annnneeeeeeeaannneees 186
Chapter 5
Figure 5.1. Aims and gaps addressed by the research presented in this thesis. ......... 196

Figure 5.2. Biological responses triggered in ZF4 cells after exposure to AgQNPs and ionic
o RO PPPPPPPPRP 206

Figure 5.3. Preliminary experimental results to develop 3D models using ZF4 cells...212

XVI



List of tables

Table 1.1. Key physicochemical characteristics of AQNPS............ooooiii 19
Table 1.2. Endocytic and non-endocytic uptake pathways in cells. ................ccccooiis 24
Table 1.3. NP exposure to fish Cells. .........oooiiiiiii e 47

Table 1.4. Literature review of recent NMs-toxicity studies in embryonic zebrafish cells

Table 2.1. Total surface area for AgNPs of different sizes at the different mass
concentrations ULIISEd. .........coooiiiiii e e e e e e e 99

Table 4.1. Analysis of the proteins secreted by ZF4 cells in response to the AgNPs and
identified in the NP COronas. ... e e e 184

Xvii



List of abbreviations

Adenosine triphosphate
Adverse Outcome Pathways
Ag

Ag*

AgNO?3

AgNPs

Allophycocyanin
Aluminium

Atomic force microscope
Cl

Calcium

Carbon dioxide

Catalase

Chloride ions
Chlorpromazine

Cholera toxin beta subunit
Complete culture medium
Compound Annual Growth Rate
Cyclin-dependent kinases
Deoxyribonucleic acid
Dimethyl sulfoxide
Dissolved organic matter
Double-strand breaks
Dynamic Light Scattering
Early endosome formation
Early endosomes
Electrostatic double layer
Embryonic zebrafish cells
Fish Embryo Acute Toxicity
Fluorescein isothiocyanate

Fluorescence-activated cell sorting

Foetal Bovine Serum
Genistein

Glutathione peroxidase
Glutathione reductase

ATP
AOP
Silver
Silver ions
Silver nitrate
Silver nanoparticles
APC

Al

AFM
Chlorine
Ca?*
CO2
CAT

CI-

CLZ
CTB
CCM
CAGR
CDKs
DNA
DMSO
DOM
DSBs
DLS
EEF

EE

EDL
ZF4
FET
FITC
FACS
FBS
Gen
GPx

GR



Gold

Hours post fertilization

Hydrogen peroxide

Hydroxyl ions

Inductively coupled plasma mass spectrometry
Inner mitochondrial membrane
Intermembrane space

Iron

K+

Kilodaltons

Lactate dehydrogenase

Late endosomes

Liver zebrafish cells

Low density lipoprotein

Low density polyethylene

Low melting point agarose

Manganese

Microscopy

Mitochondrial membrane

Mitochondrial outer membrane permeabilization
Mitochondrial permeability transition pore
Na*

Nanomaterials

Nanometre

Nanoparticle Tracking Analysis
Nanoparticles

Natural organic matter

Nitric acid

Normal melting point agarose

Organisation for Economic Co-operation and
Development

Phosphate-buffered saline

Plasma membrane
Polyacrylamide gel electrophoresis
Polydispersity index
Polyethylenimine
Polyvinylpyrrolidone

Propidium iodide

Reactive oxygen species

XIX

Au

hpf
H202
OH"-
ICP-MS
IMM
IMS

Fe

Potassium ions

KDa
LDH
LE
BZL
LDL
LDPE
LMA
Mn
TEM
MM
MOMP
MPTP
Sodium ions
NMs
nm
NTA
NPs
NOM
HNO3
NMA

OECD
PBS
PM
PAGE
PDI
bPEI
PVP
Pl
ROS



Red fluorescent protein

Scanning XXicropinoc microscope
Serum free medium

Silicon

Silicon oxide

Silver

Silver carbonate

Silver chloride

Silver ions

Silver nanoparticles

Silver nitrate

Silver perchlorate

Silver sulphide

Single-strand breaks

Sodium dodecyl sulfate
Superoxide dismutase

Surface Area
Tetramethylrhodamine

Titanium

Titanium dioxide

Toll-like receptors

Trans-Golgi network

Transferrin

Transmission Electron Microscopy
Tumour necrosis factor

Ultrapure water

Ultraviolet

Ultraviolet—visible spectrophotometry
Unstirred layer

Quantitative structure activity relationships
Van der Waals

Wastewater treatment plants
Wheat germ agglutinin
Wortmannin

Zinc

Zinc oxide

Zinc oxide NPs

XX

RFP
STM
SFM

Si

SiO2
Ag
Ag2C0O3
AgCl
Ag*
AgNPs
AgNOs3
AgCIO4
AQ2S
SSBs
SDS
SOD
SA
TRITC
Ti

TiO2
TLRs
TGN

Tf

TEM
TNF
uPw
uv
UV-Vis
USL
QSAR
vdW
WWTPs
WGA
Wort
Zn

ZnO
ZnONPs



Chapter 1: Introduction

1.1 Nanotechnology as an emerging field

The manipulation and design of materials on the nanometre scale is opening a world of
innovative possibilities, with hundreds of benefits and substantial impacts on almost all
industries and all areas of society in the field of nanotechnology. The prefix ‘nano’ is
derived from the Greek ‘nanos’ which means ‘dwarf’. ‘Nano’ has become a popular label
for science empowered by the special properties occurring in the nanoscale [1, 2].
Nanotechnology is a multidisciplinary science that spans almost all fields of science and
technology, such as physics, chemistry, materials sciences, medical sector, automotive
industries, and many other engineering, medical, and environmental sciences.
Nanotechnology focuses on the design and manufacturing of nanomaterials (NMs) to
create consumer products with exceptional and unique physical, chemical, and biological
properties by manipulating the material’s size with at least one dimension is of 100
nanometre (nm) or less in length scale (Figure 1.1) [2]. NMs are considered innovative
products, requiring new legislation and definition for regulatory purposes. The European
Commission (2011/696/EU) suggested the definition of NMs as follow: “Nanomaterial
means a natural, incidental or manufactured material containing particles, in an unbound
state or as an aggregate or agglomerate and where, for 50% or more of the particles in
the number size distribution, one or more external dimensions is in the size range 1 nm—

100 nm” [3].
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Figure 1.1. Nanometre (nm) scale of different objects found in nature [4].

1.2 Origin of NMs

NMs can arise in three different ways; natural, incidental, and intentionally produced

(manufactured or engineered) as described below:

. Natural NMs include those from naturally occurring environmental processes. For
example, through (bio)geochemical or mechanical processes, such as volcanic ash,
ocean spray, mineral composites and magnetotactic bacteria [4, 5].

. Incidental NMs are referred to those produced unintentionally. They result from
anthropogenic activity such as industrial processes [6].

. Manufactured or engineered NMs are conceived, designed, and intentionally produced

by humans [6].

1.3 Engineered or manufactured NMs

The field of nanotechnology has achieved many improvements in the synthesis,

production, and characterization of NMs since the 1980s [7, 8]. Currently, the market of



manufactured NMs has reached a global value of €20 billion per year, with an estimated
increase of 21.1% Compound Annual Growth Rate (CAGR) by 2027 [9]. NMs differ
significantly from their bulk form due to their high surface area to volume ratio and
possible appearance of quantum effects at the nanoscale range [8]. NMs can be divided
into different groups based on their physical forms or shapes (for example carbon can
exist as nanotubes, fullerenes, or graphene sheets), or on the basis of their compositions,
including for example, the aforementioned carbon family materials, polymeric materials
(e.g., dendrimers), metals, including silver (Ag) and copper (Cu), metal oxides, such as
titanium (Ti) and titanium dioxide (TiO), or can be composed of numerous metals, such
as quantum dots; thus providing a wide range of options for any specific application

requirements [10-12].

Technological advances have exponentially boosted the profitability of nano-
structured materials, leading to a new industrial revolution that offers a basis for numerous
applications, opening a broad spectrum of scientific fields due to the ability to manipulate
the physiochemical properties of the NMs [8, 13]. For example, by selecting a particular
coating on surface of the NMs, the uptake and targeting to a specific tissue or sub-cellular
site (e.g., for nanomedicine applications) can be enhanced. Similarly, changing the size
and shape (e.g., spheres, cubes, rods, prisms, and stars) of NMs, optimises their
properties and allows their incorporation into several consumer goods such as paints,

electronics, medical devices [1, 14].

1.4 Silver Nanoparticles (AgNPs): a widely applied nanomaterial



One of the most extensively sub-group of NMs are silver nanoparticles (AgNPs), which
represents particles with all three dimensions (width, length and height) less than 100 nm
[7]. Silver metallic NPs have become one of the most globally used NMs due to their low
cost of fabrication, manufacturing, and storage compared to other noble elements, having
an estimated compound CAGR of 13% in 2021 [9, 15]. NMs display unique properties
that differ from their bulk material counterpart, which can strongly change their physical,
chemical, and biological characteristics due to their surface-to-volume ratio, including
high surface area, nano size, molecular weight, high electrical and thermal conductivity,
chemical stability, catalytic activity, and optical properties. In addition, metallic NMs can
be designed in many forms, including nanospheres, nanocubes, rods, triangular and
nanoplates. Their novel properties result in NMs being implemented into many consumer
products, such as shampoos, plastics, food packaging, soaps, toothpastes, cosmetics,
sunscreens, and anti-odour/anti-microbial textile fabrication such as sports clothing,

socks and t-shirts (Figure 1.2) [16, 17].

Market of nanomaterials
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Figure 1.2. Market share of different nanomaterials and the main uses of silver
nanoparticles in Europe from 2016-2020 [6, 7, 18].
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The incorporation of AQNPs in many medical and other consumer products is strongly
related to their antimicrobial effect against bacteria, fungi, and viruses [10, 17, 19]. The
antimicrobial mechanism of action of AQNPs has been associated with the binding of
silver ions (Ag*) with the thiol group compounds in the bacteria wall and respiratory
system, blocking the energy production, provoking alterations in the cell wall and nuclear
damage, and eventually, leading to death [20]. Furthermore, certain interactions with the
negative charge of bacterial membranes may induce electrostatic attraction between the
bacteria and the AgNPs (due to the presence of carboxyl, phosphate, and amino groups
on the cell wall of bacteria). These charge interactions facilitate the AQNPs attachment
onto the cell membrane, inducing damage, release of internal contents, inhibition the

respiration process, and bacterial death [21, 22].

It is important to note potential differences in the sensitivity of different bacteria to
AgNPs. For example, the peptidoglycan cell wall thickness of Gram-positive bacteria (30
nm) has demonstrated to have lower susceptibility to the antibacterial effects of AgNPs,
compared to compared to Gram-negative bacteria (3—4 nm) [22-24]. In addition, these
antibacterial properties have been recorded since ancient Greece and Rome, describing
colloidal silver, as a solution with high effective “medical properties” [10]. Furthermore,
silver colloid suspension was extensively used for the treatment of wounds and infections

(before the use of antibiotics) in the United States around 1950s [25, 26].

1.5 AgNPs, arisk for the environment?

The incorporation of AQNPs in many day-to-day products provide numerous benefits to
society [10, 14]. However, like a double edge sword, AgNPs has given rise to

5



environmental concerns regarding their release, transformation, and fate in the
environment, especially in aquatic ecosystems [12, 14, 27, 28].

The release of AQNPs from consumer products highly depends on the source. For
example, AgNPs-based fabrics are more likely to release higher amounts of nano silver
in water if exposed to long immersions, different types of detergents, and even to the
hardness of water [29, 30]. In this regard, the extensive use of Ag-based products such
as detergents, paints, toothpaste, cosmetics, including large manufacturing industries
have become a considerable source for AGNPs release into the environment [5, 19, 28].
Once released from consumer products, AQNPs are likely to reach the sewage system,
and then wastewater treatment plants (WWTPs) [31, 32]. Although processes in WWTPs
are efficient for removal of numerous pollutants, a fraction of certain chemicals, including
AgNPs, might not be eliminated. AgNPs present in WWTPs may undergo different
processes, such as partitioning, dissolution and release of silver ions (Ag*), reduction by
sulphide to produce an Ag>S coating on the NPs, and/or still be present in nanoparticulate
form, although most likely with a different surface speciation [4, 14, 31, 32]. More than an
estimated >94% of silver released into the environment from industrial sites and WWTPs
will remain in soils and/or as wastewater sludge [33]. However, a proportion of the silver
is able to enter in the aquatic environment, being absorbed by sediments, or remaining
as suspended particles and/or as complexed material, where it can be transported
downstream to lakes, estuaries or even the sea [33].

The accurate quantification of the concentrations of ionic forms and AgNPs in
aquatic environments is difficult and challenging, due to the dynamic behaviour of AQNPs

in complex environments, the high production volumes of AgNPs-based products, and



the lack of sensitivity and specificity in methods to differentiate the particle from the ionic
metal background in a complex environmental sample [4, 25]. In this regard, the use of
models to predict free metal ion concentrations and metal speciation have been widely
applied. For example, the Windermere Humic Aqueous model (WHAM), MINEQL and
PHREEQC speciation models have shown excellent results in small-scale controlled
laboratory environments, predicting free metal ion concentrations and acute metal toxicity
for hazard assessments [12, 34].

Sophisticated modelling techniques have also used to predicted (ng/L to pg/L)
concentrations of NPs in the environment, and while these predictions are likely below
the acute toxicity thresholds, there are concerns for chronic and sub-lethal effects of
AgNPs in aquatic environment, as most of the calculated concentrations could represent
insoluble silver forms such as Ag.S, AgClI, and Ag organic colloids rather than single
nanoparticulate forms [4, 25, 35-37]. For example, a study by Syafiuddin et al., (2018)
estimated that the release of AgNPs from Malaysian WWTPs can range between 0.13
and 20 mg/L of total Ag [37], while another study by Kaegi et al., (2011) demonstrated
that the majority of AQNPs released from WWTP were transformed (>90%) to Ag>S NPs
(within 2 hours of exposure), leading to estimated concentrations of 0.5 mg/L (total Ag)in

effluents [38].

Based on these findings, the following sections are focused on the NPs behaviour and
effects in aquatic environments, including changes of the physico-chemical

characteristics of the NPs in natural and experimental test media.



1.6 Behaviour of AgNPs in aqueous environments

1.6.1 Oxidation and complexation

The behaviour of AgNPs in aqueous solutions will depend on the composition of the
water, such as in the case of freshwater (lakes or rivers) or wastewater [39].
Environmental systems are composed of ligands, ranging from simple inorganic and
organic ligands such as chloride (Cl ), hydroxyl ions (OH"), oxalic acid, and tartaric acid
to chemically heterogeneous compounds such as humic substances, polysaccharides,
hydrous metal oxides, and clays [40]. AgNPs are sensitive to the surrounding
environment; consequently, they may undergo chemical and environmental
transformations such as aggregation, and/or agglomeration, as well as oxidation from
elemental Ag(0) to Ag*, with a possible and subsequent binding of Ag*to a ligand [39, 41-
43]. This is represented in the general scheme below, where the oxidant can be an
oxygen or a reactive oxygen species (a), and L is a ligand forming a complex with Ag* (b)

[39, 44].

Ag(0) + oxidant — Ag* + (oxidant)~ (a)

Ag*t + 1 - AgLe—D- (b)

The oxidation of NMs made from Class b soft metal cations (e.g., Ag, Zn, and Cu)
means they can form metal oxides, and due to their strong affinity to bind with electron-
dense sulphur atoms, they are highly reactive with sulphur-containing biomacromolecules
and other inorganic sulphur present in water, sediments, soils, and air [40, 43]. For
example, Ag® in solution can interact with ions and molecules present in aqueous media,

including ClI, S2, organic ligands with thiol groups, and carboxylic acids (e.g., citrate and
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lactate) which are widely used in AgNPs coatings [39]. Speciation in natural waters, leads
to a large variety of Ag* complexes, including free hydrated ions, and complexes with
poorly defined natural ligands, as well as Ag® adsorbed onto the surface of other

suspended particles and colloidal Ag [40].

1.6.2 Agglomeration and dissolution

The colloidal stability of NPs is determined by interparticle and particle surface forces and
the nature of media where particles may be found; in combination these properties control
phenomena such as agglomeration and dissolution of the NPs [39, 45]. The
agglomeration of colloidal particles occurs when the particle surfaces come into contact
with each other, allowing a short-range hydrodynamic attraction and leading to their
attachment [46]. In aqueous environments, the agglomeration of particles will partly
depend on factors mediated by particle—particle collision frequency, Brownian motion and
particle number concentration. After collision, NPs may remain as single particles, or form
particle—particle, particle—cluster and cluster—cluster agglomerates [47]. Forces such as
Van der Waals (vdW) and repulsive electrostatic double layer (EDL), and attractive—
repulsive properties of the particles can affect the energy of the collision, and therefore
the colloidal stability of the NPs. These forces have been widely described by Derjaguin,
Landau, Verwey and Overbeck, and are known as the “DLVO theory”, which is applicable
to NPs and to larger colloidal materials, describing the balance between van der Waals
attractions and electrostatic repulsions in a liquid medium [47, 48].

In addition, the interaction of the NPs with NOM, which is influenced by the

surrounding pH, salinity, and ionic strength, can also affect the colloidal stability, leading



to agglomeration (Figure 1.3). For example, agglomeration in seawater is higher than in
freshwater due to high salinity, dissolved organic carbon (DOC), and the pH, which can
influence the aggregation based on the surface charge of the involved particles [49, 50].
Similarly, dissolution and sulfidation processes can affect the NP surface properties,
toxicity, and persistence, as coating by an insoluble metal- sulphide shell on the particle
surface can induce aggregation [43].

Many metal NPs will slowly dissolve (e.g., over several hours or days) by
dissolution of metal ions from the surface of the particle. Hence, dissolution of the NPs is
considered a critical process that may exhibit different fate, transport characteristics and
synergistic toxicity in the environment and within organisms [12, 51, 52]. The dissolution
of the NPs is strongly dependent to the presence of oxygen in the environment. For
example, in absence of oxygen the dissolution of AgNPs will occur at a slow rate
compared to environments with a higher content of oxygen, as dissolved oxygen may turn
as a potent silver oxidizing agent (e.g., in aqueous suspensions), increasing the the
dissolution rate [39, 53]. For example, the presence of ligands (e.g., chloride, sulphide
and organic ligands with thiol groups) can mediate the dissolution rate of AQNPs, leading
to increased dissolution by the formation of Ag* complexes [39].

The dissolution process occurs at the surface of a particle, and thus less total
surface area implies less dissolution. Other variables that influence the dissolution
process are redox and pH, both of which influence dissolution rate and as a result fate,
and toxicity of NPs [54]. In addition, the solubility and extent of particle dissolution are

strongly related to the material, size, shape, and complexes in the surrounding
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environment [41, 52]. For example, small particles may present a higher solubility and

consequently major dissolution in medium compared to larger NPs sizes [55, 56].

Brotein ]

corona ‘F8 A

Figure 1.3. Release of AgNPs into aquatic environments, including their possible
chemical and biological interactions. Figure created with Biorender Software under
licence agreement.

1.7 AgNPs in experimental media

In ecotoxicology, the testing of NPs in liquids and biological solutions has been widely
used to perform in vitro exposures and administer doses [47, 57]. In this regard, cell
culture medium is highly implemented in many cell-based studies, as it supports healthy
cell growth [58]. Cell medium contains proteins, ligands, inorganic salts, and other

biomolecules that are vital for biological systems [58]. However, compared to natural
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waters, cell culture medium contains a defined number of salts, vitamins, pH-buffering
substances, foetal bovine serum (FBS), and nutrients. These compounds can affect how
NPs move through the medium by diffusion, influencing the sedimentation processes of
the NPs, altering their coating through corona formation, and changing their
hydrodynamic diameter and density, as a result of physical and chemical transformations
of the NPs (Figure 1. 4) [39, 52, 58]. For example, Leibovitz's L-15, one of the most
commonly used media to culture fish cells, contains 1.26 mM of Ca?*, 0.14 M of NaCl,
140-200 mM of Cl as well as millimolar concentrations of cysteine and methionine. These
compounds present in the cell medium can induce agglomeration, complexation of
dissolved Ag* to Cl, as well as lower the levels of free Ag*, as most of the Ag* will be
bound to cystine and methionine [39]. In this regard, one of the most important variables
in media is the Cl concentration, as the speciation of ionic silver will be dependent on
this. For example, high concentrations of Cl can impose the formation of AQCl complexes,
spanning both uncharged and negatively charged species [39].

In cell culture medium, the colloidal stability of the NPs and metal ions can also be
affected, resulting in agglomeration, dissolution and complexation (refer to section 1.4).
The kinetic dissolution and concentration of Ag* ions (from AgNPs dissolution) may lead
to the likelihood for strong reactions with a wide range of biomacromolecules, inorganic
salts, glucose, and serum in the medium, influencing the complete or partial dissolution
of NPs [53, 59, 60]. The chemistry of metal ions can also be influenced by factors such
as pH, ionic strength, presence of ligands that may complex free ions, and the presence
of anions that can complex or form other anionic metal species, such as AgClz, including

other forms of Cl, OH™ and other cationic metal species (e.g., H*, Ca?*, Mg?*, and Na*)
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[12, 61]. For example, in studies by Yue et al., (2014) and Minghetti and Schirmer, (2016)
the behaviour of AQNPs in rainbow trout gill cells was strongly linked to the ionic strength
and chloride content of the cell medium, influencing the total silver concentration and
silver speciation (mostly AgCl> and AgCls? ), affecting the percentage of released Ag* and
toxicity [58, 62].

Cell culture media contents
Proteins Salts Biomolecules ClI

Interaction with
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Changes in the
l Complexation to silver stability
sulphide (Ag ,S) Sedimentation

Figure 1.4. Chemical and biological interactions of AgNPs in cell culture medium
and cells. Figure created with Biorender Software under licence agreement.

1.8 Toxicity of Ag* and AgNPs in fish

When evaluating the potential interactions of AQNPs and ionic Ag in fish, it is important to
consider the mechanisms by which electrolytes (e.g., Na*, Cl, and Ca?*, toxic metal ions,
and organic molecules) are internalised across epithelial cell layers, especially those that
have contact with the aqueous environment [63]. For example, in gut mucosa or gill

epithelium, the transport of solutes involves the movement of compounds or substances
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from the external environment or body fluid into an unstirred layer (USL) formed by water
and/or mucus secretions (Figure 1.5) prior to binding to membrane-spanning carrier
proteins that enables the exchange of molecules with the layer covering the epithelium,
while interacting with ligands in the glycocalyx [64]. Molecules can move across the cell
by either diffusion or via cytosolic carries. For example, certain solutes such as Na* or
glucose can move across the cell membrane by diffusion. On the other hand, transition
metals are highly reactive with structural components in the cell, such as haem centres
in proteins (which are capable of holding an iron molecule), and therefore these are
moved inside the cell by specific carries (e.g., peptides) which allow controlled delivery of
relevant molecules into the cells [12, 64].

The forces implicated in this process are often energy-requiring pumps (primary
transport) located on the basolateral or serosal membrane, such as ATPase. The outward
electrochemical gradient for other ions may depend on the solute (secondary transport).
These transport systems move an unequal number of charges across the cell membrane,
creating voltage differences and diffusive flux between the cell and the epithelium. This
latter movement depends on the permeability of the tight junctions of the cells, whereby
the contents of the medium, such as Ca?* and Cl, can induce voltage differences via

Donnan effects in the mucus layer and within the cells [12, 63, 64].
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Figure 1.5. Schematic diagram to illustrate the ion-transport of sodium (Na*) and
chloride (CI') in gill epithelia. The figure shows an idealised freshwater-adapted gill
epithelium. The abundance of fixed negative charges (muco-proteins) in the unstirred
layer may generate a Donnan potential (mucus positively charged with respect to the
water) which is a major part of the net transepithelial potential (serosal positive with
respect to water). The mucus also contains the protein carbonic anhydrase (CA) which
facilitates dissipation of the (H*) and (HCO3 ) to COz2, thus maintaining the concentration
gradients for these counter ions which partly contribute to Na® import (secondary
transport), whilst the main driving force is derived from the electrogenic sodium pump
(see the text for details). The large arrow indicates the direction of water flow. Image and
text taken from reference [64].

The primary mechanism of death in fish from Ag® exposure has been linked to
inhibition of active Na® and CI* uptake at the gill epithelium due to inhibition of the
branchial enzymes involved in ion transport. The principal enzyme affected by silver is
Na*/K* ATPase, which is situated on the basolateral membrane of gill cells and is a
molecular target for Ag*, competing for Na*, and inducing disruption of the function and
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integrity of the channel. These disturbances can induce (over time) reduced Na* levels in
the blood plasma, triggering a series of events (Figure 1.6) that will result in increased
blood viscosity, arterial blood pressure, and finally cardiovascular collapse [33, 65, 66].
In addition, it has been suggested that Copper (Cu) can also interfere with Na* transport
across epithelial cells, where Na*-sensitive Cu uptake is an artifact of inhibition of Na*/K*-
ATPase [67]. Hence, accumulation of Cu?* or Ag* in fish gills is linked to interference with

Na* uptake mechanisms, disrupting the ionic balance and leading to toxicity [68, 69].
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Figure 1.6. Mechanism of acute silver toxicity in freshwater fish. Toxicity is related
to the blocking of ion transport through membranes in gills of fish [65].

On the other hand, the mechanisms of metal NPs toxicity in fish species are still largely
unknown compared to ionic metals. Hence, the diffusional component for metal NP
uptake, which is a function of both particle size and the hydrophobicity of the particle
surface, needs to be considered. Besides, toxicological outcomes can be strongly
influenced by the biomolecular corona, which influences NPs adhesion onto the plasma
membrane (PM) (and subsequent internalisation), induced cellular physiological

alterations and triggered biomolecular responses (e.g., oxidative stress, cell death) [62,
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70]. The toxicity of metal NPs appears to be lower than equimolar concentrations of the
metals in soluble forms; however this may not be the case for all metal NPs, where particle
dissolution appeared to explain some but not all of the observed toxicity and mortality in
fish [12]. For example, a study by Giriffitt et al., (2009) showed that total Ag levels in gills
exposed to AgNPs were higher compared to exposure to dissolved Ag, suggesting that
the NPs themselves contributed to gill toxicity, not only the dissolved Ag* from the NPs,
as most of the soluble metal concentration was removed from the water column after 48
hours [71].

Different studies suggest that the toxicity of metallic NPs (acute lethal
concentrations in mg/L) can affect fish gills in a similar way as dissolved metals. For
example, through the inactivation Na®/K*-ATPase activity in the gills, whereas in
erythrocytes, the acetylcholinesterase activity respiratory toxicity is affected, including
disturbances to tissues and organs like intestine, gills, blood, liver and brain, and oxidative
stress [12, 72, 73]. In this regard, a study by Osborne et al., (2015) demonstrated
disruption of the Na*/K* ion channel and reduction in ATPase activity by AgNPs and
AgNOs treatments. However, higher toxicity was suggested for the 20 nm AgNPs

compared to AgNOs and other larger NP sizes (110 nm) in zebrafish [66].

1.9 Factors that influence the transport, fate, and toxicity of AgNP

The behaviour of manufactured NPs in environmental matrices such as natural waters,
involves several processes that can mediate their toxicity to biological systems. For
example, the stability of the NPs in liquids is modulated by adsorption of NPs onto

surfaces, such as the exterior surfaces of organisms, and by abiotic factors, and the
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properties of the NPs [47]. In this regard, the unique properties of AgNPs (size, shape,
surface area) and chemical composition that differ from their respective soluble metal
may produce higher toxicity compared to silver ions, inducing health hazards to aquatic
organisms, such as fish, which are inevitably recipients of contaminants released into the

aquatic environment [4, 14, 32, 61] (See Table 1.1 for examples).
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Table 1.1. Key physicochemical characteristics of AgNPs. The table shows the physicochemical characteristics that have been

recognized as key elements in the transport, fate, and toxicity of AgNPs in biological systems.

Factors

Capping
agent or
stabilizer

Size and
shape

Surface
area

Charge

Dose and
dosimetry

NP size and
coating
10 nm and 50 nm
Citrate

(PVP)

20 and 110 nm
citrate-coated
silver

5-25 nm citrate-
coated silver

20 nm PVP coated

50, 80 and 200 nm

PVP coated

and
polyvinylpyrrolidone

Concentration

82 to 85 mg/L

1 mg/L

10, 5, 2.5, 1.25, 0.625,
and 0.312 mg/L

10.32 mg/L

50 nm (5.3 pg/cm?,
2.7 x 10" ENMs/cm?),
80 nm (5.3 pg/cm?,
0.55x 10" ENMs/cm?)
and 200 nm

(10.5 pg/cm?,
0.2 x 10" ENMs/cm?)

Fish species

Japanese
medaka
(Oryazias latipes).

Wild-type adult
zebrafish

Oryzias
latipes juveniles

Goodeid fish
Chapalichthys
pardalis

Not applicable

Outcomes

Significantly different toxicity between the coatings: Citrate-
AgNP proved to be most toxic, while PVP and Citrate-AgNP
exhibited a lower toxicity.

20 nm citrate-AgNPs were more toxic than 110 nm citrate-
AgNPs and AgNOs. The toxicity was shown via higher Ag
deposition and content in the gills and intestines of zebrafish,
as well as disruption of the Na*/K* ion channel by a reduction in
ATPase activity.

The degree of Ag* dissolution and toxicity were strongly linked
to the surface area of the NPs as well as to their shape, when
comparing AgNPs versus Ag-nanowires in O. latipes.

Positively charged AgNPs can adhere to the cell membrane,
modifying its permeability and thereby penetrating the cell.
Once inside, AgNPs, in the presence H202 can catalyse the
release of Ag* and act synergistically on thiol groups of proteins,
interfering with their function and therefore inducing toxicity.

Smaller NPs (50 nm) were most cytotoxic when comparing by
mass concentration; however, recalculation of the results from
mass to the surface area of NMs (cm?/cm?) and number of
NMs per cm? (NMs/cm?) displayed a different trend,
suggesting that the 200 nm size was the most mutagenic and
cytotoxic.
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1.10 Interactions between AgNPs and biological systems

1.101 Protein corona

As soon as NPs get in contact with a biological fluid, they interact with the proteins and
other biomolecules, resulting in formation of a protein coating on the surface of the NPs,
known as the “protein corona”, which will define a new biological identity of the particle
[78-80]. The corona composition depends on the nature of the biological fluids in which
NPs are exposed (such as natural waters, foetal bovine serum and/or human serum), the
abundance and type of proteins, the particle type, surface properties and time of
incubation; factors that may lead to different interactions with cellular receptors and thus
different biological outcomes [78-81]. The relevance of eco-coronas from biomolecules
such as metabolites from microorganism activity and/or NOM in natural waters is still
emerging [82]. Conversely, the interaction of NPs exposed to mammalian serum or
plasma has been widely explored. Protein corona studies in fish are sparse; however,
protein coronas from fish or fish cells have been characterized in several fish species,
including rainbow trout gill cells [83], zebrafish [84], and plasma of smallmouth bass
(Micropterus dolomieu) [85], revealing mechanisms of intracellular toxicity (e.g., cellular
stress) [82]. For example, Yue et al., (2016), demonstrated that the protein corona can
provide insights into the NP processing and storage in cells, including mechanisms of
metabolic stress response through the identification of specific stress-response proteins
[83].

In cell culture medium, there is a larger number of proteins and ions present compared
to the natural organic matter present in natural aquatic systems; hence, the formation of
the protein corona in culture medium will contain free (detached) proteins that may
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engage with cellular receptors enabling the particles to interact directly with the cell
membrane through the protein coating. Corona-coated NPs interaction with cellular
receptors can trigger a cascade of responses, influencing NPs uptake and distribution,
binding of AgNPs with thiol group-containing proteins, as well as with Na*/K*-ATPase,

which are susceptible to AgNP binding and functional impairment [86].

1.10.2 Cellular internalisation pathways

The internalisation of Ag*in aquatic organisms (e.g., fish) is strongly linked to adsorption
and metal-binding functional groups such as carboxylate, phosphate and amino groups,
located on the membrane surface, which facilitate elemental internalisation (see section
1.8 for further details) [40, 64]. On the other hand, the uptake of NPs has been associated
with endocytic and non-endocytic process. The uptake machinery can be generally
divided in different forms of endocytosis. For example, phagocytosis is strongly related to
certain cells (phagocytes), whereas pinocytosis is active in most types of cells, and it has
been suggested to be responsible for NPs internalisation through endocytosis processes
[70, 87-92]. Endocytosis can be generally sub-divided in clathrin and caveolae-mediated
endocytosis, 21icropinocytosis, and clathrin and caveolae independent endocytosis
(Table 1.2). In contrast to the well-known endocytosis pathways (phagocytosis and
pinocytosis), autophagy is an underestimated process that may also facilitate the
internalisation of NPs [93]. It has gained acceptance in recent years due to its
physiological significance in engulfing and degrading particles as well as its close relation

to other cellular processes, such as cell death [93].
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In laboratory exposures in vitro (cells attached onto a surface), the internalisation
of NPs will be higher compared to in vivo exposures due to the closer interaction between
the immobilised cells and the NPs in suspension. A similar principle has been described
for surface-attached microorganisms, whereby higher uptake rates of different solutes are
observed due to decreases in the diffusion boundary layer thickness, and advective flow
past their surface [40]. On the other hand, the internalisation of NPs by organisms present
in the aquatic environment will be initially mediated by the interaction of the NPs with the
external surfaces of the organism. For example, in fish the internalisation of NPs can be
mediated via respiratory or dietary intake due to the NPs small size. In this regard, water
drank by the fish will deliver NPs to the gut mucosa, whereas NPs in suspension are part
of the water flowing between the secondary lamellae of the gills and thus have easy
access to the gill surface layers [94, 95].

NMs are likely to be adsorbed onto the gill surface, then in epithelial cells, NPs can
be internalised via endocytosis (Table 1.2). The internalisation of NPs generally begins
with the NPs binding to cationic sites on the plasma membrane, followed by the activation
of endocytosis and signal transduction processes [96]. Then, the cell membrane produces
a membrane-bound vesicle or endosomes (early and late), which is a common sorting
station to transport cargo for all endocytic processes [97, 98]. The endocytic mechanisms
in fish cells have been explored by just a few studies, mainly in rainbow trout gill cells,
suggesting that clathrin-mediated endocytosis caveolae-mediated endocytosis and
micropinocytosis pathways are active in fish cells (e.g., RTgill-W1 cells and ZF4 cells),
whereas autophagy in fish cells remains misperceived [86, 99-101]. Most NP-uptake

studies, in both mammals and fish cells, highlight the role of the physiochemical
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properties of the NPs in the activation of different cellular uptake pathways (see Table 1.2
for examples) [97, 98].

Compared to NPs, the internalisation of Ag ions has been widely described via
transmembrane transport proteins through the cell membrane. Membrane spanning
proteins have ion channels in the middle, which is selective for certain molecules on the
basis of charge and pore size including Na*, K*, Ca?*, Cu?*, and Cl channels, that can
be closed or opened by particular proteins or amino acids on the surface of the channel
[64, 102]. For example, in fish, epithelial cells are enriched with Na*/K*-ATPase or Na*
pumps, which establish the electrochemical gradient for Na* uptake, supporting
electrochemical properties and Na* export back into blood [64]. Transport proteins have
been linked to the efficient passage of Ag* through the cell membrane, as its properties
are similar to those of Na* and Cu?* ions [39]. Hence, both Ag* and Cu?* can be taken up
via apical Na* channels in rainbow trout fish. Cu?* transporter proteins such as CTR1
have been shown to be strongly inhibited by Ag* resulting in reduced Cu?* uptake, due to
high affinity of Ag* for the Cu?* transporter protein. If the affinity of the Ag* ions for the
transporter protein is less than that of Cu?*, Ag does not inhibit Cu?* transport, but in this

case Cu?* is mediated via DMT1 rather than Ctr1 [39, 69, 102].
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Table 1.2. Endocytic and non-endocytic uptake pathways in cells.

Pathway

Size of the
vesicle

Description of the process

Examples in fish cells

Phagocytosis

Clathrin

Caveolae

Macropinocytosis

>0.5 um

60-200 nm

50-60 nm

>150 nm

Phagocytosis is a process where cells (mainly macrophages or dendritic
cells) engulf particulate matter such as bacteria, cell debris, or even intact
cells to digest them [97, 103, 104].

Molecules such as NPs, interact with clathrin-1 protein receptors on the
cytomembrane to form endocytic vesicles, such as early endosomes,
which are the first endocytic compartment to accept the incoming cargo
internalized from the cell membrane, causing the vesicles to wrap and
internalise the cargo as clathrin-coated vesicles (CCV) [92, 104, 105].

The binding between receptors on the plasma membrane and NPs
induces the formation of the flask-shaped vesicles (endosomes), that
detach from the membrane to traffic the cargo within the cell. The process
involves the formation of smaller vesicles called caveolae, closely related
to the integral membrane proteins (caveolin)[92, 105].

Induces the internalisation of nonspecific cargo through the formation of
large vesicles with significant amounts of fluid. This pathway starts with
external stimulation to induce the activation of the receptor tyrosine
kinases, which mediates a signalling cascade to induce the formation of
the macropinosomes [105, 106]. In cells, the macropinosomes return to
the cell membrane to release their contents to the extracellular space,
making this process dependant on the type of cell [106].

The uptake of 50 nm polystyrene NPs
was related to phagocytosis in
embryonic zebrafish cells (ZF4) [101].

3-9 nm polyacrylic acid NPs were
taken up by Rtgil-W1 cells via
clathrin-coated pits [99].

30-100 nm TiO2 NPs uptake by RT
Liver-W1 cells was mediated via
caveolae- endocytosis [100].

The internalisation of 50 nm
polystyrene NPs was mainly by
clatrin-mediated endocytosis in ZF4
cells [101].

Non endocytic pathway

Autophagy

140 to 500
nm

Autophagy is a self-degradative process linked to maintenance of primary
biological activities during cellular stress (e.g., in the absence of nutrients)
by removal of impaired proteins, damaged organelles, and other external
molecules. The transport of the intracellular cargo is mediated by double-
membrane vesicles called autophagosomes, which mature after fusion
with the lysosome, promoting self-degradation of the transported cargo in
the autophagosomal compartments by lysosomal acid proteases [93]

100 nm AgNPs and 50 nm CuNPs
induced lysosomal autophagy to
remove foreign matter and damaged
organelles in rainbow trout
hepatocytes [107].
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1.11 Cellular and toxicological effects of NPs

The toxicological effects of NPs and transition metals in fish will partly depend on the
absorption onto a sensitive site on the cell surface, inducing toxicity via membrane
disruption. In this regard, the potential for negative outcomes can be related to the
activation and/or inactivation of biochemical pathways dependent on specific enzymes
and proteins, repair mechanisms and/or cell death [108].

The following section will illustrate principles and provide examples of AgNPs toxicity

on eukaryote cells, paying detailed attention to fish and fish cells processes.

1111 Membrane disruption and adaptative responses

The plasma membrane (PM) is the first cellular entity that directly interacts with
exogenous NMs, becoming a key point in triggering any possible negative effect in the
biological system [109, 110]. For example, in fish cells, cell transmembrane proteins, that
regulate the transport of cationic electrolytes across the plasma membrane, including
Na*/K*-ATPase, are likely to be disrupted by Ag* as mentioned in section 1.6. Here, Ag*
exposures can induce branchial Na* and Cl loss, triggering reduced plasma volume,
increase blood viscosity, and finally cardiovascular collapse and death (see Figure 1.6 for
more examples) [67, 68, 86]. Conversely, the internalisation of NPs is unlikely to occur
via ion transporters due to their larger size [40, 61]. During NP interaction with cells,
proteins in the cell culture medium are prone to bind with NPs, influencing how the cell
recognises the newly protein-coated NPs, as the properties (conformation) and functions

of proteins can change compared to unbound proteins [57, 86, 111].
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Several intracellular biochemical responses, such as oxidative stress, organelle
disruption, and cell death have been strongly linked to the physicochemical properties of
the NPs, including differences in toxicity related to their size, charge, and dissolved Ag
ion fraction[112-115]. It has been demonstrated that metal NPs and Ag ions are capable
of reducing metabolic activity and disrupting plasma membrane and lysosomal integrity,
affecting normal cellular function and homeostasis [86, 116]. Disruption of the plasma
membrane is strongly linked to the induction of apoptotic cell death, mainly through the
activation of death receptors such as TNFR1, Fas, DR5 and DR6 (located on the cell
surface), that bind to specific ligands including NF, Fas ligand (FasL) and TRAIL to
transmit signals that induce cell death [117].

In fish, another important process that occurs on the membranes is the active
transport of ions such as Na*, Cl~, and Ca?* from the gills into their bodies against large
electrochemical gradients, which control the permeability of cell membranes to other ions
and to water for physiological processes [118, 119]. For example, the uptake of Ca?* is
predominantly via the gills and requires a transcellular movement of Ca?* over the apical
membrane into the cell. Then, Ca?* that has entered the cell is extruded by energized
Ca?* pumps in the basolateral domain of the plasma membrane. For example, in gill cells,
the uptake of Ca?* is linked to the Na*/K+-ATPase activity on the basolateral plasma
membranes, which can also maintain an inward sodium gradient as the driving force in
the extrusion of Na*/Ca?* exchanger [120, 121].

The effects of calcium on the uptake of different transition metals (e.g., Cd, Zn and
Co) by fish has been previously reported, suggesting a correlation between divalent metal

ions and Ca?" changes due to the ion and water permeability of membranes, the
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transmembrane potential of the gills, and competition with transition metals for the same
uptake site on the cell membrane [118, 122, 123]. The perturbation of Ca?* by transition
metals is linked to their uptake via the Ca?* channel, resulting in interference with the
basolateral membrane Ca?* extrusion channel [124]. In addition, it has been
demonstrated that the transport and internal regulation of Ca?* in fish may not be affected
by Ag ions [125]. However, other authors suggest that Ag, which inhibits Na* transport,
may share the apical Na* uptake pathway in freshwater fish gills, and by analogy with
other metals, inhibit Ca?* transport and Ca?* uptake process [126, 127].

The branchial uptake of calcium has specific features that may differ from other
organisms; however, disturbances in the Ca?" homeostasis have been related to
disruption of the PM, as well as with other cellular physiological and pathological
responses in both human and fish cells. For example, organelles such as Golgi apparatus
and endoplasmic reticulum (ER) can participate in the regulation, storage, and release of
Ca?"in human and fish hepatocytes, where their disruption has been linked to toxicity
outcomes [128-130]. For example, polystyrene and silica NPs have been reported to
release Ca?* from intracellular stores, where increases in the intracellular levels and
cytotoxicity after 24 hours was linked to the type of membrane damage [131].

The disruption of Ca?* can result in damage to the mitochondria and cytoskeleton due
to the activation of endonucleases, proteases, and phospholipases, intensifying the cell
and mitochondrial membrane damage, leading to the formation of inner membrane pores

and mitochondrial permeability [132, 133].
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1.11.2 Mitochondrial disfunction

The mitochondria provide the majority of the energy required for cellular functions and
works as a barrier to maintain calcium levels inside the cell. Disruptions in the Ca?*
homeostasis may induce outer mitochondrial membrane permeability, affecting the
membrane ATPase ion pump as well as the extracellular Ca?* balance, significantly
increasing mitochondrial reactive oxygen species (ROS) production due to high
concentrations of the Bcl2 family of proteins [133-135].

The overproduction of highly reactive hydroxyl radicals can lead to impairment or
defective mitochondrial complexes | and/or Il functioning, resulting in increased electron
reduction of oxygen to superoxide, and damage to macromolecules inside the
mitochondria, such as lipids, proteins, and DNA [136]. In addition, permeability and loss
of the MM potential have been associated with the release of apoptogenic proteins from
the mitochondria, such as cytochrome c oxidase into the cytosol from the IMM triggers
the activation of the apoptosome complex via caspase 9, a prolific initiator caspase that
targets and activates caspase 3, which are considered to be the point of no return in the
apoptotic signalling cascade, provoking cellular death [135, 137, 138]. The role of the
mitochondria, and disturbances by Ag* exposure, has been widely explored in
mammalian and fish cells, highlighting the toxicity of both forms of silver and the
accumulation of AgNPs inside the nucleoli and mitochondria with possible long-term

effects [113].
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1.11.3 Oxidative stress

ROS can be produced in different cellular systems such as on the plasma membrane, in
the cytosol, peroxisomes, and the ER [139, 140]. Cellular processes such as protein
phosphorylation, activation of transcriptional factors, apoptosis, and cellular differentiation
may lead to leakage of electrons from the respiratory chain complexes, triggering a low
percentage of oxygen reduction, which results in the formation of superoxide anion
radicals that are kept inside the cell at low levels (passive ROS function) to maintain
cellular homeostasis [139, 141, 142]. The overproduction of free radicals and oxidants by
organisms in response to AgNPs and ionic Ag® exposures is associated to oxidative
stress due to impairment of the cell’s antioxidant defence system (e.g., superoxide
dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT), affecting the ability
of the biological system to remove these reactive products [140]. Induction of ROS in fish
cells (ZF4 and ZFL) has been linked to the activation of Nrf2, regulating the cellular
defence against oxidative stress and for which correlation has been achieved with
classical toxicological endpoints using in vivo exposures [143, 144].

The effects of ionic Ag* on the cell antioxidant defence system have been widely
documented in fish, demonstrating that disruption of Na*, K*, and H* homeostasis can
lead to oxidative stress. Similar findings have been associated with exposure to AgNPs
and their dissolved metal ions [145, 146]. Besides, oxidative stress has been reported to
induce damage in the mitochondria and DNA, disturbances in the synthesis of ATP,

proteins, lipids, Ca?* imbalance, and cell death via apoptosis [141, 142, 147, 148].
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1.11.4 DNA damage and repair mechanisms

DNA is a complex molecular structure composed of two chains that coil around each other
to form a double helix with complementary sequences of nucleic bases. The phosphate
groups are located on the outside and the base pairs are linked by hydrogen bonding in
the interior. The four nucleotides are composed of the bases adenine (A), guanine (G),
thymine (T) and cytidine (C) and a sugar-phosphate group [149]. DNA is highly
susceptible to structural modifications by different stimuli, which can result in severe
aberrations and disadvantageous mutations [150, 151]. For example, positively charged
metal ions can interact directly or indirectly with sites characterized by high electron
density or negatively charged residues of DNA. Target-sites on DNA for cationic metal
ion binding could be the negatively charged phosphates of the backbone of both strands
and/or the electron donor atoms of the bases, such as N and O. The predominant mode
of metal binding can take place at the N7 and O6 of guanine and N7 and N1 of adenine

bases and the N3 of pyrimidines [149, 152].

O =Base
e = Metalion
= Modified base
ROS

I: /<® :l Double strand breaks

Single strand break

Figure 1.7. DNA damage and ROS formation. The illustration shows ROS formation and
oxidative DNA damage from metal ions free in solution and metal ions bound to the phosphate
backbone and individual bases [152].
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The DNA-metal ion binding can induce the formation of single-strand breaks (SSBs),
which arise when one of the two strands of the DNA duplex are damaged. Similarly,
double-strand breaks (DSBs) arise when both of the DNA strands are severely damaged,
inducing a crucial downstream triggering of apoptosis to prevent replication of the
damaged DNA and thus to maintain the genomic stability [153-155]. For example, 8-OH-
dG is an accepted, site-specific oxidative DNA damage marker (closely related to DSBs)
that is produced by ROS generated from metal ions bound at, or near, the G base. In
addition, the toxicity of AQNPs has been linked to the ability of dissolved metal ions to
bind to specific DNA sites, inducing SSBs and DSBs [156].

