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Thesis Summary

Toxicity of synthetic nanoparticles (NPs) to human keratinocyte cell line (HaCaT) and
human colon carcinoma cell line (Caco-2) were determined by 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) , lactate dehydrogenase (LDH) and
crystal violet assays. Eight nanoparticles were spiked in MTT and crystal violet assays
and tested with HaCaT human skin cells to determine any possible interference. The
MTT assay standard curve optical density (OD) measurements were shifted by the
presence of trisilanol phenyl and trisilanol isooctyl polyhedral oligomeric
silsesquioxane particles. The crystal violet standard curve OD measurements were
significantly altered by AuNPs, but they did not affect the MTT assay. Carbon black
decreased ODs in the MTT and crystal violet assays and was localised in the cell
cytoplasm. The toxicity of 12-nm amorphous silica (SiO,) NPs following 4, 24 and 48h
exposure was investigated using HaCaT cell line with MTT and crystal violet assays.
Eleven concentrations of 12-nm SiO, (ranging between 0.05-10 mg/mL) were tested. At
4, 24 and 48h exposure, a dose dependent increase in cell death with increasing
concentration were observed when screened with the MTT assay. At 24h for
concentrations > 2 mg/mL, relative survival decreased when assayed by the MTT assay
and relative cell number decreased when assayed with the crystal violet assay. After 48h
treatment, cytotoxicity was observed at every treatment concentration assessed with the
MTT and crystal violet assays. SiO, nanoparticles are toxic to cultured human skin cells
at a concentration as low as 0.05 mg/mL for 48h treatment when screen by the crystal
violet assay. The toxicity of SiO, NPs synthesised by the Stéber method and NDMA as
a potent known carcinogen during chlorination on HaCaT and Caco-2 cell lines for 4,
24 and 48h detected by MTT and LDH assays. The morphology and size of SiO, NPs
was determined by SEM (200 nm in diameter). After exposure to SiO, (concentrations
0.05-2mg/mL), the concentration 2 mg/mL inactivated LDH in both cell lines;
however, it did not reduce their metabolic activity when MTT assay used. NDMA
(concentrations 0.1-1000 pg/mL) inactivated LDH leakage in HaCaT and Caco-2 and
reduced the metabolic activity of HaCaT cells at 48-h exposure. This suggests that a
concentration of SiO, <2 mg/mL used in water treatment can reduce the risk of

nanomaterial toxicity to humans and possibly the ecosystems.



Thiolated silica (SiO2) NPs were synthesised using the Stéber method and then coated
with low-fouling zwitterionic SBMA using thiol-ene addition. SEM revealed
monodispersed spherical particles with DLS showing a small increase in nanoparticle
average diameter after modification with SBMA. Toxicity of the SiO,-SBMA NPs
(concentrations of 0.05-2.00mg/mL) was investigated using the MTT, LDH and crystal
violet assays on the Caco-2 and HaCaT cell lines for 4, 24 and 48 h. The SiO,-SBMA
NPs increased LDH leakage and decreased relative cell number at 2.00 mg/mL, as
clearly observed after the particles were exposed to UV light. These results indicate that
concentrations <1.50 mg/mL of SiO,-SBMA is of low toxicity are biocompatible and

show potential as a chemotherapy drug conjugate.



Table of Contents

TRESIS SUMMIBIY ...ttt I
TabIe OF CONTENTS .....uiiiieiieiciee bbbt 1\
LISt OF TADIES ..o e vii
I TS o) T 10 TSSO USSSURPSRRP viiii
LiSt Of ADDFEVIALIONS ......oovieiiiiiiie et xiii
DCIATATION ..ottt bbbt e bbb XV
ACKNOWIBAGMENTS ... et XVii
Publications and CONTEIENCES ..o XViii
Chapter 1: INTrOQUCTION ........oiiiiiiiiiie e 1
I A=V (0] 1=Tod T o] [T )Y 2SS 1
1.1.1 Nanotechnology in AUSEralia ..o 1
1.1.2 Nanotechnology ApPpPlICAtIONS .........cccciueiieiiiic e 2
1.1.3 Nanotechnology RiSK ASSESSMENT...........cueiirirerieieniisiseeee s 3
1.1.4 Silica NaNOPArtiCIES .......c.ccveiieieiicce et 4
1.1.5 Polyhedral Oligomeric Silsesquioxane (POSS).........ccccuviiriiieneiineneseneens 8
1.1.6 Quantum DOtS (QDS) ....ccueieeieeiie ettt 15
1.1.7 Gold NaNOPAITICIES ........ocviieiiie e 21
1.2 Water Resources in AUSTFAlIA .........ccoiiieieiiiinieee e 24
I o [=] - 1T [ OSSR 25
1.2.2 Brisbane and South-East Queensland.............ccoceeveevieiiieciie e 26
G2 1y o =T TP 26
1.2.4 MEIDOUIME ...ttt bbbttt sttt snenneas 26
1.2.5 Perth and SYANEY .....ccooiiiiieiee e 27
1.3 History of DeSalination ...........ccccccveiiiiiiiicieee e 27
1.3.1 The Situation of Australian Desalination Plants.............cccccocvevviienivenninene. 28
1.3.2 A Brief Summary of Desalination Technologies...........ccccccovvviviiienicieinenne. 30
1.3.3 MIBJOT PrOCESSES ...ttt sttt bbbttt ettt bbb 31
1.4 Nanoparticle-based MemMDBIanes ............cooveviiieiieie e 32
1.4.1 Manufacturing of Nanoparticle-based Membranes ...........ccccceeereicicncnnnnnns 33
1.4.2 Nanoparticles as Potential Aquatic Pollutants............ccccoveviiviiicce e, 34
1.4.3 N-Nitrosodimethylamine as a Water Contaminant.............cccceoeveninennnnnnns 35
1.5 Scope and Aims 0f the TheSIS ........cccviiiiice e 37
Chapter 2: The MTT and Crystal Violet Assays—Potential Confounders in
Nanoparticle TOXICItY TESHING .......ccceiiiiiiiese e 39
N 0L - Uod USSP 39
2.1 INEFOTUCTION ...ttt sre e b nee e 39
2.2 Materials and MethOdS .........ccoouiiiiiiie e e 40
2.2.1 Particles Used fOr TeSING......cccccviiiiiiie e 40
2.2.2 CeIl CUIUIE.....oieee e 41
2.2.3 Cell Exposure to Carbon Black for Transmission Electron Microscopy ....... 42
2.2.4 MTT Assay Standard Curve ProCeAUIE..........ccerevereierisieieee s 42
2.2.5 MTT Assay Particle Interference Experimental Procedure.............ccccceveennne 43



2.2.6 Crystal Violet Assay Standard Curve ProCedure..........ccoouevvevverenenesenennnn 43

2.2.7 Crystal Violet Assay Experimental Procedure Particle Interference.............. 43
2.2.8 StatiStical ANAIYSIS......cociiiiiiiee e e 44
2.3 RESUILS ..ottt 44
2.3.1 Particle INterferenCe-MTT ASSAY ......cccvrerieiieiieieie e 47
2.3.2 Particle Interference-Crystal Violet ASSAY .......cccccevvvevveveiienieeie e 49
2.3.3 Carbon Black Interference Assay (Positive Control) .........cccocevevnivenennnnne 49
2.4 DISCUSSION ..ttt sttt sttt e bbbttt b e bttt se e s et nb et benbeerenneas 51
Chapter 3: Amorphous Silica Nanoparticles Show Concentration and Time-
dependent Toxicity on Human HaCaT CellS........cccccevveiiiieiieie e 56
N 0L = Uod USSR PRTSPRUR 56
TR0 = 7= Tod (o £ 101 o ST 57
3.2 Materials and MEethOdS .........ccueiiiiiiieice e e 58
321 CREIMICALS ...veviiieiieiieie ettt bbbt 58
K O | IO | (1TSS 59
3.2.3 Trypan Blue Cell CoUNtiNg.......ccceciiiieiieiice e 59
K S 1@ T W (=F: 11 411 AR 59
3.2.5 BIOASSAYS ...vecveevieiiieite ettt ettt ettt e naeenre e e 59
3.3 SEALISLICAI ANAIYSIS ..o s 60
B RESUIES ..t 60
3.5 DISCUSSION ..uvveiieiiesieeiee e este st e ste et e te e e s s e ste e st e s s e te e s e sseenteeneeebeebeeneesneenreenee e 62
3.6 CONCIUSION ...ttt bbbttt bbb anes 64
Chapter 4: Toxicity of N-Nitrosodimethylamine and SiO, Nanoparticles Found
in Wastewater Treatment to HaCaT and Caco-2 Cell LineS.......c.cccoceveveiiienennnn 65
N 0L = Tod OSSPSR 65
= 7= Tod (o (010 o OSSP 66
4.2 Materials and MEethOdS .........ccviiieiiiiececc e 67
T I LT 101 | £ PSSP RTPRPPI 67
4.2.2 Preparation of SiO2 NanopartiCleS ..........ccooeveieiirinininieieeese s 68
4.2.3 Nanoparticle CharaCterisation .............ccccvvvevieiieie e 68
O O | O ] (F -SSR 68
4.2.5 TOXICITY ASSAYS ...vvereerreirieiteeiesteesteetesseesteeeesseesteasesseesseessesseessesseesaeessesssens 68
4.3 SEAtiSICAl ANAIYSIS ....oviieiiiiciieee s 69
4.4 ReSUILS aNd DISCUSSION ......uveuieiierieiieiie sttt ettt nreans 69
I ] Tod 1115 o] SO 75
Chapter 5: Thiolated Silica Nanoparticles Modified with Sulfobetaine
Methacrylate for Potential Use in Chemotherapy Drug Conjugation..................... 77
ADSTIFACT ... ettt nr e b 77
T8 A 1 0o L1041 o o SRS 78
5.2 Materials and MethodS ........coeieioiiiiiiiesieeee s 81
5.2.1 Reagents and NanOpartiCles. ... 81
5.2.2 Preparation of SiO2 NanopartiCles ..........cccocveiiiiie e 81
5.2.3 Preparation of Thiolated SiO2 Nanoparticles............ccccovvvviiiiiniicniiine 81
5.2.4 Synthesis of Zwitterionic Sulfobetaine Methacrylate-coated Silica
Nanoparticles by Thiol-ene Addition...........cccooviiiiiiiiiiiieee e 82
5.2.5 Nanoparticle CharaCterisation ...........ccoiiveeiieeiiie i 82
5.2.6 Cell CUIUIE.....oieee et 82
5.2.7 Cell Exposure to NanopartiCles .........cccovviiiieiiiiiic s 82
5.2.8 UV Light Exposure of SiO2-Sulfobetaine Methacrylate Nanoparticles ........ 83



5. 2.9 IMITT ASSAY ..ottt ettt ettt ettt ettt eebe e s be e e be e saeeanbeesneeanneens 83

5.2.10 Lactate Denydrogenase ASSAY .........c.cccverueervereereaiueseeseaseeseessesssesseessesssenns 83
5.2.11 Crystal Violet Assay (Screening for Cell Adherence Phenotype)................ 83
5.2.12 Statistical ANAlYSIS......ccoiiiiiiiiiieieiee s 84

5.3 RESUILS AN0 DISCUSSION .....ovveiieiieitieieeiesiee et sie et sree st sneesneeneesnee e 84
5.4 CONCIUSION ...ttt bbbttt bbb enes 90
Chapter 6: General Discussion and CONCIUSION...........ccocvreiiereiin e 91
6.1 Challenges for Assessing Nanomaterial TOXICILY ..........ccovveveiieiiere e 91
6.2 Engineered Nanomaterial Fate and TranSport...........ccocvvvireiieienenene s 93
6.3 Engineered Nanomaterial Toxicity to Aquatic ECOSYStEMS........cccccevvvvrerininnns 95
6.4 Engineered Nanomaterial ToxXicity t0 HUMANS ........ccccoovviiiienieniee e 96
RETEIENCES ...t bbbttt b et bbb nre s 100
APPENICES ...t bbbt n bbb 138
N o] 0T 40 13 G SRR 138
Dose Responses of Methanol Used in the Preparation of the Crystal Violet Assay .138

F N o] 0T 410 DTSSR 139
Preparation of Solutions Used in this STUY ... 139
A2.1 Phosphate Buffered Saline Stock Solution ............cccccveveiieiecce e, 139
A2.2 MTT StOCK SOIULION ... 139
A2.3 Roswell Park Memorial Institute Medium............ccccoovininiinenn e 139
A2.4 DMEM MEIUM ....oiiiiiieicee ettt 139
A2.5 0.5 M Sodium Phosphate BUFfer............cccoovveiiiiiiiicee e 140
A2.6 20% Sodium Dodecyl Sulphate in 0.02 M HCl..........cooeiiiiiiiiciee 140
A2.7 Crystal VIOIEt STaIN.........ccoveiieiiie e 140
A2.8 TryPan BIUE ......oouoiiiiiiece s 140
A2.9 33% ACELIC ACIH ..ot bbb 141
APPENTIX 3 ettt a e 142
Details about the Human Cell Lines Used in this Study ...........ccccocevveviiieieeceeen, 142

Vi



List of Tables

Table 1.1: Commonly used processes in desalination plants (Australia, 2002).............. 30
Table 2.1: Physical and chemical characteristics of nanoparticles tested. ...................... 41
Table 2.2: Particle toxicity and interference doses tested. .........cccocvevveviieevieiieccee s, 43

Table 2.3: Optical densities for dilutions in media of nanoparticles that showed
significant interference with MTT standard curves (see Figure 2.1). ............ 44

Table 3.1: The physical and chemical properties of silica nanoparticles (Sigma

ALAIICN). e 58
Table A3.1: Human skin keratinocyte cell line...........ccoooiiiiiiiiiiiicc 142
Table A3.2: Human colon carcinoma CeH HNE........oooe oo 143

Vil



List of Figures

Figure 1.1: Schematic representation of crystalline and non-crystalline silica
(Balaguru and Jeyaprakash, 2012). .......ccccoccvieeieeieiiieseeie e 5
Figure 1.2: Silsesquioxanes: (a) Q8 (Q = Si02/2 ) and R can be H, epoxy, vinyl or
methacrylate; (b) R8T8—T8 is T = R-Si03/2 and R is alkene, alkyl
oracetylene; (c) typical sizes/volumes (Wallace et al., 1999).........c..ccceveneee. 9

Figure 1.3: Chemical structures of various types of silsesquioxanes (Gnanasekaran

Bt al.,, 2009). ... 10
Figure 1.4: The POSS product obtained from the hydrolysis of
cyclohexyltrichlorosilane (R = ¢c-C6H11) (Feher et al., 1999). .........ccc.o...... 12

Figure 1.5: Synthesis of polymerisable POSS reagents. R is for non-reactive

functionality; R’ for polymerisable or grafting functionality (Schwab and

Lichtennan, 1998). .....ccoiiiiiiie e 12
Figure 1.6: Functionalities resulting from POSS-trisilanol precursors (Marchesi et
Al 2004). ot 14

Figure 1.7: (a) A simple structure of quantum dots (QDs) comprising cadmium-—
selenide (CdSe) as the core and many layers of zinc sulphide (ZnS) as a
thick shell to implement quantum yield and photostability; (b) Broken
green lines indicate a broad QD excitation spectrum, whereas broken
orange lines indicate a narrow organic dye excitation spectrum. The
unbroken green line indicates a narrow QD emission spectrum, whereas
the unbroken orange line indicates a broad QD emission spectrum for
organic dye; (c) Red Fluorescent Protein DFP DFP and DsRed are
commonly used fluorescent proteins and the emission of QDs can be
controlled by the size of the CdSe core and the ZnS shell (Jaiswal et al.,
2003). 1ottt et n e b bt nearenes 17

Figure 1.8: Quantum dots (QDs) composed of metalloid core and a shell or a cap

such as cadmium-selenium (CdSe) or zinc sulphide (ZnS), which can

render the QD bioavailable (Hardman, 2006)...........cccccoovrivrieieneneneienene 18
Figure 1.9: 2009-10 Assessment report of rainfalls percentage in Australian regions
(Vertessy, 2010).. ...ecieiieciee ettt 25

viii



Figure 1.10: Explanation of membrane layers used in the electrodialysis and reverse

osmosis processes (Australia, 2002). .......ccccevveieiieeieeie e 31
Figure 1.11: Hypothetical explanation of steps used in wastewater treatment plants

(Brar et al., 2010). ...oceeiieiecieieeie e e 34
Figure 2.1: MTT standard curves generated using HaCaT cells in the absence and

presence of nanoparticles (NPs), and the relevant solvents indicated.

Media = untreated standard curve; MTT = NP add concurrently with

MTT; SDS = NP added concurrently with SDS; water, DMSO, ethanol

and SPB = solvent controls with no particles added. ............c.ccceevvevveviernenne. 47
Figure 2.2: Crystal violet standard curves generated using HaCaT cells in the

absence and presence of nanoparticles (NPs), and the relevant solvents

indicated. Media = untreated standard curve; stain = NP added

concurrently with crystal violet; SDS = NP added concurrently with

SDS; water, DMSO, ethanol and SPB = solvent controls with no particles

216 [0 [0 SRR 49
Figure 2.3: Absorbance (optical density) versus cells/well obtained from the MTT

and crystal violet assay using HaCaT cells. Media = no changes to

standard curve; DMSO = DMSO added with MTT or crystal violet stain;

dye and stain = carbon black at 10 mg/mL added with MTT and crystal

violet; SDS = added with media and carbon black. .............ccooeovvviiviiineinnnee, 50
Figure 2.4. Carbon black as can be seen primarily in the cytoplasm of the cells............ 51
after 24 h using transmission electron microscopy. Green arrows indicate particle

accumulation in the cytoplasm. Bar =2, 1, 0.2 M. cooovvvieiveieieeseee e 51
Figure 3.1: The effect of treatment of HaCaT cells with silica particles assessed

using the MTT assay. Data are shown as relative survival (%) compared

with the untreated control and are presented as mean + SE; n = 3, except

TOr 2 mg/ML WHere N = 6. ..o 61
Figure 3.2: The effect of treatment of HaCaT cells with silica particles assessed

using the crystal violet assay. Data are shown as relative cell number (%)

compared with the untreated control and are presented as mean + SE of

three separate experiments, except for 2 mg/mL where n = 6. All

treatments with the crystal violet assay were significantly different from

the untreated control (100%) at p < 0.05, except 1.5 mg/mL. .......c..cceenene. 62



Figure 4.1: The effect of SiO, nanoparticles on HaCaT and Caco-2 cell viability
using the MTT assay, and LDH leakage assessed by the LDH assay.
HaCaT and Caco-2 cells were exposed to six concentrations of SiO..
Data are expressed as means + SD from three independent experiments.

*p < 0.05 compared with control group. ........cccecvveveeieiierece e

Figure 4.2: Scanning electron microscopy image of monodispersed SiO,

nanoparticles (NPs). the scale bar represents 200 nm in diameter; the final

formed NPs were spherical and uniform...........cc.ccoovieiinnineen,

Figure 4.3: Toxic effect of N-nitrosodimethylamine (NDMA) on HaCaT and Caco-
2 cell lines assessed by MTT and LDH assays. Both assays showed
reduction in cell viability and increase in LDH leakage compared with
the positive control. Data are expressed as means + SD from three

independent experiments. *p < 0.05 compared with the control group. .......

Figure 5.1: Synthesis of thiolated silica nanoparticles and subsequent thiol-ene

reaction to produce SiO,-SBMA nanoparticles ...........ccoevviiiininineeiennen,

Figure 5.2: Analysis of nanoparticles using DLS. (a) SiO, nanoparticles (average

size = 87 nm) and (b) after coating with SBMA (average size = 95 nm). ....

Figure 5.3: Scanning electron microscopy images of (a) monodispersed spherical
thiolated SiO; and (b) SiO,-SBMA nanoparticles (NPs); the final NPs

formed were spherical and Uniform. ...,

Figure 5.4: Effect of SiO,-SBMA (left) and UV-exposed nanoparticles (right) on
Caco-2 and HaCaT cell viability using the MTT assay. Caco-2 and
HaCaT cells were exposed to different concentrations of SiO,-SBMA.
Data are expressed as means + SD from three independent experiments.

*p < 0.05 compared with control group. ........cccecevevveieiiece e,

Figure 5.5: Effect of SiO,-SBMA (left) and UV-exposed nanoparticles (right) on
LDH leakage levels. Caco-2 and HaCaT cells were exposed to different
concentrations of SiO,-SBMA. LDH levels increased at 2.00 mg/mL

after 4, 24 and 48-h exposure. Data are expressed as means + SD from

three independent experiments. *p < 0.05 compared with control group.....