The assessment of DNA breaks in mammalian cells has been extensively
described, whereas for fish cells slight modifications have been applied to the most
commonly used protocols (e.g., Alkaline comet assay) [157]. For fish, it has been
suggested that the formation of DNA lesions can be modulated by seasonal variables in
aquatic ecosystems, namely those related to variations in lipid content, biotransformation
activity and/or spawning cycles [158]. To exemplify this, a study by George et al., (2014)
demonstrated that zebrafish cells and embryos exposed to AQNPs under simulated solar
light exposure conditions can induce higher physicochemical transformation of AgNPs
leading to oxidative stress-dependent cytotoxicity compared to AgNP treatments under

dark conditions [159].
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1.11.4.1 DNA repair mechanisms: cell cycle

The DNA damage response pathway involves a variety of intracellular processes
following detection of DNA damage; first the cell activates signalling cascades which are
active through the different stages of the cell cycle, allowing the cell to first attempt repair
the DNA damage, including, protein modifications such as mis-regulation of cyclin-
dependent kinases (CDKs), activation of cell cycle checkpoints and cell cycle
transcriptional responses to overcome the damage, and where repair is not possible,
activation of cell death pathways [150, 160].

Zebrafish, like mammals, have many genes involved in DNA repair, including, base
excision repair (BER), incompatibility DNA (MMR), nucleotide excision repair (NER) and
direct reversion (DR) different transcripts, [161]. In addition, other important genes have
been described in fish exposed to metallic NPs (e.g., AuNPs), including Fanconi anemia
group F protein (FANCF), which is an essential component of a nuclear core complex
that protects the genome against chromosomal aberrations, mismatch repair protein
(Msh6) supporting the proper repair of DNA, and upregulation of genes (gaad and rad 51)
that are key for repairing damaged DNA [162]. A study in zebrafish exposed to 0.25 ug/L
of 14 nm AuNP-citrate over 20 days demonstrated the activation of FANCF as a response
to damage, to help maintain the genetic integrity and cell survival. FANCG and Msh6 have
been found expressed in fish after exposure to NPs, suggesting their ability to induce
DNA repair proteins that may operate in post-replication repair or have a cell cycle

checkpoint function [163, 164].
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In general terms, DNA repair mechanisms involve complex process with regulatory
proteins such as CDKs, which lead to mitosis and culminate in the division of two daughter
cells (see Figure 1.7 for the cellular phases) [160]. Once the DNA damage has been
repaired, the DNA damage checkpoint in the cell cycle is deactivated (checkpoint
recovery), and finally the cell resumes the cycle progression by leaving the cell cycle
arrest phase [150, 153]. However, when the DNA repair mechanisms are unsuccessful
due to irreparable DNA damage, such as DSBs, the cell undergoes apoptosis by the
activation of pro-apoptotic factors such as the caspase-3 and p53 proteins, culminating
in programmed cell death [148, 153, 160]. For example, a study in a Bluegill fry (Lepomis
macrochirus) cell line (BF-2) and zebrafish embryos demonstrated that exposure to metal
NPs such as Ag and TiOz can result in a significant increase in the nuclear area leading
to cell cycle arrest. In this study, enhanced effects of AQNPs were linked to surface
oxidation and physicochemical modification of AQNPs and shedding of Ag™, leading to an
increased bioavailability of ionic silver [159]. The resulting genomic alterations may be
caused by the direct action of AuNP (or Ag* ions) through their binding to DNA or
indirectly, through the generation of oxidative stress that can lead to DNA strand breaks,

as discussed in section 1.11.4 [164].
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Figure 1.8. Cell cycle phases and responses to overcome cellular damage. Phase
GO0, when the cell is resting. This stage can also be induced by cellular starvation; phase
G1, where the cell grows and prepares for DNA replication; phase S, wherein the cell
copies all the DNA and begins the synthesis; phase G2, in which the cell prepares to
divide by organizing and condensing all the genetic material, and finally phase M
(mitosis), whereby the cell finally divides into two daughter cells [153, 160]. Figure created
with Biorender Software under licence agreement.

1.11.5 Cell death mechanisms

Cell death is a critical process that maintains cellular homeostasis by eliminating
damaged cells as part of a natural process, such as the replacement of old cells by new
ones as following irreparable cellular damage [165, 166]. There are three major types of
morphologically distinct cell death, including apoptosis known as type |, autophagic cell
death or type Il, and necrosis or type lll cell death (Figure 1.8). The three cell death
mechanisms can result in overlapping and sharing of signalling pathways, which can be

triggered in response to specific stimuli [167].
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The following section further discusses each mechanism, highlighting the

communal signalling pathways with other cellular processes and other cell death types.

Healthy cell
Cell death is a critical and
dynamic process that
maintains cellular
homeostasis by eliminating
impaired cells

Apoptosis

This cell death form is This process involves the This regulated cell death
characterised by formation of shows cytoskeletal
cytoplasmic shrinkage, autophagosomes to engulf alterations such as loss of
nuclear fragmentation, and and eliminate intracellular plasma membrane, and
the formation of apoptotic material through lysosome cytoplasmic leakage due
bodies degradation to irreparable cell damage
Typel Type ll Type lll

Figure 1.9. Types of cell death and their key features. Figure created with Biorender
Software under licence agreement.

1.11.5.1 Apoptosis

Apoptosis, or programmed cell death, is a natural mechanism for physiological cell
deletion characterised by cytoplasmic shrinkage, nuclear fragmentation, the formation of
apoptotic bodies, and activation of caspase proteases such as caspase-3, caspase-6,
and caspase-7 [166, 167]. Apoptosis can be triggered by two major signalling pathways:
the mitochondrial or intrinsic pathway and the death receptor or extrinsic pathway [166].
The intrinsic pathway is linked to mitochondrial outer membrane permeabilization

(MOMP) and is initiated by pro-apoptotic and anti-apoptotic members of the B-cell
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lymphoma 2 (Bcl-2) family, as a result of the leakage of internal mitochondrial
apoptogenic factors from the mitochondrial intermembrane space into the cytosol, such
as cytochrome ¢, Smac/DIABLO and Omi, triggering apoptosis [166, 168, 169]. In this
regard, the zebrafish genome contains homologs of most mammalian Bcl-2 family
members, including mitochondrial permeability transition pore and MOMP responses,
which are also part of the apoptotic machinery of fish, like in mammals [117, 170]. Fish
stress signalling responses have been related to cytochrome c release and caspase-3
activation, which are also linked to DNA damage, ROS overload, and ER stress [166,
167, 171]. Interestingly, studies in fish have demonstrated that increasing concentrations
of NMs can lead to different cytotoxic and clastogenic effects, triggering the induction of
different genes being upregulated [164, 172]. For example, a study by Teles, et al., (2019)
in zebrafish recorded the induction of apoptosis-related genes, such as perforin 1, a gene
encoding for proteins that promote cytolysis and apoptosis of target cells by facilitating
the uptake of cytotoxic granzymes, after exposure to low concentrations (0.5 pg/L for 24
hours) of AuNPs. By contrast, for the highest AUNP concentration (50 pg/L, 24 hours),
upregulation of genes linked to autophagy and endoplasmic reticulum stress (e.g.,
HSPC171 and HSC70 proteins), together with a downregulation of apoptosis-related
genes (e.g., programmed cell death 7) was observed [164].

On the other hand, the extrinsic pathway begins outside a cell as a response to
the extracellular environment. This pathway involves transmembrane receptor-mediated
interactions that are driven by plasma membrane receptors. Their activation depends on

the binding of the ligands to the surface death receptor of a tumour necrosis factor (TNF)

36



receptor gene, such as TNFR1, Fas, DR3, DR4, DR5 and DR6, leading to apoptosis,
inflammatory responses, and/or necrotic cell death [166, 167].

In fish, core parts of the apoptotic machinery are expressed identically as in
mammalian models. For example, apoptosis was mediated by caspase 2, 3, 6, 7, 8, 9,
and 10 in rainbow trout, with caspase 6 being highlighted as playing an immunoregulatory
role in apoptosis in fish immune responses [170]. However, some differences between
fish and mammalian apoptosis pathways have been demonstrated, including the fact that
the extrinsic and intrinsic pathways of apoptosis occur despite the lack of a C-terminal
region in the Fas-associated protein with a death domain in fish. The importance of
apoptosis in fish has been explored, demonstrating that apoptosis may play an important
role in different biological process, including in the fish life cycle [170, 171, 173]. For
example, a study by Maeno et al., (2000) suggested that cell shrinkage and apoptosis are

induced by activation of ionic processes involving K* and CI~ channels [171].

1.11.5.2 Autophagy

Autophagy, like apoptosis, is a cytoprotective and controlled process which involves the
formation of autophagosomes to engulf and eliminate intracellular material, such as
proteins, damaged organelles, and endogenous substrates (xenophagy) through
lysosomes degradation [168, 174, 175]. The induction of autophagy machinery requires
the expression of Atg1/Unc-51-like kinase (ULK) complex and vacuolar protein sorting-
34 (VPS34/PI3K-C3), which transduce the signals to begin with membrane isolation
leading to autophagosome formation. Then, the autophagosome fuses with the lysosome,

forming an autolysosome for degradation and recycling of cellular components [176, 177].
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As a stress response, autophagy can be described as an attempt by dying cells to
overcome cell death by recycling essential cellular components to maintain the functions
for cell survival during starvation periods [167, 178]. For example, the effects of starvation
on fish tissues and muscle and hepatic enzymes have shown the induction of proteolytic
enzyme activities, including breaking down cell components for energy consumption,
demonstrating that autophagy under starvation and stress conditions is induced by the
PI3KC3 pathway, including post-translational modifications that produced two distinct
forms of MAP1-LC3B, which are a cytosolic and a membrane-bound form [179]. In fish
cells, autophagy needs to be further explored, especially the role of complementary
autophagic routes that involve the direct delivery of cytosolic proteins targeted for
degradation to the lysosomes. For example, LAMP2A’s role in chaperone-mediated
autophagy (CMA), has been described in several fish species, suggesting that CMA
appeared much earlier during fish evolution than previously believed, and therefore is
potentially also present in embryo cells, highlighting the homology between fish and
mammalian species [180].

The role of autophagy in cell death has been recently investigated in mammalian cells,
mainly due to their role in many human diseases, including neurodegenerative or
infectious diseases, and several cancers, suggesting a potential link between autophagy
and cell death due to the activation of apoptosis and necrosis signalling proteins [177,
181]. In fish, autophagy has been mainly described as an important adaptive mechanism
for protein degradation that allows them to survive nutritional starvation [179].

The relationship between autophagy and cell death remains unclear; however,

autophagic cell death has been related to the autophagic flux and lysosome function by
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Bax or Bak activation [182], caspase-8 inhibition, activation of ROS [183], and
hyperactivation of autophagy due to excessive consumption of impaired cytoplasmatic

components [184].

1.11.5.3 Necrosis

Necrosis is characterized by cytoskeletal alterations such as loss of plasma membrane
integrity and cytoplasmic leakage, chromatin condensation and DNA degradation,
because of irreparable cell damage [165, 166]. Necrosis is also considered as a form of
cell death, involving the upregulation of various pro-inflammatory proteins and is activated
by a set of signalling pathways (necroptosis) such as TNFR1, Toll-like receptors (TLRs),
and caspase inhibitors that are stimulated when other types of programmed cell death
have failed to repair damaged cells [165]. The toxic effects of Ag* and AgNPs on fish cells
has already been explored, demonstrating that exposures to AgNPs and Ag ions can
induce histopathological alterations in gill tissues, including epithelial cell necrosis [185,
186]. Similarly, in embryonic fish cell lines, the NPs-released dissolved ions (Ag*) were
able to interact with cell membranes, proteins, and DNA, leading to cell death [114].
Necrosis and apoptosis share similar signalling pathways. For example, when a ligand
binds to TNFR1, the pro-survival complex | is activated, this complex activates complex
lia, triggering caspase-8 and resulting in apoptosis, whereas the formation of complex lib
results in the inhibition of caspase-8 leading to necrosis [187]. For example, hepatocytes
of juvenile carps exposed to 50 nm TiO2 NPs demonstrated a clear interrelation of
apoptosis and necrosis, through cytoplasm vacuolation, and formation of necrotic cell

bodies and apoptotic-like bodies [188].
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Necrosis is also linked to the induction of mitochondrial permeability transition pore
(MPTP), which results in ROS and intracellular calcium overload, disruption of the
mitochondrial inner membrane integrity and inhibition of ATP production. In addition, it
has been demonstrated that AgNPs are able to accumulate in cytoplasm and
mitochondria of rainbow trout hepatocytes, inducing swollen mitochondria and dilated

endoplasmic reticulum [107].

1.11.6 Representative toxicological biological models:

Zebrafish

In environmental ecotoxicity, fish are the most utilised vertebrate for environmental
hazard and risk assessment, representing an indispensable component of integrated
toxicity evaluation in the aquatic environment [189, 190]. Zebrafish (Danio rerio) has been
a popular laboratory non-mammalian model for more than 20 years, especially for its
ability to spawn huge amounts of eggs across the whole year, its high fecundity, rapid
development, and an extensive literature base [190]. The rapid development and
transparent features that embryo, juvenile larvae, and adult stages of zebrafish display
during their cell division, fertilization, and final morphogenesis, makes them suitable for
microscopic screening for agents that disrupt normal development [191]. Furthermore,
zebrafish share around 70% similarity with human genomes, including major
developmental and physiological processes, such as the digestive, nervous and
cardiovascular systems, features that can potentially mimic the development of human
diseases both genetically and phenotypically facilitating development of detailed
understanding of the disease processes and therapeutic strategies [191-193].
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Fish testing, along with other organisms, such as algae and invertebrates (e.g.,
Daphnia magna) are integral for hazard identification in environmental risk assessments.
Their implementation is necessary for the prospective assessment and classification and
labelling of chemicals, impact assessment of surface waters and effluents, and
persistence, bioaccumulation and toxicity assessment by the Organisation for Economic
Co-operation and Development (OECD) [194]. For example, the OECD Test Guideline
(TG) 203 involves studies and validation activities performed in different fish species,
such as Japanese medaka, fathead minnow, zebrafish, and rainbow trout [195]. Although,
these protocols were originally designed for chemicals that were soluble in water and/or
could put into the aqueous phase, attention has been given to assessing their suitability
for hazard assessment and implementation in the nanotoxicological field [196, 197]. The
handling of NMs in regulatory toxicity tests requires careful consideration regarding the
exposure, and interpretation of the data when assessing the negative outcomes, paying
particular attention to effects related to the shape, size, and surface charge of NMs [61,
197, 198]

The high levels of regulation that characterize the use of mammalian biological
models (e.g., rabbits, rats, mice) are also extended to the zebrafish animal welfare, as
the testing on whole fish involves the implementation of tight regulatory requirements,
including certified training programs and accepted guidelines for zebrafish husbandry,
management, and care [199]. In addition, to improve animal welfare and to minimize
unnecessary testing and suffering of laboratory animals, the OECD suggests the
implementation of threshold approaches and other non-animal alternatives. For example,

to optimising data for development of Quantitative Structure Activity Relationships
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(QSAR) methods, several specifications regarding the testing concentrations, relevance
to demonstrate 0 and/or 100% mortality, guidance on employing a water control when
solvents are used, the introduction of estuarine and marine fish species, as well as the
recording of the clinical signs of toxicity including individual fish identification are all
required. These improvements to the test guidelines have been suggested for the
identification of scientifically robust humane endpoints linked to mortality and
interpretation of moribundity [200].

In this current regulatory environment and to reduce the ethical issues implicated
in the fish acute toxicity testing, the OCED has approved the use of zebrafish embryonic
forms an alternative for the acute fish toxicity [189]. The use embryo for toxicity
assessment has been accepted and regulated under the OECD TG 210: fish, early-life
stage toxicity test (with zebrafish) [201]. Toxicity testing on fish embryos is considered as
a great step towards the replacement and refinement methods to lessen animal suffering,
since zebrafish embryos demand no ethical permission until 120 h postfertilization (hpf)
(onset of independent feeding), and the embryos are likely to experience less suffering
or pain than older life stages [190, 202]. However, the toxicity testing of zebrafish embryos
is also tightly regulated, optimized and standardized by the OECD as a test to assess
toxicity of embryonic forms of fish under the Fish Embryo Acute Toxicity test (FET,
OECD236) and still requires breeding of fish to continuously generate the embryo for
testing, and sacrifice of the fertilized embryo at 120 hpf [203]. The use of FET provides a
total and well-defined developmental study at its early life stages at low cost and being
less prone to legal and ethical restrictions as this earliest life-stage (up to 120 hpf) is not

defined as “sufficiently aware that they will suffer” under the regulatory frameworks
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dealing with animal experimentation. However, after 120 hpf, embryo become capable of
independent feeding (larvae stage); therefore, a license is required to conduct any
regulated procedure as they can experience pain, distress and lasting harm [190].
Another important characteristic of zebrafish embryo and which could represent a
disadvantage in their toxicity testing, is their chorion. The OECD acknowledges that the
chorion of the embryo, may represent an important barrier to reduce the likelihood of the
certain molecules to reach the target site(s), as it physically and chemically protects and
isolate the embryo from external environmental conditions until their hatching (48-72 hpf)
[203]. It is important to mention that despite the large pore size on the chorion membrane
(0.6-0.7 ym), it may still influence the diffusion of molecules into the embryo, as well as
reducing the NP transport, subsequent biological activity, and sensitivity to toxicity testing
[204-206]. In this regard, removal of the chorion by chemical methods may disrupt the
embryo characteristics, inducing major sensitivity to the tested compound, inhibiting the
hatching process leading to secondary morphological effects, as well as producing lower
survival rate [207, 208]. Although zebrafish testing has many advantages in the
toxicological field (Figure 1.9), the frequent use of acute fish testing has given rise to both
economic and ethical concerns related to the animal welfare. Thus, there is an urgent
need for methods that promote the acquisition of sensitive ecotoxicity data involving non-
animal testing alternative strategies to screen the toxicity of chemicals; these tools are
also urgently needed as an integral part of environmental hazard identification and risk

assessment of the nanotoxicological field [209].
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Figure 1.10. Zebrafish models, advantages, and disadvantages. Figure created with
Biorender Software under licence agreement.

1.11.7 Alternative testing frameworks and strategies

The application of the 3Rs principles (replacement, refinement, and reduction) of animals
in experimentation supports the reduction of animal studies with relative long duration.
This is based on a framework focused on alternative and/or more advanced methods to
ensure the best animal welfare for future developments in regulatory testing.

Numerous discussions are emerging on the employment of pragmatic approaches in
regulatory ecotoxicology. New ethical and legislative frameworks have requested the
development of a 21t century scientific approach through the re-evaluation of the use of
animal toxicity tests with the utilisation of non-traditional methods to reduce the numbers
of animals used in nanosafety assessment. The implementation of the 3Rs requires
scientific engagement, design collaboration, and a

improvement, responsive
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management by the scientific community, in order to achieve a substantial decrease of

the numbers of animals used in research (Figure 1.10) [210-212].

Traditional toxicity testing models
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Even though the vast majority of toxicity testing is carried out in the context of regulatory
requirements, animals are likely to experience pain, distress and lasting harm. Toxicity tests
usually involve repeated-dose studies to generate enough data for the assessment of risk in

human health and the environment
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Alternative toxicity models
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The use of cells as alternative testing methods involve the culture of different types of cell
lines, such as endothelial, epithelial, neuronal and fibroblast; allowing the reduction in the
number of animals under painful or stressful conditions, and improving a sustainable, effective,

and modern toxicological assessment

Figure 1.11. Traditional testing models vs cellular based models. Figure created
with Biorender Software under licence agreement.

1.11.8 Embryonic zebrafish cells: a potential model for
nanotoxicity studies

The establishment and validation of cell culture assays to reduce whole fish tests (when
possible) are needed to accomplish a scientific and ethical goal in the ecotoxicological
field. For example, the use fish cell cultures as an in vitro model have been used to
support the 3Rs framework in aquatic toxicology. The first permanent fish cell line was

established from the gonads of rainbow trout fish to study viruses [213]; since then, many
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other fish cell lines have been recognized from a large variety of tissues and fish models,
aiming to represent a wide range of marine and freshwater species [214].

Fish cells offer several scientific, technical, and ethical advantages compared to in
vivo models. For example, fish cells represent a key level in the biological organisation of
adult fish, allowing the detection and understanding of common and unique mechanisms
of toxicity in specific stages of development without ethical concerns [215]. In this regard,
the origin of the tissue used to establish the cell line may provide insights regarding a
specific target and toxic mode action, offering different biological models to compare at
the cellular level under the equivalent conditions of toxicant exposure and allowing the
prediction of in vivo outcomes [86, 216-218]. For example, Rainbow trout gill cells (RTgill-
W1) are one of the most common types of fish cell species used for in vitro toxicity studies,
and indeed are the basis of the recently published (June 2021) OECD Test Guidance 249
on fish cell line acute toxicity [219]. AgNPs along with ionic silver are among the most
popular NMs used for eco-toxicity assays due to their widespread use in consumer and
medical products (see Section 1.4) followed by TiO> NPs Most of the in vitro fish assays
are recorded with a short time exposure such as acute toxicity (24 hours, as per the
OECD249 test guideline), whereas for in vivo studies fish are regularly exposed for up to
96 hours, although mortalities can also be recorded at 24, 48, and 72 hours. Table 1.3
provides examples of studies performed utilising fish cell lines and a range of different

NM compositions.
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Table 1.3. NP exposure to fish cells. The table shows examples of toxicity evaluation after 24 hours in fish cells using different

NMs.
Metal ion Size Concentration Exposure Fish species Toxicity outcome Ref.
and/or (nm) duration
NPs
AgNPs | 16 nm 8.76 pg/mL 24 hours Hepatoma cell line AgNPs produced alterations at the [113]
AgNO3 345 pg/mL (Poeciliopsis lucida) lysosomal and mitochondrial levels. Ag*
ions produced similar cytotoxic effects
but at lower concentrations than AgNPs.
Both silver forms caused oxidative
disruption, but the initial response was
delayed in AgNPs until 6h of exposure.
AgNPs | 20, 40, 0.06,0.25,and 24 hours Rainbow trout gill cells ~ AgNPs showed size-dependent [220]
AgNOs; [ 100 nm 0.5 mg/L (Oncorhynchus mykiss) cytotoxicity, smaller (20 nm) NPs being
more toxic than larger (40 and 100 nm)
NPs. lonic Ag" showed higher
cytotoxicity than the NPs including
inhibition of Na*/K*-ATPase in gill cells.
AgNPs 19 nm 20 uM 24 hours Rainbow trout gill cells Release of stress-related proteins. [83]
(Oncorhynchus mykiss) Uptake of ANPs and dissolution of the
NPs (4.8-fold higher) than the intial ionic
concentration. Inhibition of the Na*/K*-
ATPase activity.
ZnONPs |20 and 100 pg/mL 24 hours Topminnow fish ZnO NP aggregates contributed [221]
50 nm (Poeciliopsis lucida) substantially to the cytotoxic effects,
including damage to the plasma
membrane and DNA alteration.
AgNPs 5 nm 1.9 mg/L 24 hours Rainbow trout Toxicity in a concentration-dependent [116]
AgNO3z | and 2.5 mg/L hepatocytes manner and higher ROS levels.
10 nm (Oncorhynchus mykiss) Dissolved organic carbon (DOC) did not
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TiO2

AgNPs
CuNPs

AgNPs

AgNPs

AgNPs
AgNO3

Copper
oxide
(Cu20)
NPs
Cobalt
oxide
(C030g4)
NPs

74 nm 100 pg/mL

and 185

nm

8 nm 1.5 mg/L
0.15 mg/L

18 and 400 and

29 nm 800 ug/L

12 nm 125 and 25
pg/mL

50 nm 18 pg/mL
2 pg/mL

60 nm 8, 20, 40, 60,
80, 160, and
320 pg/mL

30 and 10 pg/mL

50 nm

24 and 72 Liver and gill cells
hours of (Onchorynchus mykiss)
exposure
28 days Rainbow trout
hepatocytes
(Oncorhynchus mykiss)
24, 72, 168 Liver fish cells
hours (Labeo rohita)
24 hours Bluegill sunfish
cell line
(Lepomis macrochirus)
96 hours Gill gill cells (Catla
catla)
3 hours Fish cells (Carassius
auratus)
24 hours Gill cells

(Oncorhynchus mykiss)

Toxicity was initiated after NP binding to
the cell surface (and then endocytosed).
Interference with fluorometric assays
was recorded.

Shrunken cells, nuclear necrosis, ROS,
and mitochondrial damage were
recorded for AgQNPs. AgNPs were more
toxic to rainbow trout hepatocytes
compared to copper NPs.

AgNPs impacts were size and dose-
dependent, inducing ROS, DNA
damage and disruption of cellular
responses

Solar light induced physicochemical
transformation of TiO» and Ag NPs and
enhanced their toxic potential

Linear correlations between each in vitro
ECso and the in vivo LCsy data were
highly significant. DNA damage and
nuclear fragmentation (condensation)
were recorded for all treatments.
Dosages of Cu.O NPs greater than 40
Mg/mL were toxic to blood cells, inducing
membrane damage.

NPs showed higher toxicity than ions.
Concentrations of ions released from the
NPs did not reduce cell viability, and
minimally impacted ROS levels

[222]

[107]

[223]

[159]

[224]

[225]

[226]
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Unlike zebrafish embryos and adult fish, zebrafish cells can be cultured with faster and
efficient approach; for example, cells can be easily assessed using quantification
techniques. In addition, physiological conditions, such as levels of nutrients, regulation of
the matrix, and even cell substrate attachment can be easily controlled in cell culture [227,
228]. In this regard, the use of embryonic zebrafish cells (ZF4) represents a promising in
vitro model to provide additional insights into the toxicity of NMs, opening up a new means
by which to evaluate the toxicological effects and biological responses of NMs in aquatic
in vitro models [101, 229-232].

The first ZF4 cells were established from 1-day old zebrafish embryos by Driever
and Rangini in 1993, representing the earliest stage in the fish organisation, compared to
other fish cell lines that were established from adult tissues [229, 233]. In addition, ZF4
cells were the first fibroblast-like zebrafish cell line that was maintained using a
conventional medium supplemented with mammalian serum, which is currently a
standard condition widely applied in the culture of different fish cells [233-235]. Apart from
their easy proliferation using common cell culture media (supplemented with 5-10%
mammalian serum), ZF4 cells can resist longer periods without medium removal, as well
as showing higher resistance to environmental media with varying osmolarities [236]. ZF4
cells are commonly maintained under 5% carbon dioxide (CO2), despite the recorded
physiological effects on fish (e.g., acid-base regulation) [237]. Besides, the culture of ZF4
cells can be maintained over multiple passages as can cells from other fish and
mammalian cell lines [101, 143, 202]. However, to maintain the cell line viable, lower
temperatures (22-28 °C) are required to resemble the temperature of the donor habitat

[215].
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Fish cell models involve major control of the physicochemical and physiological
environment, allowing a faster comparation of their relative sensitivity to environmental
contaminants, revealing the mechanistic of sensitivity differences at the cellular and
molecular level, including their perseveration for large periods [215, 228] (See Table 1.3
for examples). Fish cell lines, such as ZF4 cells are emerging as a valuable, quick, and
cost-effective screening tool in the ecotoxicological assessment of NMs. For example,
ZF4 cells have recently been reported as a test system for toxicity assessment of
nanomaterials and nano-plastics, involving a range of NMs such as polystyrene, copper,
silver, and zinc, facilitating a rapid assessment of toxicity, elucidating the NMs behaviour
as well as evaluating their cellular interactions in a complex and relevant biological
exposure medium (See Table 1.4) [211, 236, 238].

In addition, recent publications have suggested the use of zebrafish cells as a
potential model to elucidate nano-toxicity responses [101, 143, 239]. Studies in these
cells may potentially support the implementation of the Adverse Outcome Pathways
(AOP) regulatory framework, potentially improving the development of more predictive
and ethical regulatory toxicology, creating a wider network of scientific data-driven
approaches that cover the diversity of biological and exposure contexts, redefining the

safety and risk assessment of NMs (Figure 1.11) [240, 241].
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Zebrafish cells: an alternative toxicological model
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Figure 1.12. Zebrafish embryonic cells as an alternative toxicological model. Figure
created with Biorender Software under licence agreement.
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Table 1.4. Literature review of recent NMs-toxicity studies in embryonic zebrafish cells (ZF4). The table shows results from

an online search for ZF4 cells studies using NMs.

Type of Size (hnm) Concentration Exposure Responses in ZF4 cells Type of Year Ref.
NMs duration publication
Polystyrene | 50 nmand 10 mg/L 24 hours Uptake was related to the size, Scientific 2021  [101]
(PS)NPs | 1uM Toxicity mediated by lysosomal paper
alkalization and oxidative stress.
Cu20 130 nm 500 mg/L 3 hours High bioaccumulation of Cu and Scientific 2021  [242]
and 200 lysosome-mediated exocytosis of the paper
nm NPs. Induction of Glutathione and
ROS mediated toxicity.
AgNPs 53 nm 2 mg/L 24 hours Dissolution of NPs and toxicity, Scientific 2021 [114]
AgNO3 1 mg/L mitochondrial specific toxicity, paper
including  deformation,  impaired
respiration of mitochondria and cell
death.
ZnO-NPs | 8t0o20nm 0.3t00.9 uM 24,48 and 72 Dissolution of NPs stimulated Scientific 2021 [243]
hours lysosomal accumulation and ROS paper
production. Lysosomal mediated-
uptake and mitochondrial toxicity.
Quantum | 6 nm 20 mg/L 24 and 72 QDs induced hypoxia and ROS Scientific 2020 [244]
dots (QDs) hours generation in hepatic cells, which paper
leads to apoptosis, specifically
through the TDP-43 pathway.
Zinc oxide | 70 nm 16.3 pg/mL 24, 48,72 and ZnO NPs showed less toxicity PhD thesis 2019 [245]
NPs (ZnO) 96 hours compared to Zn ions, which
and Zn ions 14.8 pg/mL demonstrated disruption of the

lysosomes, release of intracellular
Zn**, and cell death.

52



1.12 Thesis hypothesis and objectives of the research

1) Hypothesis

The hypothesis of this study is that exposure of ionic silver (AgNOs3) and different sizes of
PVP-capped AgNPs to ZF4 cells may trigger different uptake and mechanistic pathways,
leading to discernible differences in toxicity between nano Ag versus ionic Ag, revealing
differences in cellular process and cell death mechanisms activated by the different Ag

forms (Figure 1.13).

) Objectives

Overall, the work described in this thesis aimed to investigate and provide an initial
assessment of the biological outcomes of AQNPs compared to ionic Ag* in ZF4 cells as
a potential novel in vitro model. In addition, this cell line was carefully selected as an early-
stage model for zebrafish, aiming to provide scientific research and knowledge about

embryonic zebrafish cells. Other specific objectives in this study were:

1. To investigate the behaviour of PVP-capped AgNPs in different testing
environments, such as complete cell culture medium as a relevant biological fluid

(supplemented with serum), serum-free medium and ultra-pure water.

A fundamental aspect of this goal is to explore changes in the hydrodynamic size,
zeta potential, polydispersity index and dissolution of the three different AQNPs sizes

and the role of medium composition in the dissolution.
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2. To evaluate the internalisation and uptake pathways of ZF4 cells exposed to
AgNPs, including different endocytic mechanisms induced as a response to

AgNPs exposure.

This goal is focused on elucidating the internalisation mechanisms of AGQNPs in ZF4
cells and investigating the different endocytic mechanisms as a response to AQNPs

exposure. This is a pre-requisite for establishing dose-response relationships.

3. To explore the mechanistic responses of ZF4 cells to AQNPs, including the role of

the particle size and exposure concentration on their cytotoxicity to ZF4 cells.

For this aim, a series of biological assays are performed to elucidate the dose-
response and the relationship between the different molecular mechanisms of

cytotoxicity and the exposure form of the Ag.

4. To demonstrate the potential use of commercial fish cells to assess the toxicity

mechanisms of different sized PVP-capped AgNPs.

A fundamental part of this aim is the discussion of the biological responses of ZF4
cells compared to other cellular models, presenting an initial assessment of ZF4

cells as a potential in vitro model for NMs (and chemical) toxicity assessment.
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Figure 1.13. Summary of the hypothesis, goals, and overall aim of the research.
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Chapter 2

Silver nanoparticle induced toxicity and cell death
mechanisms in embryonic zebrafish cells

This chapter has been published in the journal Nanoscale by the Royal Society of
Chemistry.

Ana C. Quevedo?, Iseult Lynch®*, Eugenia Valsami-Jones?

a School of Geography, Earth and Environmental Sciences, University of Birmingham,
Edgbaston, Birmingham, B15 2TT, UK.
*Corresponding author:

2.1 Abstract

Cell death is the process that regulates homeostasis and biochemical changes in healthy
cells. Silver nanoparticles (AgNPs) act as powerful cell death inducers through the
disruption of cellular and signalling functions. In this study, embryonic zebrafish cells
(ZF4) were used as a potential early-stage aquatic model to evaluate the molecular and
cell death mechanisms implicated in the toxicity of AgQNPs and Ag*. Here, a low, medium,
and high concentration (2.5, 5, and 10 ug/mL) of three different sizes of AgNPs (10, 30
and 100 nm) and ionic Ag* (1, 1.5 and 2 pyg/mL) were used to investigate whether the size
of the nanomaterial, ionic form, and mass concentration were related to the activation of

particular cell death mechanisms and/or induction of different signalling pathways.

56



Changes in the physicochemical properties of the AgNPs were also assessed in the
presence of complex medium (cell culture) and reference testing medium (ultra-pure
water). Results demonstrated that AQNPs underwent dissolution, as well as changes in
hydrodynamic diameter, zeta potential and polydispersity index in both tested media
depending on particle size and concentration. Similarly, exposure dose played a key role
in regulating the different cell death modalities (apoptosis, necrosis, autophagy), and the
signalling pathways (repair mechanisms) in cells that were activated in the attempt to
overcome the induced damage. This study contributes to the 3Rs initiative to replace,
reduce and refine animal experimentation through the use of alternative models for NMs

assessment.

2.2 Introduction

Nanoparticles (NPs) are materials with overall dimensions in the nanoscale range (1-100
nm). NPs have unique properties, which differ significantly from their bulk form, such as
increased strength, chemical reactivity or conductivity, and higher surface area [7, 25,
26]. Silver nanoparticles (AgNPs) are considered one of the most globally used
nanomaterials (NMs), being incorporated into hundreds of products including electronics,
food packaging, textiles and in a variety of biomedical products, such as wound dressings
and medical device coatings, mainly due to their inherent antimicrobial properties [17, 25,
246]. Despite the advantages of AgNPs in society, environmental and toxicological risks
are associated with their full life cycle, i.e. their fabrication, handling, usage, disposal, and
behaviour in the environment [247]. AgNPs are sensitive to the surrounding environment,

which may induce environmental transformations, such as aggregation, oxidation, and
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dissolution of the NPs, which also includes the release of ionic forms (Ag*) and its
transformation to other forms such as silver sulphide (Ag2S) and silver chloride (AgCl)
[25, 248-250]. The presence of AgNPs and their environmental products in the aquatic
environment may trigger a cascade of cellular events, which could potentially lead to a
toxic response [168]. Cellular events play an important role in maintaining the health and
regulating the development of organisms; while processes such as programmed cell
death and other types of regulated cell activity are key to understanding how cells respond
to stress, activate survival pathways or even self-initiate cell death mechanisms to
eliminate damaged cells [165]. The mechanisms of cellular response to stress factors and
the fate of the damaged cells depends on the nature and duration of the stress as well as
the cell physiology [165, 168]. For example, lipid peroxidation is described as a process
where free radicals attack lipids containing carbon-carbon double bonds and acts as a
powerful cell death regulator [168, 251, 252]. Cell death pathways such as apoptosis,
necrosis, and autophagy can also be triggered by different stimuli, with each cell death
pathway having different timings and mechanisms of induction [168]. Apoptosis can be
initiated by mitochondrial impairment and release of cytochrome c¢ into the cytosol,
triggering the activation of caspases that lead to the apoptotic pathway [167-169].
Necrosis is activated when other types of programmed cell death have failed to repair
damaged cells, leading to the elimination of the impaired cells [165, 166]. On the other
hand, autophagy is regulated by engulfing and eliminating intracellular material, such as
proteins, damaged organelles, and endogenous substrates (xenophagy) through

lysosomal degradation [168, 174, 175].
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Assessment of the toxicological responses of aquatic organisms to NMs in the
environment is extensively growing as more nano-enabled products are developed,
driving a need for faster, higher throughput approaches. The need to reduce our reliance
on animal testing driven by policy initiatives such as the 3Rs framework, including in vitro
approaches using alternative cellular models for toxicological assessment [253]. In this
context, the use of fish cell lines has been demonstrated to screen cellular and molecular
responses of clinical and environmental relevance, providing high sensitivity in the
evaluation of diseases, cellular dysfunctions, and toxicity [214, 254, 255]. Cell lines also
contribute to exploration of the sequence of molecular and cellular events leading to
adverse biological outcomes in response to exposure to NMs, which is key in the
development of adverse outcome pathways (AOP) [256]. Here, cell culture testing
supports mechanistic insights that may facilitate NM evaluation of biochemical pathways
to improve testing strategies for targeted toxicity assessment [251, 257, 258].

In this study, a set of cellular assays utilising continuous embryonic zebrafish cells
(ZF4) are presented. The aim was to explore the effectiveness of this cell line as a means
for screening the toxicity of NMs. ZF4 cells are a type of adherent fibroblast cells,
established from 1-day old zebrafish (Danio rerio) embryos. The characteristics of the
AgNPs such as representative size (10, 30 and 100 nm) and coating (PVP) were selected
to investigate whether these specific features may be linked to the biological and
toxicological effects in cells exposed to nanomaterials. Hence, to provide additional
mechanistic insights about the processes underlying the AgNPs size-induced toxicity, as
well as the pathways triggered by NPs in fish cell lines, we present a detailed assessment

of the cell death and signalling mechanisms activated by embryonic zebrafish cells (ZF4)
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in response to exposure to AGNPs and ionic silver, proposing ZF4 cells as a potential and

suitable model for mechanistic nanotoxicological studies as an alternative to fish testing.

2.3 Materials and methods
2.3.1 Characterisation of AgQNPs

Polyvinylpyrrolidone (PVP) coated silver nanoparticles (AgNPs) with core sizes (provided
by the manufacturer) 10 £+ 2 nm, 30 £ 2, and 100 £ 8 nm were purchased from
Nanocomposix, USA (BioPure, Silver Nanospheres PVP, 1 mg/mL). In order to
understand how the physicochemical characteristics of the AgNPs evolve in a complex
medium, the AgNPs were characterised using a range of methods and testing media.
Transmission Electron Microscopy (TEM) (JEOL JEM-1400) was used to assess the
metal core particle size, and Nanoparticle Tracking Analysis (NTA) (Nanosight, NS300,
Malvern Instruments, Ltd.) was used to provide the hydrodynamic diameter. AgNP
concentrations for TEM (100 pg/mL) and NTA (0.012 pug/mL) were assessed in ultrapure
water (UPW) only. Based on LDH assays (Section 2.3.5), a low, medium, and high
biological concentrations of AgNPs (2.5, 5 and 10 pg/mL, respectively) for three
representative sizes (10, 30 and 100 nm) were assessed as follows. Dynamic Light
Scattering (DLS) (Zetasizer Nano series, Malvern) was used to determine the
hydrodynamic diameter, Polydispersity index (PDI) and zeta potential in both UPW and
complete culture medium (CCM) after 0 and 24 hours. CCM was prepared with
DMEM/F12 (Gibco, 11330) supplemented with 10% Foetal Bovine Serum (FBS) (Gibco,

10270) and 1% penicillin and streptomycin (Gibco,15070). For hydrodynamic diameter
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and PDI measurements, 1 mL of the AgNPs suspensions (2.5, 5 and 10 pg/mL) was
placed in disposable polystyrene cuvettes (Sarstedt, 67.742), whereas for zeta potential
measurements 700 puL was placed in a folded capillary cell (Malvern, DTS1070); all the
samples were prepared fresh and immediately evaluated using a default standard
operational procedure adjusted for silver on the V.8.00 software. Detailed methodologies
for the TEM, DLS and NTA sample preparation are included in the supplementary
information (Sl), with TEM images and size distribution graphs included as Figure S7.2 in

the SI.

2.3.2 Silver nitrate (AgNO3) stock

AgNPs in the environment are likely to undergo dissolution and release Ag*, therefore, to
evaluate the impact of Ag® in the toxicity of the AgNPs to ZF4 cells, different
concentrations of ionic Ag were prepared as a control (with equivalent mass of silver in
ionic form). First, silver nitrate (AgNOs; salt, VWR chemicals, USA) was weighed
calculating the total amount of Ag™*, then, the AgNO3 salt was dissolved in UPW to obtain
a final concentration of 1 mg/mL of Ag. The suspension was prepared in a laminar flow

cabinet to avoid contamination.

2.3.3 Dissolution of AgNPs in water and CCM

For dissolution experiments in water and CCM, a protocol was optimised to ensure the

best recovery of ionic silver [52, 259, 260]. The final protocol is as follows:
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For dissolution PVP coated AgNPs with sizes of 10, 30, and 100 nm were dispersed in
either UPW or CCM. For this, the equation civi=c2v2 (where c is concentration and v is
volume) was used to calculate from the NP stock (1000 ug/mL), a final concentration of
10 pg/mL in a total volume of 20 mL for the experiments. For UPW, the AgNP suspensions
(10 pug/mL) were placed in low density polyethylene (LDPE) bottles (Thermofisher, 2003-
series) and gently shaken (100 rpm) (Benchmark Incu-shaker H100M) at 28°C. Aliquots
of 400 pL were taken after 15 and 30 minutes and then at 1, 1.5, 2, 4, and 8 hours. Each
sample was placed into a micro centrifugal tube (3Kda, Amicon® Ultra 0.5 mL, UFC5003,
Merck) and centrifugated at 20817 x g for 5 minutes at 20°C (Eppendorf, 5430 R). After
centrifugation, the filter was carefully removed and the 300 pL of the bottom liquid
(containing the dissolved silver fraction) was placed into 15 mL tubes (Falcon, 352196
Fisher scientific) and diluted with 5 mL of 2% HNO3; (A509-P500, TraceMetal™, Fisher
scientific) and left for 24 hours at 4°C. The next day, samples were analysed by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (NexION 300x, Perkin Elmer).

For dissolution in CCM, the three different AgQNP sizes (10, 30 and 100 nm) were
also diluted in 20 mL CCM to a final concentration of 10 pg/mL, placed in new LDPE
bottles and treated as described for the UPW samples (see above). The filters were
subjected to additional washes by adding 500 pL of UPW into each tube and then
centrifugated again at 20817 x g for 30 minutes at 20°C. After centrifugation, 400 pL of
the supernatants were recovered and added to the corresponding vial, which contained
the 1t centrifugation liquid. This process was performed three times to ensure the

maximal recovery of the ionic form of Ag. Finally, the recovered mix of the 4 supernatants
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(initial + 3 washes) was diluted with 2% HNO3 for a total volume of 5 mL, left for 24 hours
at 4°C and then analysed by ICP-MS.

For all the experiments (in UPW and CCM), three individual replicates were
included for each NP size and time point. A calibration curve of 100, 250, 500, 750 and
1000 ppb of certified silver standard solution (Sigma, 12818) prepared in 2% HNO3 was
used to set the ICP-MS. Rhodium ICP-MS standard (Sigma, 04026) (500 ppb) was used
as an internal standard, which compensates for the matrix effects caused by differences
in the matrix, as well as plasma effects. The sample uptake rate was 0.3mL/min, nebuliser
flow ~ 1 mL/min, auxiliary gas flow 1.2 mL/min and plasma gas flow 18 mL/min. Washes
with 2% nitric acid were set between samples to eliminate any carry over.

Dissolution curves were constructed based on the Ag concentrations obtained by
ICP-MS (raw data) and plotted using Graphpad software. To calculate the value of free
silver ions in percent (%), the obtained concentrations values were divided by the
concentration added at the start of the experiment and multiplied by 100% as represented

in the following formula [261]:

% of dissolved silver = Ag measured at time/AgNPs initial concentration * 100

The formula calculates the percent (%) of dissolution of the total Ag present in the aliquot

at the time of sampling [261]. Finally, from the initial slopes of the raw data, the equation

of the curve was derived using an integrated rate law (kinetic order) to calculate the

maximum dissolution rate inygmL " h .
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2.3.4 Culture of embryonic zebrafish cells (ZF4)

Embryonic zebrafish (ZF4) cells established from 1-day old zebrafish embryos as
described by Driever and Rangini, (1993) [233] were purchased from ATCC (ATCC®
CRL-2050™). Cells were cultured as described on the manufacturer's website

(https://www.atcc.org/products/all/CRL-2050.aspx). Briefly, the vial of cells was thawed

and resuspended in a T75 flask with a vented cap (Corning, 43064 1U), containing 1 mL
of the cell suspension and 9 mL of CCM for a total volume of 10 mL, and incubated in a
humidified atmosphere of 5% CO> at 28 °C. The CCM was prepared using DMEM/F12
(Gibco, 11330) supplemented with 10% Foetal Bovine Serum (FBS) (Gibco, 10270) and
1% penicillin and streptomycin (Gibco,15070).

After the cells reached 80% confluence (4 days), they were passaged by removing
the cell medium, washing with 5 mL of phosphate-buffered saline (PBS) (Thermofisher,
D5837), detaching with 1.5 mL of 0.25% Trypsin (Gibco, 15090) for 3 minutes, and finally
diluted in a total volume of 10 mL of CCM. Two millilitres of the diluted suspension were
seeded on T75 flasks in a final volume of 8 mL, and this procedure was repeated once a

week to maintain the cell line in T75 flasks.

2.3.4.1 Culture of cells for flow cytometry

For flow cytometry experiments, cells on T75 flasks were detached as previously
described, then 3 mL of the diluted suspension was resuspended and reseeded in T175

vented cap flasks (Corning, 431080) in a total volume of 20 mL of CCM and incubated for
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one week. After the cells reached 85-90% confluence (5 days), the medium was removed,
cells were washed with 10 mL of PBS, detached with 3 mL of trypsin, diluted in 7 mL of
CCM, and re-seeded as required for each experiment (see below).

The cell line was maintained in T175 flasks by reseeding 2 mL of the diluted
suspension in a total volume of 20 mL CCM in T175 flasks. Cells were maintained in T175

flasks by splitting once a week as described above for the T75 flask cultures.

2.3.5 Lactate dehydrogenase activity (LDH) assay

Different AgNP concentrations were tested to determine the half maximal effective
concentration (ECso) of enzyme inhibition by AgNPs and Ag* in ZF4 cells. For this, the
cytoplasmic enzyme LDH activity was evaluated. First, ZF4 cells were seeded in 96-well
flat bottom plates (Corning, 3917) at a density of 8,000 cells per well and in a total volume
of 200 pL to ensure spacious distribution. Cells were cultured using DMEM/F12
supplemented with 10% FBS, and 1% of penicillin and streptomycin at 28 °C, 5% CO..
Twenty-four hours post seeding, cells were treated with 5, 10, 20, 30, 40 and 60 ug/mL
of AgNPs and lower concentrations (0.5, 1, 2, 3, 5, and 8 pg/mL) of Ag* (silver nitrate,
AgNO:s3) (Sigma, 209139) as the ionic counterpart, and incubated for 3, 24, 48, and 72
hours. In addition, a positive control of 10% Dimethyl sulfoxide (DMSO) was included at
the respective time points to induce approximately 90% of cell lysis [262, 263].