Figure 5.6: Effect of SiO,-SBMA-exposed nanoparticles on relative cell number.
HaCaT cell death increased at 2.00 mg/mL. Data are expressed as means

+ SD from three independent experiments. *p < 0.05 compared with

(o10] 01 (0] o[ (o1 o ST

12

.75

.85

.86

.87

.89



Figure A.1: Effect of treatment with methanol for 4, 24 and 48 h on the viability of
HaCaT cells using the crystal violet assay. The effect of methanol was
minimal and only seen after 24-h exposure. The concentration of
methanol in the crystal violet assay was adjusted according to this result. . 138

Xi



AB
AgNP
ANOVA
ATCC
AuNP
CdMm2
Cds
CdSe
CdTe
COPD
CWP
DLS
DMEM
DMSO
ED
ENM
EPR
FBS
FCS
FP
IARC
INT
LDH
MDR

MED

List of Abbreviations

Alamar Blue

Silver nanoparticle

Analysis of variance

American Type Culture Collection
Gold nanoparticle

Dimethyl cadmium

Cadmium sulphide
Cadmium-selenide
Cadmium-—tellurium

Chronic obstructive pulmonary disease
Coal workers pneumoconiosis
Dynamic light scattering
Dulbecco’s Modified Eagle Medium
Dimethyl sulfoxide

Electrodialysis

Engineered nanomaterial

Enhanced permeability and retention
Foetal bovine serum

Foetal calf serum

Formation potential

International Agency for Research on Cancer
lodonitrotetrazolium chloride
Lactate dehydrogenase

Multidrug resistance

Multiple effect distillation

Xii



MPTMS 3-Mercaptopropyl)trimethoxysilane

MQ Milli-Q

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4- sulfophenyl)-2Htetrazolium

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

MWCNT Multi-walled carbon nanotube

NAD B-Nicotinamide adenine dinucleotide

NADH B-Nicotinamide adenine dinucleotide hydrate
NDBA N-nitrosodi-n-butylamine

NDEA N-nitrosodiethylamine

NDMA N-nitrosodimethylamine

NDPhA N-nitrosodiphenylamine

NIOSH National Institute of Occupational Safety and Health
NM Nanomaterial

NMEA N-nitrosomethylethylamine

NMor N-nitrosomorpholine

NP Nanoparticle

NR Neutral Red

nZVI Zerovalent iron

oD Optical density

PBS Phosphate buffered saline

PEG Polyethylene glycol

PES polyether sulfone

PLA polylactic acid

PMS Phenazine methosulfate

POSS Polyhedral oligomeric silsesquioxane

PS Polysulfone

Xiii



QD
RES
RO
ROS
RPM
RPMI
SA
SBMA
SD
SDS
SE
SEM
SPB
SWCNT
TEM
TEOS
TOP
TOPO
UF

uv

WST-1
tetrazolium

Zn0O

ZnS

Quantum dot
Reticuloendothelial system
Reverse osmosis

Reactive oxygen species
Revolutions per minute

Roswell Park Memorial Institute
Surface area

Sulfobetaine methacrylate
Standard deviation

Sodium dodecyl sulphate
Standard error

Scanning electron microscopy
Sodium phosphate buffer
Single-walled carbon nanotubes
Transmission electron microscopy
Tetraethyl orthosilicate

Trioctyl phosphine

Trioctyl phosphine oxide
Ultrafiltration

Ultraviolet

2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-

Zinc oxide

Zinc sulphide

Xiv



Declaration

| certify that this thesis does not incorporate without acknowledgment any material
previously submitted for a degree or diploma in any university; and that to the best of
my knowledge and belief it does not contain any material previously published or
written by another person except where due reference is made in the text

Abdulmajeed Almutary

19/07/2017

XV



Acknowledgments

I would like to thank my amazing parents for their support, love, care and concern while
| pursued my dreams in science. My deep gratitude goes to my brothers and sisters for

their help and for supporting me.

I would like thank my PhD supervisor Associated Prof Barbara Sanderson for guiding
me and teaching me so much, and for always explaining things to me with such
kindness and good cheer. It was an honour to know her and be under her supervision for
many years. Also | would like to thank my co-supervisor Prof Amanda Ellis in the
School of Chemistry, Physics & Earth and Sciences, Flinders University, for providing

the nanoparticles studied in this project and for all her helpful information.

My deepest gratitude goes to all the staff in the department of Medical Biotechnology,
Flinders University, Prof Christopher Franco for his great leadership and Barbara
Kupke and Hanna Krysinska for taking care of us in the lab and keeping the lab

functioning perfectly and with no shortages in resources.

XVi



Publications and Conferences

. ALMUTARY, A. & SANDERSON, B. 2016. The MTT and Crystal
Violet Assays Potential Confounders in Nanoparticle Toxicity
Testing. International Journal of Toxicology, DOI:
10.1177/1091581816648906

. ALMUTARY, A. & SANDERSON, B. 2017. Toxicity of four novel
polyhedral oligomeric silsesquioxane (POSS) particles used in anti-
cancer drug delivery. Journal of Applied Pharmaceutical Science
Vol, 7, 101-105. DOI: 10.7324/JAPS.2017.70212

. ALMUTARY, A. Ellis, A. SANDERSON, B 2016. Amorphous
silica nanoparticles show concentration and time-dependent toxicity
on Huma HaCaT Cells. International Journal of Sciences and
Applied Research.

. ALMUTARY, A. Ellis, A. SANDERSON, B 2017. Toxicity of N-
Nitrosodimethylamine and SiO2 nanoparticles to HaCaT and caco-2
cell lines found in wastewater treatment. Journal of Toxicology and
Health. DOI:10.7243/2056-3779-4-4

. ALMUTARY, A. Ellis, A. SANDERSON, B 2017. Toxicity of
thiolated silica nanoparticles modified with sulfobetaine
methacrylate for potential use in chemotherapy drug conjugation.
Journal of Applied Pharmaceutical science.

. ALMUTARY, A, SANDERSON, B 2017. Up to date in vitro
artefacts in the detection of nanoparticle toxicity: Short review.
Journal of Ecology and Toxicology.

Conferences

. Sanderson BJS, Young F, Shapter J, Cooksley C, Munir S,
Almutary A, Wubuli A (2012) Cytotoxicity of synthetic
nanoparticles towards human cells in culture. AMSR Conference,
Adelaide, S.A.

. Almutary, A, Sanderson, BJS, Ellis A (2014) in Vitro Cytotoxicity

of Silica Nanoparticles on Human Skin Cells, AMSR Conference,
Adelaide S.A

XVii



Chapter 1: Introduction

Chapter 1: Introduction

1.1 Nanotechnology

Nanotechnology is the science of production of new materials at the atomic levels
(Wilson et al., 2002). It involves the synthesis of particles smaller than 100 nm using
manipulative techniques (Agnihotri et al., 2014). The importance of this field stems
from its potential to revolutionise fields such as medicine and engineering. In the past
two decades, the number of commercial nanoparticle (NP)-based therapeutic products
has increased (Anselmo and Mitragotri, 2016). Globally, twenty-four NP-based
therapeutic products have been approved for clinical use (Kateb and Heiss, 2013).
Among these products, two dominant classes are the liposomal drugs and polymer—drug
conjugates. Liposomal drugs were the first closed bilayer phospholipid systems to be
described (in 1965) and to then become drug delivery systems (Allen and Cullis, 2013).
The cooperation of many liposome researchers led to the development of critical
technical advances such as extrusion for homogenous size, drug loading and long-
circulating (PEGylated; i.e. coated with polyethylene glycol) liposomes. These technical
developments have led to many clinical trials of a variety of anti-fungal, anti-cancer,
antibiotic and anti-inflammatory drugs (Lee et al., 2006, Panacek et al., 2009). Lipidic
NPs became the first nanomedicine delivery system to be used in clinical application,

and they are a new technology platform with considerable clinical application.
1.1.1 Nanotechnology in Australia

In Australia, a strategic plan in the field of nanotechnology was unveiled in the year
2002 (Braach-Maksvytis, 2002). The strategic plan brought together isolated activities
into a multidisciplinary infrastructure (Braach-Maksvytis, 2002). Recent activities
aimed to bring together a wide range of groups to create a network that links different
approaches in nanotechnology (Braach-Maksvytis, 2002). This was an important step in
fostering nanotechnology in Australia. As part of this plan, national science bodies such
as the Commonwealth and Industrial Research Organisation, the Australian Research
Council and the Australian Academy of Science have described nanotechnology as a
crucial science investment field (Braach-Maksvytis, 2002). Many Australian

universities offer, or are willing to offer in the near future, nanotechnology
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undergraduate studies (Braach-Maksvytis, 2002). Flinders University of South Australia
is one of the few universities offering undergraduate nanotechnology studies. In 2002,
the Department of Nanotechnology at the university entered its third year. The Flinders
Centre for NanoScale Science and Technology has been created and the Molecular
Technologies Research Cluster will be an important area for nanotechnology research

investment.

Nanotechnology in Australia is well supported and approved by governments.
According to Nanotechnology in Australia—Towards a National Initiative (2002), the
federal government in August 2001 granted financial support for nanotechnology
headquartered at the University of Sydney (Braach-Maksvytis, 2002). The Queensland
Government and the University of Queensland announced an AU$60 million initiative
in the field of biotechnology and nanotechnology (Braach-Maksvytis, 2002).

NanoMac, based at the University of Queensland, is the first nanomaterials research
centre in Australia. NanoMac is headed by Prof GQ Max Lu, chair of chemical
engineering in the field of nanotechnology (Braach-Maksvytis, 2002). NanoMac aims to
promote research and development in the field of nanomaterials in Australia and
globally. According to a survey conducted by the Australian Academy of Science
(2009) examining collaboration and research trends, nanotechnology is stronger than
many fields, but is at an earlier stage of development (Simmons and Barlow, 2009).
Collaborations are perhaps equal between Australia and international partners; also

collaboration can involve sharing ideas and data, and joint publication.
1.1.2 Nanotechnology Applications

Nanotechnology applications cover communications, electronics, cosmeceuticals, food,
energy and agricultural industries, among others (Lee et al., 2008; Simmons and
Barlow, 2009) . Currently, nanomaterials are used in environmental remediation,
medical devices and pharmaceutical areas, giving scientists a chance to modify matter
in various aspects of work and life (Martin, 1994). The production of nanoscale
applications on a commercial level has already begun. For example, in 2002, 140
organisations globally were producing nanoscale particles. The first generation
application was functioning scientific tools, for example, atomic force microscopes and

the development of simple nanoscale compounds and particles for use in cosmetics,
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sunscreen, paint and coatings; other uses include stain-resistant clothing and dirt-
resistant bathtubs (Colvin, 2003). The second generation is expected to be developed
within 5-15 years. The future of second generation applications might be the midpoint
between scientific function and scientific fiction. The British Royal Academy of
Engineering and the Royal Society suggested that the changes would vary from
fundamental nanoscale components and composites to more complex nano-structures
(Rogers-Hayden and Pidgeon, 2007). These complex structures are produced using a
bottom-up pattern of manufacturing and self-assembly in which molecular synthesis
occurs in a manner resulting in molecules and atoms attaching together in distinct
models to create complex structures (Rogers-Hayden and Pidgeon, 2007). If the second
generation of nanotechnology applications becomes real, mid-term applications would
cross over into different sectors (Rogers-Hayden and Pidgeon, 2007).

1.1.3 Nanotechnology Risk Assessment

Nanotechnology application is an important part of enhancing quality of life through the
production of light materials, cleaner energy, less expensive clean water and the
development of new drugs (Savolainen et al., 2010). The unique properties of
engineered nanomaterials (ENMs) and their wide application show great promise for
industries using materials at the nanoscale. The uses of ENMs have been the
cornerstone of many industrial sectors, such as paper, textiles, energy and cosmetics
(Chaudhry et al., 2008). In 2015, products containing ENMs turned over US$1.1-2.5
trillion (Holman et al., 2006). These days, ENMs occur in more than 800 consumer
products, including cigarette filters, fabrics, sprays, sunscreen and cleaning products
(Savolainen et al., 2010). Although these ENMs might be beneficial for technological
applications, they can have genotoxic effects and can lead to inflammation or cancer
due to some of their features (Borm et al., 2006; Chaudhry et al., 2008; Donaldson et
al., 2005; Schiavo et al., 2016). ENM features such as large surface area (SA), mass
ratio size and dose play an important role in their toxicity to some nanoparticles and is a
question waiting resolved (Savolainen et al., 2010, Schiavo et al., 2016). ENM dose is
connected to the amount of materials engaged in the exposure, which is linked to total
mass concentration (Savolainen et al., 2010). However, aerosol exposure to NPs is
connected to particle number and SA; this has been the concern in establishing the
correct metric for particle toxicity (Hoet et al., 2004; Yang et al., 2009). Several
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researchers have concluded that ENM SA is the correct metric for dose definition
(Savolainen et al., 2010), which has led to a vast amount of research on ENMs and the
correlation between their features and toxic effects, to ensure safe use of NPs (Fubini et
al., 2010). The nanotechnology-biology interface has received increased attention to
provide a better understanding. Therefore, many organisations and countries have

emphasised the safety of nanotechnologies (Kuzma, 2006).
1.1.3.1 Issues related to Engineered Nanomaterial Risk Assessment

The steps used in risk assessments for other types of chemicals are similarly used in the
evaluation of ENM risk. The first step is to identify the ENM properties that may have
health effects (Jia et al., 2005; Nel et al., 2009). Second, ENM hazard characterisation is
defined by the dose responses for targeted organs and cells and the mechanism of
toxicity (Chou et al., 2008). In addition, assessment of ENM includes their reactions
with constituents at the point of human body entry and their capacity to cross internal
barriers such as the blood—placenta, blood-testicular and blood-brain barrier (Cedervall
et al., 2007). The third step in the risk assessment of ENM is to estimate the exposure
(Savolainen et al., 2010). ENM can be produced from substances in many forms, sizes
and surface coatings; hence, these features require validation of analytical methods for
their characterisation in bulk samples and measurements in the air in workplaces. ENM
concentrations will be higher in occupational environments; therefore, occupational
settings hold the most potential for human exposure (Peters et al., 2008). Risk
assessments also need to account for the transport process between the source of action
and human receptors. The fourth step in risk assessment/hazard identification is hazard
characterisation, exposure assessment and risk characterisation, which make up the risk
assessment process (Savolainen et al., 2010). Risk assessment combines these four steps
to help understand the possibility of a hazard substance posing a health issue in a certain

exposure situation.
1.1.4 Silica Nanoparticles

Silica is the common name of silicon dioxide (SiO), which can have a crystalline or
non-crystalline (amorphous) structure (Street, 2005). In crystalline silica, the silicon and
oxygen atoms are bound in a stable geometric pattern, whereas in amorphous silica, the

atoms are in an uncoordinated pattern (see Figure 1.1) (Street, 2005). Amorphous silica
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occurs naturally or can be obtained under uncontrolled conditions or as manufactured
synthetic silica (Street, 2005). Naturally occurring amorphous silica is diatomaceous
earth, in which particles are the fossils of marine plants known as diatoms (Merget et
al., 2002). Dust from non-calcined diatomaceous earth was found to contain 0.1-4%
crystalline silica, while processing leads to contamination with crystalline silica of up to
60% (Street, 2005). Exposure to other naturally occurring biogenic amorphous silica
was reported for farmers during agricultural settings (Lawson et al., 1995). The
handling of these silica particles could lead to exposure to the crystalline type of silica.
Amorphous silica produced under controlled conditions can be classified into three
groups (Merget et al., 2002): wet process silica such as precipitated silica and silica
gels; pyrogenic silica; and post-treatment silica, for example, chemically or physically
treated silica. Fused silica is a phase of heated silica, when it becomes liquid and cools

down without becoming crystallised.

Crystalline SiO4 Amorphous SiO,

Figure 1.1: Schematic representation of crystalline and non-crystalline silica (Balaguru
and Jeyaprakash, 2012).

1.1.4.1 Crystalline and Non-crystalline Silica Particles

Crystalline types of silica are found in nature and can be synthesised in forms that
clearly have no natural counterpart (Grose and Flanigen, 1977). The most common type
of crystalline silica is quartz; two less common forms are cristobalite and tridymite,

each of which has polymorphic forms that are stable at different temperatures (Marinelli
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et al., 2001; Shinohara and Kohyama, 2004). At normal temperatures, the stable form is
alpha-quartz, which is reversed at 573°C to beta-quartz. Beta-quartz is stable up to
867°C (Flanigen and Patton, 1978). Tridymite can be stable from this temperature up to
1470°C. Beyond this temperature, cristobalite is stable and stays that way to around
1713°C (Flanigen and Patton, 1978). Quartz is a solid component of most natural
mineral dust (Flanigen and Patton, 1978). Human exposure to quartz occurs most often
during occupational activities that demand movement of earth or handling of silica-
containing products, or during manufacturing of silica-containing products (Flanigen
and Patton, 1978). Environmental exposure to surroundings with quartz dust can occur
during industrial and agriculture activities (Howard, 1991). Respirable quartz dust
particles deposit in the lungs if inhaled and little is known of their clearance kinetics in
humans (Borm et al., 2004, Morrow et al., 1967). There are a shortage of data on quartz
dust load in human lungs (Crosera et al., 2009). In addition, it has been noticed that
deposition and clearance of quartz in animals is dependent on species (Dagle et al.,
1986). Exposure to quartz particles in rats has been shown to lead to the formation of
discrete silicotic nodules (Corrin and King, 1969). Moreover, inhalation of aerosolised
quartz particles reduced alveolar macrophage clearance function and caused progressive
lesions and oxidative stress in rats after intratracheal instillation or inhalation of quartz
(Warheit et al., 2007).

1.1.4.2 Toxicity of Non-crystalline Amorphous Silica

Amorphous silica NPs are currently used in industrial and biomedical applications such
as cosmetics, food additives and drug delivery systems (Merget et al., 2002). However,
there is no conclusive information about their cytotoxicity, genotoxicity or
carcinogenicity potential (Uboldi et al., 2012). Occupational exposure to crystalline
silica dust is connected with an increase in pulmonary diseases including silicosis,
chronic bronchitis, tuberculosis and chronic obstructive pulmonary disease (COPD).
Not many studies have estimated the effect of synthetic amorphous silica in relation to
airway or lung diseases (Merget et al., 2002). Workplace concentrations have been
assessed in some studies. The European Chemical Industrial Council reported that the
average total dust concentration in a workplace ranged from <1 to ~10 mg/m?®
(Kauppinen et al., 2000). The known health effects of amorphous silica on humans are

discussed in the following section.
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1.1.4.3 Health Hazards of Amorphous Silica
1.1.4.3.1 Pneumoconiosis

Silicosis and coal workers pneumoconiosis (CWP) are serious cases of occupational
lung disease (Castranova and Vallyathan, 2000). CWP and silicosis continue to occur
frequently despite strong precautions to control environmental dust. Even though the
mechanisms of silicosis and CWP initiation and progression are understood, this has not
prevented these occupational diseases. The knowledge obtained from research has been
highly valuable in determining the cause and progression, which had led to the
recommendation and implementation of exposure limits (Castranova and Vallyathan,
2000). Many studies have reported a large number of cases of pneumoconiosis in
workers in the diatomite industry. However, some studies did not clearly state if the
cause was from crystalline or amorphous silica (Pandurangi et al., 1990). Other studies
have suggested that contamination of crystalline silica is causative of pneumoconiosis in
diatomite workers after finding that exposure to natural diatomite was connected with
simple fibrosis; while exposure to calcined diatomite was associated with progressive
pulmonary fibrosis (Fereland et al., 2008; Smart and Anderson, 1952). In
epidemiological studies, no silicosis was observed in workers exposed to long-term
manufactured silica; however, in another study, silicosis was found in 4-28 cases

caused by amorphous silica not contaminated with quartz (Merget et al., 2002).
1.1.4.3.2 Bronchiolitis Obliterans

In one case study, a non-smoking animal feed worker was found to suffer from
irreversible airflow obstruction after two years of occupational exposure to proteolytic
enzymes, microorganisms and both amorphous and synthetic silicates (Spain et al.,
1995). Despite being removed from the work place and undergoing treatment, the
worker’s pulmonary dysfunction did not improve. A lung biopsy showed peribronchial
inflammation and neolumen formation consistent with bronchiolitis obliterans (Spain et
al., 1995). Energy dispersive analysis of biopsy specimens and bronchoalveolar lavage
fluid uncovered the presence of silica particles. The finding may link potential silica
exposure with the pathological discovery. This case study suggests bronchiolitis

obliterans can occur as a result of occupational exposure in the animal industry.
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Therefore, this case should be considered in the evaluation of symptomatic patients with

possible exposure to amorphous silica (Spain et al., 1995).
1.1.4.3.3 Carcinoma

Confirming a clear relationship between exposure to silica in the workplace and cancer
is often difficult (Parent et al., 2000). Cancer’s slow development can make it
complicated to identify a particular cause—effect relationship (Brown, 2009). Moreover,
variable job histories, exposure to other carcinogenic compounds and other factors such
as genetic sensitivity and poor nutrition influence detection of silica carcinogenicity in
the workplace (Colditz et al., 2006). Detailed records on workers is crucial for finding
and preventing exposure to carcinogens (Brown, 2009). Thus, the only precaution that
can be taken is limiting or removing exposure to probable and known carcinogens. Two
studies of cohort mortality caused by the diatomaceous earth industry and a refractory
brick factory revealed an increased risk of bronchial carcinoma among workers (Merget
et al., 2002). Neither study examined the cause of mortality; that is, whether it was
amorphous or crystalline silica. However, an independent effect of amorphous silica
cannot be concluded. Further research is necessary to understand the complex pattern of
influence leading to lung cancer among silica-exposed workers and to know whether
and how to limit exposure to other workplace lung carcinogens. The overall respirable
dust, surface size and age of silica particles affects the carcinogenic potential of silica
(Brown, 2009). In addition, the apparent paradox of a lower lung cancer risk in some
workplaces that have high-level silica exposure needs further investigation (Brown,
2009).

1.1.5 Polyhedral Oligomeric Silsesquioxane (POSS)

Molecular nanocomposites are attracting strong interest in the materials community
(Waddon and Coughlin, 2003). Molecular nanocomposites hold the potential to improve
the engineering properties of conventional materials and create new properties. Many
types of systems and approaches to fabrication have been implemented (Waddon and
Coughlin, 2003). One of the most exciting class of nanocomposites is the polyhedral
oligomeric silsesquioxanes (POSS) (Schwab and Lichtenhan, 1998), first discovered in
1946 by Scott (as cited in Li et al., 2001) figures 1.2 &1.3. Studies on POSS molecules

focussing on synthesis, structure and properties were noted from the 1940s (Phillips et
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al., 2004). Two landmark 1946 publications were those by Scott on condensed POSS
cages and by Scott, Brown and Vogt on uncondensed POSS ‘triol’ characterisation (as
cited in Phillips et al., 2004). After 1990, the field developed rapidly in the hands of two
research groups: the Feher group at the University of California and the Lichtenhan
group at the Airforce Research Laboratory, in the United States. The Feher group
advanced the methods for synthesising and modifying a structurally well-defined Si/O
framework while the Lichtenhan group led the use of discrete POSS in polymer-related
applications (Mark, 2007). A recent composite review categorised POSS structure as
having sphere-like or dimensionality structure (Phillips et al., 2004). This is a useful
initial assignment of the possibility to create higher-dimensionality structures by
crystallisation or aggregation of POSS macromers into the polymer matrix, and led to

the building of the 1-3-dimensional stage (Phillips et al., 2004).
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Figure 1.2: Silsesquioxanes: (a) Q8 (Q = Si02/2 ) and R can be H, epoxy, vinyl or
methacrylate; (b) R8T8—T8 is T = R-Si03/2 and R is alkene, alkyl oracetylene; (c)
typical sizes/volumes (Wallace et al., 1999).
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Figure 1.3: Chemical structures of various types of silsesquioxanes (Gnanasekaran et
al., 2009).