The selected AgNPs and AgNO3 concentrations were based on cytotoxic studies
of cells exposed to ionic Ag [26, 220, 264, 265]. After the incubation time, LDH activity
was evaluated via LDH assay (CytoTox 96, Promega Corporation, USA) on intact cells

using a modified protocol as described by Ali-Boucetta et al. (2011) [262]. This protocol
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was selected due to known interferences from AgNPs when following the manufacturer’s
protocol which was not designed for NPs. These interferences can be related to the
intrinsic properties of the NPs, such as emission/absorption and binding of assay
molecules to the particle surface, resulting in inaccurate results [262, 266, 267]. No other
analyses were performed to evaluate further interferences of the NPs with the original
LDH assay. The modified protocol quantifies LDH by a coupled enzymatic reaction in
which LDH catalyses the conversion of lactate to pyruvate via NAD+ reduction to NADH.
Diaphorase then uses NADH to reduce a tetrazolium salt to a red formazan product, which
can be measured at 490 nm [268, 269]. The modified assay assesses the LDH enzyme
of the intact cells that survived the treatment, rather than detecting the amount of LDH
released into the medium following AgNPs induced cellular death [262]. Briefly, the cell
medium was aspirated and replaced with 110 pL of 0.9% lysis solution (Triton X100,
Sigma) prepared on the day of the assay with phenol free medium (Thermofisher,
21041025), and incubated for 45 minutes at 28°C. Lysates were collected, transferred
into 1.5 mL Eppendorf tubes and centrifuged at 20073 x g (Eppendorf, 5430R) for 5
minutes; 50 pL of the cell lysate was transferred into 96 well plates, followed by addition
of 50 pL of reconstituted substrate mix (LDH kit Promega, G1780), covered with foil and
incubated at room temperature for 15 minutes. Finally, 50 yL of stop solution (LDH kit
Promega) was added; the absorbance was immediately recorded at 492 nm using a
FLUOstar Omega microplate reader (BMG Labtech, Germany). Each treatment was
individually prepared in triplicate (n = 3), this procedure was repeated 3 times for a total
of 9 samples (n = 9) for each of the different AgNPs sizes (10, 30 and 100 nm) and AgNO3

treatments. The amount of LDH detected represents the number of cells that survived the
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AgNP and ionic Ag treatments. The percentage cell survival was calculated based on the

LDH activity using the following equation, as suggested in the published protocol [262].

Abs 490 of treated cells
Mean Abs 490 of untreated cells

Percentage of survival =( ) *100

2.3.6 Autophagy assay

The autophagy response was evaluated using the methodology provided by the
manufacturer of the Cell Meter™ Autophagy Assay Kit(23002), applying slight
modifications for flow cytometry samples. Briefly, ZF4 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, and 24 hours prior to the study. Cell were seeded using DMEM/F12
supplemented with 10% FBS, and 1% penicillin and streptomycin at 28 °C and 5% COa-.
After 24 hrs, ZF4 cells were exposed to low, medium, and high concentrations of AQNPs
and AgNO3 based on the results of the LDH assay where 10 ug/mL decreased cell viability
by 50% for the three AgNPs sizes, whereas for AQNOs3, the ECso concentration was found
to be 2 pyg/mL. Hence, cells were treated with 2.5, 5 and 10 ug/mL of each one of the
three AgNPs sizes (10, 30 and 100 nm) and 1, 1.5 and 2 ug/mL of AgNO3 for 24 hrs at
28 °C. Rapamycin (Sigma, 553210; 10 uM), an inhibitor of mTOR that specifically binds
to mTOR and activates the autophagy of cells was included to induce autophagy [270].
Furthermore, 100 uM Bafilomycin (Sigma, B1793), which inhibits lysosomal V-ATPase,
preventing its acidification and disruption of the autophagic flux, was also incubated with

the cells for 24 hours to decrease the autophagy response [271]. Blockage of the apical
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uptake of Ag® in cells after Bafilomycin exposures was not evaluated, although it is
recommended due to possible Na*/H* exchange [272].

After the incubation period, the cell medium was removed from all treatments; cells
were washed with warm PBS (28 °C) 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 Cell Meter™ Autophagy
Assay stock following the supplier protocol for flow cytometry. Briefly, 20 yL of Autophagy
Green™ was diluted with 10 mL of Stain Buffer, afterwards the cell pellet was stained
with 500 pL and incubated at room temperature for 30 minutes. After staining, cells were
washed with PBS and centrifuged at 270 x g at room temperature for 10 minutes. The
supernatant was discarded, and the cell pellet was diluted with 500 uL of PBS. Labelled
cells were analysed by fluorescence-activated cell sorting (FACS) using a BD
LSRFortessa™ X-20 system running the software BD FACSDiva version 8.0.1 (Beckton,
Dickinson and Company, New Jersey, NY, USA) with the fluorescein isothiocyanate
(FITC) filter, which has a fluorescence excitation/emission of 499/521 nm. The flow
cytometer was set up using unstained cells with and without NPs (controls), cells labelled
with single stains. Then, cell doublets were selected and excluded from the analysis. At
least 10,000 counts were recorded per sample and three individual replicates were
performed per treatment. Normalisation of the results was calculated using the following

formula:

Treated cells

Autophagy = (- ) *100

Mean untreated cells

2.3.7 Apoptosis versus necrosis assay

68



Evaluation of the cell death mechanism induced by AgNPs and Ag* in ZF4 cells was
performed by Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit (Thermofisher
V13242) following the manufacturer’s protocol for flow cytometry samples. First, ZF4 cells
were seeded in six-well flat bottom plates as initially described in section 2.3.6. After 24
hrs, cells were treated with 2.5, 5 and 10 pg/mL of the three different AgQNPs sizes (10,
30 and 100 nm) and AgNOs (1, 1.5 and 2 pg/mL) for 24 hrs at 28 °C. In addition, 10%
dimethyl sulfoxide (DMSO, Sigma, D4540) was included as a positive control for necrosis.
DMSO can interact with the plasma membrane allowing pore formation, decreasing
membrane selectivity and increasing cell permeability [273]. On the other hand, 2.5 yM
staurosporine (Sigma, S4400) was included as a positive control for apoptosis, due its
role in promoting intracellular stress-induced apoptosis thorough cytochrome c release
and mitochondrial depolarization, which has been widely demonstrated [274-276].

After the incubation period, the cell medium was removed; cells were washed with
warm PBS (28 °C) and detached using 0.25% Trypsin for 3 minutes at 28°C. Then, the
cell medium and cells were centrifuged for 10 minutes at 270 x g at 4°C. The supernatant
was carefully removed, and the pellet was labelled with SuL Alexa Fluor® 488 annexin V
and 1 uL of the propidium iodide (PI) working solution and incubated in the dark at room
temperature for 15 minutes. The Annexin V corresponding signal provides a very
sensitive method for detecting cellular apoptosis, while Pl is used to detect necrotic or
late apoptotic cells, characterized by the loss of the integrity of the plasma and nuclear
membranes. After the incubation period, samples were diluted with 400 uL of 1X annexin-
binding buffer and immediately analysed by FACS using FITC and Texas Red® dye filters

with fluorescence Excitation/Emission of 499/521 and 535/617 (nm) respectively. The
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flow cytometer was set up based on unstained cells with and without NPs (controls), cells
labelled with single stains, and by excluding cell doublets from the analysis. At least
10,000 counts were recorded. Flow cytometry results were analysed using FlowJo
software. The percentage of cells in each of the different populations were sorted based
on the division of the flow cytometry quadrants by cell death mechanism, the data was
plotted in two-dimensional dot plots in which Pl is represented versus Annexin V-FICT.
These plots (see examples in Figure 2.1) were divided into four regions corresponding to:
1) viable cells which are negative to both probes (PI/FITC -/-; Q4); 2) apoptotic cells which
are Pl negative and Annexin positive (PI/FITC -/+; Q3); 3) late apoptotic/necrotic cells
which are Pl and Annexin positive (PI/FITC +/+; Q1); 4) necrotic cells which are Pl positive

and Annexin negative (PI/FITC +/-; Q2) as shown below:

Q1 Q2

Late apoptotic| Necrotic cells
cells

Viable cells Apoptotic cells

Q4 Q3

Figure 2. 1. Flow cytometry quadrant. The quadrants were used to sort/identify the
cell death mechanism in cells.

2.3.8 Mitochondrial membrane potential (MMP)

HCS Mitochondrial Health Kit (H10295) was used to assess changes in the mitochondrial

membrane potential, as the reagent accumulates in mitochondria of live cells proportional
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to the mitochondrial membrane potential. The manufacturer’s protocol can evaluate two
cell health parameters, mitotoxicity and cellular toxicity; however, for the purposes of this
study only mitotoxicity was evaluated. First ZF4 cells were seeded in 96-well flat bottom
plates as described in section 2.3.5. After 24 hrs, cells were treated with 2.5, 5 and 10
pug/mL of one the three different AgNPs sizes (10, 30 and 100 nm) or 1, 1.5 and 2 pg/mL
of AgNO:3 for 24 hrs at 28 °C. Hydrogen peroxide (100 uM) was included for 30 minutes
as positive control. Then, cells were stained with 50 yL each of MitoHealth stain solution
for 30 minutes at 28°C. Afterwards, 100 uL of the counterstain/fixation solution was added
and cells were incubated for 15 minutes at room temperature to fix the cells and stain the
nucleus with Hoechst 33342 for easier automated image analysis. Next, cells were
washed twice with 100 uL PBS, and then 200 pL of PBS was added and the cells were
scanned using a Tecan Spark plate reader in time resolved fluorescence mode. Then,
the plate reader was set to scan tetramethylrhodamine (TRITC) filter, which has an
excitation/emission 557576 nm. Three independent samples were evaluated per
treatment. Intensity results were normalised to percentage and the mitochondrial toxicity
was determined by signal decrease (lower values) in the TRITC channel compared to
naive cells. In addition, to ensure the reliability of the assay, cells were visualised under
a fluorescent microscope (EVOS® FL Cell Imaging System), and images were taken at

20X objective. Intensity results were normalised as follows:

Treated cells

MMP =(

) *100

Mean untreated cells

2.3.9 Lipid peroxidation
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To quantify direct damage and oxidation of lipids, Image-iT® Lipid Peroxidation Kit
(C10445) was used by following the supplier's protocol for flow cytometry samples.
Briefly, ZF4 cells were seeded in six-well flat bottom plates as described in section 2.3.6.
After 24 hrs, cells were treated with 2.5, 5 and 10 ug/mL of one of the three AgNPs sizes
(10, 30 and 100 nm) or 1, 1.5 and 2 pug/mL of AgNOs for 24hrs at 28 °C. A concentration
of cumene hydroperoxide, (100 uM) (Image-iT® Lipid Peroxidation Kit) was also included
for 2 hours at 28 °C as a positive control to induce lipid peroxidation. Then, cells were
washed with 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 carefully
removed, and the cell pellet was labelled using Cell Image-iT® Lipid Peroxidation Sensor
at a final concentration of 10 uM in live cell imaging solution (Thermofisher, A14291DJ)
for 30 minutes at 28 °C. After the incubation period, dye intensities were analysed by
FACS at separate wavelengths using Ex/Em 499/521 nm for FITC and 535/617 nm for
Texas red. The ratio of the fluorescence of Texas red to FITC was automatically

calculated by FlowJo Software to determine the extent of lipid peroxidation in cells.

2.3.10 Statistical analysis

Viability results were plotted and analysed using GraphPad prism 8 software (V.8.4.3).
Flow cytometry results were analysed using FlowJo software (V.10.0.8, FlowJo, LLC,
Ashland, OR, USA). Statistical analyses were performed using GraphPad 8 via a two-
way ANOVA followed by a Bonferroni post-hoc multiple comparison for all AQNPs and
AgNO3 treatments against the untreated control (naive). Comparisons across the dataset

were analysed by fitting a repeated measures ANOVA automatically in graphpad.
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2.4 Results

2.4.1 Characterisation of AgNPs in ultrapure water and culture

media

AgNPs were characterised in UPW, and cell culture medium supplemented with 10% FBS
(CCM). Results for the TEM size of the AgNPs were consistent with the size range
indicated by the manufacturer, displaying 13 £ 2.4 nm, 34.08 + 2.88 nm, and 101.6 £ 9.2
nm for the 10, 30 and 100 nm AgNPs sizes, respectively. The hydrodynamic diameter
measured by NTA in UPW showed similar values for the 10 and 30 nm sized AgNPs (35.9
+ 11.7 nm and 37.8 £ 7.4 nm respectively), whereas for the 100 nm size was close to the

measured core size at 107 + 10.4 nm (Figure 2.2).
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Figure 2. 2. TEM characterisation of the 3 different AQNPs by TEM. The TEM show
the AgNPs prepared only in ultrapure water (UPW) at a final concentration of 100 mg/mL.
A and D) TEM image and size distribution of the 10 nm AgNPs. B and C) Size and size
distribution of the 30 nm AgNPs. C and F) TEM image and results for the 100 nm AgNPs.
For size distribution, one sample (n= 1) was analysed, approximately 100 nanoparticles
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each were used to calculate a size distribution graph for each of the three particle sizes
using GraphPad software. Scale bar is 200 nm.

The characterisation in water and cell media by DLS revealed as expected, different
results in terms of the hydrodynamic diameter, showing that the proteins in the cell
medium play an important role by increasing the hydrodynamic diameter of all the AgNPs
and inducing agglomeration (Figure 2.3). The exposure concentrations (2.5, 5 and 10
pug/mL) also showed to have an effect on the recorded size in UPW, while the sizes in
CCM showed similar values for the three concentrations likely as a result of stabilisation
of the dispersion through adsorption of proteins to form a corona at the particle surface.
The CCM alone showed the presence of a peak around 13 nm after 0 and 24 hours,
demonstrating that the size of the protein clusters remained stable for 24 hours. A slight
increase in size over the 24 hours was noted in both testing media, except for the 100 nm
AgNPs in CCM which decreased slightly in size at the highest concentration (10 mg/mL)
after 24 hours. These size fluctuations may be linked to the diffusion coefficient of the
NPs in the CCM as well as to protein exchange due to different affinities for the NPs,
which play a key role in the hydrodynamic diameter of the AgNPs [277, 278].

The zeta potential results were similar for all AQNPs sizes and concentrations in
CCM (-12 to -6 mV); and were largely similar to the values in water whereby the PVP
capping stabilises the particles despite their low zeta potential values (all particles were
slightly negative with values ranging from -7 to -11 mV). The DLS polydispersity index
(PDI) showed noticeable changes in the AgNPs stability in water, displaying fluctuating
and higher values after 24 hours (0.3 to 0.4) compared to 0 hours (0.0 to 0.1 which is

consistent with highly monodisperse particles). The increase in PDI demonstrates that
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AgNPs in water are less stable over the exposure period. At both timepoints, the PDlIs in
CCM were higher than those in water at both time points but did not change much
between 0 and 24 hours, indicating that the corona formation resulted in slight
agglomeration initially, but that the dispersion remained stable. The 100 nm size
displayed the lowest PDI values (0.01 to 0.07) suggesting that the larger NPs remained
monodisperse. A summary of all the results, including TEM images, NTA, and DLS (size,
zeta potential, and PDI) can be found in Tables S7.1, S7.2, and S7.3 in the

Supplementary Information (SI).
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Figure 2. 3. Hydrodynamic diameter of AgNPs by DLS in different test media at the
different concentrations. A-C) Hydrodynamic diameter in complete culture medium
(CCM) of the 10, 30 and 100 nm AgNPs at different concentrations (2.5, 5 and 10 ug/mL)
at 0 and 24 hours. B-D) Samples prepared with DMEM/F12 supplemented with 10% foetal
bovine serum (FBS). Cell medium alone was also tested to determine the size of the
protein clusters present in the medium. D-F) Hydrodynamic diameter of AgNPs in
ultrapure water (UPW) The figure shows the mean + standard deviation (SD) (n = 3) of
three independent replicates. The AgNPs concentrations were based on the selected
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exposure concentrations for the study (ug/mL). Data with similar letters (upper and
lowercase) indicate a statistically significant difference (p < 0.05) between time points (0
and 24 hours) for each NP size at the same concentration. Bars with identical symbols
denote statistical difference (p < 0.05) in the hydrodynamic size between the selected NP
sizes.

2.4.2 Dissolution of AgNPs in water and CCM

To further understand changes in the physicochemical properties of the AgNPs in the
different media, the dissolution of AgNPs in UPW and CCM was assessed from 15
minutes to 8 hours, as AgNPs in aqueous suspensions reach a steady state dissolution
within this time [51, 279]. The released Ag* was centrifugally separated and quantified by
ICP-MS. Results for the dissolution of AgNPs in water demonstrated different Ag
concentrations based on the NP size (10, 30, and 100 nm). The smallest NP size showed
higher Ag concentrations compared to the other AgNPs sizes, showing an Ag
concentration that exponential increased over time (Figure 2.4). After 15 minutes, the
ionic concentration detected was 0.53 + 0.01 pg/mL in UPW, this represents dissolution
of 5 % of the total Ag present in the aliquot at the time of sampling, and the maximum rate
of dissolution during the first few minutes of the experiment was 0.82 ygmL'h *.

From 30 minutes to 2 hours, the dissolved Ag increased from 0.92 to 1.55 ug/mL
(Figure 2.4 A); however, after 2 hours there was a noticeable Ag increase, showing >2
pug/mL for the last points (4 and 8 hours), with a final dissolved Ag concentration of 2.12
+0.20 pg/mL, representing 21% dissolution of the AQNPs and with a maximum dissolution
rate of 0.16 uyg mL ' h '. The 30 nm size displayed lower dissolved Ag concentrations. At
the initial time point, the Ag concentration was recorded as 0.16 + 0.18 pg/mL, from 30

minutes to 1 hour, the dissolved Ag concentration slowly increased to 0.69 + 0.01 pg/mL,
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representing 6 % dissolution of Ag and a maximun dissolution rate of 0.39 uygmL ' h .
After 4 hours the dissolution of the AgNPs reached equilibrium with >0.82 pg/mL of
dissolved silver, which remained constant at the last time points (Figure 2.4B). The
biggest size (100 nm) displayed the lowest dissolution; after 15 minutes the recorded Ag
concentrations was 0.002+ 0.002 ug/mL, which represents 0.03 % of the total Ag, and a
maximum dissolution rate of 0.021 uyg mL " h '. After 1 hour, the dissolution started to
reach an apparent equilibrium, with concentrations above 0.020 ug/mL. Then, after 1.5
hours the Ag concentration value recorded was 0.023 + 0.004 pg/mL, and finally after 8
hours the Ag was 0.025 + 0.001 pg/mL, representing 0.25 % of the initial Ag present, with
a maximum dissolution rate of 0.017 y ug mL ' h ' (Figure 2.4C).

It is likely that the proteins and other molecules (chloride and phosphate) in the
CCM played an important role in modulating the dissolution by interacting with the NPs
(e.g., forming a corona) and in the release of ions; additionally, it is possible that the
proteins from the serum and possible larger agglomerates were retained in the filters
making the release of ions slower and increasing the centrifugation time in the initially
designed protocol. Hence, the protocol was modified to ensure the complete recovery of
the ions from the centrifugated sample. Results for all AgNPs sizes in CCM displayed
noticeable fluctuations and higher standard deviations within replicates, as well as likely
a linear dissolution trend in the initial stage of the process. The 10 nm and 30 nm AgNP
sizes both underwent partial dissolution, displaying a 10-fold decrease in their dissolution
in CCM compared to the results in water. The dissolution for the 10 nm size, started slowly
with an initial Ag concentration of 0.10 £ 0.01 ug/mL, which represents dissolution of 1 %

of the total Ag present; the maximum rate of dissolution during the first 15 minutes of the
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experiment was 0.090 yg mL ' h '. After 2 hours, the dissolution reached a steady state,
showing concentrations above 0.2 pyg/mL for the rest of the timepoints.

The 30 nm displayed an initial Ag concentration of 0.096 + 0.041ug/mL, representing 1%
dissolution of the AgNPs and with a maximum dissolution rate of 0.030 ug/h. However,
after 1 and 1.5 hours, the dissolution showed concentrations of 0.132 + 0.009 and 0.134
+ 0.01 pg/mL, respectively. From 2 to 8 hours, the recorded Ag concentrations were
slightly lower, with a final concentration of 0.109 £ 0.012 pg/mL, which represent 1 % of
the initial Ag present and with a maximum dissolution rate of 0.044 ug/h (Figure 2.4E).
The larger size (100 nm) presented the lowest dissolution compared to the other AQNPs,
although dissolution in CCM produced slightly higher values of dissolved ions than those
recorded in UPW. The recorded amount of dissolved Ag after 15 minutes was 0.030 +
0.011 pg/mL, representing 0.30 % dissolution and with a maximum rate of 0.103 yg mL ’
h 1. After 2 hours, the dissolution increased 50%, to 0.062 + 0.011 ug/mL, and finally
after 8 hours, the dissolution was recorded as 0.51 + 0.29 pg/mL, with 5 % of Ag released
and 0.20 ug mL " h " dissolution rate (Figure 2.4F). A summary of the results can be found

in Table S7.4 in the SI.
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Figure 2. 4. Dissolution of AgNPs in ultrapure water (UPW) and complete culture
media (CCM). The figure shows the dissolution of 10 pg/mL of three AgNPs sizes (10,
30 and 100 nm) at different time points and testing media, expressed as Ag* concentration
after centrifugation. A-C show the dissolution of 10, 30 and 100 nm at 0.25, 0.5, 1, 1.5, 2,
4 and 8 hours in UPW. Images D-F show the dissolution of the AgNPs in CCM at the
previously mentioned sizes and time points. The figure shows the mean + standard
deviation (SD) (n = 3) of three independent replicates. Curves were fitted with GraphPad
software using Nonlin fit model. Coefficient of determination (R?) for UPW curves: 10 nm,

0.98, 30 nm, 0.96, 100 nm, 0.96. R2for CCM curves: 10 nm, 0.98, 30 nm, 0.92, 100 nm,
0.90.

2.4.3 Lactate dehydrogenase activity (LDH) assay

The results for 10 nm AgNPs at 3 hours showed no effect on the LDH activity even at the
highest concentration (60 ug/mL) (Figure 2.5) compared to the untreated control (naive).
On the other hand, the 30 nm and 100 nm showed a decrease of concentrations higher
than 20 pg/mL (84.02 +2.86 %) and 30 ug/mL (82.91 pg/mL + 1.91 %) respectively. After

24 hours, the enzyme activity noticeably decreased for all three sizes, indicating an ECso
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of 10 pg/mL (the corresponding values were 50.52 + 4.59 %, 56.47 + 2.31 % and 56.34 +
2.56 % for the 10, 30 and 100 nm particles respectively). The LDH enzyme activity in cells
exposed to the smaller size (10 nm), suggested that AGNPs are slightly more toxic after
24 hours, compared to the 30 and 100 nm sizes. The ionic counterpart (AgNO3) showed
an evident decline in enzyme activity after 3 hours, with a low concentration of 3 pg/mL
resulting in 74.88 + 2.23 % cell viability compared to naive cells (98.80+ 2.06 %). After 24
hours, 1 ug/mL AgNOs reduced the LDH activity to 82.93 + 3.55 %, followed by 2 ug/mL
with 50.37 + 2.36 % and finally at 3 ug/mL, the enzymatic activity showed a dramatic
decrease with values below 20% (Figure 2.5). This demonstrates that even the slightest
increase in the AgNO3 concentration can have a direct effect on depleting the LDH
enzyme activity. Full results can be found in Tables S5, S6 and S7 in Sl. Based on these
results, a low, medium, and high concentration (2.5, 5, 10 ug/mL) for the three AgNPs
sizes (10, 30, and 100 nm) and 1, 1.5 and 2 pyg/mL for the AgNO3 (ionic control) were
selected in order to evaluate whether the NP size and concentration influences the

cytotoxicity and mode of cell death induced in ZF4 cells.
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Figure 2. 5. Viability of embryonic zebrafish cells (ZF4) treated with AgNPs and
AgNO:s for 3, 24, 48 and 72 hrs. The graphs show the percentage viability of ZF4 cells
treated with 5, 10, 20, 30, 40 and 60 ug/mL of three different AQNPs sizes 10 nm (A), 30
nm (B), and 100 nm (C). Similarly, D) shows the viability of cells treated with 0.5, 1, 2, 3,
5, and 8 pg/mL of the ionic control (AgNO3). A positive control of 10 % DMSO was also
added. Graphs represent the mean + standard deviation (SD) (n = 3) of three individual
replicates. Data with asterisks (*) indicate a statistically significant difference of the AgNPs
treatments (xp < 0.05, *xp < 0.01, and *xxp < 0.001) compared with naive cells at each
time point. All bars under the brackets are included within the asterisk above. For dose-
effect, a multiple comparison analysis between the NP concentrations at each time point
was included. Bars with similar letters (upper and lowercase) indicate a statistically
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significant difference (p < 0.05) between the selected concentrations, sizes, and AgNO3
at the specific time point.

2.4.4 Autophagy induction

Autophagy results have been normalised from FITC intensities to % against the untreated
control (naive) as shown in the methodology. Figure 2.6 shows the autophagy response
in cells after the treatment of AQNPs and AgNOs. The analysed results showed only a
statistical difference (p < 0.05) for the 10 nm AgNPs at 5 ug/mL (104.88 + 3.17 %) relative
to the naive. Both 10 and 100 nm AgNPs showed a similar response trend, with
autophagy induction at 2.5 pg/mL (103.12 £ 1.47 and 102.71 £ 3.01 %) for 10 and 100
nm, respectively) and 5 pg/mL (104.88 + 3.17 and 101.95 £ 6.70 %) decreasing at the
highest concentration (10 pg/mL), suggesting that autophagy process can be affected by
cytotoxicity (Figure 2.6A). The 30 nm AgNPs displayed minimal autophagy dose-
responses (100.10 £ 0.22, 103.63 £ 0.69, and 105.01 + 0.73 % for the 2.5, 5 and 10
ng/mL respectively) compared to naive. The ionic control (Figure 2.6B) indicated inhibition
of the autophagy response for all concentrations (1, 1.5 and 2 ug/mL) with 85.90 + 15.84,
92.40 £ 9.5 and 97.83 £ 4.41 % respectively, and compared to naive cells, suggesting
that there was no opportunity for the cells to recover. Images to ensure the viability,
FlowJo histograms, as well as full values of the normalised results can be found in Tables

S7.8 and S7.9 and Figure S7.1 in the SI.
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Figure 2. 6. Autophagy induction in ZF4 cells treated with AgNPs or AgNO; for 24
hours. Results represent the percentage (%) of autophagy induction against naive. A)
cells treated with 2.5, 5 and 10 ug/mL of AgNPs of three different sizes (10, 30 and 100
nm. B) Cells treated with 1, 1.5 and 2 pg/mL of AgNOs3. 10 yM Rapamycin and 100 yM
Bafilomycin were included as controls to induce and decrease autophagy respectively for
2 hours. Data represent the mean of three individual replicates (mean + standard
deviation) (n = 3). Data with asterisks (*) indicate statistically significant difference of
AgNPs treatments (p < 0.05) compared to naive. Data with similar letters (upper and
lowercase) represent statistically significant difference (p < 0.05) between the selected
concentrations. No statistically significant differences were found between the AgNP
sizes and/or AgNO:s.

2.4.5 Apoptosis and necrosis

Cell death plays a vital role regulating homeostasis and this is also reflected in
morphological and biochemical changes in cells. AGNPs can disrupt the normal cellular
function by inducing abnormal rates of cell death such as apoptosis and necrosis
compared to the untreated controls. The results (Figure 2.7) revealed that 10 nm AgNPs

induced a major percentage (%) of cell death at all AQNPs concentrations used (2.5, 5,
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and 10 ug/mL) by 24 hours with 11.92 + 4.03, 17.95 + 9.58, and 21.30 + 1.65 % of the
ZF4 cells undergoing apoptosis and 15.77+ 13.11, 16.57 + 12.31, and 25.46 + 5.52 %
undergoing necrosis, respectively. The 30 and 100 nm sizes showed lower % cell death
with a dose-response trend, as expected due to the lower numbers of particles with
increasing particle size at constant mass dose [77]. On the other hand, all concentrations
of the ionic control (AgNO3) reduced cell viability and induced apoptosis and necrosis,
with 19.81 + 0.07, 55.15 + 0.45, and 70.54 + 2.28 necrotic cells at 1, 1.5, and 2 yg/mL
respectively. The untreated control (naive) showed low percentages of both apoptosis
and necrosis and high rates of viability. FlowdJo scatter plots and full results can be found

as Figure S7.2, as well as in Table S7.10 in the SI.
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Figure 2. 7. Populations of ZF4 cells that were viable, apoptotic, and necrotic
following treatment with AgNPs or AgNO; for 24 hours. A), B), C) Cells treated with
2.5, 5 and 10 pg/mL of 10, 30 and 100 nm AgNPs, respectively. D) Cells treated with 1,
1.5 and 2 pg/mL of AgNOs. 10% Dimethyl sulfoxide (DMSQO) and 2.5 uM of staurosporine
were included as positive controls for apoptosis and necrosis, respectively. Graphs
represent the mean of three individual experiments. The bars show the mean + standard
deviation (SD) (n = 3) of three individual replicates. Data with asterisks (*) indicate
statistically significant difference of AgNPs treatments compared to naive (xp < 0.05, **p
< 0.01, and #*xxp < 0.001). All bars under the brackets are included within the asterisk
above. Similar letters (upper and lowercase) above the bars denote statistically signficant
differences (p < 0.05) between the selected treatments.

2.4.6 Mitochondrial membrane potential
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To further analyse the role of the mitochondria in the activation of intrinsic cell death
mechanisms, MitoHealth staining was used to assess the mitochondrial membrane
potential (AWm), rather than cytotoxicity, which can also be evaluated by the assay
(DEAD GreenTM viability stain). The MitoHealth stain accumulates in the mitochondria of
live cells, producing higher fluorescence in healthy cells, proportional to the mitochondrial
membrane potential (AWYm), hence a decrease in the fluorescence intensity reveals that
the mitochondrial membrane has been compromised, leading to mitochondrial
dysfunction [280]. In addition, cells were visualised using a fluorescent microscope with

representative images shown in Figure 2.8.
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Figure 2. 8. ZF4 cells stained with MitoHealth to assess mitochondrial permeability.
Cells were treated with three different AGNPs sizes and 1, 1.5 and 2 uyg/mL of AgNO3 for
24 hours. A) untreated cells B-D) cell treated with AgNP-concentrations (2.5, 5 and 10
p/mL) for the 10 nm size. E-G) cell treated with above concentrations for the 30 nm size.
H-J Cells treated with 2.5, 5 and 10 py/mL of 100 nm AgNPs. Blue staining shows the cell
nuclei, bright red staining shows the MitoHealth dye in healthy mitochondria,
permeabilization of the mitochondrial membrane shows a reduction in the red dye
intensity. Images were taken with a fluorescence microscope using a 20X objective and
optical zoom. Scale bar is 200 ym.

10nm

100nm

30nm

The results presented in Figure 2.9 been normalised from fluorescence signal intensity to

percentage (%) against naive, with normalised values shown in Table S7.13 in the SI.
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Results for the 10 nm AgNPs displayed the lowest normalised intensity values for
mitochondrial membrane potential compared to the other AgNP sizes, with 87.35 + 5.95
% at 2.5 yg/mL, 88.98 + 4.55 % at 5 pg/mL and 90.54 + 6.97 % at 10 uyg/mL compared
to naive cells with 100 + 4.03 (healthy membranes taking up fluorescence), suggesting
that the low and medium concentrations noticeably disrupt the mitochondrial membrane,
whereas the highest concentration (10 ug/mL) disrupted the mitochondria less (reduction
of just <10% compared to naive). On the other hand, the 30 nm AgNPs displayed the
highest membrane disruption values at 2.5 pg/mL, showing a low normalized
fluorescence intensity, with (85.61 + 3.5 %), followed by the higher concentration (10
pug/mL) with 87.2 + 6.6 %; whereas the medium concentration (5 pg/mL) showed higher
normalised intensity values (90.74 + 4.65 %), which suggests low membrane potential.
Similarly, the 100 nm AgNPs induced very limited damage to mitochondrial membrane
(as shown in their high normalised intensity values), compared to the 10 and 30 nm
AgNPs sizes with 94.7 + 4.5, 90.2 2.7 and 87.5 = 0.3 % for 2.5, 5 and 10 pg/mL
respectively. The ionic control displayed a high degree of mitochondrial disruption at the
medium (1.5 pg/mL) and high (2 pg/mL) ionic concentrations (low fluorescence intensity
values), with minimal differences between concentrations with 86.94 + 7.91 and 86.89 +
3.75 %, respectively. On the other hand, the lowest concentration (1 ug/mL), showed low
membrane potential values, as demonstrated in its high normalised intensity value (95.22
+ 3.66 %), suggesting that cells were able to cope with a low Ag* concentration; however,
minimal changes in the ionic Ag concentration induced higher percentages of
mitochondrial disruption and therefore higher loss of membrane potential. Full results can

be found in Tables S7.11 and S7.12 in the SI.
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Figure 2. 9. Mitochondrial membrane permeability of ZF4 cells treated with AgNPs
or AgNOs for 24 hours. MitoHealth staining was used to assess the mitochondrial
membrane potential by producing higher fluorescence in healthy cells (100 %), whereas
a decrease in the fluorescence intensity reveals damage to the mitochondrial
membranes. A) Cells treated with 2.5, 5 and 10 pg/mL of AgNPs with three different sizes
(10, 30 and 100 nm. B) Cells treated with 1, 1.5 and 2 pg/mL of AgNO3. Hydrogen
peroxide (100 uM) was included for 30 minutes as positive control to induce mitochondrial
membrane damage, inducing mitochondrial membrane permeability and low intensity
values. Data represent the mean of three individual replicates. The figure shows mean +
standard deviation (SD) (n = 3) of three individual replicates. Data with asterisks (*)
indicate statistically significant difference of AQNPs treatments compared to naive (xp <
0.05). No statistically significant differences were found between NP sizes.

2.4.7 Lipid peroxidation

During autophagy, cytoplasmic materials and/or old and damaged organelles are
engulfed by autophagosomes and transported to lysosomes for digestion by lysosomal
enzymes [281]. Hence, to further analyse the interactions between generation of ROS,
autophagy and lysosomes, the cellular degradation of lipids was analysed. Results show

the ratio of the fluorescence of Texas red to FITC, which can be described as results with
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higher ratio equal to less lipid peroxidation, whereas lower ratio represent major
peroxidation rates. The results displayed (Figure 2.10), as expected, a higher ratio of
fluorescence (590/520 nm) in the untreated control (0.78 + 0.21) compared to the positive
control (0.678 £ 0.17) and the AgNPs and AgNOs treatments. The 10 nm and 30 nm
AgNPs displayed a lipid peroxidation concentration-response trend, indicating that at
higher AQNP concentrations the cells increase the production of free radical species and
consequently show major rates of lipid peroxidation. In addition, the 10 pg/mL
concentration for the smallest size (10 nm ANPs) indicated a major induction of lipid
peroxidation. The 100 nm results showed an inverse concentration-response, indicating
major lipid peroxidation production at the lowest concentration (2.5 pg/mL). The AgNO3
treatments were even more powerful in inducing lipid peroxidation than the cumene
hydroperoxide positive control (0.58 + 0.38), with 0.38 + 0.05, 0.36 + 0.09 and 0.28 + 0.09
for 1, 1.5 and 2 pg/mL respectively, demonstrating their high toxicity. Full results showing
the ratio of the fluorescence of Texas red to FITC for all treatments can be seen in Table

S7.13 and S7.14 in the SI.
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Figure 2. 10. Lipid peroxidation in ZF4 cells treated with AgNPs or AgNO; for 24
hours. Results are presented as the ratio of the fluorescence of Texas red to FITC. A)
Cells treated with 2.5, 5 and 10 pg/mL of AgNPs of three different sizes (10, 30 and 100
nm). B) Cells treated with 1, 1.5 and 2 pg/mL of AgQNO3. Cumene hydroperoxide (CH)
was included (100 uM) for 2 hours as positive control to induce lipid peroxidation. The
figure shows mean * standard deviation (SD) (n = 3) of three individual replicates. Data
with asterisks (*) indicate a statistically significant difference (xp < 0.05, **xp < 0.01, and
++xp < 0.001) of AgNPs and AgNOs3 treatments compared to the untreated control. Similar
letters (upper and lowercase) above the bars denote statistically significant difference (p
< 0.05) between the selected NP sizes.

To gain further insights into how the cell mechanisms (apoptosis, necrosis, autophagy,
mitochondrial membrane potential, and lipid peroxidation) are activated based on cellular
responses to the different AGQNP treatments and the AgNOs controls, all the analysed
mechanisms were normalised to percentages and transformed to ratios against their
untreated control (naive). Normalised results were plotted using Graphpad to represent
the molecular process the cells undergo as shown in Figure 2.11, which presents the

relative strength of the contributions, with the caveat that the % of cells undergoing each
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process are very different. Since we know there are baseline levels of these events in
normal cells as part of homeostasis, a representation of the untreated ratio of the relative

weightings of these 5 processes is also included for comparison.
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Figure 2. 11. Comparison of all the data presented in Figures above. Results for all
the analysed cellular mechanisms for the AgNPs sizes (10, 30 and 100) and AgNOs3
concentrations were normalized to percentage and then to ratio against their respective
untreated control. The figure presents the relative strength of the contributions of the
cellular mechanisms assessed. AgNPs and AgNOs concentrations are presented in

Mg/mL.
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2.5 Discussion

Environmental exposure to NPs is inevitable as they have become part of our daily life,
resulting in potential toxicity to biological systems. Therefore, assessment of the
interactions between the NPs and the surrounding environment are key to further
understanding toxicity outcomes in the biological system [57]. The aquatic environment
contains natural organic matter (NOM), which includes a complex matrix of peptides,
proteins, and polysaccharides. The medium components can strongly interact with silver
in aqueous solution, influencing the physicochemical properties of the AgNPs and
consequently affecting their fate, bioavailability, and toxicity [45, 58, 282]. For this reason,
characterisation of the AgNPs was performed in simplified media (ultrapure water, UPW)
and complex media (complete culture medium containing 10% proteins) in order to
correlate the behaviour of the NPs in relevant biological fluids with their impacts [58, 283,
284].

The size distribution assessed by DLS in water versus cell media revealed that the
FBS had a direct impact on the physicochemical characteristics of the AgNPs (Table 1-4
Sl). The size of the three AgNPs increased in CCM, leading to similar hydrodynamic
diameter for 10 and 30 nm AgNPs after 24 hours. The smaller the particle size the higher
their tendency to agglomerate in order to reduce their surface area [58, 81, 285]; similarly,
large proteins may be able to bind more than one particle or bridge between smaller
particles leading to some apparent agglomeration in CCM [278, 286]. In addition, the
charge of the NPs can also be affected by the surrounding environment. For example,

the zeta potential in CCM became less negative than in water (around -11 mV) due to
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charge neutralization, shielding and bridging interactions of serum proteins; a process
that can also occur in freshwater systems due to the high ionic strength and NOM
concentrations [287, 288].

Particle dissolution is a dynamic process that may occur in aqueous environments,
involving the migration of molecules from the NP surface to the bulk solution by crossing
a diffusion layer that is heavily populated with a range of molecules and ions with different
affinities for silver [289]. The dissolution experiments demonstrated that dissolution of the
NPs is strongly affected by the size of the NPs and the surrounding medium composition,
as demonstrated by other authors, especially in the presence of sulphides, organic matter
and proteins [58-60, 249]. Similarly, other authors demonstrated that chloride ions (CI7)
can strongly influence AgNP precipitation and chemical transformation to AgCl, as well
as mediating their cell viability and toxicity [58-60, 249, 290]. Furthermore, it is important
to mention that the results for dissolution of AQNPs in UPW is far from realistic conditions
in a biological environment; however, this simplified testing system can provide insights
about how the complex environment may affect the physicochemical characteristics of
the NPs. The 10 nm AgNPs in UPW presented around 20% dissolution, followed by the
30 nm with 10% and lastly the 100 nm just 0.25%. On the other hand, dissolution of the
10 and 30 nm AgNPs in CCM decreased 10-fold, with 2 and 1 % respectively.
Interestingly, the 100 nm showed a slightly higher percentage of dissolution in CCM (0.05
%) than in water. This can be related to the dynamics of the dissolution process, which is
strongly influenced by the solute concentration, surrounding environment, and the NP’s
characteristics, such as surface area, morphology, surface energy, and size [289]. For

example, the presence of biomolecules can either enhance or inhibit the dissolution of
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the NPs, as the binding of the organic compounds to silver ions alters the equilibrium of
the NPs and thus the dissolution kinetics [291-293]. Moreover, a strong relationship
between the size of the NPs and their % dissolution has been observed previously [55,
56, 221, 294]. For example, George et al. (2012), demonstrated that the release of Ag
ions was higher for 10 nm Ag nanospheres compared to bigger sizes (20 and 40 nm),
going from 290 to 850 ppb of dissolved Ag species in zebrafish medium [294]. Other
studies have shown similar particle size-dependent dissolution results, speciation of the
NPs, as well as interactions between the NPs and the biomolecules in complex
environments [55, 56, 58, 62]. Furthermore, AQNPs may have released silver ions (Ag*)
and other ion-ligand complexes (Ag speciation) in CCM, affecting the total detected Ag
concentration and toxicity [52, 62, 249].

Although the results for dissolution in complex medium (8 hours) were 10-fold
lower, there is still a fraction of dissolved silver that may interact with the biological
systems, posing a risk to the aquatic species. Toxicity of AQNPs resulting from release of
ionic silver has been previously described in aquatic organisms, e.g. rainbow trout
(Oncorhynchus mykiss) cells [58, 290, 292, 294, 295], while long-lasting effects of AgNPs
in zebrafish (Danio rerio) embryo were also confirmed [59, 60, 249]. Aquatic organisms
may encounter multiple Ag-forms in nature, as environmental Ag concentrations may
represent both particle and ionic forms, which may be mainly derived from wastewater
treatment plants. For example, a study by Syafiuddin et al., (2018) estimated AgNPs
concentrations between 0.13 to 20 ug/mL in Malaysia’s wastewater treatments plants,
with potential to increase up to 70-fold due to the high production volumes of AgNPs-

based products [36, 37]. On the other hand, it was particularly challenging to assess the
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dissolution of the AgNPs in CCM with the protocol used in water, mainly due to the
blockage of the centrifugal filters, which may be related to the proteins in the cell media,
agglomeration of the NPs, and/or complexation of released Ag to form ionic species such
as AgCl [115]. Therefore, other procedures to assess the dissolution of the AgNPs in
complex media (e.g., dialysis) are recommended for further investigation.

The content of silver in cells was not measured in this study, hence the intracellular
concentration of AQNPs which induces most of the toxicity outcomes in this study is still
unknown; however, this will be discussed in later chapters. Despite these limitations,
different biological effects were observed in ZF4 cells exposed to the three AgNPs (10,
30 and 100 nm) used in all the biological assays. The 10 nm AgNPs displayed
concentration-dependent cell death and overall, a higher induction of cellular stress
mechanisms, compared to the medium and large NPs. These results agree with other
authors such as [296], who demonstrated that the smaller the particle size, the greater
the biological effects when comparing the particles at constant mass concentration [296,
297]. Even though mass concentrations were used in this study, it is important to consider
that each AgNP has very different particle number concentrations. To further explore this,
calculations to estimate the number of particles for each particle size and concentration
(Figure 2.12). Calculations were performed as described by Huk et al. (2014) and Book
et al. [77, 297] (see Sl for the specific steps), where the number of particles for each size
was obtained from the manufacturer's technical specifications available here:

https://nanocomposix.com/products/biopure-silver-nanospheres-

pvp?variant=15906691874905#target
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Figure 2. 12. The number of particles at the different AQNPs mass concentrations.
The mass concentrations used in this study (2.5, 5, and 10 pg/mL) were re-calculated to

show the number of particles per mL. The graph also illustrates the estimated number of
NPs that would reduce cell viability by 50% after 24 hours.

Based on these estimations, the toxicity of the smaller AQNPs perhaps can also be related
to the fact that there are 1000 times more particles at the highest 10 nm concentration
(1.76E+12 NPs/mL) than for the equivalent mass dose (10 pg/mL) of 100 nm AgNPs
(1.67E+09 NPs/mL). Therefore, normalising results by particle number may lead to
different interpretation of the outcomes, whereby the larger particles could be considered
as the most toxic on a particle number basis. This is related to the fact the 100 nm requires
a smaller number of particles to decrease the cell viability to 50% (ECso), inducing
equivalent cell damage as the smaller AgNPs sizes (10 and 30 nm) when comparing at
a mass concentration of 10 ug/mL; this is important to consider when evaluating toxicity
of NMs of different sizes. Calculations to obtain the particle number concentration,
including full normalised data to particles number can be found in section 7.2.8 of the Sl

and Table S7.15 in the SlI.
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Particle uptake is another aspect to consider in NP toxicity [52, 298, 299]. It is conceivable
that the toxicity of the 10 nm AgNPs can be linked to the fact that smaller particles can be
internalised by the cells more easily and in larger numbers (at constant mass there will
be significantly more 10 nm particles than 100 nm NPs as shown in Table 11 in Sl), as
suggested by other studies [100, 300]. Moreover, another property that shows variation
by orders of magnitude is the particle surface area, as small NPs have a larger surface
area (SA) compared to the larger AQNPs at constant mass [297]. To verify this, a series
of calculations based on the hydrodynamic diameter after 24 hours were performed to
obtain the total SA for the NPs at the different mass concentrations (2.5, 5 and 10 pg/mL)
[297, 301]. Estimation of the SA demonstrated that the smaller NPs have almost double
the SA at 10 ug/mL (6.22x10 % m?/g) of the 100 nm (3.67x10 % m?/g), whereas the 30 nm
remains in the middle of both sizes with a total SA of (5.78 x10 % m?/g) (Table 2.1).
Calculations steps can be found in section 7.2.9 of the SI.

Table 2.1. Total surface area for AgNPs of different sizes at the different mass

concentrations utilised. The total surface area was calculated for the three different
sizes and mass concentration used in the study. The calculated values are in m?/g.

AgNPs AgNPs concentration
Size
25ug/mL 5 pug/mL 10 pg/mL

10 nm 1.34E-05 2.72E-05  5.78E-05
30 nm 1.59E-05 3.11E-05 6.22E-05

100 nm | 9.41E-06  1.85E-05  3.67E-05

Small NPs typically undergo faster dissolution (as demonstrated here in the dissolution
studies in Figure 2. 4) increasing their potential toxicity compared to the larger particles

[296, 299]. Autophagy can be related to the AgNPs concentration and influences the
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induced cell death mechanisms. For example, we found that autophagy was only induced
in the presence of NPs, in contrast to the ionic control (AgNO3) where a decrease in the
autophagy levels were apparent. Based on this, autophagy can be linked to cell viability,
as AgNOs at all concentrations displayed major induction of necrotic cell death, compared
to the low AgNPs concentrations. The highest AgQNPs concentrations also showed a
decrease in the autophagy levels, resulting from the increased necrotic cell death, except
for the 30 nm size that showed a clear increase in autophagy with increased AgNP
concentration. This suggests that the ZF4 cells are deal with low concentrations of AQNPs
by activation of cell death modalities such as apoptosis and autophagy as an attempt to
overcome the NP toxicity. However, at high AgNPs concentrations, the cells induce
necrosis as they cannot overcome the irreversible damage, as suggested by other
authors [267, 302]. The complex relationship between NPs, autophagy, and lysosomal
disfunction has been suggested by several studies [178, 303-305]. Lysosome membrane
permeabilization is a key feature of autophagy, which may lead to mitochondrial damage,
generation of oxidative stress products and then apoptosis, while massive lysosome
permeabilization will lead to cytosolic acidification and necrosis [305-307] [267, 302].
The complex relationship between NPs, autophagy, and lysosomal disfunction has
been suggested by several studies [178, 303-305]. Lysosome membrane
permeabilization is a key feature of autophagy, which may lead to mitochondrial damage,
generating oxidative stress products and then apoptosis, while massive lysosome
permeabilization will lead to cytosolic acidification and necrosis [305-307]. Our results
agree with these findings, as NPs and ionic Ag could have induced lysosomal dysfunction,

leading to the observed mitochondrial dysfunction, lipid peroxidation and consequent
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reduction in the autophagy activity, as previously suggested. In addition, Ag* may have a
key role in the autophagy pathway, as all the AgNO3 concentrations indicated a decrease
in the autophagy levels in an inverse dose-response manner in terms of the levels of lipid
peroxidation. Equally, the highest concentrations of the AgNPs showed a drop in the
autophagy levels and high levels of lipid peroxidation, except by the 100 nm size that
showed an inverse lipid peroxidation-response trend, as well as low mitochondrial
membrane potential. These results may suggest that lysosomal dysfunction and reduced
autophagy activity are closely interrelated, when lysosomes are being disrupted, the
autophagy response cannot be activated as suggested by other authors [178, 303, 305].
Results observed for the 100 nm AgNPs suggest that larger NPs induce peroxidation and
autophagy responses at low concentrations, while higher concentrations reduce
autophagy levels with lower lipid peroxidation rates, compared to the lowest AgNPs
concentration. Some studies suggest that induction of autophagy is coupled with
mitochondrial degradation and apoptosis, as autophagy can lead to, or even activate,
apoptosis by triggering the activation or inhibition of caspases and/or endogenous
apoptosis inhibitors [174, 296, 308]. Interestingly, the results for autophagy and
mitochondrial membrane permeabilization share similar fractional values (Figure 2.11);
this suggests that perhaps autophagy is degrading the mitochondria, a process known as
mitophagy, suggested by several authors as a way to eliminate damaged mitochondria
that have low membrane potential, thus increasing the autophagy response and damage
of the mitochondrial function [174, 308]. Furthermore, it is conceivable that the size of the
NPs may influence mitochondrial permeabilization and apoptotic cell death via the

mitochondrial pathway, as our results showed an increase in the mitochondrial
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permeability and apoptosis for medium and large size NPs (30 and 100 nm); similar
results published by Zhao et al.,, (2019), revealed that 270 nm TiO2 NPs induced
mitochondrial fragmentation and ROS in HT22 cells [309]; while Yang et al., (2019),
demonstrated that 60 nm silica NPs induced dose-dependent disruption in the
mitochondria of hepatoma HepG2 cells, suggesting that NPs may be internalised by the
endocytic pathway [296]. Similarly, another study of AgNPs and ionic Ag induced
oxidative stress and disturbances to the lysosomes and mitochondria of fish hepatoma
cell line PLHC-1 [113].