1.1.5.1 Basic Structure of POSS

POSS molecules have a cage-like structure measuring 1-3 nm with a hybrid chemical
composition (RSiO;5) (H20) (Zhao and Schiraldi, 2005). This chemical composition
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lies between silicones (R2SiO) and silica (SiOy), and is well defined spatially where R
is an organic group such as ethyl, phenyl, cyclopentyl, cyclohexyl, isooctyl or a
hydrogen atom; and a and b are integers, with a + b = 2n where n is an integer and b = a
+ 2 (see Figure 1.2). The structure of silsesquioxanes could be cage, random or ladder.
The cage structure could contain eight atoms positioned at cube vertices. Cubic
structure compounds are mostly shown as T6, T7, T8 and T12. This depends on how
many silicon atoms are in the cubic structure (Figure 1.3) (Wallace et al., 1999). This
well-defined structure has a stable inorganic Si-O core covered by substituents that
provide a wide range of polarities and reactivate if the structure modified (Zhao and
Schiraldi, 2005). POSS molecules can be combined into a polymer system by grafting,
blending or copolymerisation (Zhao and Schiraldi, 2005).

1.1.5.2 Synthesis of POSS

The framework for synthesising a fully condensed POSS starts with the hydrolysis and
condition of a trifunctional organosilicon monomer such as organotrichlorosilane as
represented in Figures 1.4 and 1.5 (Feher et al., 1999). Isolated POSS precursors from
the hydrolysis mixture can be used in polymerisation reactions directly; however, extra
functionalisation is often needed. Limiting the number of functional groups to one or
two is necessary to incorporate POSS reagents into a linear polymer system, which
helps avoid cross-link networks (Schwab and Lichtenhan, 1998). In Figures 1.4 and 1.5,
functionalisation of the POSS framework can be easily achieved by corner capping the
POSS-trisilanols with silane coupling agents suitable for polymerisation or grafting
reactions. There are a few reactions that could lead to the formation of POSS and its
derivatives (Li et al., 2001). These can be classified into two major stages depending on
the nature of the beginning materials employed. The first stage is reactions that gave
rise to new Si-O-Si bonds with consecutive formation of a polyhedral cage framework.
These reactions are complex and there are multistep processes leading to oligomers and
polymers that include oligosilsesquioxanes and their derivatives (Li et al., 2001). The
second stage involves shuffling the substituents at the silicon atom without changing the

silicon oxygen skeleton of the molecules (Li et al., 2001).

11



Chapter 1: Introduction

R
R R OH /
v \ Ve -
§i-OH $i—0—S$i i
/! OH AN | g /1\
R fOO [ OH R\ 0 0\ 0 R A {-}0\ R
o O ~Si—0—Si~Lp ho ST O—SiR ~~§i—0—8i”"
% Teow wbsols 0 Lseols B |
PP " 19 (IJJO X ? o \U(I)
Si—0=$i, Si—0=si /,sf—o—‘sk\
R R R R R R

Figure 1.4: The POSS product obtained from the hydrolysis of cyclohexyltrichlorosilane
(R = c-C6H11) (Feher et al., 1999).
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Figure 1.5: Synthesis of polymerisable POSS reagents. R is for non-reactive
functionality; R’ for polymerisable or grafting functionality (Schwab and Lichtenhan,
1998).

1.1.5.3 Properties of POSS

A recent study has shown that the thermal stability and mechanical properties of
polymer materials such as polycarbonate, polymethyl methacrylate, phenolic resin and
cyanate ester have been improved by the incorporation of POSS (Du et al., 2010).
Benzoxazine and incomplete trisilanol POSS were prepared and, after curing, the
corresponding composites were gained. Dynamic mechanical analysis , differential
scanning calorimetry and x-ray diffraction were used to characterise curing behaviour,

structures and thermal properties. It was found that chemical bonds were created
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between trisilanol phenyl POSS and polybenzoxazines , and that trisilanol phenyl
POSS had a better affinity with the matrix than did trisilanol isobutyl POSS. The
composite’s thermal stability and dynamic viscoelasticity have been perfected by the
incorporation of trisilanol phenyl POSS (Du et al., 2010). It is becoming clear that
incorporation of POSS into linear polymers or network resins could provide
nanocomposites with good thermal and mechanical properties (Li et al., 2001). Many
nanocomposites have been developed following increases in the synthesis of a variety
of POSS-containing monomers with functionalised substituents (Li et al., 2001). In this
way, this technique can be used to change the matrix of composites such as carbon
filters (Li et al., 2001).

1.1.5.4 Application of POSS

POSS nanostructures have potential value in many biomedical applications such as
dental composites, drug delivery, biomedical devices, biosensors and tissue engineering
(Ghanbari et al., 2011). Cyto-compatibility and nontoxicity are features that make POSS
suitable for biomedical applications (Crowley et al., 2016). One of the most valuable
applications of POSS was in the development of cardiovascular implants where
incorporation of POSS with biocompatible polymers led to the development of
nanocomposite materials that enhanced anti-thrombogenicity and haemocompatibility,
and reduced inflammatory response and calcification resistance (Ghanbari et al., 2011).
Currently, POSS-containing polymers are under intensive investigation to develop a
new generation of cardiovascular implants such as bypass grafts, heart valve prostheses

and coronary stents (Ghanbari et al., 2011; Naghavi et al., 2013).
1.1.5.5 Classification of POSS

Due to their chemical structure, a variety of POSS-containing polymers and copolymers
can be synthesised. Several groups known as ‘R’ can bind to the corner Si atoms. Those
used in the current study on trisilanol POSS have an Si atom removed from the corner
and an H atom bound to each surrounding-edge O atom. The R groups can be ethyl,
phenyl, cyclopentyl, cyclohexyl or isooctyl groups. Figure 1.6 represents functionalities
prepared from POSS-trisilanol precursors. The change in R groups would modify the

composition, chain mobility and local structure (Marchesi et al., 2014; Mark, 2007).
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These modifications would affect the dimensional, thermal and oxidative stability that

leads to composites with improvements properties.
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Figure 1.6: Functionalities resulting from POSS-trisilanol precursors (Marchesi et al.,
2014).

1.1.5.6 Toxicity of POSS

In the literature, POSS nanocomposites have shown little or no toxicity to human cell
lines. A recent review highlighted the physical properties of POSS polymer-based
materials and their bio-stability and low toxicity. Bio-stability is one of the crucial
considerations in the selection of polymer-based composites for medical applications
(Wu and Mather, 2009). In a previous study related to the current research, the toxicity
of five concentrations (0.001-100mg/mL) of POSS particles to the human keratinocyte
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cell line (HaCaT) was investigated. Trisilanol isooctyl POSS particles significantly
reduced the metabolic activity and relative cell number in HaCaT cell cultures after a
24-h exposure. Trisilanol phenyl, cyclopentyl and cyclohexal POSS particles did not
show any sign of toxicity; therefore, toxicity may be attributed to the shape of the
particle. Trisilanol phenyl, cyclopentyl and cyclohexal POSS particles show promising

application in anti-cancer drug delivery (Almutary and Sanderson, 2016).
1.1.5.7 Guidelines for Using POSS Safely

Most studies are not concerned with investigating the cytotoxicity of POSS and their
occupational safety, or even that of other NPs. A recent study described the effect of
amine-functionalised POSS on COS-1 cells as being very low and amount of the
particles founded in the cytoplasm (McCusker et al., 2005). Over the past 15 years,
insufficient data were available on the health and environmental impacts of
nanostructured materials, but this has been growing slowly (Maynard et al., 2006).
ENMs depositing in the respiratory tract could lead to inflammation and transmission to
other cells, and transport to sensitive target sites in the body (Michelson and Rejeski,
2006). Unfortunately, the rates of translocation of these nanomaterials are uncertain
(Michelson and Rejeski, 2006; Mills et al., 2006).

1.1.6 Quantum Dots (QDs)

Cadmium is used in the construction of particles commonly called quantum dots (QDs)
(Rzigalinski and Strobl, 2009). QDs are defined as semiconductor metalloid—crystal
structures comprising 200-10,000 atoms and measuring 2-100 nm (Hardman, 2006;
Juzenas et al., 2008; Rzigalinski and Strobl, 2009). QDs are characterised by bright and
stable fluorescence caused by their unique opto-electronic properties arising out of their
small size (Hardman, 2006; Juzenas et al., 2008; Rzigalinski and Strobl, 2009). Because
of their petite size, QDs have a large SA, making it possible to functionalise them
through targeting sites used in site-directed activity (Jaiswal et al., 2003). QDs have
revolutionised biological imaging at the cellular level, targeted drug delivery and cancer
detection. However, interest in expanding research on QDs in the field of medicine was
not sustained because of the requirement for a substantial amount of cadmium in a

highly reactive form, and associated health risks (Jaiswal et al., 2003).
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Despite the uncertainty regarding risks of cadmium exposure, QDs were more useful
than organic fluorophores for understanding biological interactions. QDs are inorganic
fluorophores that could be used as an alternative to organic fluorophores (Jaiswal et al.,
2003). Between ultraviolet (UV) and red light wavelengths, QDs can be excited because
of their wide excitation spectra, unlike the restricted excitation of organic fluorophores
(Jaiswal et al., 2003; Mazumder and Sun, 2009). Changes in the composition and size of
QDs can widen excitation spectra and at the same time produce narrow emission spectra
(Jaiswal et al., 2003). This feature allows the simultaneous detection of different-
coloured QDs; thus facilitating the detection of several cells in vivo and multiple
molecules at the same time in vitro (Coto-Garcia et al., 2011; Jaiswal et al., 2003). More
details are provided in Figure 1.7. Due to their properties, QDs are effective not only for
imagining QD-tagged proteins over a longer period but also for imaging the growth and

development of organisms for periods of weeks to months (Jaiswal et al., 2003).
1.1.6.1 Basic Structure of QDs

Structurally, QDs are composed of a metalloid crystalline core and a shell or a cap that
protects the core and renders the QD bioavailable (see Figure 1.8) (Hardman, 2006). QD
cores are made of a variety of metal complexes such as noble metals, semiconductors
and magnetic transition metals (Dabbousi et al., 1995; Esparza et al., 2015; Smith et al.,
2008). For example, semiconductor I11-V series QDs consist of indium phosphate (InP),
gallium arsenate (GaA), indium arsenate (InA), metalloid cores, and group 1I-1V series
QDs are composed of zinc—selenium (ZnSe), zinc sulphide (ZnS), cadmium—tellurium
(CdTe) and cadmium-selenium (CdSe) cores (Dabbousi et al., 1995).

Due to the large SA of CdTe and CdSe QDs, many atoms are shown at the surface
(Rzigalinski and Strobl, 2009). These atoms have molecular orbitals with a full
complement of electrons for stability. Therefore, another semiconductor with a broader
bandgap, such as ZnS, is added over the CdSe core (Biju et al., 2008). Adding ZnS
enhances fluorescence efficacy, and could reduce the toxicity resulting from the highly
reactive core (Rzigalinski and Strobl, 2009). Growing a ZnS shell layer on the surface
of the CdSe core is known to enhance photoluminescence efficiency (Smith et al.,
2008). Hardman (2006) has shown that a QD core—shell could be added to a QD to
obtain the desired bioactivity. A QD that is newly synthesised is inherently
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hydrophobic; however, adding a hydrophobic cap to the metalloid core could render

them biologically less active and improve their solubility.
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Figure 1.7: (a) A simple structure of quantum dots (QDs) comprising cadmium-selenide

(CdSe) as the core and many layers of zinc sulphide (ZnS) as a thick shell to implement

quantum yield and photostability; (b) Broken green lines indicate a broad QD excitation

spectrum, whereas broken orange lines indicate a narrow organic dye excitation

spectrum. The unbroken green line indicates a narrow QD emission spectrum, whereas
the unbroken orange line indicates a broad QD emission spectrum for organic dye; (c)

Red Fluorescent Protein DFP and (DsRed) are commonly used fluorescent proteins and
the emission of QDs can be controlled by the size of the CdSe core and the ZnS shell

(Jaiswal et al., 2003).
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Quantum dot

ZnS
QD core—shell Bioactive coating
(e.g., CdSe/ZnS) (e.g., protein, peptide)
5nm

Figure 1.8: Quantum dots (QDs) composed of metalloid core and a shell or a cap such
as cadmium-selenium (CdSe) or zinc sulphide (ZnS), which can render the QD
bioavailable (Hardman, 2006).

1.1.6.2 Synthesis of QDs

In 1982, Efros and Ekimov described the synthesis of QDs (Efros et al., 2013). Top-
down techniques such as lithography were widely used to prepare QDs. This technique
made QDs that were unsuitable for advanced applications because of their poor optical
properties, reduced productivity, crystal defects and size variations (Wang et al., 2014).
A bottom-up technique was investigated for QD properties and applications by several
researchers (Wang et al., 2014). CdSe QDs could be synthesised via pyrolysis of trioctyl
phosphine/trioctyl phosphine oxide (TOP/TOPQO) and a mixture of organometallic
precursors such as dimethyl cadmium (CdM2) (Pradeep et al., 2017). This provided a
hydrophobically capped CdSe, cadmium sulfide (CdS) and CdTe QDs. CdM2 was
heated to 230-300°C with added TOP—selenide. TOPO was heated to 300°C for 20 min
under vacuum followed by injection of the CdM2 mixture and selenide precursor (Biju
et al., 2008). CdSe nanocrystal growth was carried out at 230-260°C (Coolen et al.,
2009). The result was a sample of QDs with size distribution of 1.2-11.5 nm that could
be separated using size-selective purification (Coolen et al., 2009). Due to CdM2’s
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toxicity, pyrophoric nature and volatility, researchers replaced CdM2 with a non-volatile
cadmium precursor such as CdCIO,, and used thioglycerol as a capping agent (Coolen
et al., 2009).

A recent study has shown that most synthesised QDs are in a nonpolar organic solvent
and solubilised in aqueous buffer as their hydrophobic surface had to be transformed to
an amphiphilic one (Michalet et al., 2005). A variety of solubilisation methods has been
discussed, including ligand exchange with simple thiol-containing molecules or much
more accurate ones such as oligomeric phosphines and peptides. Another method was
the encapsulation by a layer of triblock copolymers, or a philic diblock. In addition, a
combination of different layers of molecules gave the required colloidal stability to QDs
(Michalet et al., 2005). The purpose of functionalising QDs was to meet four key
requirements (Mazumder and Sun, 2009): increasing stability in water; presence of
functional groups for bioconjugation; lack of interference with the native properties of
NPs; and non-immunogenicity and biocompatibility in living systems (Michalet et al.,
2005).

1.1.6.3 Application of QDs

The use of QDs is increasing rapidly to include emerging technologies. The unique
optical and electronic properties of QDs are a key feature to increase the use of QDs
(Bruchez et al., 1998). Currently, QDs are applied in electronics and biomedical
engineering; the most useful properties of QDs are their fluorescence spectrum, which
make QDs the optimal fluorophores in the field of medical imaging (Li and Zhu, 2013;
Michalet et al., 2005). For example, fluorescence QDs conjugated with antibodies could
be targeted towards cellular structures or specific biological events (Chinen et al.,
2015). Conjugated QDs could also be used in labelling of microorganisms, detection of
biofilms, drug delivery, treatment of AIDS, labelling of breast cancer and tumour

targeting and imaging (Sun et al., 2014).
1.1.6.4 Toxicity of QDs

The literature on the cytotoxic effect of QDs on cells in vitro and in vivo demonstrates
mixed results. Michalet et al. (2005) reported that potential interference and cytotoxicity
of QDs are related to the synthesis, solubilisation and functionalisation procedures.

Rzigalinski and Strobl (2009) found that QD toxicity was related to multiple parameters
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such as size, concentration, shape, activity surface coating, redox, charge and
mechanical stability. Smith et al. (2008) mentioned that QDs were composed of toxic
atoms (e.g. Cd, Hg, Pb) and the effects of these on the QDs were not clear. QDs were
found to aggregate, bind nonspecifically to cellular membranes and induce the creation
of reactive oxygen species (ROS) (Smith et al.,, 2008). However, other reports
discussing cell viability function and morphology did not find adverse effects (Michalet
et al., 2005). The following sections summarise the reports from in vivo and in vitro
studies.

1.1.6.5 In Vitro Studies

Mazumder et al. (2009) found that CdSe QDs were strongly toxic to cultured cells in the
presence of UV illumination for a prolonged period. A process called photolysis occurs
when UV irradiation acts on chemical bonds leading to the dissolution of the particle.
Thus, toxic cadmium could be released, causing immense harm to cells (Kirchner et al.,
2005). Coating QDs with nontoxic organic compounds such as PEG or inorganic layers
such as ZnS and silica could prevent toxicity. Nonetheless, QDs could access cells by
endocytosis, and cell death is attributed to uptake quantity (Bernevig et al., 2006; Zhang
et al., 2006). Another study of QD toxicity showed that CdSe-core QDs were acutely
toxic under known conditions such as synthesis parameters, exposure to UV light and
surface coating (Derfus et al., 2004). Jaiswal et al. (2003) reported that HelLa cells
labelled with QDs for more than one week showed no observable effect on growth. A
recent study observed no cytotoxicity or phototoxicity to prostate carcinoma Dul45
cells exposed to CdSe/ZnS (0-100nM). However, cell growth decreased at the highest
doses (200-400nM), which was attributed to the borate buffer used to suspend the QDs
(Generalov et al., 2010).

1.1.6.6 In Vivo Studies

In experiments conducted on rats, 25% of the cadmium aggregated within the liver
(Derfus et al., 2004). Even a low dose of cadmium ions in vitro (100-400uM) was
shown to decrease the variability of hepatocytes. Metallothionein was a critical
mitochondrial protein affected by the binding of cadmium to sulfhydryl groups, leading
to mitochondrial stress and dysfunction (Derfus et al., 2004). The small amount of this

protein was not sufficient when exposed to a high level of Cd**. Hepatocytes isolated
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from rats grown in vitro showed typical metallothionein levels similar to those in vivo,
suggesting that isolated cells were a representative model for in vivo hepatotoxicity (Liu
et al., 1990). Xenopus embryos with 2 x 10° CdSe/ZnS QDs/cell and comparable control
embryos showed similar growth patterns, suggesting there was no cytotoxic effect
(Dubertret et al., 2002). However, at 5 x 10° QDs/cell, noticeable abnormalities were

observed to influence the osmotic equilibrium of the cell (Dubertret et al., 2002).

The distribution of three different CdSe/ZnS QDs peptides (F3, GFE, LyP-1) coated on
tissues of normal BalbC mice for 5-20 minutes showed accumulation of the three types
in liver and spleen additional to the targeted tissue (lung) (Akerman et al., 2002). The
nonspecific aggregation decreased after adding PEG to the QD surface. Acute toxicity
was not observed after 24 h of exposure. Another study reported that there were no
adverse effects from injecting CdSe QDs into mice (Larson et al., 2003). However,
Larson and his group did not give an exact time line; they only outlined the absence of

toxicity when maintained for ‘a long time’.
1.1.6.7 Guidelines for Using QDs Safely

In relation to investigation of the cytotoxic effect of QDs in vitro and in vivo, a shortage
of work on Q safety and the potential hazards from inhaling or exposure was noted in
the literature review. The cytotoxic effects of QDs and their long-term stability both in
vivo and under environmental conditions remains unclear (Argyle and Robinson, 2006).
The current study investigated the interference of cadmium sulphide (CdS) QDs using a

protocol of two classical assays to identify any potential confounding effects.
1.1.7 Gold Nanoparticles

Gold NPs (AuNPs) have a long history in chemistry back to ancient Roman times when
they were used to decorate glass (Kang et al., 2010). The new era of AuNP synthesis
began nearly 150 years ago by Michael Faraday, who identified that colloidal gold has
properties different from bulk gold (Faraday, 1857). Synthesis methods for spherical
and non-spherical AuNPs have been developed over the last half-century (Kang et al.,
2010). The AuNPs produced have unique properties such as their shape-dependent
optical, size and electronic features. In addition, they have a high SA that can be readily
modified with ligands having functional groups such as phosphines, thiols and amines,

which display affinity for gold surfaces. When these functional groups are connected
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with ligands such as proteins and antibodies, this increases functionality (Kang et al.,
2010). The understanding of gold nanoconjugates has led to a wide range of
investigations, including crystallisation of materials, programmed assembly,
bioelectronics and detection methods. The literature on gold nanoconjugates in
biodetection and biodiagnostics is vast. In recent years, the unique properties of gold
and the use of conjugates have revealed exciting findings in medicine and biology.
These findings have shown the potential for gold nanoconjugates enter living cells if
functionalised with suitable surface moieties; thus, this could be a promising therapeutic
agent in cellular biology (Kang et al., 2010).