The cellular interaction with intracellular and extracellular NPs might lead to the
destabilization of the lysosomal membranes, as well as the release of hydrolase and
protease enzymes into the cytosol, triggering the apoptotic machinery and other signalling
pathways, such as mitochondrial disfunction and ROS [296, 309, 310]. In addition, the
induction of oxidative stress may produce large amounts of hydrogen peroxide that will
react with the ferruginous materials in the cell, inducing autophagy, mitochondrial ROS,
and the degradation of membrane phospholipids by the activation of phospholipase A2
[305, 310]. Based on the summary of our results (Figure 2.11), AgNPs concentrations
between 2.5 pg/mL and 5 pg/mL induced high levels of apoptosis and mitochondrial
permeability for 30 and 100 nm AgNPs. The 10 nm AgNPs showed lower levels of
mitochondrial permeability but higher lipid peroxidation., The data suggest that after
AgNP internalization the ZF4 cells triggered lipid peroxidation products and induced
apoptosis, perhaps through the mitochondrial and lysosomal disfunction pathways [178].

The AgNPs concentrations between 2.5 pg/mL and 5 pg/mL induced major rates

of apoptosis and mitochondrial permeability for 30 and 100 nm AgNPs, compared to the
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smaller 10 nm AgNPs, that indicated lower rates of mitochondria permeability but higher
lipid peroxidation values, suggesting that the cells were able to cope with low
concentrations of medium size AgNPs, after their internalization, triggering lipid
peroxidation products and inducing apoptosis, perhaps through the mitochondrial and
lysosomal disfunction pathways [178]. The results obtained in this study agree with similar
findings from in vivo and in vitro studies. For example, Kim et al., (2013) demonstrated
that smaller AQNPs (20 nm) were more toxic than larger NPs (110 nm) on zebrafish
embryos at a concentration of 10 mg/L [265]. Similarly, Lee et al. (2018) showed a size
dependent toxicity of AgNPs (30-72 nm) on zebrafish embryo, showing that under
conditions where the NPs dissolved toxicity was observed with Ag* ions penetrating the
chorionic pores, while there was limited toxicity if the NPs agglomerated as they did not
come into contact with the zebrafish embryo [249]. The chorion thus serves as a
protective barrier reducing the likelihood of molecules to reach the target site(s) in the
embryo [203], especially limiting access of NPs due to their size and agglomeration
tendencies. In addition, a study by Bilberg et al., 2012, demonstrated that the acute
toxicity of AQNPs and Ag ions was different in zebrafish adults, showing an LCso at 89
ug/L for the NPs; besides, in this study the Ag ions behaved differently than the NPs,
showing major effects at lower concentrations (LCso 28 ug/L) [264].

Certainly, the literature provides a wide range of studies involving the use of
zebrafish as a toxicological model [264, 265, 311, 312]. However, most of these studies
require an ethical licence and do not consider differences in toxicity during early
developmental stages [311]. It has been shown that fish are nociceptive and able to

experience pain in an analogous manner as in mammals. Thus, the development of
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alternatives to screen the toxicity of xenobiotics is urgently needed [313]. The use of
zebrafish cell lines can provide opportunities for the development of new alternatives
toxicity models, mainly due to their advantages, such as low cost and maintenance of
transient cell populations. Unlike zebrafish embryos and whole fish, zebrafish cells can
be cultured with faster and efficient approach, without specialised equipment for their
culture and time-consuming maintenance [227]. Furthermore, fish cell lines have been
demonstrated to proliferate in serum-free medium conditions [292], as well as providing
sensibility and good agreement correlation between in vivo and in vitro exposures in many
toxicological assays [159, 214, 255, 314]. For example, studies by Bury et al., (2014) and
Tannerberger et al., (2013) showed a significant correlation in the responses of rainbow
trout fish gills (in vivo) and fish gill cells (in vitro) to exposure to pharmaceutical and
chemical compounds, demonstrating less than 5-fold difference in the responses and
similar modes of action in both biological systems [255, 314]. Another study by Fent et
al., (2012) demonstrated that cell cultures can be used as reliable predictors of potential
in vivo outcomes, showing that hepatocellular carcinoma (PLHC-1) fish cell line positively
correlated with the induction of cytochrome P4501A as in topminnow fish (Poeciliopsis
lucida) [214]. Similarly, an interrelated dose-dependent toxicity was demonstrated in fish
cells (BF2) and zebrafish embryos treated with 12.5 and 25 pg/mL of AgNPs, under dark
and simulated light exposure conditions [159]. These studies suggest that embryonic
zebrafish cells (ZF4) can be further explored as a sensitive early stage ecotoxicological
model, as compared to other commercially available cell lines, such as gill and liver cells
that were stabilised from zebrafish adults, ZF4 cells was established from 1-day-old

zebrafish embryos, enabling their use as an additional endpoint in the study of acute
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toxicity fish test, and contributing to a tiered approach [315]. The biological responses of
ZF4 cells induced during the exposure of NPs, can also contribute to fill the gaps between
molecular initiating events and adverse outcomes for NMs as part of an Adverse Outcome
Pathways (AOPs) framework; as well as providing faster screening of nanotoxicity, with
results that can be further correlated with in vivo exposures and computerized modelling
risk assessment extrapolation approaches [256, 313]. Furthermore, the use of continuous
ZF4 cells line can also offer a longer term chronic exposures, providing opportunities for
adhering to the 3Rs principles towards the refinement, reduction, and replacement of
animal-based toxicity tests [212]. Certainly, the evaluated molecular responses in ZF4
cells will need further investigation; however, the identified biochemical pathways
uncovered a field that can be further explored with promising results, as the molecular
mechanisms explored in this study can also be found in mammal cell-based models,
embryonic and fish stages, facilitating their interpretation and resulting in a 215t century

approach for nanotoxicological assessments.

2.6 Conclusions

Toxicological risks arise from the likelihood of AQNPs ending up in the environment, along
with their environmental transformations and fate in complex environments, such as
dissolution and toxicity. Our results demonstrated that AQNPs underwent dissolution, as
well as changes in hydrodynamic diameter, zeta potential and polydispersity index in
CCM and water, depending on particle size and concentration. Moreover, results
displayed clear differences in the ZF4 responses to the different sizes and doses of

AgNPs, including distinct separation of the AgNP versus ionic Ag cellular responses as
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well as the close interrelation between all the evaluated processes, which was displayed
in the activation or inactivation of different pathways after the exposure of NPs. AgNPs
were able to affect the cellular membranes inducing lipid peroxidation, whereas
internalised NPs affected autophagy process, leading to release of NPs into the cytosol,
inducing dysfunction of lysosomes and permeabilization of the mitochondrial membrane,
increasing the production of ROS and triggering cell death as the cell failed to repair the
damage. Furthermore, the tested concentrations along with detected dissolved Ag
fraction, could potentially represent environmental relevant levels, displaying a possible
scenario that aquatic organism may encounter due to extensive commercialization of
AgNPs-based products. Furthermore, our study showed the potential use of embryonic
zebrafish cells (ZF4) to assess the nanotoxicity of AGQNPs as an early-stage model, aiming
to the development of ZF4 cells as a new potential aquatic model to further understand
the cellular and molecular toxicity response as part of an Adverse outcome pathway
(AOP) framework and supporting the 3Rs initiative. Certainly, further research that
includes protein expression analyses is needed to identify the flexibility and limitations of
ZF4 cells as an aquatic model. However, the evaluated cellular events provide insights of
the cell death mechanisms and stress responses of AgNPs, revealing results that may

further be linked to organism level to support the development of safer nanomaterials.
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3.1 Abstract

The potential environmental risks of silver nanoparticles (AgNPs) are linked to their
dynamic and complex behaviour in aquatic ecosystems. In the context of assessing their
negative impacts, advanced toxicological studies are necessary to elucidate cellular
responses after nanoparticle (NP) exposure. As part of our ongoing efforts to confirm the
utility of continuous embryonic zebrafish cells (ZF4) to evaluate molecular mechanisms
of cytotoxicity and cellular repair mechanisms triggered after exposure to AQNPs (10 nm,
30 nm and 100 nm) and ionic Ag (as AgNO3). Results demonstrated the crucial role of
the adsorbed protein corona in reducing AgNP cytotoxicity and the time dependent AgQNP
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
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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
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 AQNPs and the ionic control triggered
disruption in the cell cycle, 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 may overcome the damage. In addition, the study aims to provide insights about
the 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.

3.1 Introduction

Silver nanoparticles (AgNPs) are one of the most commonly used nanomaterials in
consumer products, primarily due to their antimicrobial properties that have been widely
implemented in a diverse range of consumer products, such as soaps, pastes, textiles,
and other health sector goods [25]. As the AgNPs market increases so too have
environmental concerns about the potential risks linked to the release of AgNPs into
ecosystems. 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 [25].
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The physicochemical characteristics (e.g., size, surface, and charge) of
nanoparticles (NPs) may influence their cellular internalisation, determining uptake
pathways, and potential disruptions of the cellular equilibrium, finally triggering stress-
related responses [316]. This redox imbalance within cells often results in increased
intracellular reactive oxygen species (ROS), which can be generated in multiple
organelles [140, 316]. Intracellular ROS can act as messengers or mediators in many
cellular signalling processes, potentially influencing cellular life and death mechanisms.
For example, calcium can regulate several physiological processes, acting as a second
intracellular messenger [317, 318]. This process is regulated by the presence of ion
channels, pumps and carriers, cell domains and organelles transmitting Ca?* mediated
signals, including the mitochondria and endoplasmic reticulum (ER) [319, 320].

ROS overload has been associated with intracellular disruption, affecting DNA
proteins, lipids, and other macromolecules [321]. For example, DNA interaction with NPs
may result in DNA breaks, which exacerbate ROS production and induce a crucial
downstream of defence biological responses to maintain the genomic stability [322]. 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 [156, 322].

Fish cells, as 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 experiment planned
[323]. The supplemented cell medium can strongly interact with AQNPs during biological

exposures, providing further insights into the behaviour of the AQNPs in relevant biological
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fluids [58, 62]. 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 [324, 325].

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 are presented. For this, different sizes (10, 30 and 100 mm) and
concentrations in comparison to an ionic silver (Ag*) control were incubated for 24 hours.
Furthermore, the aim of this study is to evaluate the effectiveness of this fibroblast
adherent cell line as a potential early-stage toxicological screening tool. The mechanistic
insights generated from the analysis of the molecular and cellular events activated in the
presence of NPs may contribute to different frameworks (e.g., AOPs, 3Rs), supporting

the development of safer NMs.

3.2 Materials and methods

3.2.1 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

DMEM/F12 (Gibco, 11330) Serum Free Medium (SFM) or Complete Culture Medium
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(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 ug/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 yL 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 re-

evaluated to assess the stability of the NPs in the exposure medium.

3.2.2 Silver nitrate (AgNO3) stock

To further 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. The methodology
for the preparation of the AgNOs stock solution under sterile conditions is described in

section 2.3.2 of Chapter 2.

3.2.3 Culturing of embryonic Zebrafish cells (ZF4)

Cells were cultured and maintained in T75 flasks as described in section 2.3.4 of Chapter

2.
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3.2.4 Toxicity of AgNPs and AgNO3

To select exposure concentrations for the AQNPs and AgNO3 treatments, the effective
concentration at which 50% of the cell viability is reduced (ECso) 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 ug/mL) or AgNOs (Sigma,
209139) (0.5, 1, 2, 3, 5, and 8 yg/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 concentrations (0.25, 0.5, 1,
1.5, 2 and 2.5 pug/mL) of the three AgNP sizes and AgNO3 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 [292, 323], 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 in the media from dying cells after
AgNPs exposure [262]. 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. (2020) (refer to section, 2.3.5 in Chapter 2). Twenty-four hours post seeding, cells
were treated with AQNPs or AgNOs 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, cells were lysed and centrifugated. Then, reconstituted substrate mix (LDH kit,

113



Promega) was added to cells followed by incubation and analysis using a plate reader at
492 nm (Tecan, Spark). All experiments were performed in triplicate (n = 3), for the three
AgNPs sizes (10, 30 and 100 nm) and AgNO3 in CCM and SFM. Results were calculated

based on the percentage of cell survival using the following formula:

Abs 490 of treated cells
Mean Abs 490 of untreated cells

Percentage of survival = ( ) *100

3.2.5 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 100,000 cells in a total
volume of 1 mL of CCM and incubated at 28 °C and 5% CO.. Twenty-four hours post-
seeding, the 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 pL of a staining solution consisting
of warm CCM mixed with 1uL/mL Hoechst 33342 (Thermofisher, 62249) and 1 yL/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 pL of 4% Paraformaldehyde (Thermofisher, 43368) diluted
in PBS. Finally, the cell membrane was stained with 500 yL of Alexa 488 wheat germ
agglutinin (WGA) conjugate solution (Thermofisher, W11261) at a final concentration of
5 pg/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.
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Hoechst staining (excitation/emission 350461 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 cell membrane (495/519 nm) the green filter was used. Images were taken
with a NIKON A1R 808 series microscope using a 60X objective lens for all channels,
including a reflectance filter (488 nm) for the AgNPs (reflectance mode) and optical zoom.
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 [91, 238, 326]. See Sl for an example of the manual analysis of the AQNP

reflectance intensity, as per Figure S8.1.

3.2.6 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 [327]. First, cells were seeded in 96-well flat bottom
plates as described in section 2.3.5. 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 pg/mL of AgNO3
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prepared in CCM for 24 hrs 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 protocol.
Briefly, 10 yL of Fluo-8 NW DMSO working stock were 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.

All experiments were performed in triplicate (n = 3), for the three AgNPs sizes (10,
30 and 100 nm) and AgNO3. Results were normalised by subtracting the average of the
untreated control to obtain base-line corrected values according to the supplier’s protocol

as follows:

Corrected intensity = Intensity treatment Mean naive

3.2.7 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 AQNPs and ionic Ag, the total intracellular ROS production

was analysed via flow cytometry Total ROS Assay Kit (Thermofisher, 88593074 ) following

116



the manufacturer protocol. Cells were seeded and cultured as described in section 2.3.4.1
of Chapter 2, for flow cytometry experiments. After 24 hrs, the medium was replaced with
2.5, 5 and 10 yg/mL of 10, 30 and 100 nm AgNPs and 1, 1.5 and 2 ug/mL AgNOs3,
treatments were prepared in CCM and incubated for 24 hrs at 28 °C. 100 yM of
Menadione and 5 mM of N-acetyl-L-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 CelROX® 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 FACS 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 as
previously described. At least 10,000 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). Intensities were normalised to
percentage (%) against naive as follows:

Intensity treatment

% Total ROS = Mean naive * 100
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3.2.8 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.
Cells were seeded and cultured as described in section 2.3.4.1 of Chapter 2, for flow
cytometry experiments. After 24 hrs, treatments prepared in CCM were added at 2.5, 5
or 10 ug/mL of AgNPs (10, 30 and 100 nm) or 1, 1.5 and 2 ug/mL of AgQNO3, and incubated
for 24 hrs 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 the
supernatant fixation was carefully removed. Finally, the cell pellet was stained using 500
uL of red fluorescent Propidium iodide (Pl) 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 in Chapter 2, which
was based on healthy stained and unstained cells and cell doublets were eliminated from

the analysis for better results. At least 10,000 counts were analysed per sample and three
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replicates were included for all the samples. Flow cytometry results were analysed by

FlowJo V10 software using the cell cycle tool.

3.2.9 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 hrs, cells were treated
with 2.5, 5 and 10 ug/mL of 10, 30 and 100 nm AgNPs and 1, 1.5 and 2 pug/mL of AgNO3
for 24hrs at 28 °C. A concentration of 200 uM hydrogen peroxide (H202) as a positive
control prepared in CCM was also included for 30 minutes to induce DNA damage [328].
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
uL of the diluted cell suspension were mixed with warm (28 °C) 0.7% low melting point
agarose (LMA) (Gibco, V384A), then 100 pL of the suspension were added onto a slide
pre-coated 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 Sl 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
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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 |V digital software (Perceptive Instruments, Wiltshire, UK).
Three 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 Tl 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 and details about the sample preparation can be found in section 8.1.1 in

the SI.

3.2.10 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 one-way or two-way ANOVA
followed by a Bonferroni post-hoc comparison for all AQNPs and AgNOs treatments

against the untreated control (naive).
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3.3 Results
3.3.1 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 (Figure 3.1).
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/or
sedimentation of the NPs, compared to the fresh samples (0 hours) which showed PDls
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 (T0O) 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
(Figure 3.1 D). 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
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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
the supplementary information (Sl) as Table S8.1. Further characterisation of the NPs
using different concentrations and testing media is broadly described in a previous

publication by Quevedo et al., 2021.
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Figure 3.1. Serum Free Medium (SFM) and Complete Culture Medium (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 ug/mL and incubated for 0 and 24
hours at 28.°C. Figures A and C show the hydrodynamic size (nm) and polydispersity
Index (PDI) of the AgNPs in SFM and CCM respectively. C and D show the zeta potential
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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 protein clusters. Data with similar letters (upper and
lowercase) indicate a statistically significant difference (p < 0.05) between the selected
concentrations and time points (0 and 24 hours). Equivalent symbols across the figures
represent statistically significant differences (p < 0.05) in the hydrodynamic size of the
NPs between SFM and CCM treatments.

3.3.2 LDH assay

To evaluate direct NP-cell interactions and the role of the acquired protein corona in
mitigating the toxicity of AQNPs and silver ions, treatments prepared in SFM and CCM
were compared. Representative low, medium, and high concentrations were selected
based on the LDH enzymatic activity and decreased the cell viability to 50% (ECso) after
24 hours in treatments prepared in CCM (see Chapter 2 for details). The recorded ECsg
for the AgNPs was around 10 ug/mL, whereas for AgNOs it was 2 ug/mL. Hence,
concentrations of 2.5, 5 and 10 pg/mL for the AgNPs and 1, 1.5 and 2 pg/mL of ionic Ag
were used for subsequent experiments under normal cell culture conditions (10% FBS).
A summary of the recorded cell viabilities (%) after 24 hours in CCM can be found as
Table S8.2 in the Sl. For more information about other tested concentrations, exposure
time points and the full methodology used for treatments prepared in CCM, see Chapter
2.

To understand the cytotoxic effects of the AgNPs and its ionic counterpart under
serum free conditions, the ECso in ZF4 cells was also determined by LDH enzymatic
activity. 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
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(<10 % viability) results are displayed only up to 24 hours of incubation (Figure 3.2). The
SFM treatments thus demonstrated higher toxicity compared to the treatments prepared
in CCM due to the mediating effects of the corona formed in CCM. The DMEM/F12
medium (SFM) registered a low protein content (17 £ 0.22 ug/mL) compared to the CCM
which was supplemented with 10% FBS leading to a protein content of 244 + 03.98
pug/mL. Hence, lower concentrations were selected for the toxicity experiments in SFM
due to the massive membrane damage induced by the bare AQNPs. The 10 nm AgNPs
in SFM showed a 50% decrease in the cell viability at 2 ug/mL after just 6 hours (Figure
3.2A). After 24 hours exposure to the 10 nm AgNPs cell death reached 49.24 + 1.52 %
at 1 uyg/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
pug/mL. For the 30 nm and 100 nm (Figure 3.2 B 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
pug/mL) in SFM. However, after 24 hours, the ECso determined by LDH activity in cells
was 1.5 ug/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 (Figure
3.2 D) 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 AgNO3 concentrations. Thus, the silver ions also displayed higher
toxicity in SFM treatments compared to the AgNO3 treatments in 10% FBS, further
demonstrating the important role of proteins in reducing the cytotoxicity of both AgNPs

and their ionic counterpart. Therefore, all subsequent treatments were prepared in CCM

124



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 S8.2 in the SI.
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Figure 3.2. Cytotoxicity of AQNPs and AgNO; to ZF4 cells in Serum Free Medium
(SFM). Cells were treated with AQNPs and AgNO3 prepared in SFM for 3, 6, 12 and 48
hrs. The graphs show the percentage viability of ZF4 cells treated with 0.25, 0.5, 1, 1.5,
2 and 2.5 pg/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 (xp < 0.05, **p < 0.01, and ***xp < 0.001). Bars with similar letters (upper
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and lowercase) and identical symbols indicate a statistically significant difference (p <
0.05) between the selected concentrations, sizes, and AgNO3 at the specific time point.

3.3.3 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/Cell). Intensities were compared with that of the background of the images (black
area without NPs) and statistically significant differences between the AgNPs (xp < 0.05,
**p< 0.01, and **xp < 0.001) and the background were found. After 2 hours all the NPs
followed an inverse concentration-intensity trend, with higher intensity values at the
lowest AgNPs concentration (2.5 ug/mL, **p< 0.01) and lower intensity values at the
highest AgNPs concentration (10 ug/mL) (Figure 3.3 A and Table S8.4 in the Sl). 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 trend, 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, and the number of
particles/mL, which may also influence the uptake of the NPs. After 24 hours, a reduction
in the fluorescence intensity for all NPs sizes and concentrations was recorded compared

to the initial 2 hours exposure (Figure 3.3B), which is consistent with the data in Figure
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3.3A and B where the reflectance decreases between 2 and 24 hours was greatest for

the 10 nm particles.
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Figure 3.3. Internalisation of AgQNPs 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 pg/mL of 10, 30 and 100 nm
AgNPs. A-B) Uptake of AgNPs of different sizes and concentrations after 2 or 24 h.
Results represent the mean cellular intensities of three individual samples, for a total of
12 cells per AgNP concentration and size. C-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 (mean + SD). Data with asterisks (*) indicate
statistically significant differences between AgNPs intensities (xp < 0.05, *+p < 0.01, and
x+xxp < 0.001) and the background. Multiple comparison analysis was performed and
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similar letters (upper and lowercase) above the bars denote statistically sigificant
differences (p < 0.05) between the selected NP sizes and concentrations.

Estimation of the number of NPs/cells revealed a lower number of NPs at 2 hours, with
an overall mean of 0.003 NPs/cell, whereas after 24 hours there was an increase in the
number of NPs/cells to 0.01 NPs/cell (Figure 3.3 C and D and Table S8.6 in the Sl). The
10 nm size displayed the highest values for both exposure times, which may be 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/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 (Figure 3.4B). Confocal images support the fact that AQNPs 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 (Figure 3.4). Confocal microscopy was
only performed on samples containing NPs, as it necessary to have particle mass to
reflect the light and thus the ionic control could not be analysed by this method. Additional
images are shown in Figures 3.5 and 3.6. A multiple comparison analysis revealed

statistically significant differences between the AgNPs concentrations and sizes,

128



demonstrating an enhanced dose-effect between the three NP sizes. Full results can be

found in Tables S8.3, S8.4, S8.5, and S8.6 in the SI.

Figure 3.4. Representative confocal images of ZF4 cells treated with AgNPs. Cells
were treated with 10 ug/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. 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 A-C shows cells treated with 10 pug/mL of 10 nm
AgNPs for 2 hours. A) Overlay of the nucleus, lysosomes and cell membrane staining. B)
Cell overlay with the NPs channel (reflectance). C) Blue and red staining overlaid with the
NPs (reflectance) channel. The Yellow arrows show AgNPs attached onto the cell
membrane with no noticeable NP internalisation. Figures D-F show cells treated with 10
pug/mL of 10 nm AgNPs for 24 hours with a close up of a few cells for better visualisation
(yellow box). D) Overlay of blue, red and green dyes. E) Overlay of all three cellular stains
and the NPs reflectance. F) Overlay of the red and blue staining and the NPs 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 50 ym. Images were taken with a NIKON A1R 808 series microscope using a
60X objective and optical zoom.
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3.3.3.1 Remaining confocal images

2 hours

2.5 AgNPs 5 AgNPs 10 AgNPs

10 nm

30 nm

100 nm

Figure 3.5. Confocal images of ZF4 cells treated with AgNPs for 2 hours. All the images show the composite image
which includes the cellular dyes used for organelle identification. Green dye stains the cell membrane. Blue/light green
represents the nucleus and red the lysosomes. The images next to the composite (right panels) shows the reflectance
channel (NPs) acquired from the same images. The AgNP concentration in uyg/mL used for the treatments is shown above
the images, while the AgNP size is shown on the left. Images were taken using a 60x objective and optical zoom. The scale
bar is 22 yM.
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Figure 3.6. Confocal images of ZF4 cells treated with AgNPs for 24 hours. All images show the composite image which
includes the cellular dyes used for organelle identification. Green dye stains the cell membrane. Blue/light green indicates
the nucleus and red represents the lysosomes. The images next to the composite (right panel) show the reflectance channel
(NPs) acquired for the same images. The AgNP concentration in ug/mL used for the treatments is shown above the images,
while the the AgNP size is indicated on the left. Images were taken using a 60x objective. and optical zoom. The scale bar
is 22 uM.
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3.3.4 Intracellular calcium flux

Intracellular calcium (Ca?*) contributes to the maintenance of cellular homeostasis and
leads to the transport of Ca?* across cell membranes; thus, in order to understand the
impact of AQNPs 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?*.
The positive control, DMSO, demonstrated the highest intracellular Ca?* mobilisation
(363.81 £ 32.91 AU) relative to the naive cells (Figure 3.5). Results for the 10 nm AgNPs
displayed the highest intensity at 2.5 ug/mL (308.3 + 120.12 AU), followed by 5 pg/mL
(179 £ 43.58 AU) and lastly 10 uyg/mL (119.3 £ 13.86 AU), all of which showed significant
differences (*p< 0.05) compared to the naive. Conversely, the 30 nm AgNPs showed an
inverse concentration trend, with the highest intensity (195.6 + 20.27 AU) (*p< 0.05,
compared to naive) at 10 ug/mL, followed by the medium concentration with 134.3 +62.18
AU, and lastly the 2.5 pyg/mL, which showed the lowest recorded intensity 48.33 + 20.25
AU). The 100 nm AgNPs displayed high intensity values at 2.5 and 10 pg/mL, with 123.6
+ 4.16 AU with *p<0.01 (compared to naive), and 187.66 + 94.78 AU, respectively,
whereas the 5 pg/mL showed a decrease in the intensity to 48.33 + 37.52 AU.
Interestingly, the ionic control displayed statistically significantly different values
compared to naive, at 1 ug/mL 91.67 £ 5.03 AU (***p < 0.001), whereas the 1.5 (xxp <

0.01) and 2 ug/mL (xp < 0.05) displayed inhibition of the calcium response as shown by
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the negative intensity values. Full results can be found in Tables S8.7, S8.8 and S8.9 in

the SI.

AgNPs AgNO,
500-

—_ B =)

=

< 400 <

-‘g o 300+ ? S

55 g %
]

£ 7 200- k-

& y &

S 100- O,

0 -100 T
10 nm 30 nm 100 nm Treatments

AgNPs size (nm)
Naive [E3 DMSO 20%
I 2.5 AgNPs [ 5AgNPs [ 10 AgNPs [ 1 AgNO; [l 1.5AgNO; [l 2 AgNO,

Figure 3.7. Intracellular calcium induced by AgNPs and AgNO3 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 pg/mL of AgNOs3 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 normalised by subtracting the mean of the naive cells from all
treatments. Results represent the mean + standard deviation (SD) of three individual
replicates. Data with asterisks (*) indicate a statistically significant difference of AgNPs
treatments (xp < 0.05, and **xp < 0.001) compared to the naive cells. Similar letters
(upper and lowercase) above the bars denote statistically significant differences (p < 0.05)
between the selected NP sizes and concentrations.

3.3.5 Oxidative stress
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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, except the 2.5 pg/mL
concentration for the 10 nm AgNP, which did not display any statistically significant
difference compared to naive, but which did show a dose effect when compared to the
other tested AgNP concentrations (Figure 3.8). The 10 nm AgNPs exhibited a dose-
dependent increase in ROS- induction, from 106.2 + 32.11 % at 2.5 yg/mL to 217.2 +
16.85 % at 10 uyg/mL compared to the naive control (100 + 18.95 %). The 30 nm AgNPs
showed major ROS production at 2.5 ug/mL (136.1 £ 4.77 %) and 10 ug/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 (Figure 3.6). The 100 nm AgNPs also
presented ROS induction, however, the lowest concentration displayed the highest ROS
production as shown in Figure 3.8.

On the other hand, the AgNO3 showed a concentration-dependent ROS response, with
values similar to those recorded for 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). The FlowJo extracted histograms and a table containing
a summary of the normalised results can be found as Tables S8.10, S8.11, S8.12, and

Figure S8.4 in the SI.
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Figure 3.8. Total oxidative stress in ZF4 cells treated with AgNPs and AgNO:.
Graphs show the normalised values of the recorded Allophycocyanin (APC) filter mean
intensities. Results were normalised against the naive cells. A), B), and C) Oxidative
stress induced by AgNPs of different sizes after 24 hours. D) ROS production following
AgNOs3 exposure for 24 hours. Menadione (100 uM) 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 (xp < 0.05, *xp < 0.01, and **+p < 0.001) and the naive cells. All bars under
the line are included within the asterisk above. Data with similar letters (upper and
lowercase) above the bars denote statistically significant differences (p < 0.05) between

the selected concentrations.

135



3.3.6 Cell cycle arrest

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
[329]. Results for the 10 nm AgNPs showed a reduced percentage (%) of cells in each of
the G1, S and G2 phases, except by the lowest AGQNP 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) (Figure 3.9). The 30 nm AgNPs showed a larger number of cells in
phase G1 for the 5 and 10 pg/mL concentrations (67.70 + 2.78 and 65.06 + 4.6 %,
respectively) compared to naive, whereas the lowest concentration displayed a decrease
in the number of cells in this phase. Similarly, phase S displayed a lower number of cells
for the three concentrations, showing at 5 ug/mL a statistically significant difference (xp <
0.05) with 67.70 + 2.78 %, compared to naive with 65.46 + 2.2 %. Conversely, phase G2
showed a slight increase in the number of cells in this phase for all the AgNP
concentrations, with 12.36 + 3.15, 13.18 + 1.37, and 12.53 £ 0.37 % for the 2.5, 5 and 10
Mg/mL concentrations, respectively, and compared to 10.03 + 1.6 % of the naive cells. No
statistically significant differences were found for these treatments compared to naive
cells. On the other hand, the 100 nm AgNPs displayed a slight increase in the % of cells
at phase G1 at 10 ug/mL, with 65.73 + 2.45 % compared to 65.46 + 2.20 % of naive cells

in G1. Phase S showed a lower number of cells (%) in this phase when compared to

136



naive. On the contrary, all the AgNP concentrations showed higher % of cells 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,

compared to naive with 10.03 + 1.60 %.

Interestingly, all the AgNP concentrations for all three sizes (10, 30 and 100 nm)
showed a decrease in phase S of the cell cycle compared to controls, suggesting that
cells are not entering this phase (of DNA synthesis), remaining in the other phases of the
cell cycle [329]. On the other hand, the 1.5 and 2 ug/mL concentrations of the ionic control
(AgNO3) showed the highest percentages of cells 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 into phase G2 at the medium (7.87 + 0.92) and high concentrations (6.75 +
0.78), whereas the lowest concentrations (1 ug/mL) showed an increase in the % 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 Sl as Section 8.2.7, Figure S8.5

and Tables S8.13 and S8.4.
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Figure 3.9. 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 pug/mL of AgNOs for 24 hours in CCM. A-D) Percentage (%) of cells in each of
the cell cycle phases after the exposure to AQNPs or AQNOs. 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 for each phase (xp < 0.05) and the
naive cells. Similar letters (upper and lowercase) above the bars denote statistically
significant difference (p < 0.05) between the selected concentrations.

3.3.7 DNA damage by comet assay
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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 (AgNQO3) (Figure

3.10).

200pM H202

10 pg/mL

30nm AgNPs 10nm AgNPs

100nm AgNPs

1 pg/mL 1.5 uyg/mL 2 pg/mL

AgNO;

Figure 3.10. Comet assay images. The mass concentrations used are shown above the
images while the details of the treatment (AgNP size or ionic control) are shown on the
left. The images represent one of the three replicates for each treatment. A) represents
untreated cells. B) Positive control. Cells were treated with 200 uM of H202 for 30 minutes.
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C-E) cells treated with 10 nm AgNPs at the different concentrations (2.5, 5 and 10 ug/mL).
F-H) Cells treated with 30 nm AgNPs at 2.5, 5 and 10 pg/mL. I-K) Cells treated with 100
nm AgNPs at 2.5, 5 and 10 pyg/mL. L-N) Cells were treated with 1, 1.5 and 2 pg/mL of
AgNOs. All AgNPs and AgNOs treatments were incubated for 24 hours. A concentration
of 200 uM hydrogen peroxide (H202) was included as positive control for 30 minutes to
induce DNA damage [328].

The results showed increased DNA strand breaks for all AQNP concentrations and sizes.
The recorded tail percentages (%) following exposure to 2.5, 5, 10 ug/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 (Figure 3.11). Both NP sizes (10 and 30 nm) showed a
statistically significant difference at the highest concentration (10 ug/mL). The 100 nm
AgNPs displayed the lowest percentages of DNA breaks at the three AgNP
concentrations, which suggests that the smaller NPs may interact more easily 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 uyg/mL, 82.67 + 1.46% for 1.5
pug/mL and 82.90 + 0.91 % 2 pg/mL. Interestingly, the ionic control displayed slightly
higher % strand breaks than the positive control (H20-), with 46.81 + 6.02 %.

The AgNOs; treatments also showed a significant difference at all the
concentrations compared to the naive cells (***p < 0.001). Overall, all the comets in the
acquired images reveal tail differences between the AgNP treatments versus its ionic
counterpart (AgNO3), which showed massive percentages of DNA breaks compared the
nanoparticulate form. A full summary of the results can be found in the Tables S8.15 and

S8.16 in the SI.

140



10 nm 30 nm
60+ 60-
g 401 S 40
E 20+ & 204
= [
_ = 5 _ | [ ﬁ
W@ 2] ) = < D @ ) o
& & &S SS & & & &S
LR R A U S S
Q"\' Vv Q“"
C) D)
C) 100 nm D) AgNO,
60- 100; , o )
1 " B s =
_ 80- T ==
g 40 g
< s Q
5 CH L
® 20 & 40
: 20.
- T = I
El T T T T 0'£ @l T T T
2 o % % 4 o> O» O
‘\4,\*‘ @Q\x‘ g & K & @QQ S &
0"\, qf.’ % D ,1'0 -
J L

Figure 3.11. DNA damage in ZF4 cells treated with AQNPs and AgNOs;. 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 AgQNPs
treatments (xp < 0.05 and *+xp < 0.001) compared with the naive cells. All bars under the
line are included within the asterisk above. Similar letters (upper and lowercase) above
the boxs represent statistically significant difference (p < 0.05) between the selected

concentrations.
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3.4 Discussion

AgNPs are strongly influenced by the surrounding environment. Hence, the interactions
between NPs and constituents of the cell medium provide insights about the behaviour of
the NPs in relevant biological fluids or complex environments [57]. 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 physiochemical characteristics of the
NPs, such as changes in the size, shape and surface area [58-60, 290]. 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 surface of the NPs [330-332]. 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
partile leading to some agglomeration. Also, for the larger particle, a diameter increase of
just a few nm as a result of protein binding, which is less discernable by DLS than the
increase in size of the smaller NPs [278]. On the other hand, AgNPs in SFM revealed
strong agglomeration and/or sedimentation after 24 hours, with sizes between 500 to 600
nm, presumable due to the high concentration of ionic salts in the medium despite the
PVP capping which should provide steric stabilisation [323]. Similar NP behaviour in SFM

has been previously demonstrated by other authors [62, 292, 323, 333]. For example, a
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study by Yue et al., (2014) determined that citrate AQNPs 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; although the particles here were electrostatically
stabilised only [62].

The dynamic interplay between the intrinsic properties of the NPs and the
components of the physiological environment is closely related to cellular responses to
the NPs in vitro systems [57]. 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 AQNPs 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 [290, 323, 333-335]. A similar trend was
also recorded for all the Ag* concentrations.

In fish, the effect of AQNPs on Na*/K*-ATPase activity in gills has been attributed
to the dissolution of silver ions from the particles, and/or to the presence of silver ions at
the surface of the AgNP [68, 127]. In addition, the interaction of AgNPs and Ag* with
proteins can alter the protein conformation, inducing unexpected toxicity. This is related
to the likelihood of both AgNPs and Ag* to be complexed with thiol groups and to induce
protein misfolding, as thiol groups may act as linkers to immobilize AgNPs on electrodes
via Ag-S bonds [336, 337]. In this regard, the cytotoxicity of AQNPs in CCM compared to
SFM treatments may be influenced by the binding between NPs and ionic silver with the
proteins present in the medium, including the likelihood of Ag to undergo chemical

transformations in complex environments. For example, in fish, constituents of the
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medium (e.g., organic matter, ions, proteins) can strongly complex Ag*, causing a decline
in silver bioavailability, and leading to changes in silver accumulation and toxicity over
time [68, 127]. On the other hand, the absence of biomolecules (from serum) in the SFM
treatments 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 [338, 339].

The cellular uptake and biodistribution of NPs are strongly influenced by proteins
in the biological suspension, affecting their fate, bioavailability, and potential toxicity [45,
58, 282, 340]. 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 in a much slower rate
[341]. The confocal images agree with 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 and close to the lysosomes in the cells (Figure 3.4). In
addition, NPs/cell calculations demonstrated a major 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. In addition to the number of NPs/cells, the
estimation of the total SA of the NPs’ in our previous study at the different mass

concentrations (2.5, 5 and 10 pg/mL) confirms that the smaller NPs have the largest SA
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(e.g., 6.22x10 % m?/g at 10 ug/mL) followed by the 30 nm which (5.78 x10 % m?/g at 10
ug/mL) and lastly the 100 nm NPs (3.67x10 > m?/g at 10 ug/mL) [342].

Results for the uptake of NPs (based on reflected intensity) 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
intensity of NPs, and the overall 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 surrounding the cell membrane (Figure 3.4); after
24 hours, other factors may be influencing the intensity of the NPs such as dissolution
(mainly for smaller NPs as 10 nm), which may decrease intensity levels and
agglomeration (higher intensity for larger NP sizes) [343]. Furthermore, cells may
inactivate pre-existing 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 [344].

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. 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) was calculated based upon the
properties of the vesicles and the NPs (e.g., size) as described by other authors [91, 238].
See Table S8.14 in the S| for the calculation steps. Results for 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), whereas for the 30 nm AgNPs, the calculations
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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 S| Section 8.2.10 as Table S8.18). 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 [296, 297]. ZF4 cellular exposure to AgNPs and AgNOs 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 ion Ag inside the cells. The release of ions from NPs has been linked to a number of
cytotoxic responses, becoming a threat to aquatic organism as suggested in other fish
cell studies [58, 112, 290, 292, 294, 295]. The overgeneration of ROS by NPs exposure
has been strongly related to disruption of other signalling related process. For example,
intracellular silver can be oxidized to Ag—O- and finally stabilizes as Ag—S—, which is most
likely bounds to proteins. The high affinity of Ag to —SH groups will also affect the
antioxidant defence of the cells as Ag will most likely also bind to GSH, leading to
oxidative stress and mitochondria-mediated intrinsic apoptosis, DNA damage,
impairment of the cell cycle and eventually cell death [113, 337, 345, 346]. In this regard,

a study by Bermejo-Nogales et al., (2016) in hepatoma fish (Poeciliopsis lucida) cells
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demonstrated that AQNPs and Ag* were able to induce oxidative stress via mitochondrial
membrane potential disruption, eventually leading to cell death [113].

In addition, elevation of intrinsic Ca?* content by metallic ions has been
demonstrated to alter the antioxidant system in mammalian and fish cells. For example,
elevated cytosolic Ca®* may lead to excessive Ca?* uptake by mitochondria, affecting the
Ca?* influx, stimulating the activation of dehydrogenases (and thus the up regulation of
aerobic metabolism), and finally lead to apoptotic or necrotic cell death [319, 320]. Results
for the intracellular Ca?* mobilisation in the ZF4 cells tested herein demonstrated that the
Ca?* flux was increased by exposure to AgNPs. This perhaps can be related to the
inhibition of Na*-K*-ATPase activity by Ag* ions (released from the AgNPs following
internalisation). Inhibition of this enzyme has been demonstrated as a major route of
toxicity in fish, blocking the Na* uptake and inducing reversal of the Na/Ca exchanger on
the cell membrane, finally leading to increased intracellular Ca?* and toxicity [65-67].

On the other hand, the Ca?* response in the ZF4 cells to the ionic counterpart
showed a decrease in the intracellular Ca?*, as indicated by the apparently negative
values at the highest AQNO3 concentrations. This perhaps can be related to a possible
inhibition of Ca?* uptake channel, decreasing the Ca?* levels, as well as Ca?* depletion
by ROS scavenger products [347, 348]. However, further studies are necessary to
evaluate the role of the Ca?* and related channels in ZF4 cells.

The interaction between AgNPs and ZF4 cells can result in DNA damage and
impairment of the cell cycle [349-351]. In addition, Agions are likely to bind to natural
bases (cytosine-cytosine [C:C] mismatch), forming a C-Ag-C base pair, and stabilizing

the duplex DNA containing the C:C mismatched base pair [352]. DNA break (determined
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via Comet assay) results demonstrated a strong association between the % DNA strand
breaks and the AgNPs size and concentration; here again the smaller AgQNPs (10 nm)
and the ionic control at all concentrations induced the highest % DNA strand breaks.
These results are related to the fact that all AQNPs 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 [329, 353]. 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
[354]. 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 [156, 322]. The
DNA damage results can also be related to the likelihood of AgNPs interacting directly
with proteins involved in the cell cycle via binding to thiol groups, affecting proteins from
the cell cycle regulation pathway and therefore inducing DNA damage and toxicity [355].
Furthermore, the activation of the pro-apoptotic proteins (e.g., Bax family), which
regulates cell cycle checkpoints, DNA repair, and cell death to maintain genomic stability
cannot be excluded in fish cells [156]. For example, GADDA45 is a protein that has been
shown to interact and inhibit the kinase activity of the Cdk1/cyclinB1 complex after
exposure to NPs, demonstrating a key role in the activation of G2/M phase [356].
However, further studies are necessary to explore the role of these pro-apoptotic proteins

in the activation of apoptosis in ZF4 cells.
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Overall, the evaluated cellular mechanisms triggered in response to NP-mediated

toxicity elucidates the dynamic interplay between pathways and molecular responses

activated to deal with the generation of oxidative stress and calcium disturbances, genetic

damage, inhibition of cell division and induction of cell death, as suggested in the

schematic illustration showing the dynamic interplay of the mechanisms evaluated in this

study (Figure 3.12).
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Figure 3.12. Hypothetical cellular mechanisms of effects induced to ZF4 cells by
AgNP exposure. The figure illustrates the dynamic interplay of the evaluated

mechanisms after exposure to AgNPs and

ionic Ag*, including NP internalisation,

membrane damage, Reactive Oxygen Species (ROS) formation, DNA strand breaks,
calcium flux mobilization, and cell cycle arrest. Image created with BioRender software.
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3.5 Conclusions

This study demonstrates the potential use of ZF4 cells as an emerging aquatic model to
potentially assess toxicity and molecular mechanisms related to exposure to NPs. The
interactions between AgNPs and the biological fluids revealed that NPs’ physicochemical
changes, colloidal stability, and cytotoxicity are closely related to the surrounding
environment. Results indicate that 10 nm AgNPs are likely to be easily translocated into
the cells, due to their small size and enormous specific surface area, which enables fast
dissolution of the NPs are 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 form (Ag ions), including binding with proteins, disruption of
calcium flux by Ag*, overgeneration of ROS, cell cycle impairment, and DNA damage.
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, which as a continuous
adherent zebrafish embryo cell line, behave similarly to other fish and mammalian cells,

representing a model for high throughput screening to assess nanotoxicity in fish species.
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4.1 Abstract

Evaluation of the uptake pathways in cells during exposure to nanoparticles (NPs) is key
for risk assessment and development of safer nanomaterials, as the internalisation and
fate of NPs is linked to their toxicity and mode of action. Here, we determined the uptake
mechanisms involved in the internalisation of 10, 30, and 100 nm AgNPs by embryonic
zebrafish cells (ZF4). Characterisation of the NPs in Ultrapure Water (UPW) and
Complete Culture Media (CCM) supplemented with 10% serum proteins, revealed that
the medium influenced the NPs physicochemical characteristics such as size, charge,
and biomolecule absorption. Uptake results demonstrated a NP size and time-dependent
uptake, showing the highest total silver uptake for the smallest (10 nm) AgNPs size, with

0.80 + 0.57 pg/mL at the lowest exposure concentration (2.5 pg/mL) after 2 hours.
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Conversely, after 24 hours, the highest concentration (10 ug/mL) for the 10 nm and 100
nm AgNPs, revealed the highest cellular load at 5 ug/mL for both sizes. Inhibition of the
caveolae, clathrin and macropinocytosis endocytic pathways by pharmaceutical inhibitors
(genistein, chlorpromazine, and wortmannin respectively) revealed that uptake was
mainly via macropinocytosis for the 10 nm size and caveolae-mediated pathway for the
30 and 100 nm AgNPs. The induction of autophagy was also strongly related to the NP
size, showing the highest percentage of induction for the 10 nm (204.8 + 48.2%)
compared to naive cells, suggesting that autophagy can be activated along with
endocytosis to deal with exposure to NPs. TEM imaging suggests the potential uptake of
NPs and distribution across the cytoplasm inside intracellular vesicles. An increase in the
Early Endosome Induction (EEI) was observed for the three AgNP sizes at 2 hours,

whereas after 24 hours, a decrease in the EEI was recorded.

4.2 Introduction

Silver nanoparticles (AgNPs) are broadly used nanomaterials in the biomedical and
industrial fields, being incorporated into many daily life products, paints and textiles, due
to their highly effective antimicrobial properties [14, 25]. The NPs physicochemical
characteristics such as small size and large surface area provide numerous advantages
in hundreds of nano-based products; however, negative effects also arise from these
unique characteristics, demanding proper toxicological assessment of the possible
negative outcomes linked to their release into the environment, in conjunction with an in
depth understanding of their biological behaviour and effects following cellular exposure

and internalisation [98, 339].
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The behaviour of AgQNPs in complex environments such as body fluids (gastric) or
cellular media, is strongly influenced by the chemical composition of the medium, like pH,
presence of salts, ions, and biomolecules. These compounds may induce a set of
transformations in the physico-chemical properties of the NPs (e.g. dissolution,
agglomeration, complexation), which may result in different toxicity outcomes [357]. For
example, dissolution of the NPs, where the Ag* release is fostered by molecular oxygen
available in the medium but hindered by the presence of chloride and sulphide that
passivate the NP surface through the formation of AgCI or Ag2S, respectively [39, 357].
In this regard, metallic ions such as silver ions (Ag*) can enter the cells by hijacking
systems on the cell membranes, including ion channels or other transporters (e.g., Na*,
K, Ca?*, Cu?*, Cl channels and CTR1 and DMT1 [64, 102]. On the other hand, metal
NPs seem to bypass such mechanisms and enter the cell via endocytosis [83, 86].
Endocytosis broadly involves different uptake processes, such as caveolae and clathrin
mediated uptake and macropinocytosis [104, 105]. Non-endocytic process such as
autophagy have gained relevance due to its physiological significance in engulfing,
transporting, re-using, and degrading cellular components [93].

The use of pharmaceutical inhibitors to assess the endocytic pathways involved in
the internalisation of NPs has been widely accepted in the scientific community and
applied in a variety of cellular models [8,12-14]. The effectiveness of the pharmacological
inhibitors is determined through assessment of the reduction of uptake of a chemical or
transport molecules (e.g., cholera toxin, transferrin, dextran etc.) known to be internalized
through that specific endocytic pathway, demonstrating their effectiveness by blocking

the desired pathway [8].
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In the present study, we aimed to assess the presence of the endocytic
mechanisms involved in the uptake of different AgNP sizes (10, 30, and 100 nm) and
concentrations (2.5, 5 and 10 ug/mL), using pharmacological inhibitors in embryonic
zebrafish cells (ZF4). The goal was to provide insights about the internalisation of NPs in
ZF4 cells, including the relationship between NP-uptake, formation of early endosomes,
and autophagy. Finally, we aimed to demonstrate the utility of the ZF4 adherent
continuous cell line for assessment of nanotoxicity, supporting the cellular based models
and exploring uptake and the associated signalling pathways as potential molecular

initiating events.

4.3 Methodology
4.3.1 Characterisation of AgNPs

Polyvinylpyrrolidone (PVP) coated silver nanoparticles (AgNPs) with sizes of 10, 30, and
100 nm were purchased from Nanocomposix, USA. The characterisation of AQNPs was
performed in different testing media, such as simple water matrix (Ultrapure Water, UPW)
and Complete Culture Media (CCM). The preparation of the CCM was described in
Chapters 2 and 3. Similarly, the protocols used for characterisation of the NPs by DLS,
including hydrodynamic diameter, PDI and zeta potential were described in Chapter 2,
section 2.3.1 and in Chapter 3, section 3.3.1.

Ultraviolet visible light (UV-Vis) spectrophotometry was used to determine the
optical spectra of the AgQNPs (Absmax) and to provide a complementary measure of particle
size. Both techniques were applied in UPW and CCM, with AgNP dispersions prepared

at a final concentration of 10 pg/mL and incubated at 28°C for 0 and 24 hours. Then, 1
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mL of the sample was placed in 3 mL disposable cuvettes (Sarstedt, 67742). All the

samples were prepared fresh and immediately evaluated.

4.3.2 Culture of cells

Embryonic zebrafish (ZF4) cells were cultured as described in Chapters 2 and 3.

4.3.3 Quantification of total silver in ZF4 cells using ICP-MS
4.3.3.1 Exposure of ZF4 cells to AgNPs

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was implemented to assess
the total silver uptake in ZF4 cells after exposure to AgNPs. For this, different
methodologies were tested to standardise the protocol to ensure the maximum detection
of ionic silver from AgNPs [259, 358, 359]. The final protocol was established as follow.
First, ZF4 cells were seeded in six-well flat bottom plates (Corning, CLS3736) at a density
of 5x10° cells per well in a total volume of 2 mL, using CCM. At 24 hours post-seeding
ZF4 cells were treated to a low, medium, and high concentration (2.5, 5 and pg/mL) of
the three representative AgNPs sizes (10, 30 and 100 nm); then, cells were incubated for
24 hours at 5% CO2 and 28 °C. The tested AQNP concentrations were selected based on
the Lactate dehydrogenase (LDH) assay used to quantify the LDH activity of ZF4 cells
after AgNPs exposure. The methodology and results for this protocol, have been

described in Chapter 2, section 2.4.3.
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4.3.3.2 Digestion of the cells for quantification of Ag internalisation

After the treatment with AgNPs for 24 hours, the cell medium was removed and 3 mL of
aqua regia was added. The aqua regia was prepared with 37% hydrochloric acid
(H/1200/PB17, Fisher Scientific) and 70% nitric acid (A509-P500, TraceMetal™, Fisher
scientific) in a ratio of 3:1. Cells attached to the six well plates were carefully washed with
500 L of warm PBS (28°C) twice to ensure the removal of non-intracellular AgNPs. Cells
were detached using 0.25% trypsin for 3 minutes at 28°C. Then, 3mL of aqua regia
(prepared as previously described) was added per well, then cells were resuspended,
and the mix was transferred to an individual clean glass vial. The glass vials were properly
closed and placed in an oven overnight at 70°C. The next day, the acid digested samples
were diluted with ultra-pure water to reach a 2% HNO3 concentration. Then, the diluted
samples were filtered with 22 ym syringe filters (E4780-1226, StarLab) to ensure the
removal of any possible traces of cell debris and/or blocking of the ICP-MS tubes. Finally,
the filtered samples were analysed using ICP-MS (NexION 300x, Perkin Elmer). The ICP-
MS was calibrated as described in Chapter 2, section 2.3.3. Results are expressed as
the mean of three independent replicates (n = 3) for each AgNP size and concentration.
As described in Chapter 2, a preliminary experiment demonstrated a recovery of >95%
Ag compared to the initial Ag concentration after centrifugation; therefore, efficiency

calculations were not added to the results.

4.3.4 Uptake pathway inhibition using pharmacological inhibitors

4.3.4.1 Visualisation of the inhibition of cellular uptake pathways
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When using inhibitors for endocytosis pathways, it is essential to confirm that the desired
uptake pathway was effectively inhibited by the respective chemical inhibitors. To test the
inhibition of desired cellular uptake ZF4 cells were seeded in 24 well MatTek 13 mm glass
bottom dishes (MatTek, P24G013F) at a density of 100,000 cells/mL in CCM for a total
volume of 1 mL and incubated at 28 °C and 5% CO.. Twenty-four hours post-seeding,
cells were pre-incubated with different concentrations of chemical inhibitors based on
literature review [88, 92, 105], selecting the following as the final concentrations, which
successfully inhibited the desired uptake pathway: 100 ug/mL of genistein (G6649,
Sigma) for 20 minutes at 28 °C to inhibit the caveolae pathway, 10 pg/mL of
chlorpromazine (C8138, Sigma) for 30 minutes at 28 °C to inhibit the clathrin mediated
pathway, and 10 pg/mL of wortmannin (W1628, Sigma) for 10 minutes at room
temperature for the macropinocytosis pathway.

All the inhibitors were prepared at the desired concentration in CCM in total volume
of 500 pL per well. After the incubation period with the chemical inhibitors, the cell medium
was removed and cells were carefully washed twice with 500 yL of warm PBS, then the
respective markers (known to selectively enter cells via a specific pathway) were added
for 2 hours at 28 °C (in a total volume of 500 uL) as positive controls to confirm that the
inhibition was successful. The final concentrations for the transport molecules (controls)
were as follows: 1 pg/mL of Cholera toxin subunit b (C1655, Sigma) for genistein
treatments and to assess the caveolae pathway, 500 ug/mL of Transferrin Conjugate
Alexa Fluor™ 488 (T13342, ThermoFisher) for chlorpromazine treatments and clathrin
mediated pathway, and 500 ug/mL of dextran-Rhodamine B (D1824, ThermoFisher) for

wortmannin treatments. After the incubation time, the cell medium was removed, and cells
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were washed twice with warm PBS. Then, cells were fixed for 20 minutes with 500 pL of
4% paraformaldehyde (16% Thermofisher, 43368) diluted in PBS and then examined by
confocal microscopy using a NIKON A1R 808 series microscope. Images were recorded
with a 60X objective and employing optical zoom. For, the red filter was used for dextran-
rhodamine B, which has an Excitation/Emission of 647/668 nm, the green filter was used
for cholera toxin subunit b and transferrin conjugate Alexa Fluor both with an Ext/Em of
495/519 nm. Images were processed by using FIJI open-source image processing tool
(V.2.00-RC69). Results represent three individual replicates (n = 3) for each inhibitor. The
percentage of inhibition was calculated using the intensity of the markers without
treatment (untreated cells) versus intensity after treatment (inhibited cells) with the

pharmaceutical inhibitors, as shown in the following formula:

Intensity of inhibited cells

% of inhibition = 100

*
Mean intensity untreated cells

4.3.4.2 Quantification of internalised Ag* after inhibition of cellular uptake

Once the inhibition of the uptake pathways and the relevant concentrations of the
pharmacological inhibitors were confirmed by confocal microscopy (to ensure the
reliability of the assay); ZF4 cells were seeded in six-well flat bottom plates section 4.3.1.
After 24 hrs, cells were incubated with 100 ug/mL of genistein for 20 minutes at 28 °C, 20
pug/mL of chlorpromazine for 30 minutes at 28 °C, and 10 pg/mL of wortmannin for 10
minutes at room temperature. Inhibitors were prepared in CCM for a total volume of 2 mL

per well. After incubation with the chemical inhibitors, the cell medium was discarded, and

159



cells were washed twice with 500 pyL of warm PBS (28 °C). Then, cells were treated with
2.5, 5 and 10 pg/mL of AgNPs for 10, 30 and 100 nm sizes for 2 hrs at 28 °C in a final
volume of 2 mL per well. After the AgNPs incubation period, the cell medium was
removed. Cells attached to the six well plates were carefully washed with 500 pyL of warm
PBS twice and detached using 0.25% trypsin for 3 minutes at 28°C. Then, 3 mL of aqua
regia (as described in section 4.3.3.2) were added and the mix was transferred to a clean
glass vial for digestion. Then, samples were acid digested, diluted, and analysed using
ICP-MS as described in section 2.3.3 of Chapter 2. Three individual replicates (n = 3)
were analysed for each NP size, concentration, and chemical inhibitor used. Results were
multiplied by the corresponding dilution factor and then the following formula was
implemented to normalise all the data to percentage (%), considering naive (untreated
cells) as 100%.

o Result for each treatment
Total Ag after inhibition = * 100
Mean untreated cells

4.3.5 Imaging of intracellular AgNPs using TEM

To gain further insights about the uptake of AgNPs by ZF4 cells, TEM analysis of the
highest AgNPs concentration (10 pg/mL) was implemented. The protocol described by
Ellis et al., (2020) was modified and adapted to ZF4 cells [360]. Briefly, ZF4 cells were
seeded in six-well flat bottom plates as described in section 4.3.3.1. After 24 hrs, cells
were treated with 10 ug/mL of AgNPs for the 10, 30 and 100 nm sizes for 24 hrs at 28 °C.
After the AgNPs incubation period, the cell medium was removed, and cells were washed

with 1 mL of warm PBS and then detached using 0.25% trypsin for 3 minutes at 28°C in
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a total volume of 2 mL. The detached cells were centrifuged for 10 minutes at 270 x g at
20 °C. Then, the supernatant was carefully removed, and the cell pellet was diluted with
2.5% glutaraldehyde in a 0.1M PBS provided by the Centre for Electron Microscopy at
the University of Birmingham (UK), followed by 10 minutes of centrifugation at 270 x g at
20 °C (Eppendorf, 5430R). Finally, cells were dehydrated in ethanol and embedded in
epoxy resin before sectioning using an ultramicrotome to cut 0.1 ym sections with a
diamond knife. Sections were collected onto 300 mesh copper (Cu) grids on carbon film
(Agar scientific UK, AGS160-3) and images were visualized using JEOL 1200EX 80kV

and JEOL 1400EX 80kV microscopes.

4.3.6 Early endosome induction (EEI)

To further understand the endocytosis process, the induction of EE was evaluated by
labelling early endosomes with red fluorescent protein (RFP) using cellLight™ Early
Endosomes-RFP BacMam 2.0 (C10587) and following the supplier protocol. Briefly, ZF4
cells were seeded in 96-well flat bottom plates (Corning, 3917) in a total number of 8000
cell per well and in a final volume of 200 puL of CCM. Cells were left to attach overnight at
28 °C with 5% CO.. The next day, AgNP treatments of 2.5, 5 and 10 ug/mL for different
AgNP sizes (10, 30 and 100) were mixed with 2 yL of BacMam 2.0 reagent in a final
volume of 200 pL per well. Then, the cell medium was gently aspirated, and cells were
treated with the AgNPs mixed with the cell light dye and incubated for 24 hours at 28 °C
with 5% CO.. After the desired incubation time, the intensity of the red fluorescent protein

of three individual replicates (n = 3) was measured by fluorescent microplate reader
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(Tecan, Spark) using an Excitation and Emission of 555 /584 nm respectively. The

following calculation was used to normalise the results to percentage (%).

Intensity treatment

Percentage of induction (%) = 100

%
Mean intensity untreated cells

4.3.7 Autophagy response

To evaluate the autophagy response in the uptake of AgQNPs in ZF4, a modified protocol
for autophagy evaluation by flow cytometry was adapted for confocal microscopy [342].
Briefly, ZF4 cells were seeded in uncoated 24 well MatTek 13 mm glass bottom dishes
as described in section 4.3.4.1. Twenty-four hours post-seeding, cells were treated with
2.5, 5 and 10 yg/mL of 10, 30 and 100 nm AgNPs for 24 hours. After the incubation
period, the cell medium was removed, and 500 uL of CCM mixed with nucleus and
lysosome staining was added to the cells and incubated at 28°C for 30 minutes. The
organelle labelling solution was prepared in warm CCM containing 1uL/mL of Hoechst
33342 (Thermofisher, 62249) and 1 uL/mL of LysoTracker™ Deep Red (Thermofisher,
L12492). After the incubation period, the medium containing the first dyes were removed,
and cells were washed twice with warm PBS. Then, cells were stained using Cell Meter™
Autophagy Assay Kit (23002). First, a stock solution was prepared with 20uL of
Autophagy Green™ diluted in 10 mL of Stain Buffer. Then, 500 uL of the staining solution
was added to cells and incubated at room temperature for 30 minutes (in the dark). Then,
the autophagy staining medium was removed, and cells were washed with warm PBS

once. Immediately a fixation was performed with 500 uL of 4% paraformaldehyde (16%
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Thermofisher, 43368) diluted in PBS. Finally, cells were examined by confocal
microscopy using a NIKON A1R 808 series microscope. Images were recorded with a
60X objective and employing optical zoom for all channels. For nucleus identification, the
blue laser was used, with an excitation and emission of 350461 nm, the red filter was
used for the lysosomes (647/668 nm), and for autophagy response the green filter
(495/519 nm). The intensity of three individual cells per replicate (n = 3) were analysed
by FIJI open-source image processing tool (V.2.00-RC69). The following calculation was

used to normalise the intensity results to percentage (%).

Intensity treatment
100

Percentage of induction (%) = . , *
ge of (%) Mean intensity untreated cells

4.3.8 Protein corona isolation and analysis of proteins using PAGE

To further understand the implications of the NP-protein in ZF4 cells, the protein corona
was isolated by following a protocol by Docter et al., (2014) [361]. Briefly, cells were
seeded in six-well plates as described in section 4.3.1. After 24 hrs, cells were treated
with 2.5, 5 and 10 pg/mL of AgNPs of sizes 10, 30 and 100 nm for either 2 or 24 hours.
After the exposure time, the cell medium was removed, placed in 2 mL Eppendorf tubes,
and centrifuged at 20817 x g for 20 minutes at 4°C. Then, the supernatant was discarded,
and the AgNP pellet was washed with 1 mL of PBS. The washing step was repeated three
times. The pellet was eluted with 100 yL of SDS 4x Laemmli sample buffer (Sigma,
S3401) and incubated at 95°C for 5 minutes. The eluted corona was gently transferred

into a fresh tube and stored at -20°C for future analysis.
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The isolated proteins were run on a 12.5% polyacrylamide gel electrophoresis
(PAGE) at 170 V for 1.5 hours, then the gel was carefully washed with 10 mL of water
and stained with 25% Coomassie blue staining at 37°C overnight. Afterwards, the gel was
distained for 24 hours with a solution prepared with 10% acetic acid, 50% methanol and
40% UPW (with shaking and at least three solvent changes). Images were record—d by
Gel Doc™ EZ Imager - Bio-Rad, using the white tray and selecting the protein analysis
by Coomassie blue option in the software. Bands confirming the presence of proteins for
the highest AgNP concentration (10 mg/mL) and sizes (10, 30 and 100 nm) were cut and
sent for protein/peptide identification at the Advanced Mass Spectrometry Facility in the

School of Biosciences at the University of Birmingham.

4.3.9 Statistical analysis

Results were plotted and statistically analysed using GraphPad V8.1 software by either
one or two-way ANOVA followed by a Bonferroni post-hoc multiple comparison for all

AgNPs and AgNO3; treatments against the untreated control (naive).

4.4 Results
4.4.1 Characterisation of the AgNPs

The characterisation of the AgNPs in a simple testing media such as UPW and in a more
complex and relevant environment such as CCM, are key to understand their impact on
biological systems. The core size was evaluated by TEM in UPW; results demonstrated

that the core was very close to one stated by the manufacturer, with recorded sizes of 13
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+ 2.4 for the 10 nm, 34 + 2.8 for the 30 nm and 101.6 + 9.2 for the 100 nm as discussed
in Chapters 2 and 3. New analysis for the hydrodynamic diameter in UPW using DLS
revealed that all three AQNPs sizes remained stable between 0 and 24 hours, showing a
small increase of < 2% between time points, whereas the 100 nm presented a higher
decrease (<3%) compared after 24 hours. The polydispersity index (PDI) presented no
changes for the 10 and 30 nm at the different time points, whereas the 100 nm displayed
a small decrease in the PDI after 24 hours (from 0.06 to 0.03). The zeta potential in water
displayed similar values between time points for the 10 and 30 nm, with less than 2% of
variation. On the other hand, the 100 nm AgNPs displayed a noticeable decrease in zeta
potential after 24 hours, with a final value of -23.46 + 0.56 mV despite the particle
stabilisation being steric in nature as result of the PVP coatings (Figure 4.1C).

The hydrodynamic diameter of the AgNPs after 24 hours in CCM was higher than
in water, as expected, due to the presence of proteins and other biomolecules, which
influence the dynamic behaviour of AGNPs in complex environments. The 10 and 30 nm
sizes increased approximately 50% after 24 hours (Figure 4.1B), compared to their initial
size. On the contrary, the 100 nm AgNPs showed a low hydrodynamic size, reaching
182.06 + 4.25 nm after 24 hrs. The values for the zeta potential in CCM showed noticeable
changes compared to the values in water (became less negative) due to the presence of
FBS in the cell culture medium. This can be related to the shielding effect due to charge
neutralization, and bridging interactions with the serum proteins. For example, the zeta
potential values in CCM ranged between -7 to -12 mV at 0 and 24 hours, compared to

values in water, which ranged from -17 to -57 mV at both time points (Figure 4.1D).
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The absorption spectra (Absmax) assessed by UV-VIS also displayed different
values between the tested media. Samples in UPW displayed higher absorption efficiency
as the absorption dominates the UV-VIS spectra, displaying only one peak for each
measurement, whereas the samples in CCM showed two peaks and scattered photon
flux due to the presence of proteins and other biomolecules in the cell medium (Figure
S9.1 in the Sl). The 10 and 30 nm NPs had high Absmax at both timepoints, whereas the
100 nm absorbed less light with <1%. The samples prepared in CCM revealed different
values for each AgNP size due to the protein background. The 10 nm presented almost
a 50% decrease from the initial recorded size after 24 hours. The 30 nm size showed
almost equal values for both time points (around 1.0 Absmax) indicating very limited
evolution of the sample beyond the initial interaction with the FBS. The absorbance of the
100 nm AgNPs displayed an increased value compared to the initial timepoint, reaching
1.195 + 0.00 Absmax after 24 hours, reflecting light from internal interfaces and creating a
scattering component. A summary of all the results, including UV-Vis images be found in

Table S9.1, S9.2 and Figure S9.1 and in the supplementary information (SlI).
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Figure 4.1. Characterisation of AgNPs. The characterisation of the AgNPs was
performed following 0 and 24 hours of incubation in water and CCM by DLS. A and C
show the hydrodynamic size and Zeta potential in water. B and D show the hydrodynamic
size and Zeta potential in CCM. A-B left axis show the PDI recorded for each AgNP. Data
with asterisks (*) indicate statistically significant differences (+p < 0.05 and **p < 0.01)
between timepoints (0 and 24 hours) for the selected NP size. Similar letters (upper and
lowercase letters) above the bars represent statistically significant difference (p < 0.05)
between the selected sizes for the same testing fluid. Identical symbols denote
statistically significant difference (p < 0.05) between water and CCM for the same NM
size.
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4.4.2 Cellular uptake using ICP-MS

The total metal (Ag) concentration in the ZF4 cells was evaluated using ICP-MS. Results
demonstrated lower total Ag concentrations (ug/mL) in cells at 2 hours and compared to
at 24 hours, which showed an almost 50% increase for most treatments (Figure 4.2).
Results for the 10 nm size at 2 hours displayed slightly higher ug/mL concentrations
compared to the other NP sizes at this time point, showing an inverse-concentration trend,
with 0.80 + 0.57 pg/mL for 2.5 pg/mL and 0.25 + 0.09 pg/mL for the highest AgNPs
concentration (10 pg/mL). The 30 and 100 nm showed similar concentrations (0.03 + 0.01
pug/mL) at 10 pg/mL, whereas at 2.5 ug/mL, the 100 nm display slightly higher results,
with 0.07 + 0.02 pg/mL, compared to 0.05 + 0.06 pg/mL for the 30 nm size at the lowest
concentration (Figure 4.2A).

On the other hand, results for the total Ag accumulation were time-dependant,
showing higher Ag concentrations after 24 hours, including statistically significant
differences (xp < 0.05 and *xxp < 0.001) for almost all concentrations compared to naive
(untreated cells) (0.003 + 0.006 pg/mL) as well as concentration effects between sizes
(Figure 4.2B). The 10 and 100 nm sizes showed similar results for the medium and high
concentrations, whereas for the 10 pg/mL, results were 5.05 + 2.20 and 5.13 + 0.75
pug/mL. The lowest AGNP concentration (2.5 ug/mL) showed higher uptake results for the
100 nm (1.42 + 0.12 pg/mL), whereas the 10 nm displayed an approximate 60% decrease
(0.86 + 0.14 pg/mL) compared to the 100 nm. Conversely, the 30 nm size displayed the
lowest concentrations compared to the other NP sizes at 24 hours, with an increasing

concentration trend, with 0.54 + 0.15 for the 2.5 pg/mL and 2.60 + 0.20 yg/mL for the
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highest ANP concentration (10 pg/mL). Full results and complementary data can be

found in Tables S9.3 and S9.4 in the SI.
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Figure 4.2. Intracellular uptake of AgNPs. Cells were treated with 2.5, 5 and 10 pg/mL
of three different AQNP sizes (10, 30 and 100 nm) for 2 and/or 24 hours. Results were
obtained by analysing the digested samples using ICP-MS. Data represents three
independent samples and the standard deviation (mean + SD). Results are expressed in
pug/mL. Data with asterisks (*) indicate a statistically significant difference (xp < 0.05 and
x+xxp < 0.001) between cells treated with AQNPs compared to naive cells (non-treated
cells) for each point and concentration. Naive is not included in the figures. Data with
similar letters (upper and lowercase letters) represent statistically significant difference (p
< 0.05) between the selected concentrations and NM sizes.

4.4.3 Inhibition of the cellular uptake pathways using confocal

microscopy

Different pharmacological inhibitors were used to block the three main endocytic
pathways, including: genistein, which is an inhibitor of the tyrosine kinases involved in

caveolae-mediated endocytosis, chlorpromazine, which inhibits clathrin disassembly and
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its receptor from the cell membrane during clathrin-mediated endocytosis, and
wortmannin which inhibits membrane phospholipids such as phosphoinositide- 3-kinase
(PI3K) which are closely interrelated with the activation of macropinocytosis [92, 106].
The effectiveness of the pharmacological inhibitors to block the desired pathway was
tested along a positive control, including transferrin (Tf), which enter cells through
clathrin-dependent endocytosis, cholera toxin beta subunit (CTB) linked to caveolae
dependent endocytosis, and dextran, a probe for the macropinocytosis pathway [92, 105,
106, 248]. Additionally, to understand the cytotoxic effects of inhibitors on cells, the cell
viability of the tested inhibitors at the selected concentrations was evaluated by the LDH
assay. The methodology used for the LDH assay has been described in Chapter 2,
section 2.3.5.

Confocal microscopy demonstrated that the uptake of 1 ug/mL of cholera toxin B
(Figure 4.3A) was successfully inhibited after treatment with (100 pg/mL) genistein for 20
minutes (inhibition of the caveolae pathway) (Figure 4.3B). Genistein treatments
presented visible morphological effects, (e.g., cells became rounded compared to the flat
and elongated morphology present in the untreated controls); however, the evaluated
cytotoxicity showed a cell viability of 87.56 + 4. 67 % after 20 minutes, compared to the
control with 100 % of viability (Figure 4.3G). Results for chlorpromazine (10 pg/mL)
displayed less cytotoxicity with 91.41 + 2.31 % of viability after 30 minutes of incubation.
Inhibition was confirmed via the reduced uptake of the transferrin (500 pg/mL), as shown
in Figures 4.3C-D. On the other hand, wortmannin results displayed higher reduction of
cell viability with 82.04 + 9.01 % after 10 minutes of incubation, however the concentration

of 10 ug/mL proved to be the lowest that can be used to achieve an inhibitory effect of
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the macropinocytosis pathway, as shown in Figure 4.3F where some small amount of
uptake was still observed and compared to the control (dextran) (Figures 4.3E and F).
Most of the inhibitors displayed a reduction in cell viability near 20%, proving that the
selected concentrations were suitable to induce around 80% of inhibition for all the tested
inhibitors (Figure 4.3H) and for the specific endocytic pathway, without inducing severe
cytotoxic effects, as suggested by other studies using a variety of human, mouse, and
fish cell lines [88, 92, 99, 362]. Full results can be found in Tables S9.5 and S9.6 in the

Sl.
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Figure 4.3. Inhibition of the cellular uptake pathways. (A) Uptake of Cholera toxin b
(control); (B) Almost complete reduced Cholera toxin b uptake following inhibition of for
the caveolae pathway with Genistein at 100 pg/mL for 20 minutes. (C) Uptake of
transferrin (control); (D) Partial reduction of transferrin uptake by the clathrin mediated
pathway after treatment with 10 ug/mL of chlorpromazine for 30 minutes. (E) Uptake of
dextran (control); (F) Almost complete reduction in uptake of dextran by macropinocytosis
and phagocytosis pathways after treatment with 10 ug/mL of wortmannin for 10 minutes.
All the controls were incubated for 2 hours prior to the addition of the chemical inhibitor.
(G) Cell viability (%) by LDH after treatment with the selected inhibitor concentrations and
incubation period. (H) The percentage of inhibition calculated for the inhibitor images
against their control. Three individual replicates (mean + SD) were performed for all the
experimental conditions and analysis. Images were taken with 60X objective lens and
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employing optical zoom using NIKON A1R 808 microscope. Data with asterisks (*)
indicate a statistically significant difference (+*p < 0.01, and **xp < 0.001) compared to
the naive cells.

4.4.3.1 Quantification of the total Ag™ in cells following inhibition of
uptake pathways

Once the inhibitory concentrations of the drugs proved to be effective inhibiting the
desired pathway, the internalisation of total Ag was quantified using ICP-MS. The total Ag
uptake following exposure to the AgNPs was measured only at 2 hours as blocking one
uptake pathway can result in activation of other endocytic mechanisms, which may lead
to misleading results [88, 92]. Results for the levels of inhibition in the uptake of AgNPs
are presented as a percentage (%) with respect to the uptake obtained by ICP-MS and in
normal cells exposed to AgNPs under the same conditions and without any inhibitor
treatment (Figure 4.4).

Normalised results show different patterns across the different treatment with the
inhibitors, AgNPs sizes, and concentrations used. The 10 nm size showed a clear AQNPs
uptake-inhibition response for all the chemical treatments and uptake pathways
assessed. Results treatments for CLZ treatments showed no significant differences (xp <
0.05, **p < 0.01, and *xxp < 0.001) for the low and medium concentrations (2.5, and 5
Mg/mL) compared to untreated cells (100%), both with a percentage uptake around >93
%; however, the 10 pg/mL showed a significant difference (xp < 0.05) with a low
percentage uptake of 39.54 + 4.67%. Genistein treatments displayed significant
differences (xp < 0.05, **p < 0.01) compared to the uptake of the control; in particular,

the medium and high AgNP (5 and 10 ug/mL) concentrations showed a reduction in
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uptake of the 10 nm AgNPs with 30.71 £ 5.13 % and 6.74 + 1.12 % uptake respectively
relative to the non-inhibited exposures (100%). Similarly, the wortmannin treatments
displayed a reduction of uptake at the lowest concentration (54.48 £ 19.20 %), followed
by a statistically significant decrease (xp < 0.05) at the medium and high concentrations,
compared to the uninhibited control. The 30 nm AgNPs showed an inverse trend for CLZ
treatments, with a greater inhibition response at the lowest AgNP (2.5 mg/mL)
concentration (77.38 + 17.57) followed by 86.53 + 8.32 for the 5 ug/mL and no inhibition
at all for the 10 ug/mL (100%), suggesting that clathrin mediated pathway is not preferred
pathway by ZF4 cells at medium AgNP sizes. Genistein treatments showed significant
differences for all the AgNP concentrations (xp < 0.05, *xp < 0.01, and **xp < 0.001)
compared to naive cells, with similar percentages of inhibition for the high and medium
AgNPs concentrations (30%), but with a noticeable decrease at the lowest concentration
(2.5 pg/mL) with 17.90 = 4.03 %. On the other hand, wortmannin treatments showed a
different pattern for the 30 nm AgNPs, with a clear increasing concentration-inhibition
response and uptake reduced to 63.16 + 16.47 % relative to the untreated control at the
lowest AGNP concentration and to 33.67 + 3.60 % for the 10 pyg/mL.Treatments for the
100 nm size with CLZ displayed higher Ag uptake for the 10 pg/mL, compared to the other
concentrations. Genistein treatments resulted in statistically significant differences at the
low and high concentrations for 100 nm AgNPs compared to the naive (xxp < 0.01),
suggesting that the caveolae pathway is one of the major routes of internalisation for this
NP size (100 nm). Results for wortmannin showed an inverse concentration-inhibition

response trend, showing the lowest inhibition at 10 yg/mL (33.31 + 4.00), followed by
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51.70 £ 23.88 % of uptake for the 5 pg/mL, and finally 63.26 + 16.55% at 2.5 yg/mL
relative to the naive cells uptake.

Overall, results suggest that the accumulation of total Ag in cells from AgNPs is
dominated by macropinocytosis and caveolae pathway. The 30 nm size showed mainly
inhibition in the genistein treatments, suggesting that the caveolae pathway is responsible
for the uptake at this size. The 100 nm size similarly showed caveolae pathway activation,
followed by clathrin mediated and macropinocytosis pathway. A summary of the results

can be found in Tables S9.7, S9.8, and S9.9 in the SlI.
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Figure 4.4. Quantification of the inhibition of the cellular uptake pathways. ZF4 cells
were treated with either 100 pg/mL of Genisten for 20 minutes, 10 pg/mL of
Chlorpromazine for 30 minutes or 10 pg/mL of Wortmannin for 10 minutes. After the
treatment with the chemical inhibitor cells were treated with 2.5, 5 and 10 pg/mL of
different AgNP sizes (10, 30 and 100 nm) for 2 hours. ICP-MS results for total Ag were
normalised to percentage (%) against their untreated control (no inhibitor) for each
concentration and size. Results represent the mean of three individual replicates and their
standard deviation. Data with asterisks (*) indicate a statistically significant difference
from the inhibitors’ treatments (xp < 0.05, *xp < 0.01, and **xp < 0.001) compared to
naive cells (non-inhibition) at each time point. All bars under the brackets are included
within the asterisk above. Similar letters (upper and lowercase letters) above the bars
represent statistically significant differences (p < 0.05) between the selected
concentrations.
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4.4.4 Intracellular localisation of NPs using TEM

Analysis of the images revealed the localisation of particles (of an unknown composition
but assumed to be AgNPs) inside of intracellular vesicles. The composition can only be
assumed as the elemental composition of materials was not analysed. Images from cells
treated with small and medium NPs revealed the possible presence of particles located
in the cytoplasm and in close proximity to the nucleus (see magnifications in Figure 4.5 A
and D). Images (for the 10 nm) showed “NPs” inside intracellular vesicles, with signs of
density loss potentially, perhaps due to dissolution (if AQNPs), which made assessment
of their diameter challenging (Figure 4.5C). Assuming that the particles in the images are
AgNPs, the diameter of the intracellular NPs was calculated as 5.50 + 3.56 nm, compared
to the core size of the NPs determined by TEM (13 + 2.4 nm), resulting in a size reduction
of 57.62% (Figure 4.5 A-C) (see section 9.1.4 in the Sl for calculation steps). The diameter
of the vesicles with encapsulated unknown NPs, displayed a size of 717.46 + 78.57 nm
(mean £ SD of 3 different vesicles). In addition, TEM images revealed a possible caveolae
pathway as shown in the yellow box in Figure 4.5B. Cells treated with 30 nm (Figure 4.5E)
showed the presence of particles around the cell, perhaps as part of their subcellular
trafficking in the cell (purple arrows). The larger magnification in Figure 4.5D reveals that
particles inside a vesicle and very close to the nucleus (N). The diameter of the
intracellular vesicles for cells treated with the 30 nm size was calculated as 697.86 +
53.76 nm. Analysis of the size of the particles inside the vesicles revealed a size of 26.37
+ 4.55 nm and a percentage size reduction of 19.04% compared to the original TEM size
of 34 £ 2.8 nm. TEM images for cells treated with the 100 nm size also showed signs of

NP internalisation inside vesicles (Figure 4.5G-I). Figures 4.3 G and H showed a large
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number of NPs outside the cellular membrane (blue arrow). Inside the cellular matrix,
encapsulated in endosomes a large cluster of NPs is visible with signs of fragmentation
if AQNPs (Figure 4.51). The size of the intracellular NPs in the vesicles was calculated as
96.78 + 8.36, with the lowest percentage of reduction (4.16 %), compared to the initial
size of 101 £ 9.2 nm and other sizes. Results for the calculated intracellular NP sizes can

be found in Table S9.10 in the SI.

Figure 4.5. TEM images of cells treated with AgNPs. Cells were treated with 10 ug/mL
of 10, 30 and 100 nm AgNPs for 24 hours. The images show the intracellular fate of
particles of an unknown composition, as the elemental composition of materials was not
identified. Assuming that the particles are AgNPs, the figures A-C show the uptake of 10
nm. The yellow square in Fig B shows an enlargement of the cell’'s uptake mechanism.
D-F the uptake of 30 nm and G-F the uptake of 100 nm. The scale bars correspond to
5000, 2000, and 500 nm from left to right. Purple arrows indicate the formation of vesicles
in the cells, blue arrows indicate NPs in the zoomed figures (yellow squares) and N means
nucleus.
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4.4.5 Early endosomes induction (EEI)

To gain further insights about the internalisation of the AgNPs in ZF4 cells, the EE
induction (EEI) was evaluated by labelling the EE with red fluorescent protein for 2 and
24 hours of incubation. For this, intensity values were normalised and plotted as
percentage (%) of EE induction with respect to naive. Normalised results displayed higher
percentages (%) of induction at all concentrations and sizes after 2 hours (>30 %),
whereas after 24 hours, results showed a dramatic decrease in the percentage of EEI for
all NP sizes and concentrations. The 10 nm size at 2 hours, displayed higher values (%)
at 2.5 and 10 yg/mL (128.62 + 11.76 and 131.7 + 8.35 %, respectively) compared to the
medium concentration (5 pg/mL), which displayed a small drop in the recorded intensity,
and consequently reflected as a lower EEI percentage (125.1 + 3.36 %). Statistically
significant differences (xp < 0.05) where found for the low and medium concentrations (5
and 10 pg/mL) compared to the untreated control (naive).

After 24 hours, the 10 nm size showed the lowest recorded values (%) at the low
and medium concentrations, with 111.13 £ 7.91 % for 2.5 yg/mL and 107.18 + 2.22 % for
5 yg/mL, whereas the 10 pg/mL showed a slightly higher value with 114.00 + 4.91 %. On
the other hand, the 30 nm size displayed a concentration-dependant trend after 2 hours.
Results for 2.5 and 5 ug/mL exposures showed values between 128 to 130%, whereas
the 10 ug/mL displayed the highest recorded value (135.61 £ 13.06 %) for all the NP sizes
and concentrations. After 24 hours, there was a small decrease in the percentage of EEI
for the high and medium concentrations (compared to 2 hours), with values ranging

between 114 and 118%. On the other hand, the lowest concentration (2.5 pg/mL)
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displayed a similar value (131.7 + 114.7) to that recorded at 2 hours. An increased
percentage of EEI was recorded for the 100 nm size at shorter exposure times (2 hours)
and showed an inverse concentration trend with values between 130-133% and
statistically significant differences (xp < 0.05) against naive for the highest concentration
(130.84 + 5.75). On the contrary, after 24 hours, values were similar with around 118-
119% for the low, medium, and high concentrations, showing statistical differences (xp <
0.05) at 5 and 10 pg/mL compared to naive.

Overall, the results demonstrated that the EEI is closely linked to the size of the
NPs, as results demonstrated higher EEI percentages for the larger size (100 nm),
compared to the other AgNP sizes (10 and 30 nm) at both time points. Exposure time
was also demonstrated to play a key role in the EEI, as results displayed a higher
percentage of EEI during the first two hours, compared 24 hours, for all the NP sizes. Full

results can be found in Tables S9.11 and S9.12 in the SI.
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Figure 4.6. Early endosome induction. The percentage of EE induction (EEI) in ZF4
cells treated with 2.5, 5, and 10 ug/mL of three different AgNP sizes (10, 30 and 100 nm)
after 2 and 24 hours. The intensity results were normalised to percentage (%). Data
represent the mean and standard deviation of 3 individual replicates. Data with asterisks
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(*) indicate a statistically significant difference (xp < 0.05) between the treatment
compared to the untreated control (naive) at the specific timepoint. Data with similar upper
and lowercase letters above the bars indicate statistically significant differences (p < 0.05)
between the selected NP sizes and concentrations.

4.4.6 Autophagy response

To further investigate the induction of autophagy in ZF4 cells during the exposure of
AgNPs, autophagosomes were labelled and assessed. The intensity was normalised to
percent (%) relative to the untreated (naive) cells as described in section 2.6. Results
displayed the highest percentages (%) for the smallest NP (10 nm), compared to the other
NPs sizes (Figure 4.7). Here, the low and high concentrations showed values above 200
%, whereas the medium concentration (5 pg/mL) displayed 187.62 + 41.27 %. A
statistically significant difference (p< 0.05) for the 2.5 y/mL against naive cells was found
for this size. Similarly, a multiple comparison between the NPs sizes and concentrations
showed a statistically significant difference (p < 0.05) between the 10 and 30 nm AgNPs
for the lowest concentration (2.5 pg/mL). The 30 nm AgNPs showed the highest
percentages at the lowest AgQNP concentration (144.19 £ 22.49 %) compared to the
medium and high concentrations, which displayed similar results, with 113.60 £ 5.41 and
114.73 £ 14.24%, respectively.

On the other hand, the 100 nm AgNPs presented the lowest recorded percentage of
autophagy for the three NP sizes. The results showed a similar trend as the 30 nm AgNPs,
with high percentages at the lowest concentration (110.15 £ 4.56%), compared to the

medium and high concentrations, with 108.15 + 10.99 % for 5 yg/mL and 104.55 £ 3.64%
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for the 10 pg/mL. Normalised results and the remaining confocal images can be found in

Table S9.14, S9.15 and S9.16, including autophagy figures as Figure S9.2 in the SI.
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Figure 4.7. Autophagy induction in ZF4 cells as determined by confocal
microscopy. ZF4 Cells were treated with 2.5, 5 and 10 pg/mL AgNPs of three different
sizes (10, 30 and 100 nm) for 24 hours. Images of the cells with the nucleus (blue) and
autophagosome staining (green) were taken at 60X with a NIKON A1R 808 series
microscope. A close-up of the labelled cells is marked with yellow lines. The intensity of
the labelled autophagosomes in ZF4 cells was recorded by FIJI and normalised to
percentage (%) against naive cells. A) Results of three individual replicates are expressed
as mean and standard deviation (mean + SD). A statistical comparison between all
treatments was performed. B) Cells treated with 10 pg/mL of different AQNPs sizes and
the control. Images for the remaining AgNP concentrations and sizes can be found in the
Sl. Data with asterisks (*) indicate a statistically significant difference (xp < 0.05) between
the treatment compared to the untreated control (naive). Data with similar upper and
lowercase letters above the bars indicate statistically signficant differences (p < 0.05)
between the selected NP sizes.

4.4.7 Protein corona isolation and analysis of proteins using PAGE and

mass spectrometry

The isolation of the protein corona from AgNPs after exposure to different mass

concentrations and timepoints, revealed that the corona formation can be strongly
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mediated by these factors. Bands in the gels were highly visible for treatments with the
smaller NPs (10 nm) after 24 hours of exposure compared to 2 hours in CCM. For
example, after 2 hours, gel bands for all three AQNP sizes and concentrations were
similar, showing a single line between 72-57 kDa (Figure 4.8A), whereas after 24 hours
the 10 nm AgNPs at the highest treatment concentration displayed a larger number of
proteins across the entire molecular weight range (Figure 4.8B). This suggests that the
NP size can influence the composition of their coronas, perhaps due to the secretion of
certain (e.g., stress-related) proteins by the cells, increasing the availability of proteins in
the cell medium, and driving a dynamic exchange behaviour of the NP-protein binding
process.

Accessions from the zebrafish proteome database (Uniprot) (obtained using mass
spectrometry) were searched in the Zebrafish Information Network (ZFIN) database of
genetic and genomic data for the zebrafish (Danio rerio) as a model organism
(https://zfin.org). Results revealed the presence of different proteins involved in, or
upstream of, development and regulation of zebrafish, including proteins located in the
cell membrane, cytoplasm, and nucleus (Table 4.1) [363].

To further understand the role of the secreted proteins, an initial experiment to
record changes in the protein concentrations in the ZF4 cell medium during AgNP
exposure was performed by recovering particles that had not yet been internalised. The
results demonstrated that the total protein concentration (in suspension) increased over
time for all the NP sizes and concentrations, with approximately a 5-10% increase of the
total protein concentration in the medium after 24 hours, compared to the untreated

control, which maintained a constant protein concentration after 24 hours (Figure 4.9).
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However, further studies are necessary to confirm the mechanistic process behind these

findings. The protocol for this initial experiment and results for all concentrations and

timepoints can be found in section 9.1.8 in the Sl and as Table S9.17.
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Figure 4.8. Coomassie blue staining of PAGE gels for isolated protein corona. ZF4
cells were treated with different concentrations of AQNPs (2.5, 5 and 10 pg/mL) and sizes
(10, 30 and 100 nm) for 2 or 24 hours. The lanes outlined in green represent the protein
ladder and the orange lanes correspond to the samples. The numbers above the bands
show the AgNPs concentrations used in pg/mL. A) AgNPs treatments prepared in CCM
(DMEM-F12 supplemented with 10% Foetal Bovine Serum) and incubated with ZF4 cells
for 2 hours. B) AgNPs treatments prepared in CCM and incubated with ZF4 cells for 24
hours, indicating the evolution of the corona as the ZF4 cells condition the medium.
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Table 4.1. Analysis of the proteins secreted by ZF4 cells in response to the AgNPs and identified in the NP
coronas. Proteins identified by mass spectrometry on the 10, 30 and 100 nm AgNPs following exposure to zf4 cells for
24 hours. Results represent the summary of the proteins found in the isolated protein coronas following a search in the

zebrafish proteome database (uniprot) and ZFIN [363].

Accession MwW Name Description
[KDa]

F1QGZ6 76.8 Maternal Predicted to enable calcium ion binding activity; non-membrane spanning protein
embryonic tyrosine kinase activity; and protein serine/threonine kinase activity. Involved in
leucine zipper | hemopoiesis. Acts upstream of or within erythrocyte development and regulation of
kinase heart contraction. Predicted to be located in cell cortex. It is expressed in several

structures, including digestive system; immature eye; nervous system;
pleuroperitoneal region; and proliferative region. Orthologous to human MELK
(maternal embryonic complementary kinase).

Q90416 48.7 Retinoic acid | Enables nuclear receptor activity. Involved in positive regulation of transcription by
receptor RXR- | RNA polymerase Il. Predicted to be located in the nucleus. Predicted to be part of RNA
gamma-A polymerase |l transcription regulator complex. Is expressed in several structures,

including mesoderm; neural rod; pharyngeal arch; retina; and tail bud. Human
ortholog(s) of this gene implicated in lung non-small cell carcinoma. Orthologous to
human RXRG (retinoid X receptor gamma).

P79725 27.4 swelling Acts upstream of or within axon extension. Predicted to be located in cytoplasm;
dependent nucleus; and plasma membrane. Predicted to be part of lysosomal complex. Predicted
chloride to be active in cytosol. Orthologous to human CLNS1A (chloride nucleotide-sensitive
channel, ICIn | channel 1A).

Q6K197 51.1 p65 Enables DNA-binding transcription factor activity, RNA polymerase lI-specific. Acts
transcription upstream of or within anterior/posterior axis specification; mesoderm development; and
factor regulation of apoptotic process. Located in nucleus. Is expressed in intestine and male

organism. Human ortholog(s) of this gene implicated in ductal carcinoma in situ; lung
non-small cell carcinoma; lymphoma; and renal cell carcinoma. Orthologous to human
RELA (RELA proto-oncogene, NF-kB subunit).

Q1XA84 34.5 Ataxin-3 Predicted to enable thiol-dependent deubiquitinase. Predicted to be involved in protein

(Fragment) deubiquitination. Predicted to act upstream of or within proteolysis. Predicted to be
active in nucleus. Human ortholog(s) of this gene implicated in Machado-Joseph
disease. Orthologous to human ATXN3 (ataxin 3).
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P50541

27.6

Max-
interacting
protein 1

Predicted to enable DNA-binding transcription factor activity, RNA polymerase II-
specific and RNA polymerase |l cis-regulatory region sequence-specific DNA binding
activity. Predicted to be involved in regulation of transcription by RNA polymerase IlI.
Predicted to be located in nucleus. Is expressed in several structures, including axial
chorda mesoderm; median fin fold; nervous system; neural tube; and periderm. Human
ortholog(s) of this gene implicated in neurofibrosarcoma and prostate cancer.
Orthologous to human MXI1 (MAX interactor 1, dimerization protein).
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Figure 4.9. Proteins secreted during AgNPs exposure in medium supplemented
with 10% FBS. ZF4 cells were exposed to 2.5, 5, and 10 pg/mL of AgNPs prepared in
CCM (10% FBS), and the protein content in the medium was measured by BCA assay at
3, 6, 12, and 24 hours, as a means to assess the cellular response to NP exposure and
to quantify the number of proteins secreted by the ZF4 cells in response to increasing
exposure time. A control of cells (without NP treatment) in CCM only was included to
compare with the NPs treatments. Data with asterisks (*) indicate a statistically significant
difference (xp < 0.05) between the treatment compared to the untreated control (naive).
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4.5 Discussion

The physicochemical properties of NPs can strongly influence their toxicity in biological
systems leading to different outcomes [81, 108, 248]. In this study, we demonstrated that
the addition of proteins strongly affected the NPs characteristics, creating a new biological
identity (protein corona) that was reflected in the hydrodynamic size, polydispersity index
(PDI), zeta potential, and absorption spectra in CCM [248, 334, 364].