1.1.7.1 Synthesis and Assembly

There are many traditional methods of synthesis of AuNPs by reduction of gold
derivatives (Daniel and Astruc, 2004). The most popular one is using citrate reduction
of HAuUCI, in water (Ji et al., 2007). This conventional method was described by
Turkevich in 1951 when he synthesised AuNPs at the size of 20 nm (Turkevich et al.,
1951). In 1973, Frens reported AuNPs pre-chosen in size between 16 and 147 nm by
varying the ratio between the reducing and stabilising agents’ trisodium citrate to gold
ratio (Frens, 1973). The method gained much attention and it is still used even now,
especially when a loose shell of ligands is needed around the gold core. In recent
research, sodium 3-mercaptopropionate was found to stabilise AuNPs by the
simultaneous addition of citrate and an amphiphile surfactant (Yonezawa and Kunitake,
1999). By adopting this method, the size of AuNPs can be controlled by varying the
stabiliser to gold ratio. In 1997, Mulvaney and colleagues stabilised AuNPs with
alkanethiols (Mulvaney et al., 1997). This showed that thiols of different chain can be
used in synthesis. In 1994, the establishment of the Brust—Schiffrin method for AuNP
synthesis had an effect on the field of nanotechnology because it reduced dispersion and
controlled the size of thermally stable and air-stable AuNPs (1.5-5.2 nm) (Brust et al.,
1994; Liz-Marzén, 2013). These AuNPs can be frequently isolated and re-dissolved
without aggregation and decomposition (Daniel and Astruc, 2004). Moreover, they can
be handled and functionalised easily as molecular and stable organic compounds
(Daniel and Astruc, 2004). Different sulphur-containing ligands such as di- and tri-
thiols, xanthates and disulphides, and resorcinarene tetra-thiols can be used to stabilise
AUNPs (Reznickova et al., 2015). Disulphide is not as efficient a stabilising agent as are
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thiols but is useful for catalysis (Fernandez-Rodriguez et al., 2006). Similarly, thioethers
do not bind to AuNPs as strongly as do polythioether, as established by Rheinhout’s
group (Daniel and Astruc, 2004).

1.1.7.2 Gold Nanoparticles in Drug Delivery

It is well known that active targeting by modifying NPs with ligands has the ability to
enhance the therapeutic activity and produce fewer side effects than conventional
therapeutics (Cho et al., 2008). The ability to target specific cells rather than tissues
means that ligand conjugate nanocarriers will outperform the first generation of non-
targeted nanosystems (Das et al., 2009; Weissleder et al., 2005). Although targeting
delivery systems relies on factors such as delivery vehicles, drugs and diseases, many
important benefits have been reported (De Jong and Borm, 2008). In cancer therapy,
targeting ligands demonstrated greatly enhanced retention and cellular uptake of NPs by
receptor-mediated endocytosis (Chen et al., 2010; Qian et al., 2002). Identification of
NP accumulation in tumours is dependent on their physiochemical properties, which
can lead to a higher intracellular drug concentration that helps in increasing therapeutic
activity (Petros and DeSimone, 2010). Targeting of endothelial tissue in cardiovascular
disease by NP locating is achieved by ligand receptor interaction rather than enhanced
permeability and retention (EPR) (Shi et al., 2007). In a similar way, ligand-mediated
targeting is an important benefit of nano-drug transcytosis beyond epithelial and
endothelial barriers (Georgieva et al., 2014). In such cases, targeted delivery is applied
to combat multidrug resistance (MDR) or to longer circulate targeted NPs to locate and
fight migrating cancer cells (Patil et al., 2009). Although three targeted NP systems are
still in Phase 1I/11 of clinical trials, the way of clinically translating these systems is not
as smooth as predicted (Shi et al., 2010). One main obstacle is the complexity of
manufacturing viable targeted NPs; also, production usually requires time-consuming
steps such as biomaterial assembly, ligand infusion and purification, which demand
quality assurance (Shi et al., 2010). The single-step synthesis of targeted NPs by pre-
functionalised self-assembling provides an easy strategy for changing size and scale
(Shi et al., 2010). Aside from NPs, targeting ligands is another important consideration
in drug delivery, as are variables such as ligand biocompatibility, binding affinity, cell
specify, mass production and purity (Shi et al., 2010). AuNPs employ their unique
chemical and physical properties for transporting and unloading therapeutics (Hainfeld
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et al., 2014). Gold core is essentially solid and nontoxic; also, synthesising
monodispersing NPs is easy and they can be formed with core sizes of 1-150 nm. In
addition, their photophysical properties could trigger release of the drug at a remote site
(Skirtach et al., 2006). Several studies have highlighted the application of AuNPs for
biosensing , drug delivery and diagnostics (Hainfeld et al., 2014).

1.2 Water Resources in Australia

Australia is known as the world’s driest continent in terms of average precipitation per
hectare (Quiggin, 2006). In some states rainfall occurs unevenly and only 12% runs off
to collect in rivers. The rest of the rainfall evaporates, is used by plants or is held in
wetlands, lakes or aquifers (Quiggin, 2006). Australia’s water resources assessment in
2000 defined Australia’s water resources as groundwater or surface water (Vertessy,
2010). Surface water is divided into 325 surface water management areas, 246
component river basins and 12 drainage divisions (Vertessy, 2010). Groundwater is
divided into 538 groundwater management units and 69 groundwater provinces
(Vertessy, 2010). The 2010 water resource assessment reported on the climatic
conditions and rainfalls percentage in the Australian landscape from 2009-10 (Figure
1.9).

The central problem of water availability in Australia is water supply rather than low
total volume of rainfall. The problem is that water may not be available where it is
needed the most (Quiggin, 2006). Transporting water from one place to another is
expected to create technological difficulties related to the requirements for dams and
pipelines, and socio-political difficulties associated with conflicting claims to water
(Shannon et al., 2008). Australian cities are facing severe or, in most cases, chronic
shortages of water. Water restrictions have been necessary in most mainland capitals
and are permanent or likely to become so in another places. At the same time, the
agricultural sector consumes large quantities of water for irrigation (Quiggin, 2007).
The problem with the water shortage is that it is diverse and complicated by the
aggregate allocations of water in many catchments; in the Marry Darling Basin, water
allocation is beyond the level that is environmentally sustainable in the long term.
Moreover, climate change associated with global warming is a likely cause of the
reduction of rainfall in much of south-eastern Australia, although this effect is not
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constant (Quiggin, 2007). Below is a brief survey of water supply issues for major

Australian cities.
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Figure 1.9: 2009-10 Assessment report of rainfalls percentage in Australian regions
(Vertessy, 2010).

1.2.1 Adelaide

South Australia is considered the driest state in Australia (Warren, 1982). The Murray
River and some water sources are the only water supplies and can barely cover the
demands for water in Adelaide (Warren, 1982). The Murray River delivers up to 40% of
the state’s urban needs for water in an average year; however, this can reach as much as
90% in dry years (Mugavin, 2004). The Onkaparinga and Torrens Rivers are the main
local sources in Adelaide (Australia, 1999). Water is held in a number of small
reservoirs but Mount Bold is the largest reservoir in the state with a capacity of 46 GL
(Australia, 1999). Per year total urban consumption is ~250 GL and ~150 GL of this is
residential consumption, mostly in Adelaide (Australia, 1999). The urban water
consumption is ~10% of the total water intake in South Australia (Australia, 1999).
Adelaide is obliged to have permanent restrictions on water use, commonly prohibiting
the use of sprinklers during the daylight. Water Proofing Adelaide is a programme
aiming to raise the awareness of water consumption and reach the goal of saving 37 GL
of water per year and 33 GL through the recycling and refining of storm water
(Australia, 1999).

25



Chapter 1: Introduction

1.2.2 Brisbane and South-East Queensland

Four large dams are the source of water in south-east Queensland (Australia, 1999).
These are Somerest with 380 gallon (gal), Wivenhoe with 1165 gal, North Pine with
215 gal and Hinze Dam with 161 gal (Australia, 1999). South-east Queensland is
experiencing its longest drought period in 100 years (Verdon-Kidd and Kiem, 2009). In
response, restrictions have been implemented and further plans have been developed,
combining a range of options for the safe and effective use of recycle water (Forever,
2005).

1.2.3 Canberra

The Australian Capital Territory’s water supplier (ACTEW) has estimated water
efficiency and future options for obtaining additional water (Hensher et al., 2005). The
consideration of water efficiency measurements elsewhere were found exactly the same
to those in Canberra, also with restriction on consumption of water and promotion of

water efficient devices (Hensher et al., 2005).
1.2.4 Melbourne

Dams have provided Melbourne with water since its first dam (Yan Yean Reservoir)
was built in 1857 (Abbott et al., 2011). Currently, there are 10 dams in service, the
largest of which (Thomson Reservoir) was constructed in 1984 (Water, 2004).
Melbourne takes most of its water supply from the Thomson River and from reservoirs
in the east of the city (Viggers et al., 2013). Currently, construction of new dams is
considered the last resort. In the 1960s, it was the policy of the state’s Bolte
Government that no water should be transferred between the Murray Basin and coastal
areas of the state (Quiggin, 2006). However, it would be feasible to transfer water from
irrigation users in Melbourne and in the Thomson River catchment by using existing
infrastructure. Transferring water from the Goulburn catchment to the Murray—Darling

Basin might be possible with modest additional investment (Quiggin, 2006).

Melbourne’s water restrictions began in November 2002 following concern over the
depletion of water in storage due to a drought that began several years previously (Low
et al., 2015). However, the Victorian government has since revealed an overall

assessment of Victoria’s water future, with green and white papers prepared on water
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(Edwards, 2006). Residential water users are now under permanent restrictions in
various forms of water use. The most important aspects are creating a variety of
incentives and penalties to encourage individuals to make efficiency improvements and
discourage those who use water extravagantly. Moreover, there is a three-part rising
block tariff (Edwards, 2006). Edwards (2006) described these policies as inequitable
and inefficient and doubted the commitments of individuals to the right way of using

water.
1.2.5 Perth and Sydney

Perth is the Australian city most affected by the water supply dilemma (Troy, 1995). Its
unfavourable location and declining rainfall have kept Perth in permanent water
shortage. The annual stream flow of Perth catchments from 1991 to 2003 was 285
billion L (Young, 2005). The committee revealed that Perth and Sydney in particular
may face the dangers of significant water shortages (Roseth, 2006). As a consequence,
the Western Australian government has been determined to examine solutions to the
shortage, either in technological or political terms. Dr John Marsden discussed these
two cities at a Sydney hearing and mentioned that they may share the same challenges;
however, they may not have received the same response (Brown and Farrelly, 2007). A
desalination plant has been constructed at Kwinana in Western Australia (Sanz and
Stover, 2007) and is expected to produce 45 GL per year. The estimated cost of the
delivered water is almost $1.50 per kL (Sanz and Stover, 2007). The plant uses reverse
osmosis (RO), making it the first of its kind in Australia. This could provide up to 17%
of Perth’s water demand. Additionally, the Western Australian government covered the
demand for water by purchasing water from irrigators near Perth and recharging
underground storage plants (Sanz and Stover, 2007).

1.3 History of Desalination

For more than 50 years, Desalination of water provides the main source of fresh water
to some countries in the Middle East and other parts of the world (El Saliby et al.,
2008). Australian desalination plants could be established in areas with lower rainfall
and where the main source of available water is saline bodies or seawater (Gerofi and
Fenton, 1981). In the past, fresh water from natural sources was sufficient to supply
residents of major cities, with the exception of Adelaide and Perth where desalination
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plants were needed the most. Nowadays, with climate change and population growth in
Australia, water availability is becoming a public concern for each state (El Saliby et al.,
2008). In 1903, the first desalination plant was built in the goldfields of Western
Australia at Kalgoorlie (El Saliby et al., 2008). Wood-fire was used to generate energy
for treating saline groundwater. Since then, small-scale desalination plants have been
built to cover the needs for fresh water, irrigation and industrial water requirements in
remote communities (Timbal, 2004). Agriculture, Fisheries and Forestry Australia
classified desalination technology in Australia into two operations: (1) major process
and (2) alternative processes (Australia’s Agriculture, 2012). The major processes
include electrodialysis (ED), membrane (RO), multiple effect distillation (MED),
distillation (multi-stage flash distillation [MSF]) and vapour compression distillation
(VC) (Australia’s Agriculture, 2012). Further details are provided below.

1.3.1 The Situation of Australian Desalination Plants

Australian large-scale desalination plants are in early stage in comparison with other
plants in the world (Roberts et al., 2010). Desalination of water worldwide is considered
an expensive alternative compared with the price of existing metropolitan water
(Roberts et al., 2010). The price of desalinating water is driven by available mainstream
technologies; however, by 2020 this could change if new alternative technologies are
employed at industrial scale in Australia (Roberts et al., 2010). Desalination is highly
attractive for governments in Australia as they are in a current water crisis (El Saliby et
al., 2008). Former Prime Minster Kevin Rudd mentioned in one of his interviews that
‘different states and Territories have different responses to recycling and desalination. It
depends, | imagine, very much on local circumstances, local engineering possibilities,

as well as the financial feasibility of various projects’ (El Saliby et al., 2008).

In Australia, government approvals and project contract requirements for desalination
plants may differ from state to state. For instance, the project timelines for the Kurnell
(Sydney) and Kwinana (Perth) desalination plants were each ~4-5 years (El Saliby et
al., 2008). Community consultation, initial concept plans, legal procedure plans and
proposal amendments play an important role in determining the project timeline (El
Saliby et al., 2008). On 16 November 2005, two of the parliament suggested submitting

a concept plan for the development of the Kurnell desalination plant (Wright and Cox,
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2006) . After a year the plan was approved with some modifications and the contract
was signed on 17 August 2007 (EI Saliby et al., 2008).

According to the Western Australia Water Corporation (2006), the establishment of new
desalination plants has many prerequisites (Knights et al., 2007). For example, the need
for a large area for the plant’s construction, discharge of brine to the marine
environment and energy consumption to operate the plant must all be considered.
Therefore, the ultimate effects of these prerequisites should be determined. The most
important is the environmental impact assessment for any project including a
desalination plant. In 1979, the New South Wales Environmental Planning and
Assessment Act (EP&A Act) included the concept of a plan to declare any project and
define its environmental impact (Momtaz and Gladstone, 2008). Often, water recycling
and desalination plants have high energy consumptions, which will increase their gas
emissions (Momtaz and Gladstone, 2008). This needs to be minimised, but bigger
desalination plants (Raluy et al., 2006) mean higher gas emissions. Some reports have
pointed out that reduction in CO, emissions by desalination plants could be achieved by
fixing their energy consumption (Omer, 2008). Other suggestions include coupling
renewable energy with desalination plants as environment impacts are certain with
energy consumption (Raluy et al., 2006). Cleaning effluent and brine discharged during
water treatment influence both the environmental and economic impacts of desalination
(Lattemann and Hdpner, 2008). In the RO process, treated water will contain a large
amount of salt and contaminants. Unfortunately, the high concentrations of salt from
brine discharged from seawater desalination are sufficient to destroy large areas of
ocean floor as a result of a high thickness of waste (McKinnon, 1982). In the main,
desalination plants discharge large volumes of iron, which can discolour the ocean floor
and destroy the region (Lattemann and Hopner, 2008). Chemicals such as coagulants,
antifouling agents, disinfectants and pH buffers added to discharged brine could worsen
these effects (Raluy et al., 2006). Worryingly, the effect of these components remains
unpredictable (Von Medeazza, 2005). Lake and Bond (2007) suggested that at a local
scale, the impacts include noise, altered land use and the need to move recreation
facilities; broader environmental issues included soil salinity, groundwater intrusion and
expansion of invasive species. Further, if business continues without the restoration of
restrictions and no conversation, efforts will get hard with following the regulations

occurred by past legacies (Lake and Bond, 2007).
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1.3.2 A Brief Summary of Desalination Technologies

Technologies used in desalination can be divided into three categories. The first is
processes that depend on a physical change in water appearance such as freezing or
distillation. The second category is processes that operate using membranes; for
example, ED and RO. The third group comprises processes that affect chemical bonds,
such as ion exchange (Mezher et al., 2011). Processes based on ion exchange are mostly
used to produce water at high quality for industrial purposes; therefore, they are not
appropriate for treating seawater (Grasshoff et al., 2009). However, the other two
processes, which are based on the physical appearance of water and filtering by
membranes, have been commonly used for treating seawater for several decades and
have been continually developed for commercial applications. These processes can be
divided into major and alternative processes as in Table 1.1 (Australia, 2002).

Table 1.1: Commonly used processes in desalination plants (Australia, 2002).

Major Processes Alternative processes
Membrane Solar Humidified
Reverse Osmosis (RO) Freezing
Electrodialysis (ED) Membrane Distillation
Distillation Renewable Energy power

Multi-Stage Flash Distillation

Multiple Effect Distillation

Vapour compression distillation
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RO and ED mainly use membranes to differentiate and selectively isolate salts and
water (Sonune and Ghate, 2004). However, the membranes are differently used in each
of these processes (Australia, 2002). For instance, RO is a pressure process in which the
water is forced to pass through a membrane; the remaining salts are trapped and
discharged. ED uses electrical potential to selectively remove salts through membranes

and leave water behind (see Figure 1.10; Australia, 2002).
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Figure 1.10: Explanation of membrane layers used in the electrodialysis and reverse

osmosis processes (Australia, 2002).
1.3.3 Major Processes
1.3.3.1 Reverse Osmosis

RO membrane was developed more than 40 years ago and it remains a leading
technology in recently established plants (Greenlee et al., 2009). Eighty % of
desalination plants worldwide use RO in their system (Greenlee et al., 2009). Recently,
two branches of RO desalination have emerged: brackish water RO and seawater RO
(Greenlee et al., 2009). The contrasts between these two water resources, which include
waste brine, salinity, foulants, plant location and disposal options, produce significant
variation in process development and application (Greenlee et al.,, 2009). The
foundation of osmosis is the transfer of water through semi-permeable membranes
influenced by a concentration gradient. The chamber has two compartments; one
holding pure water and the other saline water. The process occurs when water flows
towards the saline solution through the semi-permeable membrane (Australia, 2002).

The quantity of water transmitted by osmosis will decrease in parallel with the influence
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of high pressure. The applied pressure stops when there is no flow of water crossing the
membrane. This balance is called osmotic pressure of the saline solution (Australia,
2002). RO is conducted by increasing the pressure on the saline solution beyond the
osmotic pressure, which pushes the flow of water in the opposite way to the osmotic
flow (Australia, 2002).

1.3.3.2 Electrodialysis

Using a similar technique to RO, ED involves the movement of water over a filtering
membrane. Pre-treated water is pumped through ED cells under the influence of a low-
voltage direct current electrical field (Australia, 2002). The fed water is pumped into
ED cells containing many narrow compartments. These compartments are segregated by
membranes that are permeable to either negative ion (anion) controls or positive ions
(cations). Under the influence of a direct current, anions and cations migrate through the
appropriate membrane, creating a compartment of low-electrolyte product water and
high-electrolyte waste water (Australia, 2002). Non-ionic particles, residual turbidity
and bacteria can pass through the cells into the product water, and therefore the water
should be subjected to further treatment to meet expected drinking water standards
(Australia, 2002).

1.4 Nanoparticle-based Membranes

In membrane separation technologies, development of low-fouling membranes is an
important research area (Kim and Van der Bruggen, 2010). Membranes have been
widely used for the removal of many contaminants from wastewater (Kim and Van der
Bruggen, 2010). However, the most significant limitation of ceramic and polymeric
membranes is that they can become corrupted easily. The consequences of membranes
fouling due to rejected colloids, microbes and chemicals are higher energy consumption
and higher cost of membrane cleaning and replacement (Kim and Van der Bruggen,
2010). Although many investigations have been carried out to improve membrane
surfaces using chemical modification, the effect is still insufficient to satisfactorily
reduce membrane corruption (Kim and Van der Bruggen, 2010). The revolution of
nanotechnology applications has expanded to include synthesising membrane
technologies for use in water and wastewater treatment (Kim and Van der Bruggen,

2010). After using NP-based membranes, beneficial effects have been observed in
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mitigation of membrane fouling (Kim and Van der Bruggen, 2010). Nanoparticle-based
membranes provide the membrane with a high degree of consistency so it can reach
optimal functional ability as well as the desired structure (Kim and Van der Bruggen,
2010). Nanoparticle-based membranes are mainly developed by compiling engineered
NPs inside porous membranes or blending them with inorganic or polymeric
membranes (Li et al.,, 2009). Researchers have created membranes with carbon
nanotubes or metal oxides to optimise the novelty of permeability, membrane materials
and fouling resistance (Cortalezzi et al., 2002). Due to the catalytic properties of several
metal oxide NPs, integrating chemical oxidation with NP-based membranes reduces
membrane fouling and reduce functionality corruption (Kim and Van der Bruggen,
2010).

1.4.1 Manufacturing of Nanoparticle-based Membranes
1.4.1.1 Nanoparticles in Polymeric Membranes

In recent years, the manufacturing process for polymeric membranes using NPs has
received attention with respect to fouling reduction and flux enhancement. Hybrid
membranes containing inorganic fillers are well known. Some of the common fillers are
oxides such as zeolites and SiO; (Luo and Wan, 2011). Thus, the concentration of the
filler may be very high, but this will not influence the physical properties of the
polymeric membranes. Such membranes are known as mixed polymeric membranes
(Kim and Van der Bruggen, 2010). Two phases are present with equal influence (Luo
and Wan, 2011). The filler used for separation improvement can be zeolites and for flux
enhancement, metal oxides (Luo and Wan, 2011). When using mixed-matrix
membranes, inorganic materials are mainly used in accumulation. The principle of this
approach is related to the interaction between the two phases having similar distributed
particles. This could lead to enhanced flux and fouling mitigation (Luo and Wan, 2011).
The second phase is detailed extensive research for several polymer/NP combinations.
The manufacturing process is the most challenging step in the development of NP-
enhanced membranes (Kim and Van der Bruggen, 2010). It is done by adding a
carefully chosen amount of NPs to a casting solution. For instance, poly(ether) sulfone
(PES) and titanium dioxide (TiO,) composite membranes are prepared using a vapour-
induced phase separation and immersion precipitation process. The casting solution

contains 15% by weight PES dissolved in an identical amount of N,N
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dimethylacetamide and diethlyene glycol; and 0-15% of TiO, is added (Kim and Van
der Bruggen, 2010).