The intracellular uptake and fate of the NPs can be influenced by their physicochemical
properties, cell type, and constituents in the complex medium, such as proteins that can
modulate the cellular uptake, for example by enabling the NPs to engage cellular
receptors following formation of the protein corona [80, 365, 366]. The SDS-PAGE gel
also revealed that after 24 hours (Figure 4.8), the smaller AQNPs (10 nm) presented a
number of highly visible protein lines along the length of the band for the medium and
high AgNP concentrations, showing a clear separation of the protein sizes, ranging
between 250-8KDa, which can be related to other serum related proteins such as
Apolipoprotein A-l (28 kDa) and Apolipoprotein A-ll (17.4 kDa) [332]. ZF4 proteins
(secreted by the cells) were also found in response to damage induced by the AgNPs,
including p65 transcription factor (51.1 kDa), retinoic acid receptor RXR-gamma-A, and
max-interacting protein 1 (27.6 kDa). These proteins are found in the nucleus and are
related to DNA regulation and binding transcription activity, such as ataxin-3 Fragment
(34.5 kDa), involved in protein de-ubiquitination and located in the nucleus as well as
swelling dependent chloride channel protein (27.4 KDa), which is located in the
cytoplasm, nucleus, and plasma membrane [363]. A full list of the identified proteins can

be found in Table 4.1.
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The differences between the NPs sizes and their protein composition may be
related to the curvature of the NPs, and to the fact that the 10 nm solution contains a
much larger number of particles (NPs/mL) and a much larger surface area for protein
adsorption compared to the larger AgNPs at constant mass [342]. Hence, smaller NPs
may have a higher likelihood to bind proteins due to their large SA as suggested by other
authors [332, 339, 367]. Another aspect to consider is the type of proteins in the complex
environment; for example, albumin and fibrinogen are proteins that will bind and dominate
the particle surface due to higher abundance, especially at short exposure times. These
proteins may eventually be displaced by proteins with higher affinity and slower kinetics,
increasing the protein diversity of the protein corona [366]. Similarly, certain proteins
secreted by ZF4 cells could have a higher affinity for the AQNPs compared to the serum
proteins, potentially increasing the competition of proteins and displacement of weakly
bound proteins [364, 366]. Measurements of the total protein concentration (in
suspension) revealed an approximate 5-10% increment of the total secreted proteins after
24 hours compared the untreated control. This suggests that the secreted proteins might
have a higher affinity compared to the serum proteins, increasing the competition of
proteins and displacing weakly bound proteins by forming stronger bindings onto the NP
surface area in the biological environment; however further studies are necessary to fully
understand the role of the secreted proteins [364, 366].

Metal NPs, such as AgNPs are likely to partially dissolve in complex environments,
such as CCM, leading to release of Ag ions (Ag*) and Ag complexation, to form species
such as AgCl [83, 342]. The quantification of the total Ag in cells presented here

suggested a close link between exposure time and total Ag concentration. For example,
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the total Ag uptake for all AgNP sizes was greatly increased (higher pg/mL
concentrations) after 24 hours for all the treatments, compared to 2 hours. In addition, a
size and concentration effect were observed, displaying higher Ag concentrations for the
10 and 100 nm size, compared to the 30 nm size. In this regard, certain metal NPs, such
as AgNPs may act as a “delivery vehicle” for the metal ions; when the NPs interact with
cells, some NPs may stick onto the cell surface, and high concentrations of metal ions
could be locally released, providing a continuous slow release of metal ions in the cell
[12]. In addition, another important aspect to consider in the uptake of Ag ions is the ability
of metals to mimic other ions in various carrier-mediated processes, a process widely
described for trace metals [64, 119]. For example, Ag® has been demonstrated to enter
freshwater rainbow trout via the Na* channel situated on the branchial apical membrane,
including via P-type ATPase, and Cu* transporters [83, 368]. In this regard, the high total
Ag" intracellular concentrations detected for the 10 nm could be linked to a major
abundance of ions in the media due to dissolution (as demonstrated in Chapter 2),
including the possible uptake of ionic Ag via ion channels and/or transporters. Conversely,
the 100 nm results can be potentially related to a combination of dissolution and
sedimentation, which may increase their contact with the cells and therefore their Ag*
uptake. However, further studies are necessary to confirm these suggestions.

In contrast to uptake of Ag*, NPs are too big to be moved into the cells via ion
transporters, or paracellular diffusion pathways; hence the most likely route of uptake is
via endocytosis [369]. Once the NPs are engulfed by the cell membrane, the formation of
EE is rapidly activated to sort the internalized cargo to different intracellular destinations

[369]. The internalised cargo remains for only a few minutes in EE (between 5 to 10
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minutes), then, the EE progressively acidify and mature to late endosomes [369]. In this
regard, results for the EE induction (EEI) revealed higher amounts of NP trafficking during
the first 2 hours for all NP concentrations and sizes, compared to longer exposure times
(24 hours).

The internalisation of external matter via endocytic compartments is likely to occur
in ZF4 cells. TEM images of cells treated with the highest AQNP concentration (10 ug/mL)
demonstrated the presence of “particles” inside vesicles in the cells. However, it is
important to highlight those particles are of an unknown composition, as the elemental
composition of the material (silver) has not been confirmed. Despite this, it is
hypothesized that particles shown in the TEM images correspond to “AgNPs”; however,
studies such as energy-dispersive X-ray analysis (EDX) are necessary to confirm these
findings, and to exclude artifacts [83, 185].

Assuming that the particles in the images are AQNPs and compared to their core
size recorded in their initial characterisation (using TEM); the analysis of the internalised
particles indicated a reduction in their initial size as well as visible loss of density or
fragmentation once inside the vesicles for all the AgNPs, which was most evident for the
10 nm AgNPs (see figure 2C), consistent with the dissolution results. The magnification
of the TEM images from cells treated with small and medium AgNPs (10 and 30 nm)
showed NPs in the cytoplasm as well as in close proximity to the nuclear area (see Figure
2 A and D), whereas TEM images for cells treated with 100 nm showed a larger number
of NPs surrounding the cell membrane, with no visible signs of agglomeration. The
reduction in diameter of the NPs perhaps can be attributed to the fact they are not AgNPs

and/or dissolution (if AgNPs), as well as size reductions due to lysosomal degradation by
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hydrolases, which can digest proteins, nucleic acids, lipids, and extracellular agents, as
described by other studies [370, 371]. In addition, it has been suggested that NPs may
be able to escape from the intracellular vesicles [372, 373]. This process has been
described as the Enhanced Trojan Horse effect, which refers to the cellular internalization
of metal NPs via an active processes, resulting in an enhanced release of the toxic ions
such as Ag” (increasing the intracellular Ag concentrations) as a result of cation-induced
lysosomal damage or dysfunction [370].

On the other hand, the size of the NPs may also play a role in the cellular uptake,
as an optimal particle size for active uptake in mammal and fish cells has been suggested
[86, 101, 374]. For example, Qiang et al., 2020 suggested the smaller sizes up to 20 nm
are more likely to be internalised than larger sizes, providing evidence for enhanced
uptake and toxicity for smaller sizes (4 nm) in zebrafish [60]. Similarly, the size and mass
concentration also proved to affect the uptake pathway during the assessment with
pharmaceutical inhibitors (Figure 4.4). Results for the inhibition of the endocytosis
pathways showed that treatment with chlorpromazine has no effect on the uptake of 10
and 30 nm AgNPs, therefore the clathrin pathway was not activated for most of the
concentrations, except at the 10 ug/mL for the 10 nm size. Here, the caveolae-mediated
and macropinocytosis pathways were mainly responsible for the uptake of the 10 nm
AgNPs, showing similar percentages of uptake by both pathways. Likewise, NPs could
also be internalised due to their small size during the engulfment of large volumes of the
extracellular medium, which allows the internalisation of fluid-phase nutrients such as

proteins and ATP, and sampling of the environment for foreign agents [106].
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Conversely, the 30 nm AgNPs displayed inhibition of the caveolae pathway at all
AgNPs concentrations tested; similar results were displayed by the 100 nm size for this
pathway, which also showed inhibition of the other evaluated pathways. These results
suggest that the 30 and 100 nm uptake are linked to the strong participation of lipid raft-
associated receptors during their internalisation [89, 92]. It is important to mention that
the NP uptake was measured only at short exposure times (2 hours), as it has been
reported that the inhibition of one uptake pathway can result in the activation of other
endocytic uptake pathways [88, 92]. When selecting a specific inhibitor for the desired
endocytosis pathway it is important to take into account the effective inhibition as well as
cytotoxicity of the pharmacological inhibitors, before their co-incubation with the NPs, as
severe disruption (in terms of toxicity) may inactivate or activate other molecular
processes as part of the cell's defence mechanism, which may lead to different outcomes
[92].

Autophagy as is involved in the formation of membrane vesicles for degradation and
recycling of intracellular and extracellular components; thus, it could be considered as
another (non-endocytotic) pathway that cells may use to cope with NP exposure [270,
375, 376]. Autophagy has been demonstrated during the early development of zebrafish
embryos. The expression and transformation of LC3-l to LC3-Il (proteins that indicate
autophagosome development and maturation) play a key role in early zebrafish
development and normal biogenesis and function. Furthermore, autophagy has been
described as a self-protective mechanism, whereby excessive levels of autophagy could
be considered as a lethal mechanism[373]. In this regard, results for the induction of

autophagy in the ZF4 cells showed highest percentages (%) for the 10 nm AgNPs,
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especially at the lowest AQNP concentration (2.5 uyg/mL), whereas the medium and large
AgNPs showed lower values compared to the smallest ANPs and the untreated cells.
This suggests that autophagy levels could potentially be related to either the level of
stress the cells are experiencing due to the NP-size effect and/or as part of a natural
process. Henceforth, studies should provide insights about the autophagy mechanisms
in embryonic fish cells.

The induction of autophagy under stress conditions and as part of the cytotoxic
response has also been identified in fish species [107, 377, 378]. For example, in fish
embryos, increased levels of the autophagy-related genes Atg3, Atg5, beclin1, and the
cleavage of LC3, can strongly induce autophagy, affecting embryonic development and
proper fusion of lysosomes (or endosomes) and autophagosomes [270]. As mentioned
above, the increased autophagy response in our study could potentially be linked to the
selective removal of damaged proteins and/or organelles, leading to cytotoxic responses.
However, studies that explore the proteins involved the autophagy response in ZF4 cells

are needed to tease out these pathways.

4.6 Conclusions

The present study illustrated the uptake mechanisms of three representative AgQNP sizes
(10, 30 and 100 nm) in embryonic zebrafish cells (ZF4). Quantification of the total Ag in
ZF4 cells was higher for the 10 and 100 nm NPs compared to the 30 nm after 24 hours
of exposure. The inhibition of the caveolae, clathrin, and macropinocytosis endocytic
pathways by pharmaceutical inhibitors (genistein, chlorpromazine, and wortmannin

respectively) demonstrated that internalisation of AgNPs by ZF4 cells may include
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multiple uptake routes, depending on the particle size. Results revealed that uptake of
AgNPs was mainly via macropinocytosis, whereas the uptake of the 30 and 100 nm sized
particles was mediated via the caveolae-mediated pathway.

In addition, the AQNP mass concentration, size, and time of exposure were closely
linked to their intracellular fate, potentially disrupting the formation of early endosomes,
as well as activating autophagy as a non-endocytic uptake process. Further studies are
necessary to identify the elemental composition of the materials in the TEM images;
however, particles of an unknown composition were visualised surrounding the plasma
membrane in the cytoplasm and close to the nucleus, and confocal microscopy
reflectance indicates the presence of AgNPs. In addition, changes in their diameter were

recorded, suggesting that particles underwent some dissolution following internalisation.
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Chapter 5: Discussion, future work, and conclusions

5.1 Discussion

There is limited information about the cytotoxic effects of AQNPs in embryonic zebrafish
cells (ZF4) compared to other fish cell models, such as rainbow trout gill (and liver) cells,
which have been widely exploited in many fields. Despite the valuable scientific advances
provided by the use of fish cells in toxicology, the assessment of the negative outcomes
of NPs in the aquatic environment and biological systems highlights a continuous need
for new alternative and representative models that elucidate complex biological
responses [228, 379]. Towards this goal, we implemented commercially available ZF4
cells to explore its suitability as an alternative toxicological model, evaluating cytotoxic
and uptake responses triggered after exposure to AgNPs and ionic Ag (AgNQOs3). The
overall aim of this thesis was to provide an initial assessment of the biological responses
using an early-stage model, potentially supporting the implementation of zebrafish cells
as an essential part of a 215-century nanotoxicological assessment strategy [58, 99, 294].
In addition, the thesis successfully examined a few key areas relevant to NP toxicity

(Figure 5.1) that were initially hypothesised, including:

l. Providing significant information on the importance of the dynamic
behaviour of AgNPs in different biological suspensions and its influence on the
physiochemical properties of the AgNPs.

Il. Examining the internalisation mechanism of AgNPs in ZF4 cells, including

the endocytic and non-endocytic responses.
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[l Evaluating several biological mechanisms of toxicity imposed by AgNPs,
including the activation of cytotoxic responses, and the interplay between these
mechanisms.

Overall aim

Provide an initial assessment of the cytotoxic responses induced in embryonic zebrafish cells (ZF4) after exposure to AQNPs

Achieved research aims
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Figure 5.1. Aims and gaps addressed by the research presented in this thesis. The
figure shows the research aims accomplished during the study. Below this, the research
gaps that still need to be addressed and that arose from the research undertaken are
presented, including recommendations on techniques and assays that will support filling
of the remaining research gaps.

5.1.1 Characterisation of the NPs

Changes in the physicochemical characteristics of the AQNPs were evaluated over a 24-
hour timescale and under relevant exposure conditions, including dissolution,

polydispersity index, and charge of the NPs, using different biological fluids, such as UPW
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and cell medium supplemented (or not) with serum. This step is highly important in order
to understand the possible outcomes in biological systems, as the dispersal of AQNPs in
simple suspensions such as UPW does not reflect the complex interactions between NPs
and biomolecules that occurs in the environment, leading to difficulties when interpreting
the data, and if the dispersion details are not adequately reported, resulting in studies that
cannot be reproduced by others [333-335]. In addition, it has been demonstrated that the
constituents of the cell culture medium, such as proteins, ligands, inorganic salts, and
other biomolecules can induce physicochemical changes as soon as they interact with
AgNPs, exposing the cells to a new complex mixture of NPs, Ag ions, and other ion-ligand
complexes, and altering the particle surfaces and associated particle—cell interactions [52,
57, 334, 380].

As discussed in chapters 2, 3 and 4, the behaviour of AgQNPs in simple (ultra-pure
water) and complex medium (cell culture) demonstrated that the surrounding environment
plays a key role in modifying the pristine characteristics of AQNPs (as shown in DLS
results). In addition, the dissolution of the AgQNPs was strongly linked to the initial particle
size, displaying higher dissolutions rates for the 10 nm, followed by the 30 nm and lastly
the 100 nm AgNPs in both tested media, demonstrating a strong correlation between the
size of the NPs and their dissolution concentrations, and with the nature and composition
of the testing media [55, 56, 294, 381]. In this regard, and as discussed in chapter 1, the
use of different experimental methods to evaluate the dissolution of the AgQNPs in complex
environments is necessary, as the centrifugation method used for the dissolution
experiments was costly and time-consuming and is an ex-situ approach rather than

assessing the behaviour in situ in the cells in real time. Several steps were performed to
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standardise a protocol to improve the recovery of Ag from the cells, and modifications
were made to ensure quality control was achieved (e.g., good analytical recovery) in
CCM. Conversely, the recovery of Ag was easy for UPW, whereas samples in CCM
required longer and additional centrifugation steps. Different approaches are encouraged
to improve the analysis. For example, dialysis is an inexpensive and reliable method, as
well as single cell ICP-MS. However, acid digestion protocols for ICP-MS are considered
as destructive methods, they can provide insights into the total ionic silver in the cells over
time. Besides, silver speciation could be potentially assessed, leading to new insights into
the behaviour of AQNP in biological fluids [382, 383]. Additionally, the use of single particle
and single cells variants of ICP-MS would allow analysis of in situ dissolution and cell-by-

cell analysis of the AgNP loading [384].

5.1.2 Uptake mechanisms in ZF4 cells

The work in Chapter 3, initially provides qualitative information about the potential fate of
AgNPs in cells, whereas work in Chapter 4 quantitatively assess the total Ag in ZF4 cells.
Both methods showed similar trends for the 10 nm size, with higher intensities using
confocal microscopy (Chapter 2) and higher total Ag concentrations, as discussed in
Chapter 4, which suggests the role of the NP size and dissolution. Ag and other transition
metals (e.g., Cu) can enter the cells via channels or other transporters, having affinity to
bind avidly to the —SH groups of the Na*/K*-ATPase [368]. A limitation in this study is that
the uptake of Ag ions in ZF4 cells was not included. Hence, assessment of the uptake of
Ag needs to be further investigated, including whether AQNOs (as controls) and AgNPs

(dissolved Ag) inhibit the Na*/K*-ATPase activity in ZF4 cells. This important evaluation
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can reveal whether the inhibition of enzyme activity is attributable primarily to a particle-
specific and/or a dissolved silver ion effect.

The evaluation of the total Ag in ZF4 cells as the dissolution experiment were set
after a range of published methods for extracting NMs from fish tissues and cells were
tried. However, it seemed that these were inapplicable to Ag-based materials and/or for
this kind of cells. Hence, the protocol described in Chapter 2 and 4 was optimized for Ag
and may be metal-specific, so if the method is intended to be applied to other materials,
the process of validation will need to be repeated. The total uptake of Ag (Chapter 4) was
higher for the smaller size NPs, followed by the 100 nm and lastly the 30 nm. Showing a
different trend than the one recorded for most of biological responses, which in order of
magnitude was size related 10 nm ~ 30 nm ~ 100 nm. The response for the internalisation
pathways revealed that the preferred endocytic pathway for uptake in cells was based on
the NPs size, as suggested by other authors in rainbow trout cell studies [86, 99].

Sensitivity to pharmacological agents suggests that diffusion alone cannot be
responsible for the AgNPs accumulation in cells (Chapter 4). The experimental design
was developed by testing different concentrations based on literature. Chlorpromazine
was arguably a selective inhibitor of clathrin-mediated endocytosis, obtaining a noticeable
inhibition of transferrin uptake at the concentration of 10 pyg/mL. Genisten, a tyrosine
kinase inhibitor broadly reduces actin cytoskeletal movement, hence it was used as a
calveolae-mediated endocytosis inhibitor. Cells treated with this agent demonstrated
higher toxicity and noticeable changes in their morphology; besides, several
concentrations were tested to obtain a satisfactory inhibition of cholera toxin b.

Wortmannin is a Pl 3-kinase inhibitor 3-methyladenine, which does not prevent
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macropinosome formation, but inhibits macropinosome maturation, also show reduced
cell viability. In addition, several concentrations were tested for this inhibitor, showing a
satisfactory inhibition of dextran after 10 minutes, as longer incubation times reduced the
cell viability beyond 70%. In this regard, the use of different pharmaceutical inhibitors to
shut-down specific uptake pathways and correlation of this with the amount of total Ag
may be explored, due to their relative importance as routes of AgNP internalisation [91].
Another important aspect to consider is the potential interaction of the pharmaceutical
inhibitor with metal transporting ATPases, which are known to be involved in loading
metal ions into the cells.

The evidence presented in the TEM images (Chapter 4) implies that AGQNP uptake
may occur through vesicular processes. However, as also discussed in Chapter 4, studies
including application of correlated reflectance and electron microscopy and EDX are
necessary to fully validate these findings. Similarly, synchrotron approaches such as
XANES will be helpful to understand how the cells processes the NPs in endosomes,
lysosomes and following lysosomal escape [385]. On the other hand, it has been
suggested that the internalised cargo remains for only a few minutes in EE (between 5 to
10 minutes), then, the EE mature to late endosomes [369]. Based on this, assessment of
the early endosomes complemented with late endosomes will provide further insights
about the internalisation of NPs by ZF4 cells. Moreover, the incorporation of AQNOz as an
iconic control would be helpful to understand whether the Ag ions affect the biological

response of the cells.
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5.1.3 Mechanistic insights from protein binding

The presence of proteins in the cell culture medium produced a modulatory effect in the
toxicity towards ZF4 cells as shown in Chapter 3. The corona formation reduced the
binding of the NPs to the cellular membrane and instead drove the NPs to interact with
the cells via receptor mediated processes. Evaluation of the cytotoxic responses in both
tested media were assessed using LDH activity. As discussed in Chapter 2, this protocol
was selected due to the lack of NP interferences with the assay [262, 386]. Many
colourimetric assays are incompatible with the intrinsic properties of the NPs, such as
having overlapping emission/absorption or binding of assay molecules to the particle
surface. In this regard, complementary assays including label-free methods, can be
implemented to assess the cell viability, including assessment of the possible
interferences of the NPs with the assay.

The evaluated cytotoxicity for AQNPs and AgNO3; was much lower in CCM treatments
compared to SFM treatments. These differences were related to protein corona formed
on the NPs in the CCM, which reduced the direct interaction of the NPs with the cells, as
well as inducing less agglomeration and reduced dissolution of the NPs, whereas, for the
SFM treatments, the enhanced toxicity could be associated with the strong adhesion of
the bare NPs to the cell membrane, disrupting the membrane as well as pulling out
intracellular proteins.

In addition, as demonstrated in Chapter 4, mass spectrometry analysis of the protein
corona revealed the presence of stress related proteins. The experimental design of these

studies needs to be further improved. For example, the assessment of the protein corona
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from subcellular compartments can reveal protein binding and a larger number of
intracellular proteins [83]. In addition, a different approach to reveal the protein corona
can be used. In Chapter 4, the proteins were isolated by a protocol that has been widely
implemented and validated. However, processing the samples using gel-based
separation and fractionation technique can be destructive and fractions of proteins can
be lost in the processing. Hence, gel-free fractionation methods can be a feasible option,
improving the sample recovery, and reproducibility, making the proteomic profiling more

efficient, sensitive, and enhancing the number of identified proteins [387].

5.1.4 Potential cytotoxicity- Is there a nano effect?

An initial hypothesis evaluated in the thesis was that the AgNPs would reveal different
physiological effects in comparison to the ionic version of the material (AgNQO3). In the
present studies, ZF4 cells successfully tolerated exposures to Ag and AgNPs over
different timepoints (24 hours maximum). Chapters 2 and 3 demonstrated that the cell
responded to the stimulus with the activation of different mechanisms, as reflected in
either the induction and/or inhibition of the evaluated biological endpoints. The first
evaluated cytotoxic responses induced by the AgNPs were at cell membrane level, which
is considered the first barrier to be encountered by the NPs [109]. Based on the integrity
of the cell membranes, a size-dependent response to the AgNPs was found, with high
percentages of cytotoxicity for the ionic Ag, and small NPs (10 nm). Interestingly these
results agree with the dissolution experiments, which displayed higher dissolution rates
for the smaller AQNPs compared to the larger NPs, suggesting the potential role of the

Ag ions in the toxicity. In addition to dissolved Ag toxicity, it is important to consider the
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fact that small NPs may have a faster and easier internalisation across the plasma
membrane, and have higher particle numbers at constant mass concentration, as well as
a higher rate of release of silver ions.

Other biological responses were also assessed, including the generation of
oxidative stress and lipid peroxidation. Chapters 2 and 3 displayed clear differences
between the particulate and ionic forms, as Ag* showed higher total ROS compared to
NPs, which also demonstrated a size-dependent response. In this regard, different
endpoints and lower exposure concentrations can be further considered to evaluate
cytotoxicity through different experimental approaches. For example, the use of
fluorescent probes was widely implemented through this thesis, as florescent dyes are
sensitive indicators for many biological processes. Hence, fluorescent-based techniques
can be further used to explore the antioxidant responses activated to mitigate ROS
generation, which may include: GHS, superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx) [388]. Aside from the cytotoxic responses, the possible
interferences of fluorescent/colorimetric assays with NPs should be explored, as
suggested in Chapter 2 with the implementation of the modified LDH assay.

The evaluation of the mitochondrial permeability (MP) (Chapter 2) revealed ZF4
cell sensitivity to changes in the Ag ions and AgNPs concentrations. These results
suggest the potential role of the NP itself in the toxicity to mitochondria; however, assays
that determine mitochondrial disturbances, such as mitochondrial ROS, mitophagy and
acidic organelle disruption are necessary. For example, protein expression of such
pathways by immunoblotting assessment could be interesting to verify the reliability of the

results [389]. Similarly, lower exposure concentrations could be tested to determine
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whether the intensity drop with some biological assays (e.g., autophagy) is due to the
damage in the evaluated pathway, a result of lower cell numbers due to cytotoxicity or
due to natural inactivation of the pathway and triggering of other pathways.

The autophagy response was higher for the smaller sized NPs, as assessed using
two different approaches, which included flow cytometry (Chapter 2), and confocal
microscopy (Chapter 4), thus demonstrating the reliability of assessing responses using
fluoresce probes). Based on this, it would be beneficial to assess whether the autophagy
markers (e.g., mTOR, LC3, and p62) are responsible for the activation of the autophagy
flux in ZF4 cells after exposure to treatment and/or if the response is higher as part of the
normal activity during the development of embryonic zebrafish cells, as discussed in
Chapter 4.

An interesting approach to verify the results above is through the assessment of
caspases, such as caspase 9, Smac/DIABLO and endonucleases, preferably by
immunoblotting techniques. The assessment of the intracellular Ca?* mobilisation, in
Chapter 3, demonstrated that the flux was increased by exposure to AgNPs, whereas for
AgNO3 this was reduced. It is important to highlight that the work presented in this chapter
was discussed in terms of mechanisms of Ag toxicity and Ca?* overload. Therefore,
further studies to explore the potential inhibition of the Na*/K*-ATPase channel by Ag*
leading to elevated intracellular Na* and influence on the intracellular Ca?* would be a
key next step, including assessment of the decline of Ca?* by AgNO:s.

The occurrence of DNA double strand breaks as discussed in chapter 3, also
displayed clear differences between the particulate and ionic form. When comparing by

NP size, the smaller AgQNPs displayed the highest percentages of DNA breaks, most likely
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due to its faster dissolution and concomitant release of ions, confirming that ultimately it
is the presence of ionic Ag that causes more toxicity than the nanoparticulate form. This
may suggest that the DNA damage resulting from AgNP exposure led to an attempt by
the cells to overcome the impairment. However, there was no statistical difference
between the AgNPs and AgNO3 treatments, although some disruption of the cell cycle
and lengthening of the duration the cells spent in certain phases was recorded, perhaps
due to the activation of cell death mechanisms. Hence, it would be interesting to
investigate whether this trend would have continued if the exposure treatments had been
changed, including longer durations and lower concentrations, increasing fromn =3 to a
higher number of replicates, etc. The ability of Ag* ions to bind to DNA base pairs, and
interaction with the thiol groups of different enzymes and phosphorus-containing bases,
should not be neglected, and further studies such as mismatching DNA duplexes, DNA
compaction, and DNA damage assays would be beneficial to explore, as demonstrated
in fish and mammal cell models [224, 390, 391].

When the cellular damage is irreparable, the cell triggers cell death to preserve the
genomic stability, which is considered the final biological outcome as a response to
cellular damage. Interestingly, the cell death mechanisms strongly corelated with the size
and (ionic) form of the AgNPs, as discussed in chapter 2. Based on the insights gained
from a number of fluorescent methods, the results demonstrated differences between
AgNPs and AgNOs; treatments, showing cellular responses linked to the initiation of
apoptosis via the mitochondrial pathway for the medium and large AgNPs sizes and via
necrosis for the smaller NP size and ionic Ag. However, molecular responses can be

further incorporated, along with molecular biology and immunoblotting techniques (e.g.,
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western blot) to detect the specific proteins expressed during the activation of cell death

pathways, such as p53 and caspases 8, 7 and 9, to improve the accuracy of the findings.

Based on the above findings, one can determine that there is a neglectable size

effect for the PVP-AgNPs used in this study. However, most of the analysed biological

responses were enhanced by exposure to metal ions, confirming that the ions could be

considered more toxic than the NPs, at least for ZF4 cells. Besides, small sized NPs and

AgNO3 showed similar toxicity effects, confirming the role of dissolved Ag ions in toxicity

as smaller NMs undergo faster dissolution than larger ones due to their larger surface

area.
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Figure 5.2. Biological responses triggered in ZF4 cells after exposure to AgNPs and

ionic Ag. The image represents

the hypothetical mechanisms triggered in ZF4 cells,

including the NP interactions with constituents of the cell media, internalisation of the
AgNPs by the various receptor-mediated or diffusion / damage processes, and the
cytotoxic mechanisms induced such as generation of reactive oxygen species (ROS),
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disturbances to calcium flux, lysosomal and mitochondrial activity, cell cycle arrest and
DNA breaks, resulting in cell repair or cell death via autophagy, apoptosis or necrosis
depending on the severity of the damage. Image created with BioRender software.

5.1.5 Regulatory context

Nanotechnology is an area with large potential benefits for consumers, workers and
patients. However, like a double edge sword, AgNPs have given rise to concerns
regarding their potential risks associated with their release, transformation, and fate in the
environment.

The production (and import) of new NMs and their sale on the EU market is subject to the
European Registration, Evaluation, Authorization and Restrictions of Chemicals (REACH)
legislation. The growing concerns to include new physical forms of existing chemicals into
REACH regulations led to the publishing of an Annex to REACH and the introduction of
the concepts of nanoforms and sets of nanoforms to explicitly describe and assess NMs.
These are covered under the “substance” definition in REACH, and the revised Annex
also addresses one of the previous major concerns regarding the data requirements
being triggered above 1 tonne of production, including for existing chemical substances
that already have a CAS number [392].

While production volumes of NMs are often used as a proxy for potential
exposures, the predicted environmental concentrations of Ag* in surface waters are
expected to be between ng L~ and mg kg™ in sediments containing silver from NMs,
although this will depend on the modelling approach used and the quality of the input data
utilised. Commercial products often contain pristine AGNPs, however, this may not be the

most relevant form in the environment, as biogeochemical processes may transform and
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complex Ag*, with potential effects in organisms and in the food web such as fishes [393].
Based on this, the characterisation of the tested NMs in relevant medium is vital to
account for behaviours such as aggregation and agglomeration in testing strategies
(Chapter 2, 3 and 4).

On the other hand, evaluation of the risks posed by NMs and NPs is necessary in
order to continue taking advantage of the benefits of this technology. Fish testing has
been widely implemented and validated by use in regulatory toxicology (e.g., OECD TG
No. 236 - Fish Embryo Acute Toxicity (FET) Test). However, given the growing need to
reduce animal testing, the scientific community has developed a number of in vitro
approaches that promote to the reduction, replacement, and refinement (3Rs framework)
of vertebrates used in toxicology. Moreover, this is required to be considered under the
REACH legislation for new substances, including NMs and in modified OECD test
procedures, with justification for NMs. For example, the use of rainbow trout gill cells has
been widely implemented in toxicity tests, as the gills are the first tissue that encounter
chemicals due to their large surface area in the fish. In addition, rainbow trout cell culture-
based methods have been recently approved by the OECD as the latest guideline in the
field of environmental toxicology due to their relevance [219].

Throughout this thesis, metal and/or metal NP exposures were performed in ZF4
cells for a maximum of 24 hours to provide an initial toxicity assessment. However, it is
important to consider that after 2-3 weeks of continuous exposure, the cell viability may
dramatically decrease. Therefore, the risk for mortality of fish in the environment would
be likely high. Here, predictions of chronic effects are unclear, but changes in the viability,

and trace element disturbances over a long time of exposure are likely to occur.
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The AgNPs concentrations tested on ZF4 cells throughout this thesis (Chapters 2,
3, and 4) may not fully represent real environmental concentrations. However, the
analysis of the negative impacts may represent a likely future environmental scenario that
fish may encounter, if the uncontrolled production and discharge of AQNPs continues to
rise. For example, Chapter 4 present highlights of the uptake of Ag in cells, where
improvements to the described methodologies could be used to partially inform policy
makers on risk assessments. Furthermore, legislations need take into account the particle
size. For example, the data presented in Chapter 2 and 4 demonstrated the uptake hazard
of Ag and AgNPs is greater in smaller sized NPs compared to than larger NPs.
Observations regarding the potential toxicity of smaller sized NPs and the bulk material
(Ag™) were evident in most of the assessed responses (Chapter 2, 3 and 4). Furthermore,
the hazard potential of the NP and Ag ions on organelle integrity was recorded on the
mitochondria potential (Chapter 2), including ROS overgeneration and disruption of the
genomic stability (Chapter 3), as well as activation of cell death modalities (Chapter 2).
Therefore, the size of the NPs should be considered in risk assessments, including the
potential hazard resulting from metal accumulations in cells, and their effects on wildlife
and to human health.

One of the aims of this thesis was to initially assess to potential toxicity of AgNPs
to the ZF4 cells. The provided materials and data presented in this thesis may support
the acquisition of new biological data in a different fish species. There are also clear
differences between fish cells in terms of their sensitivity to NPs and NMs that need to be
considered in a future regulatory context. For example, during the embryonic

development, the embryo is more sensitive and vulnerable to lower concentrations of
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metals than adults. Here, for accuracy and complete understanding, the same methods
should be conducted in different fish stages. For this, side-by-side studies with cells,
embryo, and fish may highlight if the current framework for material testing covers a
sufficient breadth of life stages, and if further standardization of test guidelines for NMs is
needed.

Certainly, ZF4 cells studies are not intended (or even feasible) to replace fish cell
tests utilising rainbow trout gill cells, which is a validated in vitro approach for toxicity
testing. Conversely, ZF4 cells may provide another model for biological comparison,
supporting insights into the toxicity, internalization, and effects of NPs in the embryonic
stage (early-stage) of fish, rather than in fish adult cells, and without the interference of
the embryo’s chorion. For NMs testing, the chorion has been demonstrated to influence
the quantification and visualisation of internalized NPs.

While AgNPs based products continue to improve various aspects of human life,
it remains vital to evaluate their risks to the natural environment, preferably through the
implementation of in vitro testing strategies. As chronic exposure to AgNPs and Ag
complexes is likely to impact multiple generations, influencing significant toxic effects in
populations and ecosystems; where new methodologies to assess adaption and
resistance mechanisms are also needed. In this regard, a publication (not directly part of
thesis), looked at bacterial adaption of Ag ions and AgNPs over multiple generations,
demonstrating the existence of AgNP-specific effects. For example, the expression of
cytoplasmic proteins, metal ion transporter (TauB), and those with metal-binding domains
(ThiL and PP 2397) were linked only for Ag ions [394]. Conversely, cell surface proteins,

including cytoskeletal membrane protein (FtsZ), membrane sensor and regulator (EnvZ
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and GacS) and periplasmic protein (PP 2758) were associated for AQNP exposures

[394].

5.2 Preliminary work towards ZF4 3D cell models

As mentioned in the previous sections of this Chapter, it is important to consider what
future work would be useful to improve the significance of the findings as well as to fully
support the use of ZF4 cells as an alternative aquatic model approach for in vitro
toxicology.
All of the cytotoxic responses evaluated in chapters 2, 3 and 4 were accomplished in 2D
cell culture models. However, to enhance the significance of these biological responses,
other complex experimental methods and technologies that allow the implementation of
more physiologically relevant cell cultures that take into account the complexity of tissue
structure (for example), a next level of in vitro techniques should be tested. For example,
through the use of three-dimensional (3D) models, which differ in functional states and
tissue structures compared to 2D models, simulating barrier functions to mimic absorption
and distribution of nanomaterials (NMs), as well as mimicking the cellular heterogeneity
typical in vivo become possible [395].

Some very preliminary work towards this goal was undertaken (Figure 5.3);
however, the university closure due to the pandemic prevented further work in this
direction. In this regard, the preliminary results demonstrated that ZF4 cells have the

potential to be used as part of 3D model toxicity approaches.
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Figure 5.3. Preliminary experimental results to develop 3D models using ZF4
cells. Figures A-C) show the growth and development of ZF4 spheroids over 1, 3 and
6 days. Figure D) show the fluorescent staining of the ZF4 spheroids with blue for
nucleus and green for membrane at days 3 and 6 respectively.

On the other hand, the use of microfluidic platforms is another experimental method that
can reveal further interactions between NPs and biological fluids and tissues. This kind
of bioengineered approach can potentially provide further insights about the toxicity,
efficacy, and effects of NPs compared to static assays in conventional 2D cultures [396].
Providing new insights about the NPs’ behaviour in a more realistic environmental

approach.
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5.3 Conclusions

In this thesis, important and novel information regarding the characterisation and toxicity
of AgNPs and AgNO:s in continuously cultured fish cells has been discussed. Here, the
biological responses of ZF4 cells exposed to different AgNP sizes, form, and exposure
concentrations was investigated, which demonstrated that this fibroblast-like embryonic
fish can activate different biological mechanisms as a toxicological response. Moreover,
cytotoxic effects were also linked to the amount of ionic silver released by the NPs, since
the Ag* and the AgNPs displayed similar responses for all the tested concentrations.
Certainly, further experiments are needed to completely unravel the signalling pathways
behind each evaluated mechanism. However, the results evaluated and discussed in this
thesis provide relevant findings that encourage the potential use of ZF4 cells as a versatile
tool to assess molecular and cytotoxic outcomes (Figure 5.1). Furthermore, this cell line
offered comparable results to relevant biological models (fish and mammalian cell

studies), as previously discussed throughout Chapters 2, 3, 4 and 5).

Conclusively, and based on the experimental data and literature discussed, it is
feasible that ZF4 cells can be used to provide an initial evaluation of the cytotoxicity of
different NMs, and well as to provide mechanistic insights into the signalling pathways
affected by NM exposure. In addition, novel in vitro techniques along with non-
experimental approaches, such as in silico computational assessment and In Vitro to In
Vivo Extrapolation (IVIVE) software, can potentially increase the reliability of biological
assays and generated data, reducing animal methods, contributing to building of the

AOPs induced by NMs and NPs in cells, assisting the use of alternative toxicological
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models for animal-free research studies, as well as enhancing the development of safety
of new chemicals and nanomaterials. However, confirmation of the applicability and
sensitivity of ZF4 cells, compared to embryos and whole fish, will be an important and

essential next step towards validation of this cell model to support in vitro testing.
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7.1 Methodology
7.1.1 Characterisation of AgNPs: detailed methodology

Samples for Transmission Electron Microscopy (TEM) were prepared by diluting the stock
suspension (1000 pug/mL) with ultrapure water to a final concentration of 100 ug/mL. The
diluted suspension (15 pL) was immediately loaded onto a 200 mesh Formvar coated
copper grid (Agar Scientific, AGS138). After 2 hours the sample was gently washed with
ultrapure water and left to dry for 24 hours inside a plastic tray to avoid dust.

Samples for Nanoparticle Tracking Analysis (NTA) (NS300, Malvern) were prepared by
diluting 5 uL of the AgNP stock suspension (1000 pg/mL) in 20 mL of ultrapure water for
a final concentration of 0.25 pg/mL. Then 1 mL of the diluted suspension was added to
19 mL of ultrapure water, to achieve a final working solution concentration of 0.012 pg/mL.
Afterwards, 1 mL of the diluted NP suspension was loaded into the syringe pump and
flushed into the NTA chamber at a 1000 seconds injection time. As soon as the NPs were
visualized the flow interval was changed to 50 seconds (circa 5.2 uL/min [397]). The video
was recorded and then analysed using the automatic settings of the NTA. The auto setup
sets the camera level for standard measurement runs, including the autofocus and
optimum camera level as follows: screen gain 1.0 and camera level 7. It is important to

mention that these setting may vary depending on the brightness and concentration of
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the analysed sample, it is recommended to use a minimum concentration of 10° particles
per mL to ensure the detection of the sample as suggested in the NTA user manual. The
equipment’s temperature was set to room temperature (22 °C). For further information

the reader is directed to the manual for the NanoSight NS300 instrument.

Samples for Dynamic Light Scattering (DLS) (Zetasizer Nano ZS, Malvern) were prepared
at a final concentration of 10 ug/mL in 1 mL of either ultrapure water (UPW) or complete
cell medium (CCM) containing 10% foetal bovine serum (FBS). The hydrodynamic
diameter was analysed as soon as the samples were prepared (7 runs per sample),
afterwards the samples in the DLS cuvettes were incubated at 28°C for 24 hours, then
the hydrodynamic diameter was recorded again. Results are representative of the
average of three independent experiments, each measurement includes the average of
7 DLS runs. The instrument software was v3.30 and the measurements were recorded
by selecting parameters according to the type of measurement (size or zeta potential)
and the physical properties of the AgNPs, i.e., refractive index 0.135 and absorption index

(k) 3.99. The equipment’s temperature was set to 22 °C.

7.2 Results
7.2.1 Characterisation of the AgNPs

Table S7.1. Characterisation of AgNPs by TEM and NTA. The table shows the
summary of the results obtained in the assessment of the core size by TEM and
hydrodynamic diameter by NTA. The AgNPs were only prepared in ultrapure water (UPW)
(n=1). See detailed methodology in section 2.3.1 for further details about the sample
preparation and working concentrations for each sample.

Water
AgNPs size 10nm | 30nm | 100 nm
TEM 13+24 | 34+ 101.6 £
2.8 9.2
Hydrodynamic 359+ | 37.8+ 107 +
diameter (NTA) 11.7 7.4 104
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Abbreviations: Nanoparticle tracking Analysis (NTA), Transmission electron microscopy
(TEM).

Table S7.2. Characterisation of the NPs and cell medium by DLS. The cell medium
was supplemented with 10% FBS and measured after 0 and 24 hours of incubation. The
table shows the mean and standard deviation (SD) of three individual samples (mean +
SD). No statistical differences between timepoints were found for the cell medium alone.
The characterisation of the AgNPs in cell medium shows the size, zeta potential and PDI
at 0 and 24 hours using three different AQNPs concentrations (2.5, 5 and 10 pg/mL) in
cell medium supplemented with 10% Foetal Bovine Serum (FBS). Data with similar letters
(upper and lowercase) indicate a statistically significant difference (p < 0.05) between
time points (0 and 24 hours) for each NP size at the same concentration. Identical
symbols denote a statistically significant difference (p < 0.05) in the hydrodynamic size
between the selected NP sizes.

Cell medium (CCM)
Time Hydrodynamic Zeta potential Polydispersity index
diameter (nm) (mV) (PDI)

Result SD Result SD Result SD

0 hours 13.61 2.29 14.72 0.52 0.51 0.05

24 hours 13.85 1.49 14.13 0.33 0.41 0.00

AgNPs
AgNPs Time AgNPs concentration pug/mL
size 2.5 5 | 10
Hydrodynamic diameter (nm)
Result | SD Result | SD Result | SD
10 nm 0 hours 87.94 11.26| 88.98 15.26 | 113.70 3.40*E
24 hours 107.4 3.22% | 105.67 212 99.20| 1.02e@
30 nm 0 hours 92.87 3.71 98.68 3.64 | 106.06 4.85
24 hours 90.29| 365%| 9266| 7.33%| 92.21 0.13 @
100 nm 0 hours 143.97 251F | 14443 | 1.07 G| 140.93 0.92
24 hours | 152.63| 4.97f% | 155.07 | 0.12g$ | 156.66 | 3.97 @
Zeta potential (mV)

10 nm 0 hours -10.11 1.44 -7.31 0.59 -8.13 1.19
24 hours | -10.55 1.23| -10.14 0.84( -10.20 0.56
30 nm 0 hours -6.99 0.55 -6.47 1.44 -8.03 1.05
24 hours | -12.13 1.20| -11.73 1.10 | -12.30 1.57
100 nm 0 hours -6.70 1.10 -6.25 0.90 -7.01 1.36
24 hours | -11.00 046 | -12.33 144 -11.77 1.05
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Polydispersity index
10 nm 0 hours 0.57 0.02 0.54 0.03 0.43 0.02
24 hours 0.57 0.01 0.52 0.01 0.40 0.01
30 nm 0 hours 0.5 0.01 0.46 0.04 0.32 0.02
24 hours 0.54 0.03 0.43 0.03 0.37 0.01
100 nm 0 hours 0.07 0.02 0.07 0.01 0.04 0.01
24 hours 0.14 0.02 0.12 0.01 0.08 0.00

Table S7.3. Characterisation of the AgNPs in ultrapure water by DLS. The table
shows the characterisation of the size, zeta potential and PDI at 0 and 24 hours using
three different AQNPs concentrations (2.5, 5 and 10 yg/mL) in ultra-pure water. Data
represents the mean + SD) three individual replicates. Data with similar letters (upper and
lowercase) indicate a statistically significant difference (p < 0.05) between time points (0
and 24 hours) for each NP size at the same concentration. Identical symbols after the
values denote statistical difference (p < 0.05) in the hydrodynamic size between the
selected NP sizes.

AgNPs Time AgNPs concentration ug/mL
size 2.5 | 5 10
Hydrodynamic diameter (nm)
Result | STDV | Result [ STDV |Result [ STDV

10 nm 0 hours 64.05 936 64.18| 1.71 A| 69.58 8.37
24 hours 76.3 595 75.06| 36ja| 6758 8.71A

30 nm 0 hours 56.18 3.13 71.9 0.14| 72.02| 0.50 fib
24 hours 60.06 7.00| 70.22 6.07 59.73| 2.03B

100 nm | O hours 102.27 | 0.75C | 105.38 0.11 ] 139.47 3.89
24 hours 107.26 [ 0.04c| 105.08| 1.78 | 137.63 1.07

Zeta potential (mV)

10 nm 0 hours -8.16 0.79 -6.99 0.25 -8.70 0.95
24 hours -7.48 2.52 -9.40 0.42| -10.15 0.78

30 nm 0 hours -6.77 0.56 -6.86 1.80 -7.42 2.55
24 hours -7.75 0.78 -8.30 1.13 -9.95 0.78

100 nm | O hours -5.64 0.04 -6.34 1.26 -7.75 0.69
24 hours -9.95 0.78 -8.30 2.26 | -10.80 1.41

Polydispersity index

10 nm 0 hours 0.13 0.02 0.14 0 0.12 0.03
24 hours 0.32 0 0.15 0.01 0.29 0.04

30 nm 0 hours 0.15 0.03 0.25 0.03 0.2 0.00
24 hours 0.26 0.01 0.21 0.01 0.3 0.05

100 nm | O hours 0.2 0.00 0.25 0.04 0.4 0.01
24 hours 0.32 0.02 0.35 0.05 0.36 0.01
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7.2.2 Dissolution of the AgNPs in water and CCM.

The possible interactions of the filters with ionic Ag in water and in cell culture medium
(CCM, DMEM-F12, supplemented with 10% FBS) was evaluated by preparing a stock
suspension of 2 pg/mL of Ag as AgNOs (highest exposure concentration used in the
biological assays) in both testing media. The samples were centrifugated at 20,817 x g
for 5 and 30 minutes respectively. This procedure was repeated twice for samples in
CCM, including 2 additional washes (500 pL) between centrifugations. The total Ag
concentrations after centrifugation were diluted 20-fold and then analysed by ICP-MS.
Results after dilution demonstrated a recovery of Ag >95% compared to the initial

concentration; therefore, corrections were not applied for these results.