1.4.2 Nanoparticles as Potential Aquatic Pollutants

Industrial products and waste seem to reach waterways despite safeguards (Moore,
2006). The rise of the nanotechnology industry’s scale of production inevitably will
increase the chance of nanoscale particles reaching waterways. Thus, it is imperative to
have a risk assessment procedure to deal with potential hazards (Moore, 2006). It is well
known that NPs play an important role in water quality and treatment. Nanoparticle size
and functionalisation for several applications is a crucial factor in wastewater
reclamation (Brar et al., 2010). Functionalisation of NPs is a method of connecting
organic/surfactant molecules to keep them in a dispersed state (Kim et al., 2010). This
changes the behaviour of the dissolved contaminant and micron-sized particles during
water treatment. In the meantime, particles in the wastewater will reach the wastewater
sludge, more so through aggregation and/or agglomeration and settling mechanisms (see
Figure 1.11; Brar et al., 2010). Unfortunately, wastewater sludge contamination is
completely neglected, which has led to the spread of wastewater sludge to agricultural
fields, increasing the potential for leachability of NPs into the sub-surface water and
ground water (Kim et al., 2010; Santiago-Martin et al., 2015).

organic compounds/
macromolecules/
Other contaminants

nanoparticies naturally occurring particles
e.g. humic/fulvic acids

—, Bio-uptake

b 1 aggregatioh

transport
’ ¢ | sorptionf;

__ ! . desorption

deposition s

Figure 1.11: Pictorial explanation of steps used in wastewater treatment plants (Brar et
al., 2010).
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1.4.3 N-Nitrosodimethylamine as a Water Contaminant

N-nitrosodimethylamine (NDMA) is a nitrogen-containing organic compound that is
well known for its carcinogenic properties. For decades, NDMA was commonly used as
a fire retardant, antioxidant and additive for lubricants. Therefore, this compound has
been a health concern for some industries including the international water industry
after it was used as a disinfectant in drinking water and wastewater with chlorine or
chloramines. Most of the focus has been on NDMA as a water contaminant; however,
other nitrosamines can enter recycled and drinking water systems by similar
mechanisms and they are considered toxic. For decades, NDMA has been identified as a
probable human carcinogen. The eight possible types of nitrosamines that might be

found in recycled and drinking water are:

e N-nitrosodiethylamine (NDEA)

e N-nitrosodi-n-propylamine (NDPA)
e N-nitrosodi-n-butylamine (NDBA)

e N-nitrosomethylethylamine (NMEA)
e N-nitrosomorpholine (NMor)

e N-nitrosopiperidine (NPip)

e N-nitrosopyrrolidine (NPyr)

e N-nitrosodiphenylamine (NDPhA).

1.4.3.1 Existence of N-Nitrosodimethylamine in Water

The occurrence of nitrosamines in drinking water and wastewater is not only a result of
disinfection but can also be due to chemical and biological reactions. However, the most
dominant factor in nitrosamines reaching waterways is industrial waste streams. For
example, NMor is commonly used in wastewater plants for disinfection and has been
used in rubber industry waste and in some hydraulic fluids. Another way of NMor
reaching the waterways is by bacterial nitrosation of a secondary amine, known as
morpholine. In a similar way, NDMA can reach waterways through run off from

agriculture because farmers use pesticides contaminated with the compound.
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1.4.3.2 N-Nitrosodimethylamine Attracting International Attention

NDMA is the most well-studied of the nitrosamine precursors due to publicity around
its commercial use; most published data demonstrate its risk to ecosystem (Newcombe
et al., 2012). In Japan, samples of drinking water were examined for NDMA and most
samples contained 10 ng/L (Newcombe et al., 2012). A survey of 41 drinking water
providers in the United Kingdom during December 2006 and November 2007 detected
that 10% of samples contained 1 ng/L NDMA (Templeton and Chen, 2010). In China, a
survey conducted on 12 drinking water plants to detect the eight types of nitrosamine
discovered six of them (NDMA, NDEA, NMor, NDBA, NMEA and NDPhA) (Wang et
al., 2011). The total concentration of nitrosamines found in samples was up to 42 ng/L
for source water and 26 ng/L for finished water. In South Australia, chloramination is a
common practice; therefore, the South Australian Water Corporation accomplished a
routine monitoring scheme for NDMA in four systems in 2007 (Newcombe et al.,
2012). They found that the levels of NDMA in distribution system changed
considerably with time due to variation in retention time, which is controlled by
demand. From 2007 to 2012, the average concentration of NDMA taken from more than
750 samples around South Australia was 20 ng/L; in south-east Queensland,
nitrosamine was found in five drinking water treatment plants (Newcombe et al., 2012).
Three of these plants practiced chloramination and the other used a combination of
chlorine and ozone. A one-year survey was conducted on drinking water that was
chlorinated and chloraminated, and on a chlorinated recycled system. NDMA, NDEA
and NMor was detected in 130 samples (Newcombe et al., 2012). NDEA was not found
in any sample; however, NMor was detected in 42% of the chlorinated recycled water.
Ten ng/L was the detection limit for both compounds. NDMA was found in 75% of

samples, including some chlorinated drinking water samples.

The existence of nitrosamines in effluent of drinking and wastewater treatment plants
can occur via three pathways (Nawrocki and Andrzejewski, 2011; Newcombe et al.,
2012). First, they might form during the treatment process. Second, they might enter as
contaminants during treatment or distribution. Third, they may not be removed during
treatment and may then reach the influent to the plant. It seems that NDMA and other
nitrosamines are found in drinking and recycled water regardless of the treatment

process and source (Newcombe et al., 2012). Most samples with 10 ng/L or less have
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disinfection by-products; concentrations over 100 ng/L are regularly reported and
drinking water suppliers consider that the levels may be different seasonally due to

water quality and operational changes (Newcombe et al., 2012).
1.5 Scope and Aims of the Thesis

The overall aim of this study was to investigate the toxicity of synthetic NPs to human
cell lines. This study used two cell lines as in vitro models: the HaCaT cell line and
human colon carcinoma cell line (Caco-2). One of the main issues affecting the
assessment of NP toxicity to humans and the environment is the use of biochemical
assays that could be affected by the NPs themselves and provide false data or
subsequent incongruent predictions of toxicity. Inconsistent and/or inaccurate data will
make it difficult to establish guidelines for the safe use and production of nanomaterials
(NMs). Therefore, this study examined the interference of eight NPs with two cell
viability assays (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide [MTT]
and crystal violet) (see Chapter 2).

Occupational exposure to amorphous silica is associated with an increased risk of
pulmonary diseases such as silicosis, chronic bronchitis, COPD and lung cancer.
Moreover, the skin penetration and cellular uptake of amorphous silica particles poses a
risk to industrial workers. In Chapter 3, | tested the toxicity of silica NPs (12 nm in
diameter) to the HaCaT cell line. The particles were purchased from Sigma Aldrich and
tested using MTT and crystal violet assays for 4, 24 and 48-h exposures. The estimated
exposure of in vitro concentrations for workers were 0.05, 0.1, 0.5, 1.0, 1.5, 2.0, 4, 5, 7,
9 and 10 mg/mL.

Desalination plays a crucial role in producing pure water from brackish water. RO is the
most efficient way to remove colloidal and dissolved silica, which can be found in high
concentrations in brackish water. The existence of silica and its ability to foul
membranes limits the use of silica-bearing waters for desalination and when used, it has
many economic risks. In Chapter 4, | tested the toxicity of SiO, NPs (200 nm in
diameter) synthesised using the Stober method and NDMA as potent known
carcinogens formed during chlorination on HaCaT and Caco-2 cell lines for 4, 24 and

48 h using MTT and lactate dehydrogenase (LDH) assays, as well as the morphology
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and size of SiO, determined by scanning electron microscopy (SEM). The

concentrations tested were 0.05-2 mg/mL, chosen based on the results from Chapter 3.

Recent advances in the synthesis of silica NPs with controlled size, morphology and
chemical stability has made silica NPs attractive for use in a wide variety of nano-
technological applications including adsorption, catalysis and separation. In addition,
functionalising the surface of silica NPs can reduce their toxicity and enhance the
probability of cellular uptake. These new advancements provide the possibility of
designing a new generation of drug/gene delivery systems and biosensors. In Chapter 5,
thiolated silica NPs (SiO,) were synthesised using the Stober method and then coated
with low-fouling zwitterionic sulfobetaine methacrylate (SBMA) with thiol-ene
addition. The morphology of the particle was examined by SEM and size dynamic light
scattering (DLS). Toxicity of the SiO,-SBMA NPs (concentrations of 0.05-2.00
mg/mL) to Caco-2 and HaCaT cell lines was investigated using MTT, LDH and crystal
violet assays for 4, 24 and 48 h. Also, particles were exposed to UV light for 1 h and

photodegradation was determined by zeta potential measurements.
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Abstract

The toxicological effects of NPs on humans, animals and the environment are largely
unknown. Assessment of NP cytotoxicity depends on the choice of test system. Due to
NPs’ optical activity and absorption values, they can influence classical cytotoxicity
assays. Eight NPs were spiked in MTT and crystal violet assays and tested with HaCaT
human skin cells. The MTT assay standard curve optical density (OD) measurements
were altered by the presence of trisilanol phenyl and trisilanol isooctyl polyhedral
oligomeric silsesquioxane particles. The crystal violet standard curve OD measurements
were significantly shifted by AuNPs, but they did not affect the MTT assay. Carbon
black decreased ODs in the MTT and crystal violet assays and was localised in the cell
cytoplasm. These findings strongly indicate that careful choice of in vitro viability

systems is required to avoid flawed measurements of NPs toxicity.
2.1 Introduction

The wide use of nanomaterials in many areas including chemistry, medicine and
biology, as well as incomplete characterisation of the toxicity of many NPs. heightens
the demand for related occupational health and safety guidelines (Langer and Tirrell,
2004; Salata, 2004). The creation of these guidelines relies on experimental
investigation to characterise the framework for hazards and identification of the risk of

exposure to newly synthesised NPs (Amoabediny et al., 2009; Chen et al., 2000; Hoyt
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and Mason, 2008; Schmid and Riediker, 2008). Industrial workers are at daily risk from
occupational exposure (Bhabra et al., 2009; Davis and Shin, 2008; Hoet et al., 2004;
Trouiller et al., 2009). Therefore, it is essential to identify the cytotoxicity of newly
developed NPs (Brunner et al., 2006; Chang et al., 2006; Kirchner et al., 2005; Lam et
al., 2004; Lin et al., 2006). Research has identified the interference of some NPs with
some assays, including Alamar Blue™ (AB), Neutral Red (NR), MTT and 2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) (Casey et
al., 2007a, b; Dobrovolskaia et al., 2008; Fotakis and Timbrell, 2006; Hurt et al., 2006;
Isobe et al., 2006; Monteiro-Riviere and Inman, 2006; Zhang et al., 2008).

Tetrazolium salts are extensively used in the measurement of metabolic activity of cells
due to the ease of carrying out the assays (Altman, 1976; Mattson et al., 1947; Nineham,
1955; Novikoff et al., 1961). An MTT assay is a versatile and popular assay to assess
mitochondrial activity (Gerlier and Thomasset, 1986; Pieters et al., 1990). Metabolically
active cells reduce water-soluble MTT salts to the form of MTT formazan crystals
(Berridge and Tan, 1993). This creates insoluble MTT formazan, which is found in the
cytoplasm, mitochondria and some parts of the plasma membrane (Bernas and
Dobrucki, 2002). The decrease of MTT activity in cells is considered an indicator of cell
redox activity (Berridge et al., 2005; Goodwin et al., 1995; Mosmann, 1983).

The current study examined the interference of eight NPs with two classical cytotoxicity
assays. | selected commonly used cytotoxicity assays with two different cytotoxic end-
points: metabolic activity (MTT) and cell death (crystal violet). The NPs studied were
four novel POSS particles: carbon black, CdS QDs, SiO; and AuNPs.

2.2 Materials and Methods

2.2.1 Particles Used for Testing

Table 2.1 illustrates the physical and chemical characteristics of POSS particles, SiO,
and carbon black. POSS, CdS QDs and AuNPs were provided by the department of
Chemical and Physical Sciences, Flinders University in South Australia. SiO, and

carbon black were purchased from Sigma Aldrich.
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Table 2.1: Physical and chemical characteristics of nanoparticles tested.

Trisilanol Trisilanol Trisilanol Trisilanol
. . . Carbon Cds
Particles isooctyl cyclohexyl phenyl cyclopentyl SiO, black QDs AuNPs
POSS POSS POSS POSS
Appearance  Oil Solid powder  Powder Powder Powder Powder Powder Powder
E‘é’i'r:'t”g N/A N/A N/A N/A 2230°C  4827°C N/A N/A
Colour Clear to White White White White Black White White
pale yellow
rEa‘;:pora“O” N/A N/A N/A N/A N/A N/A N/A N/A
x;;erft”'ar 1184.16 973.69 ~931.34 875,5100 N/A N/A N/A N/A
Odour N/A N/A None N/A N/A N/A N/A N/A
Odour N/A N/A N/A N/A N/A N/A N/A N/A
threshold
Physical Viscous Solid N/A N/A N/A N/A N/A N/A
state liquid
\I?ngecrtlvny n Insoluble N/A Insoluble N/A Soluble Insoluble N/A N/A
\?Vgltgkr)”'ty M Insoluble N/A Insoluble N/A Soluble Insoluble Insoluble  Soluble
Density N/A N/A N/A N/A 2648 0056glc A N/A
glcm m
Vapour N/A N/A N/A N/A N/A N/A N/A N/A
density
Molecular
Jchemical C56_H1220 C_42H80012 C_42H38012 _C35H660128 Si02 CH4 cds Au
12Si7 Si7 Si7 i7
formula
Size 100 nm 100 nm 100 nm 100 nm 20 nm 500 nm 8 nm 13 nm

SiO, (CAS number: 7631-86-9) and carbon black (CAS number: 1333-86-4) were purchased from Sigma
Aldrich; N/A = not available

2.2.2 Cell Culture

The HaCaT cell line originated from the American Type Culture Collection (ATCC).
Cells were grown in Roswell Park Memorial Institute (RPMI) medium with 10% foetal
bovine serum (FBS) and incubated at 37°C with 5% CO, in a humidified incubator.
Cells were established at 2 x 10° cells/mL and sub-cultured every 2-3 days when
confluence reached 60—-70% (Altenburger and Kissel, 1999; Schoop et al., 1999).
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2.2.3 Cell Exposure to Carbon Black for Transmission Electron Microscopy

HaCaT cells were seeded and a cell suspension of 2 x 10° cells/mL was exposed for 24
h to 10 mg/mL carbon black. The cells were fixed in 1% glutaraldehyde and 4%
formaldehyde in 0.1 M Phosphate buffered saline (PBS) (pH 7.4) by mixing equal
volumes of fixative and cell suspension (Peters et al., 2004; Warheit et al., 2004). Cells
were transferred to a centrifuge tube and spun for 10 minutes at 1200 revolutions per
minute (RPM), and then the fixative was removed. Fresh fixative was added for
approximately 2 h and then also removed. Three washes of 15 minutes in 8% (0.2 M)
sucrose in 0.1 M PBS at 4°C were done, followed by 1 h post-fix with 1% osmium
tetroxide (OsOy) in 0.1 M PBS. Finally, OsO, was aspirated and the pellet rinsed in 0.1

M PBS three times for 10 minutes each time.

Dehydration of the cell suspension was carried out once using each of 50%, 70% and
95% ethanol for 15 minutes; twice with 100% ethanol for 15 minutes; and then twice
with 100% propylene oxide for 15 minutes. The cell suspension was embedded in beam
capsules and baked in a 60°C oven for 48 h. Finally, the cell suspension was sectioned
(0.5-2 um) and stained with uranyl acetate and lead citrate.

2.2.4 MTT Assay Standard Curve Procedure

MTT assay standard curves were carried out in 96-well, flat-bottomed microplates
(Price and McMillan, 1990). The standard curves were prepared by halving serial
dilutions of cells in four technical replicate wells, from 40,000 cells per well to 78 cells
per well (Toi et al., 1992). The final volume of cell suspension in each well was 100 pLL.
The plates were incubated at 37°C with 5% CO, in a humidified incubator for 18 h.
Media was then removed and 0.5 mg/mL of MTT solution was added to each well (200
pL/well). The plates were incubated for 4 h at 37°C with 5% CO, in a humidified
incubator. Sodium dodecyl sulphate (SDS) (80 pL of 20% solution) was added and the
plates were incubated in the dark at room temperature overnight. Absorbance was read
at a primary wavelength of 570 nm and a reference wavelength of 630 nm. In addition,
the absorbance of the dilutions of specific NPs in RPMI was determined at the primary

and reference wavelength.
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2.2.5 MTT Assay Particle Interference Experimental Procedure

Four replicate standard curve plates were prepared for each interference assay. Replicate
1 was the media control plate. Replicate 2 was the solvent control plate if required when
the particle was suspended in other than media. Replicate 3 had NPs added at the same
time as the MTT. Replicate 4 had NPs added with the SDS solubilising solution. The

doses tested for each NP are shown in Table 2.2.

Table 2.2: Particle toxicity and interference doses tested.

Particle type Interference dose Solvent

Trisilanol isooctyl POSS 10 mg/mL DMSO

Trisilanol cyclopentyl POSS 0.1 mg/mL Ethanol

Trisilanol cyclohexyl POSS 0.1 mg/mL DMSO

Trisilanol phenyl POSS 0.1 mg/mL DMSO

CdS QDs 1 mg/mL Sodium phosphate buffer
(SPB)

SiO, 1.5 mg/mL Water

AUNPs 0.017 nM Water

Carbon black 10 mg/mL DMSO

Doses are those predicted to be approximately one in a thousand dilution of the maximum solubility for
each NP (Holder et al., 2012) because this was predicted to be the maximum residual dose after

performing a treatment experiment and then washing three times; DMSO = dimethyl sulfoxide

2.2.6 Crystal Violet Assay Standard Curve Procedure

Crystal violet standard curve plates were set up identically to the MTT standard curve
plates except that six technique replicate wells were used per number of cells/well. After
overnight incubation, media was aspirated and replaced by 50 pL of crystal violet stain,
followed by incubation at room temperature for 15 minutes. The stain was washed off
with demineralised water and plates left to dry overnight. A 33% (v/v) acetic acid
solution was then added and the ODs read using a spectrophotometer at 570 nm (Chiba
etal., 1998).

2.2.7 Crystal Violet Assay Experimental Procedure Particle Interference

Three standard curve replicate plates were used. Replicate 1 was the media control;
replicate 2 was the solvent control (solvent added with the stain) and replicate 3 had the

test particle added with the stain.
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2.2.8 Statistical Analysis

The data were analysed as mean + SE (standard error of the mean) of at least three
independent experiments using one-way analysis of variance (ANOVA) and Tukey—
Kramer multiple comparisons tests using SPSS (version x8) software to compare

exposure groups.

All comparisons were considered significant at p < 0.05.

2.3 Results

For the analysis of NP interference with popular in vitro toxicity test systems, eight NPs
were tested on HaCaT skin cells for two classical bioassays. POSS particles and carbon
black with significant interference were also tested with RPMI media only in a dose
response to verify any OD properties of those particles in the absence of cells (see Table
2.3).

Table 2.3: Optical densities for dilutions in media of nanoparticles that showed
significant interference with MTT standard curves (see Figure 2.1).

Dose Trisilanol phenyl POSS  Trisilanol isooctyl POSS  Carbon black

0 0.0980 0.1000 0.0943
0.01 ND 0.1015 0.1033
0.05 0.0995 ND ND

0.1 0.0983 0.1023 0.0998
0.5 0.1000 ND ND

1 0.0980 0.1043 0.1030
10 ND 0.1013 0.1025

n = 1; four technical replicates; ND = not done
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Figure 2.1: MTT standard curves generated using HaCaT cells in the absence and

presence of nanoparticles (NPs), and the relevant solvents indicated. Media = untreated
standard curve; MTT = NP added concurrently with MTT; SDS = NP added

concurrently with SDS; water, DMSO, ethanol and SPB = solvent controls with no

particles added.

2.3.1 Particle Interference-MTT Assay

Of the eight NPs examined for potential interference with the components of the MTT

assay, trisilanol phenyl POSS and trisilanol isooctyl POSS resulted in a significant

alteration in the MTT standard curve (Figure 2.1). There were decreases in OD for

>10,000 cells/well when the particles were added with either MTT or SDS. These

changes were significant (p < 0.05). As can been seen in Figure 2.1, there were smaller

non-significant changes for ethanol and trisilanol cyclopentyl POSS when added with

SDS in MTT.
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Figure 2.2: Crystal violet standard curves generated using HaCaT cells in the absence
and presence of nanoparticles (NPs), and the relevant solvents indicated.
Media = untreated standard curve; stain = NP added concurrently with crystal violet;
SDS = NP added concurrently with SDS; water, DMSO, ethanol and SPB = solvent

controls with no particles added.
2.3.2 Particle Interference-Crystal Violet Assay

Altered OD values in the crystal violet assay standard curves were observed when NPs
and solvents were added to the assay plates. Standard curves for the solvent controls of
Si0,, trisilanol isooctyl, cyclohexyl and phenyl showed similar OD readings to the NPs
(see Figure 2.2). For all particles, the differences between control standard curve media
OD values and the OD values with NPs increased as cell densities (cells/well)
increased. AuNPs significantly shifted the crystal violet standard ODs. In contrast, for
sio, and trisilanol cyclopentyl POSS there was no significant change in the shape of the
crystal violet standard curve when the particles of the negative solvent were present (p <
0.05).

2.3.3 Carbon Black Interference Assay (Positive Control)

In the current study, 10 mg/mL reduced the absorption values of the MTT and crystal
violet assay standard curves (Figure 2.3). In the MTT assay, for the solvent control
dimethyl sulfoxide (DMSO), there was no effect; when carbon black was added with
the MTT or SDS there was a small non-significant decrease in the OD between 20° and

10° cells/well. In contrast, the effect of the solvent control in the crystal violet assay was
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a significant decrease in the ODs for all values >5000 cells/well. The standard curve in
the presence of carbon black was the same as that for DMSO. After 1-h exposure to
carbon black, the particle was not seen in the cytoplasm of HaCaT cells; however, it

was seen after 24-h exposure (Figure 2.4).
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Figure 2.3: Absorbance (optical density) versus cells/well obtained from the MTT and
crystal violet assay using HaCaT cells. Media = no changes to standard curve;
DMSO = DMSO added with MTT or crystal violet stain; dye and stain = carbon black
at 10 mg/mL added with MTT and crystal violet; SDS = added with media and carbon
black.
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Figure 2.4. Carbon black as can be seen primarily in the cytoplasm of the cells after 24
h using transmission electron microscopy. Green arrows indicate particle accumulation

in the cytoplasm. Bar = 2, 1, 0.2 um.
2.4 Discussion

Single-walled carbon nanotubes (SWCNTs) and a variety of carbon-based
nanomaterials interact in common cytotoxicity assays, such as MTT and crystal violet
assays, and could interfere with fluorescence/absorption data used to evaluate the
cytotoxicity level (Worle-Knirsch et al., 2006). There are few data on the effect of NPs
on cell proliferation and viability as evaluated using in vitro assays (Rajapakse et al.,
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2013; Suresh et al., 2012). Thus, this study related the detection of NP interference

principally with previous research on SWCNTSs and metal oxide NPs (see section 2.1).

Worle-Knirsch et al. (2006) reported that when human bronchoalveolar carcinoma
A549 cells were exposed to SWCNTSs, there was a false strong cytotoxic effect within
the MTT assay after 24 h that reached approximately 50%; however, the same treatment
with SWCNTs, but with the cell proliferation reagent WST-1, did not reveal
cytotoxicity. Thus, SWCNTs appear to interfere with some tetrazolium salts such as
MTT but not with others such as WST-1. The effect of these NPs does not seem to be

on the enzymatic reaction but due to the insoluble nature of MTT formazan.

Despite substantial research effort, the cellular responses to nanomaterials are often
variable and even contradictory (Sohaebuddin et al.,, 2010). Additionally, the
relationships between nanomaterial properties and responding cell types are not well
understood (Sohaebuddin et al., 2010). These effects were studied in an in vitro study
using three cell lines of different origins (RAW 264.7 murine peritoneal macrophages,
human telomerase reverse transcriptase [n'TERT] and 3T3 fibroblasts) and comparing
nanomaterials of various compositions (multi-wall carbon nanotubes [MWCNTSs], SiO,
and TiOy) and size (MWCNTSs of diameter <8 nm, 50 nm, 20-30 nm; but constant
length of 0.5-2 um) to detect the influence of size and composition on toxicity
assessment (Sohaebuddin et al., 2010). Nanomaterial composition and size showed a
distinct role in the cellular response. Additionally, the response varied between cell
types and was more likely to be attributed to the physiological function of the type of
cell origin Moreover, depending on the exposed cell type, the same materials caused
different intracellular responses and had potentially different mechanisms of toxicity.
These findings both emphasise the priority of analysing the effects of NPs in the most
related exposure model and uphold the idea that NP engineering methods should be

focussed on the cell types that are likely to be exposed to the particles.

Applications in vitro and inhalation studies in vivo have been known to yield divergent
results. The aim is to discover why some particles yield strong positive cytotoxicity
results in some in vitro assays but not others. Such conflicting data are the subject of
investigation in the current research on the presence of particles and their potential
interference with the MTT and crystal violet assays. Four trisilanol POSS particles with
similar compositions, shape and diameter were synthesised to compare with CdS QDs,
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SiO,, AuNPs and the control carbon black at different composition size, shape and
diameters. Interactions of trisilanol cyclopentyl POSS, trisilanol cyclohexyl POSS,
SiO,, CdS and QDs particles were clearly observed not to interfere with standard curves
via the MTT dye as compared with carbon black (Figures 2.1 and 2.3). However,
trisilanol phenyl POSS, trisilanol isooctyl POSS and AuNPs gave similar results with
carbon black (Figures 2.1-2.3).

In a recent study, the influence of structure, surface and polymer compatibility on
composite morphology and bulk properties of POSS particles was examined. Nylon 6-
clay hybrid (NCH) was chosen as the matrix polymer (Sohaebuddin et al., 2010). Two
POSS structures—one being a fully condense nonpolar octan-substituted octaisobutyl-
POSS cage and the other an open cage polar trisilanol phenyl POSS—were scattered
over the nylon matrix at different concentrations (Sohaebuddin et al., 2010). Variation
was observed in the dispersion, surface characteristics, bulk (thermomechanical)
properties and solubility in the polymer. The variation in POSS particle interference
may be attributed to the alteration of POSS particles after being dispersed in suitable
matrices; therefore, the results for POSS with the MTT assay highlight the potential to
clearly design POSS nanocomposites with particular surface enhancement capabilities

via the control of the POSS chemical structure.

The crystal violet stain assay gave different results from the MTT assay, with the
exception of carbon black, which interfered with both assays (Figures 2.2 and 2.3). The
differences may be due to particle interaction with the stains or with the HaCaT cells.
HelLa cells were used as a bioindicator of cell viability in an in vitro assay method that
combined dyes WST-1, NR and crystal violet (Wang et al., 2005). The joined cell
viability assay using WST-1, NR and crystal violet presented an absorbance that
correlated linearly with the number of cells over the range 1,000-50,000 cells/well
(Ishiyama et al., 1996). This suggests that human cell lines interact linearly with crystal
violet and that HaCaT cells are not causing the reduction in OD values with crystal

violet as seen in our study.

Due to their small size and SA, insoluble NPs are minimally affected by gravitational
forces; therefore, cells may not be exposed to the majority of NPs in suspension (Jiang
et al., 2009; Lison et al., 2008). In contrast, particles may aggregate at the bottom of a
culture vessel, preventing staining of cells by crystal violet (Kendall et al., 2011).
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Carbonaceous material and several metal oxide particles interrupt light through spectral
regions, which could affect the outcome of the assay (Ju-Nam and Lead, 2008). Mass
concentration and composition are the main cause of spectral absorbance (Jang et al.,
2001). Carbon black and single-wall nanotubes decrease the tetrazolium compound in
XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2h-tetrazolium-5-carboxanilide) and
MTT assays even in the absence of cells. Further, silver NPs (AgNPs) interfere with the
LDH enzyme, leading to false vaiablity assessment (Belyanskaya et al., 2007
Monteiro-Riviere et al., 2009).

Monteiro-Riviere and Inman (2006) examined the effect of carbon black of different
sizes on adult human epidermal keratinocytes (HEKa) using the NR (Wang et al., 2005)
and MTT assays (Chang et al., 2006). Four types of carbon black particles were
examined. Conflicting results were reported across the cytotoxicity end-points at 0.1—
0.4 mg/mL, suggesting the adsorbing properties of carbon were interfering with the
components of the assays. This could be due to particle dispersion or agglomeration
(Pegel et al., 2008). Variation in particle dispersion has recently been demonstrated to
have an important role in nanomaterial toxicity (Pegel et al., 2008). Sohaebuddin et al.
(2010) assessed the size distribution of nanomaterials using DLS. Apparent particles
increased in both media and PBS. For example, MWCNT >50 nm at 10 pg/mL
increased to 100 pg/mL after dispersal in both media and PBS. Compared with similar
particle composition, SiO, did not show a reduction in formazan and solubilising
solution while CdS QDs informed overlap with MTT and SDS. Binding of particles
with crystal violet stain was observed to reduce the OD readings for most of the
particles tested, except AuNPS. This could be due to the particle composition, size and
SA. In this study, particle interruption was tested with cells using TEM. The 24-h
exposure of carbon black at 10 mg/mL revealed aggregation in the cytoplasm but not in

the nucleus of HaCaT cells (Figure 2.4).

In conclusion, the interference of particles does not seem to affect enzymatic reactions
of HaCaT cells but does interrupt the insoluble nature of MTT formazan and crystal
violet. These findings strongly suggest that verifying cytotoxicity data with independent
test systems is necessary for this new class of materials (nanomaterials). TEM was
chosen to verify disruption of cells by particles. Clear reference material was needed to

evaluate the interference with fluorescence/absorption in in vitro assays; therefore,
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carbon black was chosen. Nanomaterial cytotoxicity could produce artefacts if they are
not tested in combination with screening for interruption of insoluble formazan and
crystal violet dyes. This study demonstrates that interference assays need to be included
as an important part of any screening of novel NPs for potential cytotoxic hazard.
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Abstract

The wide use of nanomaterials in medicine and biology and the unknown cytotoxicity
of some nanoparticles heighten the demand for health and safety guidelines. The
creation of these guidelines relies on experimental investigation to inform guidelines to
eliminate the risk of exposure from newly synthesized nanoparticles. Skin contact of
nanoparticles can cause skin cancer; therefore, the focus of this study was to identify the
cytotoxicity of these particles to skin cells in an in vitro model. The toxicity of 12-nm
amorphous silica (SiO2) nanoparticles following 4, 24 and 48h exposure was
investigated wusing a human keratinocyte cell line (HaCaT) with [3-(4,5-
dimethylthiazol-2yl)-diphenyltetrazolium bromide] (MTT) and crystal violet assays.
Eleven concentrationsof 12-nm SiO2 ranging between 0.05-10 mg/mL were tested. At
4, 24 and 48h exposure, a dose dependent increase in cell killing with increasing
concentration were observed when screened with the MTT assay. At 24h for
concentrations > 2 mg/mL, relative survival decreased when assayed by the MTT assay
and relative cell number decreased when assayed with the crystal violet assay. After
48htreatment, cytotoxicity was observed at every treatment concentration assessed with
the MTT and crystal violet assays. The level of cytotoxicity was also time dependent (4,
24, 48h)at every concentration. The level of cytotoxicity after 48h treatment was equal
to or less than that of cell population streated for 24h. Silica nanoparticles are toxic to

cultured human skin cells at a concentration as low as 0.05 mg/mL for 48h treatment
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when screen by the crystal violet assay. When nanoparticles of consistent structure and
surface area are used to treat human cells in culture, results varied between two well
recognised colourimetric bioassays. However, with both assays, silica nanoparticles are
toxic to human skin cells in vitro and toxicity is both concentration dependent and time

dependent.
3.1 Background

The rapid development of nanotechnology has produced a myriad of engineered
nanomaterials. Nanoscale particles have been used in many areas including chemical,
medical research and related industries. The potential hazard arising from nanomaterials
has led to the study of their toxicological effects on human health and the environment
(Colvin, 2003; Donaldson et al., 2006; Hardman, 2006; Nel et al., 2006; Oberddrster et
al., 2005). Although some nanomaterials such as QDs and carbon nanomaterials have
been intensively studied toxicologically, other engineered nanomaterials have not been

assessed in this way.

This study focussed on amorphous silica NPs. Exposure to silica is linked to the
development of lung cancer, and in 1997, the International Agency for Research on
Cancer (IARC) classified inhalation of crystalline silica at occupational sources as a
group 1 human carcinogen (Linch et al., 1998; Murphy and Sethi, 2002; Schottenfeld
and Beebe-Dimmer, 2006). The use of amorphous silica in nanotechnology has been an
important part in bioanalysis and imaging, diagnostics, drug delivery and gene transfer
(Barbe et al., 2004; Luo et al., 2004; Wang et al., 2005, 2006; Zhao et al., 2004). This
adds to the increasing industrial exposure to silica NPs during production,
transportation, storage and consumer use, through which human exposure and
environmental burden are obviously increased. The National Institute of Occupation
Safety and Health (NIOSH) recommended the limit of exposure to crystalline silica as
0.05 mg/m®. However, miners are exposed at levels equal to or greater than this (Yassin
et al., 2005). Therefore, it is conceivable that amorphous silica could enter the human
body through all possible routes, including inhalation, oral, intravenous injection and
transdermal delivery. In the current study, the HaCaT cell line was chosen as an ideal
cell model for studying dermal toxicity (Boukamp et al., 1988). To govern the safe use
of silica in the future, it is important to gather toxicity information by testing the in vitro
and in vivo properties of amorphous silica (Zhang et al., 2010). Recently, two studies
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revealed that amorphous silica may present toxicity concern at high doses in a number
of organs (Chang et al., 2007; Lin et al., 2006). A549 cells were exposed to 15-nm or
46-nm SiO, NPs for 48h at dosage levels of 10-100 pg/mL and decreased cell viability
was observed in a dose-dependent manner [26]. The concentrations chosen for this
study were based on previously published in vitro and in vivo studies [26, 27]. This
chapter investigates the response of the HaCaT cell line to 11 concentrations of
amorphous silica NPs (0.05-10 mg/mL) using the thiazolyl blue tetrazolium bromide
(MTT) and crystal violet assays.

3.2 Materials and Methods

3.2.1 Chemicals

Silica NPs (12 nm [TEM], nanopowder and 99.8% trace metals) were purchased from
Sigma Aldrich (Matsusaki et al., 2005). The NP characteristics are shown in Table 3.1.
Culture media was RPMI with 10% heat-inactivated FBS (HYQ®, HyClone
Laboratories, UT, USA) containing penicillin—streptomycin, MTT and B-nicotinamide
adenine dinucleotide (NADH) at the concentrations specified below. General reagents
were obtained from Sigma Chemical Company (St. Louis, MO, USA). The HaCaT cell
line originated from the ATCC.

Table 3.1: The physical and chemical properties of silica nanoparticles (Sigma Aldrich).

Characteristic Value

Assay 99.8% trace metal basis
Colour colourless

Form nanopowder

Primary particle size 12 nm (TEM)

Surface area (SA) Spec SA 175-225 m?/g (Steenland et al., 2003)
Formula SiO,

Molecular weight 60.08 g/mol

Boiling point 2230°C (lit.)

Melting point > 1600C (lit.)

Relative density 2.6 g/cm®
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3.2.2 Cell Culture

The cells were grown in RPMI medium, pH 7.4, with 10% heat-inactivated FBS and a
1% antibiotic mixture of penicillin (10,000 units/mL) and streptomycin (10,000 pg/mL).
The treatment media was the same as the growth media. The cells were seeded ina T-75
flask at 1 x 10° cells/mL in a total volume of 25-mL fresh medium. When the cells
reached 70-80% confluence, they were trypsinised and sub-cultured (Schoop et al.,
1999). The cells were maintained in a humidified incubator with 5% CO, at 37°C
(Boukamp et al., 1988). The number of viable cells after trypsinisation was determined

by Trypan Blue staining and counting using a haemocytometer.
3.2.3 Trypan Blue Cell Counting

For the cell counting method, an aliquot of 50 uL of cell suspension was mixed with 50
pL of Trypan Blue, and the number of cells in the flask was counted by a

haemocytometer after trypsinisation (Dein et al., 1994).
3.2.4 SiO; Treatment

For the bioassays, HaCaT cells were seeded at 10,000 cells/well in 96-well, flat-
bottomed microplates and then incubated overnight to allow adherence. Cells were
exposed to SiO, at 11 concentrations (0.05, 0.1, 0.5, 1.0, 1.5, 2.0, 4, 5, 7, 9 and 10
mg/mL) for 4, 24 and 48 h. Amorphous silica NP was diluted in fresh medium (stock at
20 mg/mL) and then mixed by vortexing for 5 min, followed by dilution to the required
concentration with media. After exposure of the cells for the appropriate time, the
suspension was removed and the cells were washed twice with PBS to remove excess
SiO;.

3.2.5 Bioassays
3.2.5.1 Crystal Violet Assay (Screening for Cell Adherence Phenotype)

Cells were stained with crystal violet, and live cells remained adhered to the plate while
dead cells were washed away. Plates for the crystal violet assay included six technical
replicate wells per treatment. After treatment (see section 3.2.4), the plates were
washed and 50 pL of crystal violet stain was added and incubated at room temperature

for 15 minutes. The stain was washed off with demineralised water and the plates were

59



Chapter 3: Amorphous Silica Nanoparticle Show Concentration and Time-dependent
Toxicity on Human HaCaT Cells

left to dry overnight. A 33% (v/v) acetic acid solution was then added and the OD at
570 nm was read within minutes using an ELISA reader. Three biological replicates
were carried out for each treatment experiment. The results were expressed as

percentage viability compared with the untreated control.
3.2.5.2 MTT Assay (Screening for Metabolic Functioning)

The cytotoxicity of silica NPs was determined using the MTT assay as described
previously (Mosmann, 1983; Young et al., 2005). Cells (1 x 10* were seeded in a
volume of 100 pL into 96-well, flat-bottomed microplates. MTT was added to each well
at 0.5 mg/mL, and then plates were incubated at 37°C for 4 h, after which 80 uL of 20%
SDS in 0.02 M HCI was added to each well. The plates were kept in the dark at room
temperature overnight. The OD was read on an ELISA reader at 570 nm, with 630 nm
as the reference wave length. For each experiment, a standard curve was run to convert

the OD values to cells/well.
3.3 Statistical Analysis

The data were analysed as mean = SE of at least three independent experiments using
one-way ANOVA and Tukey—Kramer multiple comparisons tests using SPSS (version

x8) ) software to compare exposure groups.

All comparisons were considered significant at p < 0.05.
3.4 Results

The silica particle size was approximately 12 nm when measured by TEM (Sigma
Aldrich). Interference assays were carried out for the MTT and crystal violet assays. No
interference was observed (data not shown). HaCaT skin cells were exposed to silica
NPs at increasing concentrations at three exposure time points. At each given time,
there was no significant concentration-dependent cell death. For example, no significant
difference in concentration dependency was observed for the 4-h treatment when
assayed with the MTT assay or after crystal violet (Figures 3.1 and 3.2). Decreases in
relative viability and relative cell numbers were observed with increasing concentrations
after the 24-h and 48-h treatments; however, the decreases were not statistically
significant (Figures 3.1 and 3.2). For a given exposure time, there was concentration-
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dependent death. At 4-h exposure, there was a concentration-dependent increase in cell
death only with MTT assays. At 24 h, cell death increased to 70% and was obvious with
the crystal violet assay. At 48 h, cell death up to 80% was observed clearly in the crystal
violet assay.

There was a time-dependent increase in cell death that was observed when assayed with
the crystal violet assay only (Figure 3.1). This was significant when assay using the
crystal violet assay cell number decreased to 75%. At each dose concentration, the
change from 4 h to 24 h to 48 h was examined.

The 4-h treatment, when assayed for metabolic activity with the MTT assay, showed
very little change with dose (Figure 3.1). However, for most concentrations following 4
h when assayed for adherence with the crystal violet assay there were increases in
relative cell number (Figure 3.2). This was also observed for low concentrations at 24 h
(0.05-2 mg/mL).
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Figure 3.1: The effect of treatment of HaCaT cells with silica particles assessed using
the MTT assay. Data are shown as relative survival (%) compared with the untreated
control and are presented as mean * SE; n = 3, except for 2 mg/mL where n = 6.

61



Chapter 3: Amorphous Silica Nanoparticle Show Concentration and Time-dependent
Toxicity on Human HaCaT Cells

250 +
225 -
200 -
175 -
150 -
125 -
100 -
75 -
50 -
25 -

0 —

Relative Cell Number (%)

SiO2 Concentration (mg/ml)
-« 4 hour —i— 24 hour — & -48 hour

Figure 3.2: The effect of treatment of HaCaT cells with silica particles assessed using
the crystal violet assay. Data are shown as relative cell number (%) compared with the
untreated control and are presented as mean £ SE of three separate experiments, except
for 2 mg/mL where n = 6. All treatments with the crystal violet assay were significantly

different from the untreated control (100%) at p < 0.05, except 1.5 mg/mL.

3.5 Discussion

The immortal HaCaT cell line exhibits similar biological properties to those of normal
human keratinocytes and is therefore a useful cell model for studying dermal toxicity
(Yang et al., 2010). Particle size and concentration influence cytotoxicity assessment;
also, different cell lines respond differently to the same particle at the same
concentration (Zhu et al., 2008). A recent study on AgNPs (20, 80 and 113 nm)
examined exposure to the RAW 264.7 cell line, L929 mouse fibroblasts, D3 murine
embryonic stem cells and mouse embryonic fibroblasts (MEF-LacZ) (Park et al., 2011).
The AgNPs at 20 nm were more toxic than the larger NPs. Further, not all cell lines
were affected by the 20-nm NPs. Therefore, the ability of AgNPs to induce cell death is
influenced by cell type and NP size.

A range of characteristics of NPs can influence their toxicity in in vitro biological
systems, including cell culture systems (Brown et al., 2007; Brunner et al., 2006;
Limbach et al., 2007; Pumera, 2011). The toxicity of NPs is also dependent on dose and
duration of exposure (Lison et al., 2008; Napierska et al., 2009). Silica NPs, depending

on their shape and dimension, are taken up by cells via different mechanisms of
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endocytosis, and then undergo distinct intracellular processing until they are exocytosed
(Park et al., 2011). Smaller particles are understood to be easier to internalise in cells
than larger particles (Rothen-Rutishauser et al., 2006). This suggests that the 12-nm
particles in the current study would have been internalised due to their small size. This

warrants further investigation via such techniques as specialised microscopy.

A549 cells treated with 15 nm of silica NPs at doses of 10 and 100 pg/mL for 48 h
showed dose-dependent decreased cell viability (Lin et al., 2006). Based on the MTT
viability assay, a similar effect was observed for the 12-nm particle used in the current
study (see Figure 3.1). It was observed that cytotoxicity was a function of (1) particle
concentration and (2) duration of exposure. A similar result was observed with the
crystal violet assay at higher doses and exposure times. At 4-h exposure, there was a
dose-dependent increase in cell death, which was also seen at 24 h and at 48 h with an
increased level of cell death (see Figure 3.2).