Sample Total Ag ug/mL
CCM 1.90 + 0.03
Water 1.93+0.01
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Table S7.4. Dissolution of the AgNPs. Dissolved fraction of the AQNPs was determined after centrifugation of the AQNPs
in either UPW or CCM (DMEM-F12 supplemented with 10% FBS) at different time points. Results show the mean of three
individual replicates (n = 3) and their standard deviation (mean + SD). Data for the total Ag measured by ICP-MS are
expressed in pg/mL. The percentage (%) of dissolved silver (or % of free silver ions) was obtained after dividing the final
concentration values by the initial concentration and multiplying by 100%. The maximun dissolution rate (Max. Diss. rate)
was obtained from the initial slopes of the raw data. This is presented as yggmL'h 1.

Time in
hours

Ag
mean
Hg/mL

0.25 0.53
0.5 0.927
1 1.259
1.5 143
2 1.559

4 2034

8 2124

0.01
0.07
0.06
0.01
0.03
0.01
0.2

10 nm

STDV Dissolved

Ag
%

5.3

9.3

12.6
14.3
15.6
20.3
21.2

10 nm

Max.
Diss
rate
(MDR)
pg mL™!
h -1
0.827
0.749
0.603
0.472
0.357
0.049

0.167

Ag
mean
Hg/mL

0.163
0.591
0.694
0.828
0.87
1.068
1.074

UPW samples

30 nm

STDV Dissolved

0.18
0.06
0.01
0.04
0.03
0.25
0.02

Ag
%

1.6
5.9
6.9
8.3
8.7
10.7
10.7

CCM samples

30 nm

Max.
Diss
rate
(MDR)
ug mL™
h -1
0.583
0.515
0.390
0.281
0.186
0.045

0.2061

Ag
mean
pg/mL

0.0025
0.0126
0.0207
0.0233
0.0238

0.025

0.025

100 nm

STDV Dissolved

0.002
0.003
0.004
0.004
0.001
0.001
0.001

Ag
%

0.03
0.13
0.21
0.23
0.24
0.25
0.25

100 nm

Max.
Diss
rate
(MDR)
pg mL™?
h -1
0.021
0.018
0.013
0.008
0.005
0.004

0.017
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Timein Ag SD Dissolved Max. Ag SD Dissolved Max. Ag SD Dissolved Max.

hours = mean Ag Diss mean Ag Diss mean Ag Diss

pg/mL % rate pg/mL % rate pg/mL % rate
ug mL! ug mL! ug mL"!

h- h- h-

0.25 0.104 0.01 1.0 0.090  0.096 0.041 1.0 0.038 0.0303 0.011 0.30 0.103
0.5 0.173 0.02 1.7 0.078 0.135 0.015 14 0.030 0.0398 0.005 0.40 0.061
1 0.207 0.06 2.1 0.056 0.114 0.024 1.1 0.016 0.0441 0.03 0.44 0.013
1.5 0.195 0.04 1.9 0.038 0.132 0.009 1.3 0.005 0.0426 0.035 0.43 0.076
2 0209 0.02 21 0.021  0.134 0.01 13 0.005 0.0622 0.012 0.62 0.126
4 0224 001 22 0.016 0.1 0.022 1.0 0.022 0438 0.1 4.38 0.208
8 0202 0.01 20 0.038 0.109  0.013 1.1 0.044 0.514 0.291 5.14 0.205

7.2.2.1 Maximun dissolution rate

The maximum dissolution rate of the AQNPs was obtained by assuming a first order kinetic equation. For this, a curve was

plotted using the measured ionic Ag concentrations versus time in hours (hrs) (see example):
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Figure S7.1. Curve and equation to obtain the maximum dissolution rate.
A trendline was added, then the R? and equation were displayed on the plot. Finally, the equation was derived as shown

below and the maximun dissolution rate (MDR) was calculated. See the example for the 10 nm sized AgNP at 0.25 hours.

a) y =0.0102t3 — 0.1688t2% + 0.9098 + 0.4196
b) derived equation = 0.0306 * hrs2- 0.3376 * hrs + 0.9098
c) MDR =0.0306 * 0.25 - 0.3376 * 0.25 + 0.9098

d) MDR =0.82ugmL'h '
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7.2.3 Cell viability: LDH assay

Table S7.5. LDH raw data for ZF4 cells exposed to AgNPs of different sizes. The table shows the raw data in arbitrary
units (A.U) for the LDH experiments. Cells were exposed to several concentrations (2.5, 5 and 10 uyg/mL) and sizes 10, 30
and 100 nm of AgNPs. No statistical analyses were performed for the raw data.

AgNPs
10 nm 30 nm 100 nm
Time Conc. R1 R2 R3 R1 R2 R3 R1 R2 R3
Mg/mL

3 hours | Naive 0.099 0.106 0.101 0.151 0.144 0.162 0.265 0.265 0.273
5 0.107 0.107 0.107 0.147 0.142 0.151 0.252 0.261 0.261

10 0.103 0.103 0.103 0.134 0.139 0.162 0.261 0.26 0.258

20 0.101 0.101 0.101 0.13 0.123 0.131 0.261 0.269 0.263

30 0.103 0.103 0.103 0.132 0.117 0.121 0.19 0.222 0.227

40 0.101 0.101 0.101 0.111 0.112 0.107 0.211 0.201 0.197
60 0.102 0.102 0.102 0.093 0.086 0.109 0.181 0.192 0.186

24 Naive 0.474 0.474 0.474 0.245 0.225 0.23 0.386 0.42 0.383
hours 5 0.308 0.308 0.308 0.176 0.176 0.176 0.346 0.379 0.325
10 0.212 0.212 0.212 0.158 0.158 0.158 0.242 0.242 0.242
20 0.159 0.141 0.153 0.102 0.102 0.102 0.209 0.238 0.168
30 0.134 0.155 0.136 0.107 0.107 0.107 0.151 0.153 0.142
40 0.123 0.098 0.105 0.098 0.098 0.098 0.126 0.117 0.102
60 0.083 0.087 0.074 0.096 0.096 0.096 0.097 0.109 0.083

48 Naive 0.38 0.408 0.417 0.355 0.398 0.453 0.36 0.359 0.355
hours 5 0.146 0.171 0.159 0.157 0.179 0.159 0.229 0.188 0.194
10 0.145 0.145 0.145 0.195 0.143 0.157 0.124 0.113 0.095
20 0.141 0.141 0.141 0.117 0.124 0.126 0.087 0.088 0.074
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30 0.122 0.124 0.12 0.09 0.112 0.116 0.072 0.074 0.063

40 0.114 0.115 0.115 0.093 0.117 0.098 0.068 0.068 0.07

60 0.085 0.082 0.083 0.088 0.078 0.089 0.072 0.06 0.073

72 Naive 0.305 0.463 0.413 0.398 0.345 0.426 0.529 0.419 0.482
hours 5 0.057 0.075 0.075 0.084 0.157 0.076 0.286 0.265 0.1
10 0.072 0.058 0.068 0.09 0.096 0.11 0.125 0.123 0.37

20 0.062 0.059 0.06 0.083 0.089 0.082 0.067 0.071 0.065

30 0.066 0.05 0.082 0.086 0.093 0.079 0.062 0.06 0.065

40 0.059 0.06 0.057 0.078 0.079 0.105 0.063 0.064 0.091

60 0.055 0.056 0.057 0.058 0.078 0.057 0.058 0.057 0.061

Table S7.6. Raw data for AgNO3 treatments. The table shows the raw data from the LDH experiments in arbitrary units
(A.U) for the LDH. Cells were exposed to several concentrations of AQNOs (1, 1.5 and 2 ug/mL) for 3, 6, 12, 24 and 72
hours. R: means replicate. No statistical analyses were performed for the raw data.

AgNO3
Time Conc. R1 R2 R3 Time Conc. R1 R2 R3
Mg/mL Hg/mL

3 hours Naive 0.116 0.112 0.108 | 24 hours | Naive 0.405 0.405 0.405
0.5 0.111 0.109 0.113 0.5 0.403 0.403 0.403

1 0.113 0.106 0.116 1 0.35 0.35 0.35

2 0.116 0.109 0.107 2 0.198 0.198 0.198

3 0.081 0.085 0.108 3 0.09 0.09 0.09

5 0.07 0.063 0.053 5 0.067 0.067 0.067

8 0.064 0.063 0.055 8 0.057 0.057 0.057

48 hours | Naive 0.444 0.444 0.444 | 72 hours | Naive 0.454 0.335 0.347
0.5 0.168 0.159 0.174 0.5 0.128 0.092 0.138

1 0.167 0.14 0.179 1 0.078 0.085 0.095
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2 0.098 0.131 0.145 2 0.073 0.072 0.074
3 0.081 0.082 0.108 3 0.054 0.058 0.058
5 0.075 0.074 0.071 5 0.053 0.042 0.043
8 0.056 0.058 0.059 8 0.036 0.04 0.045

Table S7.7. Viability of ZF4 cells after treatment with AgQNPs or AgNOs. Cell viability was measured using Lactate
dehydrogenase (LDH) assay at different time points and concentrations. Treatments were prepared fresh in CCM
suplemented with 10% FBS. The table shows the mean of three individual replicates + standard deviation. Results are
presented as percentage cell viability (%) and their standard deviation. Data with asterisks (*) indicate a statistically
significant difference of the AgNPs treatments (+p < 0.05, #+p < 0.01, and #*xp < 0.001) compared with naive cells. A
statistical analysis was performed between treatments to show any NM-size and/or ionic effect. Similar letters (upper and
lower case) and/or equivalent symbols denote statistically signficiant differences (p < 0.05) between the selected AgNP
sizes and/or Ag ion concentrations at the same timepoint.

10 nm
Time Naive 5 AgNPs 10 AgNPs 20 AgNPs 30 AgNPs 40 AgNPs 60 AgNPs
(hours)
3 100+ 0 100+ 0 100+ 0 100+ 0a 100+ 0cp 99.01 +4.97 99.57 +£0.83
EFG HJI
24 100+ 0 69.19+1.53 50.52 + 34.98 + 32.81 + 2517 + 18.46 +
4.59* kN 2.12* 2.68" Lo 28.54* qr 1.54*
48 100+ 0 39.50+ 33.47+228 31.70+ 30.37+ 28.54 + 20.74 +
3.11** 3.77* v 0.49** y 0.14** wz 0.38" 3¢
72 100+ 0 19.22 + 18.38 + 16.80 + 18.38 + 16.34 + 15.59 +
2.89* 2.01* 0.42* 4.45* 0.42* 0.27*
30 nm
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3 100+ 0 96.28 +2.96 95.19+6.22 84.02+ 80.96 +5.09 71.88+1.73 63.02+7.73
2.86"* a8 E h
24 100+ 0 80.14 +4.35 56.47 + 48.85 + 47.57 + 46.57 + 43.86 +
2.31* 1.86* 4.50* 2.11%s 5.29*u
48 100+ 0 41.04 + 37.04 +6.69 3043+ 26.36 + 25.53 + 21.14 +
3.02* 1.17* 3.48%y 3.15% w 1.51% ¢
72 100+ 0 2245 + 23.32 + 21.72 + 22.07 + 22.41 + 16.51 +
3.02* 2.63* 0.97* 2.12* 3.98* 3.04*
100 nm
3 100+ 0 96.75+1.76 97.96+1.84 9858+ 1.27 79.91+ 75.84 + 69.61 +
1.91* 2.69%¢ 2.05**
24 100+ 0 88.31+6.86 56.34 + 51.72+8.87 37.51+ 29.01 + 24.30 +
2.57*m 1.47*** p 3.05"st 3.28**
48 100+ 0 56.89 + 30.91 + 23.18 + 19.46 + 19.18 + 19.08 +
6.18* 4.08** 218" 1.63*** 0.32*** 202" 3 »
72 95.96 + 4552+451 2655+095 14.19+ 13.07 + 13.24 + 12.30 +
6.98 0.64* 0.52* 0.70* 0.43*
AgNO3
Time Naive 0.5 AgNO; 1 AgNO3 2 AgNO3 3 AgNOs 5 AgNOs 8 AgNOs
(hours)
3 100+ 0 99.10+1.54 99.70+0.89 98.81+3.09 84.88+ 55.35 + 54.16 +
b 2.23% ¢4 7.62% 4 4.40**
24 100+ 0 9545+745 8296+3.55 5137+ 20.76 + 16.71 + 13.77 +
kmn 2.36** 1.92%** op 1.03*** 1.27***
48 100+ 0 39.50 + 33.44 + 28.38 + 20.25 + 16.76 + 0.47 13.94 +
1.72%** 4.55** 5.50** 3.49** z 0.34***
72 100+ 0 RS 22.71 + 19.27 + 14.96 + 12.14 + 10.65 +
6.38** 2.25* 0.02** 0.61** 1.60** 1.91**
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7.2.4 Autophagy results

Table S7.8. Primary data for autophagy results following AgNP exposure. The table
shows the intensity of FITC obtained after the analysis with FlowJo software. R: means
replicate. Results are expressed in arbitrary units (A.U) unless otherwise started. No
statistical analyses were performed for the raw data.

Treatments | Naive Rapamycin Bafilomycin
R1 R2 R3 R1 R2 R3 R1 R2 R3
Controls | 1524 1591 1593 | 1619 1635 1639 | 1483 1502 1504
1524 1591 1593 | 1619 1635 1639 | 1477 1502 1504
1524 1591 1593 | 1619 1635 1639 | 1683 1502 1504
Nanoparticles concentrations
2.5 uyg/mL 5 yug/mL 10 pg/mL
10 nm 1607 1603 1645 | 1592 1690 1656 | 1591 1557 1644
30 nm 1575 1569 1569 | 1614 1630 1635 | 1649 1659 1636
100 nm 1607 1662 1567 | 1592 1699 1509 | 1691 1574 1513
AgNO3 concentrations
1 pg/mL 1.5 pg/mL 2 pug/mL
lonic Ag 1635 1204 1205 | 1619 1395 1336 | 1610 1523 1473

Table S7.9. Autophagy percentage (%) induced in ZF4 cells exposed to AgNPs
and AgNOs. FITC intensities were first normalised to percentage (%) against naive
cells. The table shows the % of induction (mean + SD) of three individual replicates.
Data with asterisks (*) indicate a statistically significant difference of the AgNPs
treatments (xp < 0.05) compared to naive cells. Data with similar letters (upper and
lower case) represent statistically significant differences (p < 0.05) between the
selected concentrations. No differences were found between the AgNP sizes and/or
between NMs and AgNOs.

Size Nai 2.5 AgNPs 5 AgNPs 10 AgNPs
AgNPs aive Mg/mL Mg/mL Mg/mL
10 nm 100+250 103.12+1.47 10488 +3.17* 101.78+2.79
30 nm 100+250 10010022 403634069 109012073

250



100nm | 100 +2.50 102.71+3.03 101.95+6.70 101.48+5.76

Naive 1 AgNO3 1.5 AgNOs 2 AgNO;
pg_;/mL pg_;/mL pg_;/mL
Mean
. 00 85.90 £ 15.84 92.40 + 4.41 97.83 +2.55
Intensity

7.2.4.1 Figures autophagy

Number of events (Total counts)

FLI-AATC-A

FITC

A), B),C) [ Naive || Bafilomycin | Rapamycin [ 2.5 AgNPs ] 5AgNPs | 10 AgNPs

D) B nNaive | Bafilomycin | Rapamycin = 1agNnO; B 15 2 AgNO;
AGNO,

Figure S7.2. Autophagy results. The A-D shows representative FlowJo histograms
for the treatments. Cells were treated with 2.5, 5 and 10 pg/mL of 10, 30 nm and 100
nm AgNP sizes and AgNO3 1, 1.5, 2 pyg/mL for 24 hours. Controls are shown as naive
(untreated cells), 100 uM Bafilomacin (to reduce autophagy) and 10 uM Rapamycin (to
induce autophagy). E-F images show cells stained with the autophagosome marker
(green) to confirm the viability of the assay. Images were recorded with NIKON air
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microscopes at 60X objective and using the Fluorescein isothiocyanate (FITC) filter,
which has a fluorescence Excitation/Emission of 499/521 nm. Figure E shows naive and
F cells treated with 10 ug/mL of 10 nm AgNPs for 24 hours.

7.2.5 Data analysis for the apoptosis versus necrosis assay
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Figure S7.3. Representative scatter plots of the AgNPs treatments and controls. The figures represent one of the three replicates obtained after analysis with
FlowdJo software. The AgNPs represent treatments with 2.5, 5 and 10 pg/mL of 10, 30n and 100 nm AgNP sizes and AgNOs 1, 1.5, 2 pg/mL for 24 hours. Controls
are shown as naive (untreated cells), 10% DMSO (necrosis) and 2.5 uM Staurosporine (apoptosis).
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Table S7.10. Analysis of the mechanisms of cell death - % of the cell population
undergoing apoptosis and necrosis. Cells were treated with 2.5, 5 and 10 p/mL of
three different AgNPs sizes and 1, 1.5 and 2 pg/mL of AgNOs for 24 hours. Data are
presented as the mean percentage (%) for apoptosis and necrosis staining of the cells at
the different exposure concentrations. Values represent the average of three individual
replicates and their standard deviation. Data with asterisks (*) indicate a statistically
significant difference (+p < 0.05, #+p < 0.01, and **xp < 0.001) of AgNPs and AgNO3
treatments compared to the untreated control. Similar letters (upper and lower case) next
to the value denotes statistically significant difference (p < 0.05) between the selected NP
sizes and/or concentrations.

% Cell Naive 2.5 AgNPs 5 AgNPs 10 AgNPs
population a pg/mL pg/mL pg/mL

10 nm

Livecells | 9543+228 7230175 652'?35 53.27 + 7.12*

Apoptotic cells | 3.220+1.85 11.92 +4.03 ;7525 2130+ 1.65*

Necrotic cells | 1.357+044 15771311 16.57+12.31 2546 +552*
30 nm

Live cells 96+ 140 9480+334 8820+7.97 ﬁoé%z*i*

Apoptotic cells | 2.137+238 1-790% O'Gi 4457 0.2g 12.16 £ 8.95

Necrotic cells | 1.543+0.17 2123+137 4483+292 2591559
100 nm

Live cells 95+160 9513+210 91.40+558 87.57 +14.61

Apoptotic cells | 2.68 +2.16 2Os 3847069 4.833+3.60

Necrotic cells 1.23+0.49 1.95+ 1.25 447 £5.01 7.57 £10.99
AgNO:s

Naive 1AgNOs  1.5AgNO; 2 AgNO:
Mg/mL Mg/mL Mg/mL

Livecells | 9420+113 5535+035 20.40+1.13* 9.385+ 0.46*

Apoptotic cells | 4.22+0.93 2;* '2815;6 2440+070c  18.60 + 0.56

Necrotic cells | 1.595+0.21 19.81+0.07* 55.15+045* 70.54 + 2.28*

7.2. 6 Mitochondrial permeability
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Table S11. Primary data for the mitochondrial potential assay. The table shows the
fluorescence intensity for FITC. Cells were treated with 2.5, 5 and 10 y/mL of three
different AgNPs sizes and 1, 1.5 and 2 pg/mL of AgNO3 for 24 hours. A positive control
of hydrogen peroxide (100 uM) was included for 30 minutes. R: means replicate. All
results are presented in A.U. No statistical analyses were performed for the raw data.

Treatment Naive H202100 pM
R1 R2 R3 R1 R2 R3
Controls 7523 7279 7886 5812 5892 5871

Nanoparticles
2.5 pg/mL 5 ug/mL 10 ug/mL
R1 R2 R3 R1 R2 R3 R1 R2 R3
10 nm 6940 6094 6784 |6346 7012 6831 |7186 7117 6240

30 nm 6650 6169 6605 |6457 7093 7037 |6457 6180 7156
100 nm 6771 7338 7383 |6986 6593 6899 |6644 8029 6604
AgNO3
1 pg/mL 1.5 pg/mL 2 ug/mL

lonicAg |7295 7419 6889 (6904 5884 6936 |6535 6872 6307

Table S7.12. Normalized % values for mitochondrial permeability. The table shows
the normalized mean intensities and SD for FITC against the untreated control of three
individual replicates (mean + SD) . Naive cells were used as 100% to represent healthy
mitochondrial membranes. Compromised membranes resulted in lower fluorescence
intensities values. Cells were treated with 2.5, 5 and 10 p/mL of three different AQNPs
sizes and 1, 1.5 and 2 pg/mL of AgNO3 for 24 hours. Results are presented in pg/mL
unless otherwise stated. Data with asterisks (*) indicate a statistically significant
difference of the AgNPs treatments (xp < 0.05) compared to naive. No statistically
significant differences were found, suggesting that there is no NM size effect.

AgNPs Naive H20:2 2.5 AgNPs 5 AgNPs 10 AgNPs

Size 100uM

10nm 100+4.03 7746+ 87.35+5.95 88.98 90.54 + 6.97
0.54 4.55

30nm 100+4.03 7746+ 85.61 90.74 + 87.24 + 6.65*
0.54 3.51* 4.65

100nm 100+4.03 7746+ 9472 +4.51 90.25 87.58 + 0.37
0.54 +2.72
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Naive 1.0 Ag_;NOs 1.5 AgNOs 2.0 Ag_;NOs

Mean 86.89 +
Intensity 100 £ 4.03 95.22+3.66 86.94+791* 3.75*

7.2.7 Lipid peroxidation results

Table S7.13. Fluorescence ratios of Texas red to FITC. The ratios represent the
mean of three individual replicates analysed using flow ctytometry. Ratios were
automaticaly calculated by FlowJo Sofware. No statistical analyses were perfomed for
the raw data.

Treat- Naive H202100 uM
ment
R1 R2 R3 R1 R2 R3
Controls 0.666 1.033 0.665 0.603 0.532 0.591
AgNPs Nanoparticles
sizes
2.5 pg/mL 5 ug/mL 10 ug/mL

R1 R2 R3 R1 R2 R3 R1 R2 R3

10 nm |0478 0.792 0.591 |0.316 0.563 0.430(0.284 0.388 0.348
30nm (0536 0.779 6605 |[0.449 0.797 0.588|0.401 0.692 0.500
100 nm | 0.604 0.635 0.452 |0.598 0.755 0.789(0.592 0.806 0.785
AgNO3

1 pug/mL 1.5 uyg/mL 2 pg/mL
lonic Ag [ 0.386 0.438 0.321 | 0.320 0.474 0.307|0.308 0.364 0.173

Table S7.14. Lipid peroxidation of ZF4 cells after AQNPs and AgNO; treatments.
Results are presented as the ratio of the fluorescence of Texas red to FITC. Treatments
are presented in pg/mL unless otherwise stated. The ratios represent the mean and
standard deviation of three individual replicates calculated by FlowJo Sofware. Data
with asterisks (*) indicate a statistically significant difference (xp < 0.05, *+p <0.01, and
++xp < 0.001) of AgNPs and AgNO3 treatments compared to the untreated control.
Similar letters next to the values (upper and lower case) denote statistically significant
difference (p < 0.05) between the selected NP sizes and concentrations.
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AgNPs Naive 100 pM 2.5 AgNPs 5 AgNPs 10 AgNPs
Size Cumene
hydroperoxide

10nm 0.78+0.21 0.58+0.38 0.62+0.15 043+0.12 0.33+0.05
A

30nm 0.78+0.21 0.58+0.38 0.62+0.13 0.61+0.17 053+0.14
100nm 0.78+0.21 0.58+0.38 056+0.09 0.71+£0.10 0.72+0.11
a

Naive 100 uM 1 AgNO3 1.5 AgNO:s 2 AgNO;
Cumene
hydroperoxid
e
Mean 0.78 + 0.58 + 0.11 0.38 £ 0.36 + 0.28 + 0.09***
0.21 0.05* 0.09**

7.2.8 Particle number concentration

The particle number calculations (PNC) were performed as described by Huk et al. (2014)
and Book et al. [77, 297]. Particle concentration (NPs/mL) and the mass (Ag)
concentration (mg/mL) were located in the technical specification of the NPs provided by
the manufacturer, and the mass concentration of the AQNPs was presented in mg/mL (n
=1).

NPs/mL

PNC = NPs mass concentration * ————
Mass Ag

Calculation of the percentage (%) of cell viability was estimated based on the 50% viable
cells obtained in the LDH assay. For example, if 8,000 cells were initially treated with 10
pg/mL of 10 nm AgNPs, the recorded viability after 24 hours was 50.52%. Based on this,
an estimated number of cells was calculated to be 4042 cells (50.52*8000 based on the
decrease in the cell population). Then, the number of NPs needed to decrease cell

viability by 50% was calculated in an equal number of cells (i.e., 4000 cells), although
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some treatments showed slight variation after 24 hours exposed to the ECso concentration
(n = 1). The following calculation was implemented:

NPs/mL
no.cells after 24 hrs

NPs in cells = 4000(equal no.of cells)

Table S7.15. Values for the replotting mass to NPs/mL. The table shows the particle
numbers per volume (NPs/mL) for the mass concentrations used in the study (2.5, 5 and
10 pg/mL) as well as the % of the mean of viable cells (that remained after 24 hours)
treatment with AgNPs using different sizes, estimated number of particles (NPs/mL), and
mass concentration (n = 1).

AgNPs Mass concentrations (ug/mL)
size 2.5 5 10
NPs/mL % NPs/mL % NPs/mL | % viability
viability viability

10 nm 4.40E+11 80 8.80E+11 69.67 1.76E+12 | 50.52767
30 nm 1.46E+10 90 2.92E+10 80.14 5.85E+10 [ 563.1428571
100 nm 4.17E+08 92 8.33E+08 82.31 1.67E+09 | 56.34595

7.2.9 Surface area (SA) calculations

Calculations of AgNP total surface area were performed using the density of silver ( 10.49

g/cm3)' the NP radius in the test medium as determined by DLS measurements and
assuming a spherical shape of the NPs, as described in by Teeguarden et al., (2007) and
Book et al., (2019) [297, 301]. For this the equation to calculate the volume of a sphere

was used:
V = 4/3(1r*rd)

For example, for the lowest AQNPs concentration (2.5 ug/mL) of the 10 nm size, the

formula was implemented as followed:
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Value Results Calculation
Mass (gm) 0.0025 Not applicable
Diameter (nm) 107 r2
Radius (r) 53.5 Diameter/2
Density (g/cm?) 10.49 Not applicable
Volume (V) 0.00023832 Mass/Density
Vol per particle (v) 641431.015 4/3*1*r3
N 3.7155E-10 Viv
SA per particle (m?) | 35968.0943 4*Tr*r2
Total SA m?/g 1.34E-05 N* sa (m?)
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8. S| Chapter 3

Cellular repair mechanisms triggered by exposure to Silver
Nanoparticles (AgNPs) and ionic silver (AgNO3) in embryonic
zebrafish cells (ZF4)

8.1 Methodology

8.1.1 Comet assay: buffer preparation

Lysis stock solution (1 L)

Preparation: Dissolve 146.4 g of NaCl (2.5 M), 37.2 g of ethylenedinitrilotetraacetic acid
disodium salt dihydrate (Na2EDTA - 2H20) (0.1 M), and 1.21 g of Tris HCI (8 mM) in 800
mL of dH20 and adjust pH to 10 using approximately 8 g of solid NaOH pellets, bring up
to 1 L of UPW, autoclave and store at 4 °C.

On the day of the assay, add to the lysis solution 10% DMSO and 1% Triton X-100, and
set to chill at 4°C.

NaOH 10M solution (500 mL)

Preparation: Dissolve 195 g of NaOH pellets and bring solution up to 500 mL. Keep the
solution at 4 °C. Note: This produces a dangerous exothermic reaction so use the
appropriate measures during its preparation.

Na:EDTA 200mM solution (500 mL)

Preparation: Dissolve 37.2 g of EDTA pellets to water and bring up 500 mL. Adjust the
pH to 8.

Electrophoretic Buffer solution (2.5 L)
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Preparation: Mix 75 mL of NaOH (10M) with 12.5 mL of Na2EDTA (0.2M) in a glass bottle
for a concentration of 300 mM and 1 mM respectively, bring up to a final volume of 2.5 L
with cold water (4 °C). The individual solutions can be prepared in advance and kept at
4°C for 1 month. However, on the day of the assay, the electrophoretic buffer needs to

be prepared fresh.

Neutralization solution (500 mL)

Preparation: Dissolve 31.5 g of Tris HCL (0.4 M) in 500 mL H-O and adjust to pH 7.5 with
Hydrochloric acid (HCI). Store the solution at 4 °C.

Preparation of the precoated slides (1 %)

Glass slides were boiled in water for 5 minutes and then set to dry overnight. Then,
Normal Melting point Agarose (NMA) (1g) was dissolved in 99 mL of PBS for a total
volume of 100 mL by microwave. Then, 50 mL of the diluted NMA suspension was kept
warm by placing 45 mL into a falcon tube and set at 50 °C in a heat block. The rest of the

NMA solution was stored at 4 °C.

Slides were dipped into the NMA for 10 seconds, the back was wiped, and the slides were

set to dry onto a flat surface overnight.

Preparation of the low melting point agarose (0.7 %)
Low melting point agarose was diluted in PBS for a final concentration of 0.7 % in total

volume of 50 mL.

8.2 Results

8.2.1 Characterisation of the NPs
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Table S8.1. Characterisation by dynamic light scattering (DLS) of PVP-capped
silver nanoparticles (AgNPs) in DMEM F/12 serum free medium (SFM) and/or
complete culture medium (CCM) containing 10 % foetal bovine serum at 0 and 24
hours. The Table shows the characterisation of the AgNPs in different media and at
different time points. Data with similar letters (upper and lowercase letters) indicate a
statistically significant difference (p < 0.05) between the selected concentrations and time
points (0 and 24 hours). Similar symbols represent significant differences (p < 0.05) in the

hydrodynamic size of the NPs between SFM and CCM treatments.

AgNPs Hydrodynamic diameter (nm)
size SFM | CCM
Sample Time (hours)
0 24 0 24
Medium | 1.20 +0.11 1.36 £ 0.20 12.95 + 0.64 12.85+0.69
10 nm 47.86 + 0.01 617.21 + 0.1 9449+0.03C 105.66+0.3c
30 nm 94.82+0.01A 690 +0.1a# 95.10 +2.85 102.65 + 0.02 #
100 nm | 135.9+0.05B 540.93 +0.03 b§| 160.60 +0.52 D 175.06 + 0.5 d$
PDI

SFM CCM
Medium | 0.10 + 0.01 0.09 +0.00 0.50 +0.05 0.51 +0.00
10 nm 0.23 +£0.01 1+0 0.53+0.03 0.52 +0.07
30 nm 0.24 +0.01 1+0 0.45+0.03 0.43 +£0.02
100 nm | 0.03 +0.01 0.52+0.03 0.06 + 0.07 0.12+0.08

Zeta potential (mV)

SFM CCM
10 nm -7.44 +0.74 -7.31 +0.58 -10.55+1.22  -10.47 £0.83
30 nm -6.98 + 0.55 -5.80 +0.28 -1213+1.20 -11-73+1.09
100 nm | -6.69 +1.10 -6.25 + 0.90 -11.0+0.45 -12.33 £+ 1.43

Abbreviations: Dynamic Light Scattering (DLS), Serum Free Media (SFM), Complete

Culture Media (CCM), nanometer (nm), and Polydispersity index (PDI).

8.2.2 Lactate dehydrogenase (LDH) assay
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Note: Primary data for LDH in serum free medium is not available due to issues with the storage device used to keep this
data. The file was corrupted, and it was not possible to recover the raw data.

Data for LDH assay performed in cell culture medium (DMEM F/12) supplemented with 10% FBS can be found in the
supplementary information of chapter 2.

Table S8.2. Viability of ZF4 cells after treatment with AgNPs or AgNOs in SFM. Cell viability was measured using the
LDH assay at different times post exposure. The table shows the mean and + SD of three individual replicates, and results
are presented in percentages (%). Data with asterisks (*) indicate statistically significant differences between AgNPs
treatments compared with the naive control at each time point (xp < 0.05, *+p < 0.01, and ***p < 0.001). A statical analysis
was performed between treatments to show NM-size effect and/or metal salt versus NM effects. Similar letters (upper and
lower case) and/or equal symbols denote statistically significant differences (p < 0.05) between the selected AgNP and
AgNOs treatments.

10 nm AgNPs
Concentrations in ug/mL
Time Naive 0.25 0.5 1 1.5 2 2.5
(hours)
3 99.33+057 9211 asc + 8955+225 86.99+758 84.15+492 83.29+497 80.73+3.55
0.85
6 99 +1.03 90.12+246 85.71+3.01 79.74+180 63.11+3.71* 55.72 + 51.17 + 6.43*
G 3.44** M
12 99 +1.01 84.79 + 76.74 + 425 67.08 + 5.97 59.09 + 53.83 + 41.40 + 7.45*
2.68% p s v 3.82* 5.43* o
24 98.33+1.15 73.76 £+6.28 65.81 + 8.86 49.23 + 31.68 + 31.07 + 31.68 +
o 1.52** g8 2.11** 1.55% 4 0.42*** 4
30 nm AgNPs
3 99.33+0.57 92.39 + 90.12+4.20 88.13+355 86.14+225 8443 + 73.91 +
0.98*p 0.85** 0.98***
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6 99 +1.03 90.12+2.99 92.39 + 86.14 + 82.16 + 4.20 79.88 + 485 62.54 + 5.48*
1.30** 3.07F H K NO
12 99 +1.01 88.89 + 1.72 85.71 + 4.09 77.01 + 82.85 + 70.11+6.74 58.79 + 5.03*
Q T 1.65"* w 2.12%yas 0
24 98.33+1.15 9157+6.09 84.33 +7.88 70.53 +7.15 51.18 +5.80* 43.14 + 33.39 +
U “ 1.46*** 0.84*** ¢
100 nm AgNPs
3 99.33+0.57 90.68 + 2.60 87.56 +3.44 86.70 + 81.59+420 7277 + 67.94 +
bE 1.30* 2.74* 2.60**
6 99 +1.03 85.85 + 84.71 + 8244 +7.15 70.22 + 5.67 62.26 + 559 59.41 + 9.51*
0.98** 0.98** f gl L mno
12 99 +1.01 87.27 + 3.31 83.26 + 80.60 + 5.32 70.05 + 60.05 + 58.12 + 4.16*
R 1.88*y z 2.66**ase 4 .15* x
24 98.33+1.15 87.81+2.77 83.78 +4.74 69.95 + 8.15 53.87 + 4753 + 41.92 +497*
i ; 0.42*** 1.26™* A ®
AgNO; (ionic control)
Concentrations in ug/mL
Time Naive 0.5 AgNO3 1 AgNO3 2 AgNO3 3 AgNO3 5 AgNO3 8 AgNO3
(hours)
3 98.81+2.06 99.10 + 1.54 99.10+0.89 98.21+3.09 74.88+2.23 5535 + 54.16 +
acde 7.62* 4.40**
6 100 + 0.49 9545+7.45 8296 +3.55 50.37 + 20.76 + 15.71 + 13.06 =
2.36™* 1.92*** 1.03*** j 1.27***
12 99.26 + 1.27 38.07 + 36.93 + 28.41 + 20.59 + 16.71 + 13.14 +
1.72°** pqr 4 55" gy 5.50% vwz 3.49%* pe 0.47*** 0.34***0x
24 93.36 +5.98 31.51 + 22.71 + 19.27 + 1496 +0.61* 12.14 + 10.65+ 1.91*
6.38* 2.25% gu; 0.02% o 1.60™* ¢ A tta
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8.2.3 AgNP internalisation by ZF4 cells

The analysis was performed by manually drawing a region of interest (ROI) in the
acquired image by FIJI. First, the image was separated into the various channels (green,
red and blue) (Fig. 1 A), then FIJI was set to record the mean grey value for the NPs (Fig.
1 B), the ROI was carefully selected and added to the ROI toolbar (Fig. 1 C), then the
intensity was measured and the the total intensity of fluorescence per NP (visible
intracellular accumulations of NPs) was calculated by taking the intensity values for the
selected area and subtracting the intracellular background fluorescence from an adjacent
area without cells of equal size as the selected area as described by Smith et al., (2012)
and Guggenheim et al., (2020). Three individual samples per AgNP treatment were
prepared; then, three cells per replicate were analysed, for a total of nine cells per

treatment (n=9). The intensities were plotted using GraphPad software.

Figure S8.4. Example of the manual analysis of the AgNP reflectance intensity
following exposure of the ZF4 cells to 10 nm AgNPs for 2 hours at 2.5 uyg/mL. A)
Composite image of a group of cells. Green shows the cell membrane, blue/light green
the nucleus, red are the lysosomes and white are the NPs. Due to interference between
the reflectance channel and the dye for cell membrane (A), the green channel was
removed to visualize better the presence of the NPs for images B and C. B) Reflected
intensity of the AgNPs — comparison with A indicates that the NPs are broadly associated
with the cellular membranes. C) Zoomed image of a cell in figure B to show the manual
drawing of the region of interest (ROI) by FIJI. The scale bar for all the images is 22 um.
Images were taken with a NIKON A1R 808 series microscope at 60X objective.
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Table S8.3. NP reflectance Intensities of the AgNPs following uptake into cells. The table shows the raw intensities obtained in the
reflectance channel (488) after 2 and 24 hours of exposure to 2.5, 5 and 10 pg/mL of 10, 30 and 100 nm AgNPs. Final represents intensity
after subtraction of the background. Results are expressed in arbitrary units (A.U.) unless otherwise stated. R means replicate. No
statistical analyses were performed on the raw data.

NPs
size

10 nm

30 nm

100
nm

2 hours
Concentration 2.5 pg/mL 5 pyg/mL 10 pg/mL
R1 R2 R3 R1 R2 R3 R1 R2 R3
Raw Intensity 219169 323068 161692 |308149 97394 190019 |[119260 230363 @ 254053
179767 276699 315422 | 282555 162455 244281 157451 312932 | 144111
139189 362580 180810 | 279572 128488 @ 251461 130246 | 259706 127855
Background 3838 90267 895 30553 21204 16928 30900 89738 3638
3521 82723 34112 27667 18292 18780 16053 51309 3292
3047 122440 | 35306 33124 24082 17450 23544 24073 2847
Final 175906 222306 195870 |259644 108253 210868 |[112153 | 212627 @ 172081
Raw Intensity 127472 216079 104721 138008 @ 263291 138692 | 91629 133893 129123
149059 447344 196606 | 245189 186340 @ 104361 85067 226499 109673
164485 156582 68099 77238 100683 59780 62109 68250 106299
Background 12807 19090 369 1508 3124 817 122 3262 716
16944 59963 612 1472 2123 693 232 2471 30
28886 26757 541 6519 1302 620 104 3185 626
Final 127459 238065 122635 | 150312 181255 100234 |79449 139908 | 114574
Raw Intensity 168881 256233 105430 | 17667 126476 132545 | 114040 146446 82975
175486 185892 43194 231381 93770 228979 | 79707 200853 77021
83254 177616 130324 | 124147 81489 67707 137935 | 111604 116595
Background 21165 11284 2386 237 4715 1019 2230 2777 1942
30314 2315 16255 5239 1156 883 2763 4089 1400
16219 2565 1942 3165 1136 1355 3791 5642 1345
Final 119975 201193 86121 121518 98243 141992 [107633 | 148799 90635

266



NPs
size

10 nm

30 nm

100
nm

24 hours
Concentration 2.5 pg/mL 5 pg/mL 10 pg/mL
R1 R2 R3 R1 R2 R3 R1 R2 R3
Raw Intensity 56063 62060 27399 161400 39034 48613 52207 52516 93556
47801 59532 78697 42243 56662 49652 42988 45451 37716
55044 27202 42210 36029 25477 42597 41602 159143 41195
Background 461 44 40 785 1175 168 117 71 137
165 80 5299 370 5064 94 140 133 65
636 61 851 281 571 142 44 128 67
Final 52549 49537 47372 79412 38121 46819 45499 85593 57400
Raw Intensity 66900 97700 37113 71714 76594 41287 114870 69392 23087
89024 139492 21743 178221 123685 70783 38943 94194 81265
40334 85282 46463 65526 57618 44483 47953 99488 55018
Background 99 323 197 485 137 27 33 355 156
47 439 174 239 95 83 89 371 2922
67 416 373 200 335 195 98 488 227
Final 65348 107099 34858 104846 85777 52082 67182 87287 52021
Raw Intensity 82977 63388 139244 | 67809 74914 107507 107608 77726 116403
71366 142827 125100 133392 | 55729 29317 78435 159994 103235
59473 57872 75568 58494 49436 57146 44744 96901 86041
Background 153 208 1957 359 122 450 154 429 34
274 265 818 74 2734 56 101 257 40
412 1435 416 54 55 27 152 475 30
Final 70992 87393 112240 | 86403 59056 64479 76793 111153 101858
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Table S8.4. Mean of the AgNP cellular intensities from 9 cells over three
independent replicates. The table shows the mean and SD (n =3) of the reflected
intensities (X1000) analysed by FIJI after their incubation for either 2 or 24 hours. Similar
letters (upper and lower case) beside the values denote statistically significant difference
(p < 0.05) between the selected NM sizes and/or concentrations.

Size | 2.5 AgNPs 5 AgNPs (pug/mL) 10 AgNPs
(pg/mL) (ug/mL)
2 hours
10 nm 199.51 +21.2 AB 172.92 + 56.28 165.62 + 50.54
30 nm 162.72 + 8.58 143.93 + 40.88 111.31 + 30.36 a
100 nm 135.76 + 65.29 120.11+ 30.93 115.68 +29.90 b
24 hours
10 nm 48.81 + 2.60 54.78 + 21.76 62.83 +20.59 C
30 nm 69.10 + 36.26 80.93 + 16.75 68.83+ 17.69
100 nm 90.28 + 20.76 69.97 + 14.47 96.60 +17.73 ¢

8.2.4 Calculation of mass concentration and NPs/mL.

The mass concentration (10 pg/mL) was calculated to obtain the number of particles per
millilitre (NPs/mL). The calculation steps are found in the section “Particle number
concentration” in the supplementary information of Chapter 2.

AgNPs size NPs/mL

10 nm 1.76E+12
30 nm 5.85E+10
100 nm 1.67E+09

Table S8.5. Number of NP spots per cell area. Intensities recorded for the visible
intracellular accumulations of NPs after 2 and 24 hours at different AQNP concentrations.
Results are expressed in arbitrary units (A.U.) unless otherwise stated. R means

replicate. No statistical analyses were performed for the raw data.

NP 2 hours
size
Conc 2.5 ug/mL 5 AgNPs ug/mL 10 AgNPs ug/mL
R1 R2 R3 R1 R2 R3 R1 R2 R3
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10 0.0047 0.0061 0.0073 | 0.0014 0.0042 0.0047 [ 0.0023 0.0018 0.0042
231 0.0019 0.0020 0.0012|0.0017 0.0029 0.0009 |0.0031 0.0035 0.0016
:1(')':) 0.0022 0.0004 0.0003 | 0.0029 0.0031 0.0028 [ 0.0028 0.0030 0.0054
" 24 hours
2.5 AgNPs 5 AgNPs 10 AgNPs

10nm | 0.0045 0.0031 0.0144|0.0212 0.0141 0.0071|0.0203 0.0278 0.0129
30 nm | 0.0047 0.0070 0.0043 | 0.0039 0.0057 0.0050  0.0092 0.0113 0.0154
100 0.0081 0.0080 0.0193 | 0.0087 0.0107 0.0039 [ 0.0033 0.0029 0.0156
nm

Table S8.6. Number of NP spots per cell area after 2 or 24 hours of exposure to
different concentrations of the AgNPs. Results represent the average of three
individual samples (mean + SD) per AQNP concentration and size. Similar letters (upper
and lower case) beside the values denote statistically significant difference (p < 0.05)
between the selected NP sizes and/or concentrations.

Size | 2.5 AgNPs 5 AgNPs 10 AgNPs

(ug/mL) (ug/mL) (ug/mL)

2 hours

10 nm 0.006 +0.001 D 0.003 +0.002 0.003 + 0.001

30 nm 0.002 + 0.004 0.002 + 0.001 0.003 £ 0.001

100 nm 0.001 + 0.001 dE 0.003 + 0.001 0.004 + 0.001 e

24 hours

10 nm 0.007 + 0.006 0.014 + 0.007 0.020 + 0.007

30 nm 0.005 £+ 0.001 0.005 £+ 0.001 0.012 £ 0.003

100 nm 0.012 +0.007 0.008 + 0.004 0.07 +£0.007

8.2.5 Calcium homeostasis
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Table S8.7. Primary data of intercellular calcium following exposure to AgNPs. The
table shows the intensities of Fluo-8 NW dye. Cells were treated with 2.5, 5 and 10 pg/mL
of 10, 30 and 10 Onm AgNPs respectively, as well as 1, 1.5 and 2 ug/mL of AgNOs.
Results are expressed in arbitrary units (A.U.) unless otherwise stated. R means
replicate. No statistical analyses were performed for the raw data.

Controls
R1 R2 R3
Naive 14395 14897 14997
DMSO 53887 52051 47495
AgNPs
NP 2.5 pg/mL 5 pyg/mL 10 pg/mL
Size
R1 R2 R3 R1 R2 R3 R1 R2 R3
10 nm 46272 57305 33225 35667 34627 27703 27092 25188 27832
30 nm 21904 17968 18951 25731 23571 35268 36165 32133 34661
100 27221 26709 27496 15243 21735 21791 44357 29422 26760
nm
AgNO;
1 pg/mL 1.5 pg/mL 2 ug/mL
N/A | 23460 | 24476 | 23902 13789 | 12456 | 12508 12881 14185 | 14215

Table S8.8. Normalised intercellular calcium data. The table shows the Fluo-8 NW
intensity values after subtraction of the mean of the naive cells in order to normalise the
data. R means replicate. No statistical analyses were performed for the raw data.

Controls
R1 R2 R3
Nalve -368 134 234
DMSO 39123.8 37287.8 32731.8
AgNPs
NP 2.5 yg/mL 5 ug/mL 10 pg/mL
size
R1 R2 R3 R1 R2 R3 R1 R2 R3
10nm 34509 42542 18462 20904 19864 12940 12329 10425 13069
30nm 7441 3205 4188 10968 8808 20505 21402 17370 19898
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100
nm 12458 11946 12733 480 6972 7028 29594 14659 11997
AgNO3

1 pg/mL 1.5 pg/mL 2 ug/mL
N/A 8697 9713 9139 -974 -2307 | -2255 -1882 | -578 -548

Table S8.9. Normalised calcium results after exposure to AgNPs or AgNO:.
Intensities of Fluo-8 NW expression are normalised relative to the naive control. Results
represent the mean + standard deviation of three individual replicates. Data with asterisks
(*) indicate statistically significant differences between AgNPs treatments compared with
the naive control at each time point (xp < 0.05, *+p < 0.01, and **xp < 0.001). Similar
letters (upper and lower case) beside the values denote statistically significant difference
(p < 0.05) between the selected NM sizes and/or concentrations.

AgNPs size Naive 2.5 AgNPs 5 AgNPs 10 AgNPs
(ng/mL) (ng/mL) (ng/mL)
10 nm
0 +0 308.3+120.12B 179 +43.58 119.3 + 13.86*
30 nm 0+0 48.33+2025A 134.3+62.18 195.6 + 20.27* a
100
nm 0 +0 123.6 +4.16** b  48.33 + 37.52 187.66 + 94.78
AgNO3 Naive 1 AgNO3 1.5 AgNO3 2 AgNO;
(ng/mL) (ng/mL) (ng/mL)
lonic Ag
0 +0 91.67 + 5.03***  -18.67 + 7.5** -10.00 + 7.81*
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8.2.6 Oxidative stress
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Figure S8.5. Oxidative stress histogram plots for ZF4 cells. Histograms representing
the number of cell counts versus the Allophycocyanin (APC) dye fluorescence intensities
obtained from the analysis by Flowjo software. A), B) and C) show the results for 2.5, 5
and 10 pyg/mL of 10, 30 and 100nm AgNPs respectively, while D) shows the histograms
for the AgNO3 treatments (1, 1.5 and 2 pg/mL). The dashed lines in the middle of the
pictures represent the mean intensity of the naive cells and can be used a reference for
the shifting of peaks induced by the various treatments.
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Table S$10. Intensities of ROS fluorescence in the oxidative stress experiments. The
table shows allophycocyanin (APC) dye fluorescence intensities of cells treated with 2.5,
5 and 10 ug/mL of 10, 30 and 100 nm AgNPs respectively, as well as 1, 1.5 and 2 ug/mL
of AgNO3. 100 uM menadione and 5 mM of N-acetyl-L-cysteine (NAC) were included as
positive controls to induce and inhibit ROS production, respectively. Results are
expressed in arbitrary units (A.U.) unless otherwise stated. R means replicate. No
statistical analyses were performed for the raw data.