According to Drescher et al. (2011), silica particle cytotoxicity in the 3T3 fibroblast cell
line was caused by silica concentration and the content of foetal calf serum (FCS). DLS
revealed that the physical parameter of silica was affected by agglomeration (Drescher
et al., 2011). Silica NPs induced less toxicity by decreasing relative viability in parallel
with dosage concentration. In the current study, particle concentrations were altered
across a wide range of exposure times. Silica particles at concentrations of 0.05-2
mg/mL produced gradual increased toxicity, which also increased with increasing time
of exposure (Figure 3.1). A concentration of 2-10 mg/mL exhibited a further decrease
in cell viability, which also increased with the duration of exposure. Chang et al. (2007)
exposed WS1 and CCD-966sk human skin cell lines to silica for 48 h. The increase of
particles mass concentration decreased the relative viability in both cell lines. At a
concentration of 667 M, cell viability decreased to approximately 80% of the control
(Schoop et al., 1999).

In Figure 3.2, the relative cell number showed a gradual reduction over the time of
exposure and concentration of treatment. Concentrations of 0.05-2 mg/mL decreased
relative cell number at 48 h. Dosages of 2-10 mg/mL similarly had a toxic effect at 24
and 48 h. The cytotoxicity of silica in both assays showed variation in cell death but
both confirmed that the mass concentration of silica particles will affect the cell

population. The effect was most marked using the crystal violet assay as an end-point.
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3.6 Conclusion

The MTT and crystal violet assay revealed that silica NPs become toxic to cultured
human skin cells at the 11 concentrations tested here, and may also impede cell
proliferation. The outcome of this study suggests that even with NPs of similar structure
and dimensions, toxicity may vary even with the end-point measured in recognised
colourimetric bioassays. This leads to the conclusion that toxicity is not dependent only
on particle size and SA. Mass concentration and exposure time clearly influence the
outcome. It is useful to carry out interference detection for colourimetric assays, as
other work by my research group has suggested that other parameters may influence OD
readings (data not shown).

Thus, the findings of this work demonstrate the importance of studying duration of
exposure and NP concentration when studying additional cell lines for toxicity

assessment of NPs.
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Abstract

NPs offer the possibility of safe removal of pollutants and microbes in water treatment
and purification. Nowadays, NPs are used in the detection and purification of water
from chemicals and biological substance such as metals (cadmium, copper, lead and
zinc), nutrients (nitrate, nitrite ammonia and phosphate), bacteria, viruses, parasite and
antibiotics. Metal-containing NPs are among the four classes of particles used
commonly in water treatment. Membrane technologies such as ultrafiltration (UF),
nanofiltration (NF) and RO have been widely used all over the world, especially for
water treatment and desalination. NPs incorporated into membranes have gained
attention due to their ability to enhance membrane permeability, mechanical properties
and selectivity in some cases. However, these membranes are suspected to be subject to
fouling, allowing NPs and other contaminants to reach waterways. This chapter
examines the toxicity of SiO, NPs synthesised by the Stober method and NDMA as a
potent known carcinogen during chlorination on HaCaT and Caco-2 cell lines for 4, 24
and 48 h using MTT and LDH assays; further, the morphology and size of SiO, NPs
was determined by SEM. After exposure to SiO, (concentrations of 0.05-2 mg/mL), 2
mg/mL of inactivated LDH was added to both cell lines; however, it did not reduce their
metabolic activity in the MTT assay use. SEM revealed spherical and uniform SiO,
particles of 200 nm in diameter. NDMA (concentrations of 0.1-1000 pg/mL)
inactivated LDH leakage in HaCaT and Caco-2 as well as reducing the metabolic

activity of HaCaT cells at 48-h exposure. The outcomes of this study suggest that a
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concentration of SiO, <2 mg/mL used in water treatment can reduce the risk of
nanomaterial toxicity to humans and possibly ecosystems. These results urge for more
studies on the effect of nanomaterials in the aquatic environment and of human

exposure to NPs.
4.1 Background

The rapid development of NP applications has resulted in enhanced processes of
product manufacturing and development of products that reduce the concentrations of
toxic compounds, and has assisted in the attainment of water quality standards and
health advisories (Salata, 2004). Therefore, it is necessary to investigate the possible
risks to humans related to these small particles during environmental exposure.
Microfiltration (MF) and UF are some of the most effective methods for raw water
treatment (Shen et al., 2011). The majority of UF membranes are formed by
hydrophobic polymers such as polysulfone (PS), polyethersulfone (PES), polypropylene
(PP), polyethylene (PE) and polyvinylidenefluoride (PVDF) (Shen et al., 2011). PES is
the most commonly used polymer in UF membrane due to its excellent thermal and
mechanical properties and chemical resistance. However, PES is hydrophobic in nature
and is suspected to cause fouling (Darracq et al., 2015). The main interest in the
clearing efficiency of NPs within sewage plants is to prevent nanomaterials from
reaching the waterways (Dahle and Arai, 2015). Recently, the possible toxic effects of
carbon nanotubes on aquatic species such as larval zebrafish (Danio rerio) and Daphina
magna have been studied (Baun et al., 2008; Farré et al., 2009). Another study
investigated the physiological changes and toxicity to Daphina magna exposed to TiO;
NPs, which are one of the most important metal oxide NPs (Lovern et al., 2007). These

studies urge clarification of the entrances of nanomaterials into the aquatic environment.

At this stage, little is known about nanomaterials reaching waterways (Lynch, 2016).
Some studies have criticised standard wastewater treatment as it is poorly suited to
capture nanomaterials (Lynch, 2016). Moreover, Wiesner et al. (2008) reported that
waterways contaminated with nanomaterials from water desalination plants may
become problematic (Wiesner et al., 2008). Due to the lack of experimental data, safe
methods of nanomaterial disposal are not well understood (Thomas et al., 2006;
Wiesner et al., 2008). Clearly, this will be problematic because there are insufficient

data to explain the risk of inorganic NPs dispersed in the environment or public sewage
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treatment plants. NDMA is well known for its carcinogenic properties (Halden, 2015;
Sanagi et al., 2015). For many years, NDMA was used as a pesticide (nematicide),
plasticiser for rubber, battery component, antioxidant, lubricant additive and in
polymers (e.g. dimethylnitrosamine). Recently, studies have revealed that water
treatment polymers such as poly(epichlorohydrin dimethylamine) and
poly(diallyldimethylammonium chloride) may form NDMA if they come into contact
with chloramine water (Zhang et al., 2008). In addition, NDMA is often used in
research to induce cancer in mice (Bogovski and Bogovski, 1981). Thus, health
concerns around this compound have been the focus for some industries after it was
recognised in disinfection of drinking and wastewater containing chlorine and
chloramines (Mitch et al., 2003). Recently, successful attempts have been made to add
NPs to polymers in membrane synthesis for removing water contaminants (Kim and
Van der Bruggen, 2010; Mahapatra and Karak, 2008).

Ceramic membranes have been made with catalytic NPs to produce synergistic effects
on membrane enhancement (Kim and Van der Bruggen, 2010). However, other studies
suggest that silica polymerisation in the presence of polyvalent cations and anions in
RO systems are the cause of membrane fouling (Koo et al., 2001). RO is by far the most
effective method of removing dissolved silica from brackish water. The present study
investigates the toxicity of NDMA as a known water contaminant, and silica NPs as
newly NPs used in membrane separation and found in high concentrations in brackish
water (Patil et al., 2016). HaCaT and Caco-2 were exposed to NDMA and silica NPs;
toxicity was determined using the MTT and LDH assays, and particle morphology was
identified by SEM.

4.2 Materials and Methods

4.2.1 Reagents

All reagents were from Sigma Aldrich, Australia unless otherwise stated. These
included MTT, NADH, B-nicotinamide adenine dinucleotide (NAD), phenazine
methosulfate (PMS), trizma base, trizma HCI, lithium lactate and iodonitrotetrazolium
chloride (INT). The culture mediums used were Dulbecco’s Modified Eagle Medium
(DMEM) for the Caco-2 cell line and RPMI for the HaCaT cell line with 10% heat-

inactivated FBS, penicillin and streptomycin and Triton™ X-100 (positive control).
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Millipore MQ water with resistivity = 18.2 MQ.cm was used for all the experiments.
NDMA solution was provided by Flinders University School of Chemical and Physical
Sciences.

4.2.2 Preparation of SiO, Nanoparticles

Silica NPs were synthesised by the Stéber method (lbrahim et al., 2010). One mL of the
silica precursor tetraethyl orthosilicate (TEOS) at 98% concentration was added rapidly
to a mixture of 95% ethyl alcohol (10 mL) and MQ water (3 mL). The reaction was
allowed to proceed for 30 min with mild stirring at 50°C to obtain a homogeneous
mixture. Subsequently, 1 mL ammonia solution (30%) was added drop-wise over an 8-
min period with stirring. The mixture gradually changed from transparent to milky as
the NPs formed. The mixture was then stirred for a further 2 h. The resultant precipitate
was then centrifuged at 101,890 g and washed with MQ water four times. Finally, the

silica particles were dried overnight at 75°C.
4.2.3 Nanoparticle Characterisation

SEM was performed on the silica NPs. The samples were sputter coated with a 10-nm
layer of platinum using a Quorumtech K757X sputter coater (located at Flinders
University, South Australia, Adelaide). Images of the sample were collected using
CAMScan MX2500 SEM (located at Flinders University, South Australia, Adelaide)
with a field emission source at an accelerating voltage of 10 kV.

4.2.4 Cell Culture

HaCaT and Caco-2 cell lines were obtained from the ATCC. HaCaT cells were grown
in RPMI and Caco-2 cells in DMEM medium with 10% FBS and incubated at 37°C
with 5% CO; in a humidified incubator. Cell growth started from 2 x 10° cells/mL and
cells were sub-cultured every 2—-3 days when confluence reached 60-70%.

4.2.5 Toxicity Assays

HaCaT and Caco-2 cells were seeded at 10,000 cells/well in a 96-well, flat-bottomed
microplate and then incubated for 18 h to allow adherence. NDMA and SiO;, were
diluted in fresh medium. After incubation, cells were treated with six concentrations of
silica NPs (0.05-2 mg/mL) and five concentrations of NDMA (0.1-1000 pg/mL) for 4,
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24 and 48 h. The solution was removed and the cells were washed twice with PBS to

remove excess SiO» residue.
4.2.5.1 MTT Experimental Procedure

The toxicity of SiO, and NDMA was determined by MTT assay as described in the
literature (Mosmann, 1983; Young et al., 2005). Cells (1 x 10%) were seeded in volume
of 100 pL into 96-well, flat-bottomed microplates. MTT was added to each well at 0.5
mg/mL, and then plates were incubated at 37°C for 4 h, after which 80 pL of 20% SDS
in 0.02 M HCI was added to each well. The plates were kept in the dark at room
temperature overnight. Absorbance was read at a primary wavelength of 570 nm and a
reference wavelength of 630 nm by an ELISA reader. In each experiment, a standard

curve was run to convert the OD values to cells/well.
4.2.5.2 Lactate Dehydrogenase Leakage Assay

The leakage of LDH in HaCaT and Caco-2 cells was detected by LDH assay. Cells were
plated into 96-well plates and exposed to concentrations of SiO, and NDMA as
described in section 4.2.3. At the end of the exposure period, 50 pL of aliquoted cell
medium was used for LDH activity analysis. The absorption was measured using an
ELISA reader at a primary wavelength 490 nm and 630 nm as a reference wavelength.

LDH assay experiments were performed in triplicate.
4.3 Statistical Analysis

The data were expressed as the mean + standard deviation (SD) of at least three
independent experiments using one-way ANOVA and Tukey—Kramer multiple
comparisons test using SPSS (version x8) software to compare exposure groups. All

comparisons were considered significant at p < 0.05.
4.4 Results and Discussion

Exposure of HaCaT and Caco-2 cell lines to monodisperse spherical SiO, (200 nm in
diameter) for 4, 24 and 48 h did not interrupt cell growth. LDH leakage was clearly low
at concentrations <2 mg/mL in both cell lines. Similarly, no tested concentrations
reduced cell growth in either cell line according to the MTT assay compared with the

positive control (Figure 4.1). Researchers have not been able to agree on dose and
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physiochemical properties of NPs that could cause a biological response (Park et al.,
2008). Some have related the toxicity of NPs to the particle’s total weight; others to the
number of particles per volume (Peyron et al., 2004). Recently, studies have suggested
that the logical way to define particle toxicity is to calculate the dose based on the NP’s
total SA. Studies on SiO, NPs have reported that the shape of the particle is the main
cause of particle pathogenesis in lung disease (Bowman et al., 2012; Brown et al., 2007;
Liu et al., 2014; Huang et al., 2012).

The ecotoxicological impact of SiO, NPs on freshwater fish is not completely
understood (Priya et al., 2015). Therefore, the haematological, ionoregulatory and
enzymological toxicity effect of silica NPs at concentrations of 1, 5 and 25 mg/L were
evaluated on the freshwater teleost fish Labeo rohita (Priya et al., 2015). Exposure to
silica NPs altered the values of haematological parameters such as haemoglobin (Hb)
red blood cells, white blood cells and plasma electrolytes. Plasma electrolytes such as
potassium, sodium and chloride levels, and Na*/K" ATPase activity were shifted by all
silica NP concentrations through all study exposure times. Moreover, the effect of the
silica NPs was found to be time and concentration dependent (Priya et al., 2015). In
another study, 12 fish cell lines taken from six species (rainbow trout, zebrafish, fathead
minnow, haddock and American eel) were tested for metabolic activity using the AB
assay (Vo et al., 2014). The toxicity of SiO, NPs (16, 24 and 44 nm in diameter) was
related to physiochemical properties such as the size and temperature; it was also dose
dependent and tissue specific. SiO, NPs (44 nm in diameter) at concentrations >100
pug/mL for 24-h exposure reduced the fish cell lines’ viability by 50% (Vo et al., 2014).
Smaller NPs (16 nm) were found to be more toxic than larger NPs. In addition to size-
related toxicity, cells derived from external lining epithelial tissues (skin and gills) were
more effected by SiO, NPs than were cells taken from internal tissues (brain, liver,
intestine and gonads) (Vo et al., 2014). SEM images of the SiO, synthesised by the
Stober method showed a monodispersed spherical silica particle with a size of 200 nm
in diameter (Figure 4.2).
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Figure 4.1: The effect of SiO, nanoparticles on HaCaT and Caco-2 cell viability using
the MTT assay, and LDH leakage assessed by the LDH assay. HaCaT and Caco-2 cells
were exposed to six concentrations of SiO,. Data are expressed as means £ SD from

three independent experiments. p < 0.05 compared with control group.
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Figure 4.2: Scanning electron microscopy image of monodispersed SiO, nanoparticles
(NPs). the scale bar represents 200 nm in diameter; the final formed NPs were spherical

and uniform.

However, exposure to NDMA (concentrations 0.1-1000 pg/mL) activated LDH leakage
in HaCaT and Caco-2 cell lines at all concentrations, and was most apparent at 4-h
exposure. The LDH leakage due to NDMA reduced after 24 h and was only 5% at 48 h.
In contrast, NDMA interacted with the metabolic activity of HaCaT cell lines at
concentrations of 1pug/mL and higher after 48-h exposure, which clearly demonstrates

toxic impact (Figure 4.3).

The NDMA formation potential (FP) test is a rapid and simple method to detect NDMA
precursor concentrations in wastewater (Farré et al., 2011). This method was applied in
tertiary wastewater treatment plants using UF-RO membranes. The results showed that
the NDMA FP from a variety of water samples were in the range 350-1020 + 20 ng/L
(Farré et al., 2011). The fate of NDMA precursors was also investigated at two different
points of advanced water treatment plants. The final results showed that more than 98.5
+ 0.5% of NDMA precursors were removed by RO (Farré et al., 2011). In California,
one of the most commonly used herbicides is the phenylurea herbicide Diuron, which
has been consistently found in the state’s water sources, and its structure might make it
an NDMA precursor. NDMA precursors were found consistently even in the absence of
added ammonia, which is a cause of nitro-nitrogen formation during chloramination.
This is due to both nitrogen atoms being donated by Diuron during chlorination, even

when there is no ammonia present.
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Figure 4.3: Toxic effect of N-nitrosodimethylamine (NDMA) on HaCaT and Caco-2
cell lines assessed by MTT and LDH assays. Both assays showed reduction in cell
viability and increase in LDH leakage compared with the positive control. Data are

expressed as means + SD from three independent experiments. p < 0.05 compared with

the control group.
4.5 Conclusion

In summary, SiO, NPs synthesised by the Stéber method resulted in a monodispersed
spherical particle with size 200 nm in diameter as analysed by SEM. Due to multiple
factors, membranes can foul and NPs can reach waterways, with adverse effects on
ecosystems. This study tested the toxicity of SiO, NPs used in water filtration and
NDMA as a member of a family of extremely potent carcinogens found in drinking
water as contaminants resulting from reactions occurring during chlorination. After 4,
24 and 48-h exposure to SiO; (concentrations 0.05-2 mg/mL), HaCaT and Caco-2 cell
lines showed increased LDH leakage compared with the positive control for only 2
mg/mL SiO,, using MTT and LDH assays. NDMA activated LDH leakage in both cell

lines and interrupted the metabolic activity of the HaCaT cell line at most

75



Chapter 4: Toxicity of N-Nitrosodimethylamine and SiO, Nanoparticles Found in
Wastewater Treatment to HaCaT and Caco-2 Cell Lines

concentrations. These findings suggest that SiO, imposes less environmental risk to

humans and animals at the tested concentrations.
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Abstract

NPs are promising substrates for the delivery of chemotherapy drugs to solid tumours.
However, following injection these foreign bodies are often eliminated by the
reticuloendothelial system (RES) within seconds or minutes. Previous studies have
overcome this issue by coating nano-drug carriers with a surfactant that extends the
circulatory half-life of the NPs and prevents opsonisation. In the current study, thiolated
silica (SiO2) NPs were synthesised using the Stober method and then coated with low-
fouling zwitterionic SBMA using thiol-ene addition. SEM revealed monodispersed
spherical particles with DLS showing a small increase in nanoparticle average diameter
after modification with SBMA. Toxicity of the SiO,-SBMA NPs (concentrations of
0.05-2.00mg/mL) was investigated using the MTT, LDH and crystal violet assays on
the Caco-2 and HaCaT cell lines for 4, 24 and 48 h. The particles were also exposed to
UV light to identify any possible degradation effects; zeta potential measurements
revealed strongly anionic particles after 1-h UV light exposure. The SiO,-SBMA NPs
did not decrease the mitochondrial activity of Caco-2 or HaCaT cells according to the
MTT assays; however, LDH leakage increased and relative cell number decreased at
2.00 mg/mL, as clearly observed after the particles were exposed to UV light. These
results indicate that concentrations <1.50 mg/mL of SiO,-SBMA are of low toxicity, are

biocompatible and show potential as a chemotherapy drug conjugate.
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5.1 Introduction

Chemotherapy is necessary for the treatment of most solid tumours; however, adverse
side effects often limit its benefits and affect the patient’s quality of life (Nowak et al.,
2003; Sutradhar and Amin, 2014). Repeated cycles of chemotherapy can cause MDR
(Peer and Margalit, 2006, Kuo et al., 2011). To address these issues, there is a need to
develop new methods of transporting medicines without causing damage to other tissues
or organs (Farokhzad and Langer, 2009; Jin and Ye, 2007; Prausnitz et al., 2004).

NPs promote drug release and drug accumulation in tumours and can have more
favourable pharmacokinetics than the free drug (Amoozgar and Yeo, 2012). NP
delivery to tumours depends on the physiological and anatomical features of the tumour
and its environment (Amoozgar and Yeo, 2012). As the tumour spreads, the higher
demand for gas exchange, nutrients and waste removal leads to the formation of new
blood vessels (Flier et al., 1995; Rak and Joanne, 2004). This happens by the extension
of vasculature towards the tumour and the mobility of the progenitor endothelial cells
(Narang and Mahato, 2006). Factors such as fibroblast growth and endothelial growth
stimulate the extension of tumour vasculature ( Folkman, 1971; Gao et al., 2008).
However, anti-angiogenic factors can cause incompatible expansion and defects in the
architecture of tumour vasculature (Fukumura and Jain, 2007; Hanahan and Folkman,
1996).

Studies using transplanted rodent tumours have revealed that the pore size of tumour
micro-vessels ranges from 100 nm to 780 nm in diameter; therefore, this is an important
feature in the extravasation of NPs (Hobbs et al.,, 1998; Li and Huang, 2010).
Additionally, tumours commonly have poor lymphatic drainage, which can reduce the
removal of NPs (Maeda et al., 2000). This is the EPR phenomenon (Aliabadi et al.,
2008; Canelas et al., 2009; Matsumura and Maeda, 1986; Sutradhar and Amin, 2014).
To realise the optimal benefits of the EPR effect, NPs must circulate for a long period,
but the RES, which protects the body from extraneous particles, is a major obstacle to
the retention of NPs (Hsu and Juliano, 1982; Senior, 1986). The clearance of foreign
bodies such as NPs is initiated by phagocytic cells in the tissue and blood (Bartneck et
al., 2009; Pratten and Lloyd, 1986) and mediated (labelling the surface of NPs as a
foreign body) by plasma proteins or complement fragments (Moghimi and Patel, 1998).

Many studies have shown that if the NP surface is not protected from opsonisation it
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will be cleared from the blood within minutes by the RES (Mohanraj and Chen, 2006;
Moghimi and Szebeni, 2003; Semple et al., 1998). Some surface coatings can prevent
NP opsonisation and aggregation, improve cellular uptake, increase wettability and
affect degradation rates (Khung and Narducci, 2015). These include polySBMA, PEG,
dextran, chitosan, pullulan, sodium oleate, dodecylamine, polysorbate 80, poloxamer
188, polyvinyl alcohol, poly-2-methyl-2-oxazoline, polyvinylpyrrolidone and a-
tocopherol PEG-1000 succinate (lzquierdo-Barba et al., 2016; Liu et al., 2014).