Naive Menadione NAC
Controls | R1 R2 R3 R1 R2 R3 R1 R2 R3
338 483 374 804 1281 1473 [ 177 269 260

NPs Nanoparticles

size
2.5 pg/mL 5 ug/mL 10 ug/mL

10 nm 570 346 351 740 913 878 796 930 870
30 nm 521 558 547 452 507 498 725 690 661
100 nm | 517 582 587 464 514 495 593 525 503

AgNO3
Naive Menadione NAC
lonic Ag | 414 483 374 1350 1281 1473 |[1340 1281 1273
1 pg/mL 1.5 pg/mL 2 ug/mL

1635 1204 1205 | 1619 1395 1336 | 1610 1523 1473

Table S$8.11. Raw data for ROS intensities following exposure to AgNPs. The table
shows the three replicates for all the controls, AQNPs and AgNOs. Results are expressed
in arbitrary units (A.U.) unless otherwise stated. R means replicate. No statistical analyses
were performed for the raw data.

Size Naive Menadione NAC
NPs

R1 R2 R3 R1 R2 R3 R1 R2 R3
Control 121.2 201.8 321.5 369.7 |44.44 67.53 65.27
s 84.85 6 93.89 4 9 9
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10 nm

30 nm

100 nm

Control
and
ionic
Ag

Nanoparticles
2.5 pug/mL 5 ug/mL 10 ug/mL
143.1 185.7 229.2 2204 [(199.8 2334 2184
0 86.86 88.12 |7 1 2 3 7 1
130.7 140.0 1373 | 1134 1272 125.0 |182.0 173.2 165.9
9 8 2 7 8 2 1 2 4
129.7 1461 1473 | 1164 129.0 1242 |148.8 1318 126.2
9 1 6 9 4 7 7 0 8
AgNO3
Naive Menadione NAC
114.0 316.2 302.3 3004
97.72 0 88.28 |9 6 7 50.98 53.11 73.64
1 ug/mL 1.5 uyg/mL 2 pg/mL
130.2 181.2 1746 |1664 1716 1614 |2183 1985 207.7
9 7 7 0 0 5 3 1 1

Table S8.12. Normalised intensities for the oxidative stress results. The mean APC
intensities were normalised to percentages (%) relative to the naive. Data with asterisks
(*) indicate statistically significant differences between AgNPs treatments (xp < 0.05, *xp
<0.01, and *+*p <0.001) and the naive cells. Similar letters (upper and lower case) next
to the results denote statistically significant difference (p < 0.05) between the selected

concentrations.
AgNPs size Naive 2.5 AgNPs 5 AgNPs 10 AgNPs (ug/mL)
(ng/mL) (ug/mL)
10 nm
100 + 18.95 106.2 + 32.11AB 211.8 + 22.96*** 217.2 £+ 16.85***ab
30 nm 136.1 +
100 +18.95  4.77***CD 121.9+7.9* 173.7 £ 8.0"**cd
100 nm 100 + 18.95 141.1 + 9.80* 123.3 + 6.33** 135.6 + 11.78*
AgNO3 Naive 1 AgNO; 1.5 AgNO3 (pg/mL) 2 AgNO3
(ng/mL) (ng/mL)
100 + 13.02 162.01 + 27.89** 166.5 + 5.07** 208.2 +9.92***
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8.2.7 Cell cycle

Table S$8.13. Raw data from replicates, cell cycle analysis following exposure to
AgNPs. Cells were exposed to 2.5, 5 and 10 pg/mL of 10, 30 and 10 Onm AgNPs
respectively, as well as 1, 1.5 and 2 pg/mL of AQNO3. 3 uM Topotecan and 10 uM of were
included were included as positive controls to induce arrest in specific cell cycle phases.
R means replicate. No statistical analyses were performed for this data.

Treat- Cell Naive Topotecan 3uM Etoposide 10uM
ment cycle
phas
e
R1 R2 R3 R1 R2 R3 R1 R2 R3
Control G1 64 64.4 68 659 655 655 459 41 564
S S 174 163 1838 155 199 185 483 479 348
G2 10.8 8.19 111 6.05 848 6.62 0 546 4.41
AgNPs
2.5 uyg/mL 5 pug/mL 10 pg/mL
10nm G1 63.8 649 58.1 611 60.8 534 618 623 59.7
S 16 16.5 17.3 181 119 10.7 181 128 10.7
G2 1 116 113 811 585 353 878 968 752
30nm G1 63.2 66 65.2 647 70.2 68.2 637 702 613
S 14.7 14 133 145 122 154 158 122 12
G2 104 10.7 16 12.04 128 147 121 128 127
100 nm G1 63.6 60.3 65.8 65.7 63.2 657 634 683 655
S 8.03 183 174 157 185 16.7 154 156 17
G2 6.28 142 126 103 146 125 947 102 13.2
AgNO3
lonic Ag 1 pg/mL 1.5 pg/mL 2 ug/mL
G1 65.3 599 67.6 | 69.1 69.3 693 727 626 67.6
S 173 169 152 156 836 138 134 9.09 152

G2 125 121 7.99 8.66 6.83 587 7.02 738 |7.99

275



Table S8.14. Cell cycle percentages for each phase. Results were automatically
calculated by FlowJo software, using the cell cycle tool. Data with asterisks (*) indicate
statistically significant differences between AgNPs treatments (xp < 0.05) compared to
naive cells. Similar letters (upper and lower case) next to the values represent statistically
significant difference (p < 0.05) between the selected concentrations.

10 nm
Cell cycle Naive 2.5 AgNPs 5 AgNPs 10 AgNPs
phase (ug/mL) (ng/mL) (ng/mL)
G1 65.46 + 2.2 62.26 + 3.65 A 5843+436a 61.26+1.38
S 17.50 £ 1.25 16.60.1 £ 0.65 13.56 +3.97 13.86+ 3.81
G2 10.03+1.6 11.30+ 0.3 5.83 +2.29 8.66 + 1.08
30 nm
G1 65.46 + 2.2 64.8 +1.44 67.70 +2.78 65.06 +4.6
S 17.50 £+ 1.25 14.0+0.7 14.03 + 1.65* 13.33+£2.13
G2 10.03 + 1.6 12.36 + 3.15 13.18 + 1.37 12.53 + 0.37
100 nm
G1 65.46 + 2.2 63.0 + 3.88 64.86 +1.44 65.73 +2.45
S 17.50 £ 1.25 14.57 + 5.68 16.96 + 1.41 16.01 £ 0.87
G2 10.03+1.6 11.02 +4.18 12.46 + 2.15 10.95 +1.97
AgNO;
Cell cycle ] Naive 1 AgNO3 1.5 AgNO3: 2 AgNO3
phase (pg/mL) (pg/mL) (ug/mL)
G1 65.46 + 2.2 62.13 + 2.81 68.35 + 1.06 71.0+2.40
S 17.50 +1.25 17.8 +1.22 13.05 +£4.06 12.09 + 2.61
G2 10.03 + 1.6 11.76 £+ 0.94B 7.87 +0.92 6.75 +0.78b

8.2.8 Cell cycle histograms
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Topotecan Etoposide

Cell count

2.5 AgNPs } 10 AgNPs 2] 2.5 AgNPs

/

Propidium iodide (Texas red)

Topotecan Etoposide Topotecan Etoposide

1.5 AgNO,

10 AgNPs

Figure S8.6. Propidium iodide intensities versus the total cell counts (10,000) were analysed by FlowJo V10
software using the cell cycle tool. A) shows data for 10 nm, B) for 30 nm, C) for 100nm AgNPs, and D) for the ionic
control (AgNO3). Cell cycle images represent one of three individual replicates used for the analysis
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8.2.9 Comet assay to determine NM-induced DNA breaks

Table S$8.15. Full results of DNA tail percentage of three individual replicates from
Comet assay. The table shows the results obtained by scoring 50 comets per replicate,
for a total of 150 comets per treatment. No statistical analyses were performed for this
data.

Controls
R1 R2 R3
Naive 0.915 1.177 3.566
DMS
(o] 78.076 51.049 42.562
AgNPs
NP 2.5 ug/mL 5 ug/mL 10 pg/mL
size
R1 R2 R3 R1 R2 R3 R1 R2 R3
10 nm 10.57 13.93 13.48 13.48
6.045 9 6.045 6.090 1 6.090 9 7.372 9
30 nm 15.29 20.08 11.00 15.18
4838 2 4838 3.293 3 3.293 5.188 2 8
100 15.40
nm 5862 7.361 5862 5108 9.670 5108 7.495 4 7.495
AgNO3
1 pg/mL 1.5 pg/mL 2 ug/mL
N/A 79.04 7440 7899 8098 8360 8340 8359 8186 @83.25
6 2 3 4 8 9 3 0 7

Table S8.16. Summary of the DNA percentage strand breaks (%). Results represent
the mean DNA tail percentage of three individual replicates, obtained by scoring 50
comets per replicate, for a total of 150 comets per treatment. Comets were analysed and
scored using IV comet macro software. H202 was used as the positive control. Data with
asterisks (*) indicate statistically significant differences between AgNPs treatments (+p <
0.05, **xp < 0.001) and the naive cells. Similar letters (upper and lower case) next to the
values represent statistically significant difference (p < 0.05) between the selected NM
concentrations.

AgNPs
AgNPs Size Naive H202 2.5 AgNPs 5 AgNPs 10 AgNPs
(nm) 200uM

10nm 1.88+1.45 46.81+6.02 7.55+2.61 8.70+4.52 11.45+ 3.53*
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30nm 1.88+1.45 46.81+6.02 8.32+6.03 8.88+9.69 10.46+5.02
100nm 1.88+1.45 46.81+6.02 6.36 £0.86 6.62+2.63 10.13 +4.56*

AgNO:s
Naive H20: 1 AgNO3 1.5 AgNO:; 2 AgNO:;
AgNO; 200uM (Mg/mL) (Mg/mL) (ug/mL)
1.88 +1.45 46.81+6.0279.48 + 82.67 + 82.90 =
2.67"**AB  1.46***b 0.91***a

8.2.10 Estimation of the uptake mechanism via membrane bound or fluid phase

internalization.

A calculation was used to quantitatively estimate the likelihood of NPs entering cells

through either direct membrane bound interactions or through fluid encapsulation, based

upon the properties of the vesicles and the NPs (e.g., NP size) as described in [91] and

[238].

First, the number of NPs/mL present (for the highest AQNPs concentration, 10 pug/mL)

was calculated as described in the section “particle number concentration” in the

supplementary information of Chapter 2. Then, the NPs/mL was calculated for the three

AgNP sizes and was substituted into the following equations (shown also in Table S17).

Notation:
* Vesicle diameter D = 150 nm, » NP radius P =10 nm,
e Clathrin coat thickness C = 22 nm, * Inner lumen radius of a vesicle
e Lipid bilayer thickness L =5 nm, r=Dl2-C-L,
e NP concentration in fluid « Internal volume of a vesicle
¢ =4.54 x 10" NPs/mL, V'=4nr’/3.

Number of NP entering through different mechanisms:

e Fluid phase: An average volume V of NP laden fluid
contains N, = V_nanoparticles

Clatr{rin coat

* Receptor mediated: NPs will pack like circles on an inner
radius p =r — p. We neglect the curvature of the vesicle
and calculate the number of NPs which can bind
simultaneously to a flat region with equivalent surface aree
giving N, = 0.91 (4np?)/(nP?) nanoparticles (where 0.91 is
the circle close packing density). Note this will be an over
estimate

Vesicle

Figure S7. Number of particles entering through different mechanisms.
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The calculations are based on the hypothesis that the membrane surface has the ability
to be coated in NPs as described in Guggenheim et al., (2020) and Smith et al., (2012).
Three possible diameters of the vesicles (150, 300 and 500 nm) were used to further
understand the likelihood of the NPs entering the cells via the different routes, as
suggested by [91, 238]. In each case, the calculations are likely to be an over-estimation,
partly due to neglecting the membrane surface curvature in the NP attachment at the
surface; however, they provide insights about the likelihood of uptake via the different
possible NP uptake routes. Table S17 exemplifies the calculations used, and the input

data based on the 10 nm AgNPs. The remaining concentrations are shown in Figure S7.

Table S$8.17. Calculations to obtain the estimated number of particles that can enter
a cell through fluid-phase endocytosis compared to via receptor mediated
endocytosis. Equations adapted from [91, 238]. The equations can be used to
determine the most likely means of NP entry: fluid phase or receptor mediated. The close
circle packing density (where all NPs are touching and attached to a flat surface) is 0.91.
The curvature of the membrane is neglected and therefore the estimated uptake rate is
likely to be an overestimation. Formulas are represented as shown in an Excel sheet.

Notation Value Details/unit
Vesicle diameter (D) 150 nm
Coat thickness (C) 22 nm
Lipid bilayer thickness (L) 5 nm
NP concentration (c) 1.76E+12 NP/mL (10pg/mL only)
NP radius (P) 10 nm

Fluid phase (passive) clathrin

r (D/2)-C-L Inner radius
Internal volume vesicle (V) | (4*PI*r*3)/3 Lumen volume
p r-P Packing radius lumen
NP on surface (N1) 0.91*(4*PI*"p"2)/(PI*P*2) NPs on surface
N¢ V*c NP in lumen

Receptor mediated No clathrin
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r

Internal volume vesicle (V)

Y

NP on surface (N1)

Nt

(D/2)-L
(4*PI*r3)/3
r-P

V*c

0.91*(4*PI*p"2)/(PI*PA2)

Inner radius
Lumen volume
Packing radius lumen

NPs on surface

NP in lumen

Table S8.18. Summary of the calculations of the likelihood of NPs entry into the
ZF4 cells via fluid phase of membrane bound mechanisms. The table shows the
results obtained using the calculations previously described (Table S8.17) for three
vesicle diameters and the three different AQNP sizes (10, 30 and 100 nm).

AgNPs size (10 nm)

Fluid phase Membrane bound / receptor mediated (non
Vesicle (clathrin-coated) clathrin coated)
diameter NPs on NPs in NPs on NPs in lumen
surface lumen surface
150 nm 52.56 8.15E+17 131.04 2.53E+18
300 nm 464.79 1.37E+19 663.39 2.25E+19
500 nm 1651.43 8.18E+19 2010.19 1.08E+20
AgNPs size (30 nm)
Fluid phase (clathrin Membrane bound (receptor mediated) no
Vesicle assumption) Clathrin coat
diameter NPs on NPs in NPs on NPs in lumen
surface lumen surface
150 nm 1.31 2.71E+16 6.47 8.41E+16
300 nm 34.98 4 56E+17 53.49 747E+17
500 nm 150.65 2.72E+18 186.95 3.60E+18
AgNPs size (100 nm)
Fluid phase (Clathrin Membrane bound (receptor mediated) no
Vesicle assumption) Clathrin coat
diameter NPs on NPs in NPs on NPs in lumen
surface lumen surface
150 nm 0.98 7.74E+14 0.33 2.40E+15
300 nm 0.19 1.30E+16 0.74 2.13E+16
500 nm 5.51 7.76E+16 7.65 1.03E+17

281



30 nm Size

Vesicle diameter D) 150
Coat thickness C) 22
Lipid bilayer thickness L) 5
NP concentration c) 5.85E+10
NP radiusP) 30
Fluid phase (passive) clathrin
r 48
Internal volume vesicle V) 463247
P 18
NP on surface N,) 1.31
N¢ 2.71E+16
Receptor mediated No clathrin

r 70
Internal volume vesicle V) 1436755
P 40
NP on surface N,) 6.47
N¢ 8.41E+16
10 nm Size

Vesicle diameter D) 150
Coat thickness C) 22
Lipid bilayer thickness L) 5
NP concentration c) 1.76E+12
NP radius P) 10

Fluid phase (passive) clathrin

r 48
Internal volume vesicle V) 463247
P 38
NP on surface N,) 52.56
N 8.15E+17

Receptor mediated No clathrin

r 70
Internal volume vesicle V) 1436755
P 60
NP on surface N,) 131.04
N, 2.53E+18

nm
nm
nm
NP/mL (10pug/mL only)
nm

Inner radius

Lumen volume
Packing radius lumen
Np on surface

NP inlumen

nm
nm
nm
NP/mL (10pg/mL only)
nm

Inner radius

Lumen volume
Packing radius lumen
Np on surface

NP inlumen

30 nm Size
Vesicle diameter D) 300 nm
Coat thickness C) 22 nm
Lipid bilayer thickness L) 5 nm
NP concentration c) 5.85E+10 NP/mL
NP radius P) 30 nm

Fluid phase (passive) clathrin
r 123 Innerradius
Internal volumevesicleV) 7794781 Lumen volume
p 93 Packing radiuslumen
NP on surface N,) 34.98 Np on surface
N¢ 4.56E+17 NP inlumen

Receptor mediated No clathrin

r 145

Internal volumevesicleV) 12770051

p 115

NP on surface N,) 53.49

N 7.47E417
10 nm Size
Vesicle diameter D) 300 nm
Coat thickness C) 22 nm
Lipid bilayer thickness L) 5 nm
NP concentration c) 1.76E+12 NP/mL

NP radiusP) 10 nm
Fluid phase (passive) clathrin

r 123 Inner radius
Internal volumevesicleV) 7794781 Lumen volume

p 113 Packingradiuslumen
NP on surface N,) 464.79 Np on surface

N¢ 1.37E+19 NPinlumen

Receptor mediated No clathrin

r 145
Internal volumevesicleV) 12770051
p 135
NP on surface N,) 663.39
Ny 2.25E+19

30 nm Size
Vesicle diameter D) 500 nm
Coat thickness C) 22 nm
Lipid bilayer thickness L) 5 nm
NP concentration c) 5.85E+10 NP/mL
NP radiusP) 30 nm

Fluid phase (passive) clathrin
r 223 Inner radius
Internal volumevesicleV) 46451870 Lumen volume
p 193 Packingradiuslumen
NP on surface N,) 150.65 Np on surface
N¢ 2.72E+18 NPinlumen

Receptor mediated No clathrin

r 245

Internal volumevesicleV) 61600872

p 215

NP on surface N,) 186.95

N 3.60E+18
10 nm Size
Vesicle diameter D) 500 nm
Coat thickness C) 22 nm
Lipid bilayer thickness L) 5 nm
NP concentration c) 1.76E+12 NP/mL

NP radiusP) 10 nm
Fluid phase (passive) clathrin

r 223 Innerradius
Internal volumevesicleV) 46451870 Lumen volume

p 213 Packingradiuslumen

NP on surface N,) 1651.43 Np on surface
N¢ 8.18E+19 NP inlumen

Receptor mediated No clathrin

r 245
Internal volumevesicleV) 61600872
p 235
NP on surface N,) 2010.19
N, 1.08E+20

282



100 nm Size

Vesicle diameter D) 150
Coat thickness C) 22
Lipid bilayer thickness L) 5
NP concentration c) 1.67E+09
NP radius P) 100
Fluid phase (passive) clathrin
r 48
Internal volume vesicle V) 463247
p -52
NP on surface N;) 0.98
N¢ 7.74E+14

Receptor mediated No clathrin

r 70
Internal volume vesicle V) 1436755
p -30
NP on surface N;) 0.33
N¢ 2.40E+15

nm
nm
nm
NP/mL (10pg/mL only)
nm

Inner radius

Lumen volume
Packing radius lumen
Np on surface

NP in lumen

100 nm Size
Vesicle diameter D) 300 nm
Coat thickness C) 22 nm
Lipid bilayer thickness L) 5 nm
NP concentration c) 1.67E+09 NP/mL
NP radius P) 100 nm

Fluid phase (passive) clathrin
r 123 Inner radius
Internal volumevesicleV) 7794781 Lumen volume
p 23 Packingradiuslumen
NP on surface N,) 0.19 Np on surface
N¢ 1.30E+16 NPinlumen

Receptor mediated No clathrin

r 145
Internal volumevesicleV) 12770051
p 45
NP on surface N,) 0.74
N¢ 2.13E+16

100 nm Size
Vesicle diameter D) 500 nm
Coat thickness C) 22 nm
Lipid bilayer thickness L) 5 nm
NP concentration c) 1.67E+09 NP/mL
NP radius P) 100 nm

Fluid phase (passive) clathrin
r 223 Inner radius
Internal volumevesicleV) 46451870 Lumen volume
p 123 Packingradiuslumen
NP on surface N,) 5.51 Np on surface
N¢ 7.76E+16 NP inlumen

Receptor mediated No clathrin

r 245
Internal volumevesicleV) 61600872
p 145
NP on surface N;) 7.65
N¢ 1.03E+17

Figure S8.8. Calculations to obtain the number of particles that can enter a cell through fluid-phase endocytosis
compared to entry via receptor mediated endocytosis for all AQNP concentrations and sizes. Formulas for each step
can be found above as Table S17.
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9. Sl Chapter 4

Cellular uptake mechanisms of silver nanoparticles (AgNPs) in
embryonic zebrafish cells (ZF4)

9.1 Results
9.1.1 Characterisation of the AgNPs.

Table S9.1. Full results for the characterisation of the AgNPs. R means
replicate. The characterisation of the AgNPs was performed by different methods
including Dynamic Light scattering (DLS), and Ultraviolet-visible spectroscopy (UV-
vis). Polydispersity index and zeta potential were evaluated by DLS. No statistical
analyses were performed on this data.

Complete Culture Media (CCM)

NP 10 nm 30 nm 100 nm
size
Time Hydrodynamic diameter (nm)
(hours)
R1 R2 R3 R1 R2 R3 R1 R2 R3
0 73.83 69.92 6397 7528 7348 7567 138.7 138.8 136.9

24 131.13 126 1285 136.5 1784 167.2 177.7 1823 186.2
Polydispersity index (PDI)

0 0.482 0476 0483 0.298 0.298 0.303 0.053 0.069 0.041

24 0.517 0.497 0.5 0.358 0438 0479 0.129 0.145 0.158
Zeta potential (mV)

0 -748 -744 -838 -864 -8.61 -8.78 -842 79 -7.97

24 -114 -122 -131 -10.7 -948 -11.2 -84 -109 -10.8

Ultra-pure water (UPW)
Time Hydrodynamic diameter (nm)
(hours)
0 66.83 66.77 6549 76.8 75.8 7845 130 131.1 127.9
24 66.67 68.27 69.23 80.95 80.79 8272 1289 1258 126.6
Polydispersity index (PDI)

0 0.434 0421 0426 0.146 0.143 0.146 0.071 0.071 0.051

24 043 0415 0432 0.133 0.148 0.153 0.047 0.027 0.031
Zeta potential (mV)

0 -184 172 -176 -279 -29.2 -28.7 -526 -51.7 -50

24 -18 -214| -216| -28.5 -29 -33| -241| -23.3 -23



Table S9.2. Characterisation of the AgNPs in Ultrapure Water (UPW) and
Complete Culture Media (CCM) (DMEM-F12 supplemented with 10% FBS) at 0
and 24 hours. Results represent the mean of three individual replicates and their
standard deviation. Data with asterisks (*) indicate statistical differences (xp < 0.05
and *xp < 0.01) between timepoints (0 and 24 hours) for the selected NP size.
Similar letters (upper and lowercase letters) beside the values represent statistically
significant differences (p < 0.05) between the selected sizes for the same testing
fluid. Identical symbols denote statistical difference (p < 0.05) between water and
CCM for the same NM size.

10 nm
Water Water CCM™M CcCm
0 hours 24 hours 0 hours 24 hours
Hydrodynamic 66.36 +0.7C 68.05+1.29 69.24 + 128.54 + 2.56
diameter $cd 4.96** A ** $ab
(DLS)
PDI 0.42+0.007 042+0.009 048 +0.004 0.505 +
0.001
Zeta potential -17.73 +0.61 -20.33 +2.02* -7.48 +0.53 -12.23 +0.85
(mV)
UV-Vis (abs) 1.283 +£0.000 0.745+ 0.952 + 0.552 +0.000
0.000 0.000
30 nm
Water Water CCM™M CCm
0 hours 24 hours 0 hours 24 hours
Hydrodynamic 77.01 +1.33 81.48+1.07* 74.81+ 1.61 160.70 +
diameter D B 21.69
(DLS)
PDI 0.14+0.002 0.14 +£0.01 0.30 £0.003 0.42+0.06
Zeta potential -28.60+0.65 -30.16+2.46 -8.67 +0.09 -10.46+0.88
(mV)
UV-Vis (abs) 0.698 £+ 0.010 0.403 + 1.093 £ 0.003 1.072 +£0.000
0.011
100 nm
Water Water CCM™M CcCm
0 hours 24 hours 0 hours 24 hours
Hydrodynamic 129.66 +1.62 127.1+1.60 138.13+1.06 182.06 +
diameter % 4.25* %
(DLS)
PDI 0.06 + 0.01 0.03+ 0.011 0.05+0.01 0.14 £ 0.01
Zeta potential -51.43+1.32 -23.46+0.56 -8.09 +0.28* -10.03 +1.41
(mV)
UV-Vis (abs) 0.318 £ 0.037 0.293 +0.001 0.617 +0.002 1.195 +
0.003
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Water 0 hours

10 nm 30 nm 100 nm
Water 24 hours
10 nm 30 nm 100 nm
7%
CCM 0 hours
10 nm 30 nm 100 nm

10 nm

CCM 24 hours

30 nm

100 nm

—

Figure S1. UV-vis images of the 10, 30 and 100 nm AgNPs at 0 and 24 hours
in (A) UPW and (B) CCM.
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9.1.2 Cellular uptake determined by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)

The total intracellular concentration of Ag* (ug/mL) was measured using ICP-MS
after different exposure times. All concentrations were above the ICP-MS detection
limit (0.000005 pg/mL).

Table S9.3. Results of the intracellular total Ag. Results were obtained after
analysis of the total Ag concentration in ZF4 cells using ICP-MS. Data is presented
in pg/mL and was obtained after multiplication by the dilution factor used when
preparing the samples for analysis. R means replicate. No statistical analyses were
performed for this data.

NPs 2.5 uyg/mL 5 ug/mL 10 pg/mL
size
2 hours
R1 R2 R3 R1 R2 R3 R1 R2 R3
10 nm 146 041 054 083 049 047 036 022 0.19
30 nm 0.13 0.02 0.02 001 0.01 003 0.03 0.03 0.03
100nm 0.051 006 009 003 0.04 0.04 004 002 0.03
24 hours
10 nm 0.73 1.023 0.836 2.891 3.016 2.829 2.721 6.486 5.97
30 nm 0.718 0.417 0.506 0.828 0.859 0914 2.721 2.726 2.365
100 nm 1.322 1.388 1554 2684 273 3.282 6.001 4.82 4587

Table S9.4. Results for the total Ag* concentration determined by ICP-MS.
Cells were treated with different concentrations and sizes of AgNPs for 2 and 24
hours. Results (ug/mL) represent the mean of three independent replicates and their
standard deviation (mean + SD). Data with asterisks (*) indicate a statistically
significant difference (*p < 0.05 and ***p < 0.001) between cells treated with AQNPs
and naive cells (non-treated cells) (0.003 + 0.006) for each time point and
concentration. Similar letters (upper and lowercase letters) next to the values
represent statistically significant differences (p < 0.05) between the selected
concentrations and sizes.

AgNP concentration

AgNP size 2.5 pg/mL 5 ug/mL 10 ug/mL
2 hours
10 nm 0.80 + 0.57 0.59 + 0.20 0.25+0.09j
30 nm 0.05 +0.06 0.01 £ 0.01 0.03 + 0.01
100 nm 0.07 +£0.02 J 0.03 + 0.006 0.03 + 0.01
24 hours

10 nm 0.86 +0.14 AB 2.91 £0.09** bcD 5.05+2.20 EG



30 nm 0.54 £ 0.15 ef 0.86 +£ 0.04**HI | 2.60 +0.20* g
100 nm 1.42 + 0.12* cdi 2.88 £0.33*h 5.13 £ 0.75* af

9.1.3 Inhibition of the cellular uptake pathways

Table S9.5. Inhibition of the cellular uptake pathways by their respective
positive controls. The pharmaceutical inhibitor concentrations were confirmed by
inhibition of the respective specific pathway using confocal microscopy. R means
replicate. Results are expressed in arbitrary units (A.U.) unless otherwise stated.
Intensity results were normalised to % with respect to naive (non- inhibited cells).
Data with asterisks (*) indicate a statistically significant difference (***p < 0.001)
compared to the naive cells. No statistical analysis was performed for this data.

Genistein
R1 R2 R3
Control 95.742 113.776 140.576
Inhibitor 89.197 94.164 92.17
Normalised % 76.43 80.69 78.98
Average (%) £ SD 78.70 £ 2.14***
Chlorpromazine
Control 111.581 138.419 165.829
Inhibitor 101.612 104.204 107.912
Normalised % 73.31 75.18 77.85
Average + SD 75.44 + 2.28***
Wortmannin
Control 137.573 136.746 137.544
Inhibitor 111.283 107.87 107.293
Normalised % 81.06 78.57 78.15
Average + SD 79.26 + 1.57***

Table S9.6. Cell viability after application of the various receptor inhibitors.
The results were obtained using LDH activity (Absorbance at 440 nm). Normalised
(%) results were obtained by normalising absorbance against the naive cells.
Average represents the mean + SD of three replicates. Data with asterisks (*)
indicate a statistically significant difference (+*p < 0.01) compared to the naive cells.

Absorbance (A.U)

R1 R2 R3
Control 0.2756 0.2729 0.2644
Gen 0.2571 0.2463 0.246
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CLZ 0.2059 0.2143 0.2521
Wort 0.2527 0.2273 0.2375

Normalised (%)

Control 100.8969 99.90848 96.79663
CLz 94.12411 90.17024 90.06041
wort 75.37983 78.45506 92.29361
Gen 92.51327 83.21435 86.94856

Average (%)

Control 100+ 0
CLz 87.55 +4.67
wort 91.45+2.31*
Gen 82.04 £ 9.00

After confirming the effective receptor inhibition using confocal microscopy, the
selected inhibitor concentrations were used to inhibit the desired pathways, and the
total amount of Ag* was assessed by ICP-MS and compared to that in the untreated
control. Any difference is due to a reduction of the specific internalisation pathway.
Chlorpromazine is an inhibitor of the clathrin-mediated uptake pathway, while
genistein interferes with caveolae-mediated endocytosis and wortmannin also
inhibits macropinocytosis.
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Table S9.7. Primary ICP-MS data for Ag content in cells treated with the different inhibitors. Results represent the raw data (after
correction for the dilution factor) obtained using ICP-MS. Results are expressed in pg/mL. No statistical analyses were performed for this
data.

NPs Control (no inhibitor) Chlorpromazine Genistein Wortmannin
size Concentration
and replicate R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3
2.5 AgNPs 0.388
10 0.375 0.370 0.391 0.364 : 0.380 ' 0.260 0.257 0.276 0.267 0.125 | 0.207
nm 5 AgNPs
1191 1202 1.012 1038 1.159 0973 0302 0.329 0414 0.286 0.332 0.323
10 AgNPs
? 4624 4497 4998 1669 2101 1813 0.317 0370 0.264 0.380 0.310  0.750
2.5 AgNPs 0.409
30 0.429 0.388 0.439 0.256 : 0.313 0.070 0.061 0.094 0.193 0.322 0.283
nm 5 AgNPs
0686 0693 0.758 0.678 0607 0560 0.213 0.232 0.199 0.571 ' 0.264 0.717
10 AgNPs
? 1325 1314 1286 1320 1325 1311 0523 0349 0376 0.390 0.486 0.443
2.5 AgNPs
100 0720 0686 0961 0.256 0409 0313 0.125 0.116 0.164 0.345 ' 0.589 0.533
nm 5 AgNPs
1141 1116 1.067 0678 0.607 0560 0.314 0363 0.297 0.878 0.402 0.439
10 AgNPs

1483 1434 1535 1590 1325 1311 /0582 0.392 0421 0435 0.554 0.494



Table S9.8. Normalised results of internalised Ag determined by ICP-MS following treatment of the cells with the inhibitors. Table
shows results normalised to percentage (%) against naive. R means replicate. No statistical analyses were performed for this data.

NPs

size

10
nm

30
nm

100
nm

Concentration

and replicate
2.5 AgNPs

5 AgNPs
10 AgNPs
2.5 AgNPs

5 AgNPs
10 AgNPs
2.5 AgNPs

5 AgNPs
10 AgNPs

Control (no inhibitor)

R1

99.09
104.94
98.25
102.45
96.37
101.28
93.20
103.00
99.96

R2

97.80
105.89
95.55
92.74
97.23
100.41
88.69
100.68
96.66

R3

103.11
89.18
106.20
104.81
106.40
98.31
124.36
96.32
103.42

Chlorpromazine

R1

96.11
91.45
35.46
61.24
95.24
100.87
33.18
61.23
107.12

R2

102.47

102.15
44.64
97.77
85.28
101.24
52.98
54.83
89.26

R3

100.43
85.71
38.53
74.79
78.65
100.19
40.52
50.57
88.33

R1

68.64
26.64
6.74

16.75
29.91
39.94
16.16
28.32
39.23

Genistein

R2

67.79
29.02
7.86

14.57
32.64
26.68
14.97
32.76
26.40

R3

72.98
36.48
5.62

22.39
27.95
28.70
21.18
26.77
28.34

R1

70.45
25.20
8.07

45.98
80.16
29.83
44.62
79.22
29.31

Wortmannin

R2

33.03
29.22
6.59

76.99
37.04
37.17
76.25
36.28
37.32

R3

54.72
28.43
15.94
67.58
100.72
33.90
68.93
39.62
33.31



Table S$9.9. Inhibition of uptake pathways and resulting changes in AgNP
uptake and internalisation. After the inhibition of the desired pathway, cells were
treated with the different concentrations and sizes of AgNP for 2 hours. Then, the
total Ag* was quantified using ICP-MS. The results are normalized to percentage
against their control (no inhibitor). The results represent the mean of three individual
replicates + standard deviation. Data with asterisks (*) indicate statistically
significant differences between AgNPs treatments compared with the naive control
(*p < 0.05, *xp < 0.01, and #**p < 0.001). Similar letters (upper and lowercase
letters) next to the values represent statistically significant difference (p < 0.05)
between the selected concentrations and inhibitors.

AgNP Control Chlorpromazine Genistein Wortmannin
concentration (no (clathrin- (caveolae- (macro
inhibitor) mediated) mediated) pinocytosis)
10 nm
2.5 uyg/mL 100 £2.76 98.70 +2.24 A 70.38 + 54.48 + 19.30
3.67*** a
5 ug/mL 100 £6.38 93.10+8.34 BC 30.71+5.13* 27.61+2.12*¢c
b
10 pg/mL 100 £+ 5.53 39.54 +467*DE 6.74 +1.12** 7.27 +1.05"** e
d
30 nm
2.5 ug/mL 100 +2.76 77.38 +17.57 17.90 + 63.16 + 16.47
4.03**
5 ug/mL 100 + 6.38 86.53 +8.32 30.16 £+ 2.35* 72.64 +32.44 f
F
10 pg/mL 100 +£5.53 100.7 +0.75GH 31.68 + 33.67 £ 3.60** h
7.24** g
100 nm
2.5 ug/mL 100 + 2.76 42.22 +10.24 17.43 + 3.91* 63.26 + 16.55
5 ug/mL 100 +6.38 55.54 +5.36** 1 29.28 + 51.70 + 23.88
3.10**i
10 pg/mL 100 £ 5.53 94.04 +10.59 JK 31.32 +6.91* 33.31 +4.00** k

J

9.1.4 Visualisation of the intracellular AQNPs

Cells were treated with the highest concertation of 10, 30 and 100 nm AgNPs (10
pg/mL) for 24 hours, then cells were processed (for transmission electron
microscopy (TEM) analysis to assess the size of the internalised AQNPs. Images
of the ultramicrotome sections were recorded using JEOL 1200EX 80kV and JEOL
1400EX 80kV microscopes. The intracellular size of the AQNPs in the vacuoles was



calculated using Image J software. A total of 20 NPs were counted for each AgNPs
size to calculate their average size and standard deviation. Similarly, the diameter
of 3 vacuoles (with AgNPs inside) was used to calculate their average size and

standard deviation following internalisation of particles of each size.

To calculate the percentage of reduction of the AgNP size following internalisation
by the cells, the following calculations were implemented. First, the NP diameter
was normalised to percentage (%) based on the NP core size obtained using TEM.
The TEM samples for core size were prepared in UPW as described in the

supplementary information of Chapter 2.

(Mean NPs diameter x 100)
NPs TEM size

1) Diameter in % =

2) % of reduction = Diameter in % — 100

Table $9.10. Intracellular AgNP size determined by TEM. Cells were treated with
10 pug/mL of different AgNPs sizes for 24 hours and processed for TEM analysis.
The NPs inside the vesicles were counted to calculate their average and standard
deviation. The diameter of 3 vacuoles (with AgNPs inside) were used to calculate
their average and standard deviation for each AgNP size.

Intracellular NPs Vacuole
AgNPs size = TEM size (nm) diameter
Size (nm) Reduction nm
(%)
10 nm 13+24 550 +3.56 @ 57.62 717.46 +78.57
30 nm 34 +2.8 27.52+420 19.04 678.87 +2.17
100 nm 101 +£9.2 96.78 +8.36  4.12 697.86 + 53.76
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9.1.5 Early endosomes induction (EEI).

Table S9.11. Data for early endosomes induction (EEI) in response to AgNP
exposure. The table shows the raw intensity values determined by fluorescence. R
means replicate. Results are expressed in arbitrary units (A.U.) unless otherwise
stated. No statistical analyses were performed for the raw data.

Naive

10
nm
30
nm
100
nm

10
nm
30
nm
100
nm

R1

40080

40343

45008

40019

41340

44348

31353

R2

40771

40508

40502

40957

42054

43460

2.5 uyg/mL

R3

47191

47499

47900

45630

46143

47500

2 hours
34564
5 ug/mL
R1 R2 R3

40591 41545 42989
41002 44067 45073

45820 46390 40326
24 hours

40228 | 40202 41681
41433 44850 44434

44147 45004 47320

R1

41415

41877

45831

41148

40999

46568

34087
10 pg/mL

R2

43404

43613

42524

43002

44318

45048

R3

46918

50134

42491

45724

49785

44244

Table S9.12. Normalised results of EEIl in response to AgNP exposure. Table
shows results normalised to percentage (%) against naive. R means replicate. No
statistical analyses were performed for this data.

10

nm
30
nm

100
nm

2.5 pg/mL

R1

R2

R3

2 hours
5 pug/mL

R1 R2 R3

10 pg/mL

R1

R2

R3

120.24 122.31 141.57 121.77 124.63 128.96 124.24 130.21 140.75

121.02 121.52 142.49 123.00 132.20 135.21 125.63 130.83 150.40

135.02 121.50 143.69 137.45 139.16 120.97 137.49 127.57 127.47

24 hours
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10 105.39 107.86 120.16 105.94 105.87 109.76 108.36 113.24 120.41

nm

30 108.86 110.75 121.51 109.11 118.11 117.01 107.97 116.71 131.10

nm

100 116.79 114.45 125.09 116.26 118.51 124.61 122.63 118.63 116.51

nm

Table S9.13. Early endosome induction (EEI) in response to AgNP exposure.
Cells were exposed to different concentrations and sizes of AgNPs for 2 and 24
hours, then the intensity of red fluorescent protein was recorded using a florescence
plate reader and results normalised to percentage (%) against naive. Results show
the average of three individual replicates and their standard deviation. Data with
asterisks (*) indicate statistically significant differences between AgNPs treatments
compared with the naive control at each time point (*p < 0.05, *+p <0.01). Data with
upper and lowercase letters next to the values indicate statistical differences (p <
0.05) between the selected NP sizes and concentrations.

AgNPs
size

10 nm
30 nm

100 nm

10 nm

30 nm

100 nm

Naive

100 +

100 +

100 +

100 +

100 +

100 +

2.5 uyg/mL 5 ug/mL 10 pg/mL

2 hours
128.62 + 125.1 + 3.62** 131.73 +8.35
11.76

128.34 + 130.1 £6.36* 135.61 £ 13.06
12.25

133.40 = 132.5+10.05 130.84 +5.75*
11.18

24 hours
111.13 + 107.18 £+ 2.22 114.0 £+ 6.06
7.91 A

131.70 + 114.74 £ 491 118.59 + 11.68*
6.82

118.77 + 119.79 + 4.32 119.25 + 3.10*
5.59 a
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9.1.6 Autophagy response

Table S9.14. Autophagy induction following AgNP exposure. The autophagy response was assessed by confocal
microscopy. Images were taken and the intensity of the fluorescein isothiocyanate (FITC) filter, which has a fluorescence
excitation/emission of 499/521 nm (autophagosome marker, Cell Meter™assay Kkit) in cells after the exposure of AQNPs was
recorded. R means replicate. No statistical analyses were performed for this data.

R1
Naive 1012.508
2.5 uyg/mL

NP size R1 R2
10 nm 2196.162 1682.631
30 nm 1433.964 1054.893
100 nm 945.928 966.004

R3
2214.944
1354.358
1023.956

R2
1012.508
AgNPs concentrations
5 ug/mL
R1 R2 R3

1798.908 1252.542  1949.523
983.305 979.783 1064.82
960.935 1058.524 863.213

R3
1012.508
10 pg/mL
R1 R2
2010.764  2120.382
910.679  1158.456
911.031 909.337

R3
1329.783
988.932
966.223

Table S9.15. Normalised autophagy results. Table shows normalised results to percentage (%) against naive. R means
replicate. No statistical analyses were performed for this data.

2.5 pyg/mL
NP R1 R2
Size
10nm | ,47.19 189.39
30 nm 161.40  118.74
e 10647 108.73

R3

249.30
152.44
115.25

AgNPs concentrations

5 pug/mL
R1 R2 R3
202.48 140.98 219.43
110.68 110.28 119.85
108.16 119.14 97.16

10 pg/mL
R1 R2
226.32 238.66
102.50 130.39
102.54 102.35

R3

149.67
111.31
108.76



Table S9.16. Autophagy results. Cells were treated with different concentrations
and sizes of AgNPs for 24 hours. Then, the mean intensity of the autophagosome
marker was recorded by image J. The intensity results after 24 hours exposure was
normalized to percentage (%) against naive. The results represent the mean of
three individual replicates and their standard deviation. Data with asterisks (*)
indicate a statistically significant difference (xp < 0.05) compared to the naive cells.
Data with upper and lowercase letters next to the values indicate statistically
significant differences (p < 0.05) between the selected NP sizes at the same
concentration.

AgNPs Naive 2.5 yg/mL 5 pyg/mL 10 pg/mL
size

10 nm 100 £ 0.0 228.6 +33.9* A 187.6 +41.27 204.8 +48.2
30 nm 100 £ 0.0 1441 +224 a 113.6 + 5.41 114.7 +14.2

100 nm 100 £ 0.0 110.1 £ 4.56 108.1 £10.9 104.5 + 3.64

9.1.7 Images autophagy

Control (naive)

10 nm AgNPs

30 nm AgNPs

d
z
<
£
S

Figure S9.2. Images of autophagy induction. Cells were exposed for 24 hours
to AgNPs at different concentrations and sizes. Then, images were taken with a
60X objective lens and optical zoom using a NIKON A1R 808 microscope. The



images (left) show the overlay of three different staining used for cell localisation,
blue for nucleus, red for lysosomes and green the autophagy dye. All the images
(except control) have also an overlay of the 488-channel intensity for the
nanoparticles (white dots).

9.1.8 Secreted proteins: protocol.

To further understand the role of the ZF4 cell secreted proteins in the formation of
the protein corona, the total protein content of AgNPs treatments in CCM and SFM
was quantified. The experiment was designed to mimic the real conditions in which
most of the experiments in this study were performed (NPs and proteins in free
solution). Here, cells were seeded in 6 well plates and at a density of 5 x 10° cells/mL
using DMEM/F12 supplemented with 10% FBS and 1% penicillin and streptomycin
at 28 °C and 5% CO:. After 24 hrs, cells were treated with 2.5, 5 and 10 pg/mL of
10, 30 and 100 nm AgNPs in CCM. Afterwards, (at 3, 6, 12 and 24 hours) the volume
in the wells (1mL) with the NP treatments was gently resuspended, then a sample
of 20 uL (under sterile conditions) was taken and placed in 96 well plates. The
protein quantification was immediately performed by Pierce™ BCA Protein Assay
Kit following the supplier protocol. A control with naive cells in CCM was also
included to demonstrate changes in the protein concentrations across the time
points.
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Table S9.17. Results for secreted proteins. R means replicate, CCM: Complete culture medium containing 10% foetal
bovine serum. AgNP concentrations are expressed in ug/mL. Protein results are in percentage (%). No statistical analyses
were performed for this data.

10 nm
Time CCM Naive 2.5 AgNPs 5 AgNPs 10 AgNPs
(hou
rs)
R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

3 161.1 1526 1478 1629 1485 153.7 1516 1513 140.6 1359 1441 1479 150.6 154.0 1523
11 77 59 09 45 37 67 33 46 19 01 49 87 61 43
6 1786 1528 1589 160.6 156.2 167.4 150.3 155.6 162.2 158.3 159.0 132.6 1544 1655 172.7
16 69 49 36 12 14 74 67 22 94 71 97 34 25 07
12 1404 146.1 176.3 1439 1543 1483 1459 1479 137.8 146.3 149.3 1475 1516 1498 159.1

24 92 64 09 23 94 39 6 69 03 23 76 06 69 82

24 160 157 1451 166.5 163.4 1445 1435 1676 166.5 163.4 1445 157.7 161.7 1574 1674
11 86 04 25 76 97 86 04 25 98 78 55 44

30 nm
CCM Naive 2.5 AgNPs 5 AgNPs 10 AgNPs

3 161.1 1526 147.8 1629 1485 153.7 150.8 1554 143.1 160.1 1539 1491 136.8 119.5 160.1
11 77 59 09 45 37 38 75 31 52 8 41 38 15 01

6 1786 1528 1589 160.6 156.2 167.4 181.0 183.2 176.6 180.7 1784 181.2 169.2 177.7  176.5

16 69 49 36 12 14 81 02 16 07 44 63 83 68 45
12 1404 1461 176.3 1439 1543 1483 1453 1471 137.2 146.8 1474 1523 1354 1514 1583
24 92 64 09 23 94 23 62 63 18 95 94 65 85 64

24 160 157 1451 166.5 163.4 1445 173.8 1453 1747 1674 1458 159.0 164.2 166.9 173.9
11 86 04 25 59 43 88 75 99 71 22 29 9
100 nm
CCM Naive 2.5 AgNPs 5 AgNPs 10 AgNPs
3 161.1 1526 147.8 1629 1485 153.7 1621 166.1 1475 1644 159.6 159.1 161.1 161.8 167.7
11 77 59 09 45 37 01 11 96 04 77 11 52 99 58
6 178.6 1528 1589 1606 156.2 1674 166.5 165.2 169.1 153.1 166.5 1655 1609 1753 173.4

16 69 49 36 12 14 25 42 52 52 45 45 49 03 14

273



12 1404 146.1 176.3 1439 1543 1483 150.8 164.6 148.3 156.5 162.2 159.6 163.4 1596 161.2
24 92 64 09 23 94 89 87 94 15 83 46 95 36 12

24 160 157 1451 166.5 1634 1445 1711 1792 1845 1788 1623 1714 1733 1799 181.6
11 86 04 25 92 42 05 99 33 04 54 19 97
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