The circulatory half-life of NPs is greatly affected by their shape, size, surface
chemistry, SA and multi-composition (Longmire et al., 2011; Pistone et al., 2016;
Sheng et al., 2009; Yamamoto et al., 2001). Charged and hydrophobic NPs have shorter
circulatory half-lives because of significant opsonisation (Amoozgar and Yeo, 2012).
The method of opsonisation is one of the most important biological barriers to control
the delivery of drugs into organs. Almost all NPs that are administrated systematically
are coated with electrically neutral hydrophobic surface layers referred to as a ‘stealth
coating’, which extends the half-life of NPs to >40 h (Moghimi et al., 2001).
Administration of NPs via intradermal or subcutaneous injection showed a different
distribution depending on the absence or presence of coatings (Hirai et al., 2012; Liu et
al., 2014). The degree of NP coating plays an important factor in reaching targeted
tissues (Liu et al., 2014). For instance, PEG-coated NPs reach lymphatic vessels and the
circulatory system faster than do free injected NPs (lannazzo et al., 2017; Liu et al.,
2014).

Most surface stabilisation of NPs is accomplished either by surfactants or non-ionic
hydrophilic polymers. PEG is often applied in the process known as PEGylation;
however, it forms a flexible layer on the surface of the NP that can hinder the adsorption
of opsonins via steric hindrance and phagocytic effects (Amoozgar and Yeo, 2012; Gref
et al., 2000; Heald et al., 2002; Huang et al., 2001; Moffatt and Cristiano, 2006). The
effect of PEGylation on the extension of NP circulatory half-life is well recognised
(Verrecchia et al., 1995). Verrechia et al. (1995) identified that PEGylated NPs were
more concentrated in the plasma and lived longer than non-PEGylated NPs.
Significantly, in one study the uptake of PEGylated polylactic acid (PLA) NPs by the
liver was 9% less than that of non-PEGylated PLA NPs (Amoozgar and Yeo, 2012).
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Although the PEG stealth coating method has demonstrated successful protection for a
variety of NPs, other studies have reported its disadvantages (Gref et al., 1994; Poon et
al., 2011; Suh et al., 2007; Zhang et al., 2008). The delivery of the drug to targeted cells
often involves the uptake of the NPs, especially when the drug depends on the NPs to
enter or exit from the cells. NPs pass through five stages: (1) transport to the
extracellular matrix, (2) bonding to the cell membrane by receptors, (3) internalisation
into the cells, (4) drug release and exit from intracellular vesicles to cytosol, and (5)
transfer to the targeted organelles. Therefore, a method for coating surfaces to prevent
protein adsorption is to use zwitterionic molecules (Du et al., 1997; Gupta et al., 2003;
Khalil et al., 2006). Estephan et al. (2011) compared the efficacy of protein adsorption
between PEGylated and zwitterion-coated silica particles. PEGylation formed three-
dimensional coatings whereas the zwitterion formed monolayer-type coverage with
lower thicknesses (Estephan et al., 2011). The silica-modified NPs were challenged
with serum, salt, lysozyme and albumin at 25 and 37°C. Both methods were effective at
preventing protein adsorption and aggregation of particles. The mechanism for
adsorption resistance was thought to be based on preventing ion pairing between protein
and surface charges, which releases counter-ions and water molecules, an entropic

driving force enough to overcome a disfavoured enthalpy of adsorption.

There is an assumption that NPs can use a mechanism to pass through gastrointestinal
barriers by (1) paracellular crossing through the intestinal epithelial cells as a result of
their small size (<50 nm); (2) uptake by intestinal enterocytes via endocytosis (size
<500 nm); and (3) lymphatic absorption by Microfold cells (M cells size in diameter <5
pm). Also, coating NPs with a suitable bio-adhesive material can increase their ability
to fight MDR proteins (Win and Feng, 2005). However, these NPs may be engulfed by
macrophages in the liver, which is the organ most likely to be influenced regardless of
the method of preparation (Owens and Peppas, 2006). NPs can also accumulate in the
lungs, spleen, bone marrow, lymph nodes, colon and brain, causing severe toxicity
(Garnett and Kallinteri, 2006; Hagens et al., 2007).

Silica NPs are broadly used in biomedical applications as drug carriers and vehicles for
gene delivery (Cs6gor et al., 2003; Roy et al., 2005). This study describes the synthesis
of thiolated silica NPs coated with a zwitterionic SBMA coating using a thiol-ene
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addition reaction. The toxicity of these NPs to Caco-2 and HaCaT cell lines was then

determined using MTT and LDH assays.
5.2 Materials and Methods

5.2.1 Reagents and Nanoparticles

All reagents were from Sigma Aldrich, Australia unless otherwise stated. These
included MTT, NADH, NAD, PMS, trizma base, trizma HCI, lithium lactate, INT,
Triton X-100, 98% TEOS, (3-mercaptopropyl)trimethoxysilane (MPTMS), [3-
(methacryloylamino)propyl] dimethyl(3-sulfopropyl) ammonium hydroxide inner salt
and SBMA. The culture media used was DMEM and RPMI with 10% heat-inactivated
FBS, penicillin and streptomycin. Millipore MQ water with resistivity = 18.2 MQ.cm

was used for all the experiments.
5.2.2 Preparation of SiO2 Nanoparticles

Silica NPs and thiolated silica NPs were synthesised by a modified Stober method
(Figure 5.1) (Ibrahim et al., 2010). One mL of a silica precursor of TEOS was added
rapidly to a mixture of 95% ethyl alcohol (10 mL) and MQ water (3 mL). The reaction
was allowed to proceed for 30 min with mild stirring at 50°C to obtain a homogeneous
mixture. Subsequently, ammonia solution (30%) (1 mL) was added drop-wise over an
8-min period with stirring. The mixture gradually changed from transparent to milky as
the NPs formed. The mixture was then stirred for a further 2 h. The resultant precipitate
was then centrifuged at 101,890 g and washed with MQ water four times. Finally, the

silica particles were dried overnight at 75°C.
5.2.3 Preparation of Thiolated SiO2 Nanoparticles

A mixture of ImL TEOS and 0.25 mL MPTMS was stirred for 2 min and then added to
a mixture of 10 mL ethyl alcohol and 3 mL MQ water. The reaction mixture was stirred
for 30 min at 50°C, and then 1 mL ammonia solution (30%) was added drop-wise over
an 8-min period with stirring. The mixture was then stirred for a further 2 h. The
resulting gel was centrifuged at 101,890 g and washed with MQ water four times before

being dried overnight in an oven at 80°C. After drying, the gel became a white powder.
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5.2.4 Synthesis of Zwitterionic  Sulfobetaine  Methacrylate-coated  Silica

Nanoparticles by Thiol-ene Addition

SBMA (5 g) was dissolved in 25 mL MQ water and then stirred in a two-necked, round-
bottomed flask under nitrogen (N,) for 30 min. The synthesised thiolated SiO, NPs
(1.32 g) were then added to the solution and the temperature was increased gradually to
70°C. Subsequently, 50 mg V50 initiator dissolved in 2.5 mL MQ water was added, and
the reaction mixture was stirred for approximately 17 h at 70°C. The resulting
suspension was centrifuged at 101,890 g and washed four times with acetone. The
resultant powder (SiO,-SBMA NPs) was dried under N, and protected from light by

storing it in a brown sealed vial.
5.2.5 Nanoparticle Characterisation

SEM was performed on the thiolated SiO2-SBMA NPs. The samples were sputter
coated with a 10-nm layer of platinum using a Quorumtech K757X sputter coater.
Images of the sample were collected via SEM using a CAMScan MX2500 with a field
emission source at an accelerating voltage of 10 kV. The hydrodynamic diameter
(determined in RPMI medium) and the zeta potential were measured by DLS using a
Malvern High-performance Particle Sizer. Data were acquired with a scattering angle

close to 180° at a temperature of 25°C.
5.2.6 Cell Culture

Caco-2 and HaCaT cell lines were obtained from the ATCC. Caco-2 cells were grown
in DMEM and HaCaT in RPMI at pH 7.4, with 10% FBS and a 1% antibiotic mixture
of penicillin (10,000 units/mL) and streptomycin (10,000 pg/mL). The cells were
maintained in T-75 flasks at 1 x 10° cells/mL. When the cells reached 80% confluence
they were trypsinised and sub-cultured (Sambuy et al., 2005). The cells were maintained
in a humidified incubator with 5% CO, at 37°C. The cell density after trypsinisation
was determined by TB counting (Sambuy et al., 2005).

5.2.7 Cell Exposure to Nanoparticles

SiO,-SBMA NPs were diluted in deionised water (stock at 20 mg/mL) and then mixed

by vortexing for 5 min, followed by dilution to the required concentration with media.
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Caco-2 and HaCaT cells were seeded at 10,000 cells/well in 96-well, flat-bottomed
microplates, then incubated overnight to allow adherence. Cells were exposed to SiO,-
SBMA NPs at six concentrations (0.05, 0.1, 0.5, 1.0, 1.5 and 2.0 mg/mL) and the
control was Triton X-100 for 4, 24 and 48 h. After exposure, the solution was removed,

and the cells were washed twice with PBS at pH 7.4 to remove any excess NPs.
5.2.8 UV Light Exposure of SiO2-Sulfobetaine Methacrylate Nanoparticles

SiO,-SBMA NPs were exposed to UV light at 365 nm with a peak irradiance of
13.05 mW/cm? for 1 h.

5.2.9 MTT Assay

The MTT assay was used as an indicator of metabolic viability where the yellow MTT
iIs enzymatically changed to insoluble purple formazan for visualisation. Each
concentration was examined in four technical replicates and the experiment was
repeated three times (n = 3). Media containing MTT tetrazolium salt (5 mg/mL) was
added to exposed cells for 4 h. The purple formazan formed inside the cells was
dissolved with 10% SDS in 0.1 M HCI. Absorbance was read using a spectrophotometer

at a primary wavelength of 570 nm and a reference wavelength of 630 nm.
5.2.10 Lactate Dehydrogenase Assay

Caco-2 and HaCaT cells were seeded in triplicate wells at 1 x 10* viable cells/100 pL
DMEM in 96-well, flat-bottomed microplates. The cells were cultured for 16 h to allow
adherence and then media was replaced with six different concentrations of NPs, plus
controls, for 4, 24 and 48 h. After exposure, the plate was spun at 1200 RPM and 50-pL
aliquots of cell lysate from each well were transferred to a new 96-well, flat-bottomed
microplate containing 150 pL of LDH stain per well. Cells were incubated at room
temperature for 5 min and then the absorbance was read at 590 nm using a

spectrophotometer.
5.2.11 Crystal Violet Assay (Screening for Cell Adherence Phenotype)

After the HaCaT cells were exposed to SiO,-SBMA NPs, the plates were washed with
PBS and 50 pL of crystal violet stain was added and incubated at room temperature for

15 minutes. The stain was washed off with demineralised water and the plates were left
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to dry overnight. A 33% (v/v) acetic acid solution was then added and the OD at 570
nm was read within minutes using an ELISA reader. Six technical replicate wells per
treatment and three biological replicates were carried out for each treatment experiment.
The results were expressed as percentage viability compared with the untreated control.

5.2.12 Statistical Analysis

The data were expressed as the mean + (SD) of at least three independent experiments
using one-way ANOVA and Tukey—Kramer multiple comparisons test using the SPSS
(version x8) software to compare exposure groups. All comparisons were considered

significant at p < 0.05.

5.3 Results and Discussion

The formation of thiolated silica particles is depicted in Figure 5.1, Steps 1 and 2.
During hydrolysis reactions, an intermediate compound [Si(OC;Hs)sx (OH)X]
containing silanol groups is formed by nucleophilic substitution reactions between
water molecules and ethoxy groups of TEOS. These silanol groups then undergo
condensation reactions to form siloxane bridges, resulting in silica NPs. However, when
MPTMS is present, the silanol groups can also undergo condensation reactions with the
methoxy groups of the MPTMS. In this manner, silica NPs containing both siloxane
bridges and thiol functionalisation can be achieved (Figure 5.1, Step 1). Step 2 shows
the synthetic pathway for the formation of SBMA-functionalised SiO, NPs. This relies
on a thiol-ene addition reaction between the thiol-modified SiO, NPs and the alkene
moiety on the SBMA. The reaction typically results in an anti-Markovnikov addition to
the alkene. The reaction is stereoselective and occurs rapidly with high yields (Yang and
Rioux, 2014).
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sulfopropyl) ammonium hydroxide inner salt (SBMA)
Figure 5.1: Synthesis of thiolated silica nanoparticles and subsequent thiol-ene reaction
to produce SiO,-SBMA nanoparticles

Figure 5.2 shows the size distribution of the particles both before and after the reaction
of the thiolated SiO, NPs with SBMA measured using DLS. SBMA functionalisation is
shown as an increase in the average size of particles by approximately 8 nm, from 87
nm to 95 nm after functionalisation. This increase in hydrodynamic radius is larger than
the length scale of the attached moiety but is a result of the shielding attraction between

the zwitterions, giving rise to an increase in the hydrodynamic volume.
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Figure 5.2: Analysis of nanoparticles using DLS. (a) SiO, nanoparticles (average size =
87 nm) and (b) after coating with SBMA (average size = 95 nm).

SEM images of the thiolated and subsequently SBMA-modified SiO, NPs are shown in
Figures 5.3a and b, respectively. The images show that both before and after SBMA
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modification, the particles are monodispersed and spherical, indicating the thiol-ene

addition has not damaged the NPs. The average dry particle size is <20 nm.

Caco-2 and HaCaT cell viability studies were then carried out on the SiO,-SBMA NPs
(concentrations 0.05-2.00 mg/mL) using the MTT assay. At all concentrations, the
relative viability of the cells did not decrease (Figure 5.4, left). However, SiO,-SBMA
that was photodegraded by exposure to UV light significantly decreased the cell
viability of both Caco-2 and HaCaT at concentrations of 0.10-2.00 mg/mL (Figure 5.4,
right). The UV light-exposed NPs (1.5 mg/mL), when exposed to Caco-2 cells for 4 h,
resulted in an approximately 30% decrease in cell viability compared with the control.
This was also observed with HaCaT cells at 48 h. The toxicity towards both cell lines is

most likely due to the strongly anionic NPs after irradiation with UV light.

Figure 5.3: Scanning electron microscopy images of (a) monodispersed spherical
thiolated SiO; and (b) SiO,-SBMA nanoparticles (NPs); the final NPs formed were

spherical and uniform.

Figure 5.5 shows the results from the LDH assays, which revealed that the highest
concentration of SiO,-SBMA NPs (2.00 mg/mL) significantly increased LDH leakage,
by almost 25% at all time exposures. This was not seen in the MTT assay, which may
be related to particle interference from the MTT formazan. These results indicate that

both LDH release and MTT reduction accurately determine the toxic effect of SiO,-

86



Chapter 5: Toxicity of Thiolated Silica Nanoparticles Modified with Sulfobetaine
Methacrylate for Potential Use in Chemotherapy Drug Conjugation

SBMA. However, the MTT assay does not always correctly quantify NP toxicity; this
likely reflects differences in the point of death pathway (Smith et al., 2011). The
assessment of NP cytotoxicity depends on the choice of the test system. Due to NPs’
optical activity and absorption values, they can influence the classical cytotoxicity
assay. In a previous study from our laboratory, SiO, NPs (20 nm in diameter) did not
alter the MTT standard curve with or without the presence of HaCaT cells (Almutary
and Sanderson, 2016). Cell death detected by crystal violet assay increased 20% at 2
mg/mL for 4 and 24-h exposure to SiO,-SBMA (Figure 5.6). LDH leakage increased
substantially, by nearly 90%, after UV light exposure. Yin et al. (2012) reported the
cytotoxicity to HaCaT cell lines of four UV light-exposed (15 mW) TiO, NPs with size
range 25-325 nm and with two different crystal forms. Upon UV irradiation, all TiO,
NPs induced photocytotoxicity and cell membrane damage, in a dose-dependent
manner. In the current study, photodegradation of SiO,-SBMA after 1-h exposure to
UV light caused LDH leakage of Caco-2 cells.
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Figure 5.4: Effect of SiO,-SBMA (left) and UV-exposed nanoparticles (right) on Caco-
2 and HaCaT cell viability using the MTT assay. Caco-2 and HaCaT cells were exposed
to different concentrations of SiO,-SBMA. Data are expressed as means £ SD from

three independent experiments. *p < 0.05 compared with control group.
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Based on the literature, it was assumed that similar effects would be observed for the
HaCaT cells in this study (results not shown). NPs with zeta potentials in the range of —
10 to +10 mV are neutral and those between —30 and +30 mV are anionic and cationic
(Clogston and Patri, 2011). Characteristics of NPs such as size, surface charge and
agglomeration are crucial parameters in the determination of particle toxicity (Jiang et
al.,, 2009). Cationic surfactants are used to protect NP size, agglomeration and
photophysical properties. In this study, the zeta potential measurements of SiO,-SBMA
were —30 mV prior to and —70 mV after UV light exposure. This shows an increase in
anionic particle activity. Some cationic particles are moderately toxic, whereas anionic
particles are often nontoxic (Janat-Amsbury et al., 2011). Therefore, it may be expected

that SiO,-SBMA NPs are rendered less toxic after UV treatment.
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Figure 5.5: Effect of SiO,-SBMA (left) and UV-exposed nanoparticles (right) on LDH
leakage levels. Caco-2 and HaCaT cells were exposed to different concentrations of
SiO,-SBMA. LDH levels increased at 2.00 mg/mL after 4, 24 and 48-h exposure. Data
are expressed as means + SD from three independent experiments. *p < 0.05 compared

with control group.

Napierska et al. (2009) examined the effect of monodispersed spherical SiO, NPs of
different sizes on the growth of an endothelial cell line (EAHY926). The cytotoxic

88



Chapter 5: Toxicity of Thiolated Silica Nanoparticles Modified with Sulfobetaine
Methacrylate for Potential Use in Chemotherapy Drug Conjugation

damage indicated by LDH release and the decrease in cell survival determined by the
MTT assays differed according to SiO, diameter. Concentrations led to a 50% decrease
in cell viability for the smallest SiO; (14-60 nm) compared with less cytotoxicity from
the largest SiO, NPs (104 and 335 nm). In addition, the smaller SiO, was shown to
affect the exposed cells and cause cell death faster than for the larger particles, within

just a few hours (Napierska et al., 2009).

Here, the SiO, NP concentrations were carefully chosen from previous work in our
group on silica toxicity that showed that when HaCaT cell lines were exposed to SiO;
NP concentrations of 0.05-10 mg/mL, there was a dose-dependent increase in cell death
with increasing concentration when screened with the MTT assay (Almutary and
Sanderson, 2016). In this work, at SiO, concentrations >2 mg/mL (24 h) there was
decreased relative survival when assayed using MTT, and relative cell number was
shown to decrease when assayed using the crystal violet assay. At 48-h treatment,
cytotoxicity was observed at every treatment concentration. Moreover, the level of

cytotoxicity was time dependent (4, 24, 48 h) at every concentration.
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Figure 5.6: Effect of SiO,-SBMA-exposed nanoparticles on relative cell number.
HaCaT cell death increased at 2.00 mg/mL. Data are expressed as means £ SD from

three independent experiments. p < 0.05 compared with control group.
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5.4 Conclusion

In summary, thiolated SiO, NPs produced via a modified Stéber process were coated
with a novel biocompatible zwitterionic SBMA via thiol-ene addition. The SEM images
of both the thiol- and SBMA-modified SiO, NPs showed spherical and monodispersed
particles. DLS showed that there was an increase in NP size after modification with
SBMA, arising from an increase in hydrodynamic radius caused by a shielding
interaction of the zwitterions. The toxicity of SiO,-SBMA NPs was detected by MTT,
LDH and crystal violet assays over 4, 24 and 48 h. The particles did not affect
mitochondrial activity, even after 48-h exposure. Proliferation assays such as MTT have
two main limitations: they can give false positive results in which a specific aspect of
cellular metabolism is affected; and they are unable to differentiate cell cycle inhibition
from cellular death. Activated LDH enzyme and a decrease in relative cell number were
found at 2.00 mg/mL, predominantly after 4 and 24-h exposure. The SiO,-SBMA zeta
potential measurements were —30 mV before and —70 mV after UV light exposure. The
SiO,-SBMA NPs were exposed to UV light irradiation at 365 nm wavelength for 1 h. A
significant increase in LDH leakage in the Caco-2 cell line was detected.
Photodegradation of the strongly anionic NPs caused by UV light could be avoided by
reducing the exposure time to less than 1 h at the same wavelength. Further
investigation is needed on the drug release and SiO,-SBMA cellular uptake.
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Chapter 6: General Discussion and Conclusion ( Partly of this

chapter was published as short review article)

6.1 Challenges for Assessing Nanomaterial Toxicity

The overall aim of this study was to investigate the risks associated with NP exposure
for human cell lines. The use of NMs in medicine, biology and industry applications has
increased rapidly in the past decade (Pandit et al., 2016). NMs have been a crucial
substance in the production of many therapeutic agents. However, the safe use of NMs
has been a concern for many scientists (Teow et al., 2011). Many conflicting reports on
the potential toxicity of NMs have complicated the estimation of their biological effect
(Kroll et al., 2009, 2012). One of the main issues affecting the assessment of NM
toxicity to humans and the environment is the use of biochemical assays that could be
affected by the NMs themselves and provide false data or subsequent incongruent
prediction of toxicity (Ong et al., 2014). Inconsistent and/or inaccurate data will make it

difficult to establish guidelines for the safe use and production of NMs.

Common assays used in the detection of NM toxicity are the LDH cytotoxicity assay,
AB, tetrazolium-based assays such as  3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4- sulfophenyl)-2Htetrazolium (MTS) , MTT and crystal
violet assay (Almutary and Sanderson, 2016; Malvindi et al., 2014). These assays have
been reported to be affected by NM artefacts. In addition, more in vivo and in vitro
nanotoxicology assays have provided false positive data in the presence of a variety of
NMs (Hartung, 2014). Studies have reported the interference to be from NMs binding to
the proteins or dyes and then altering their structure or function; this could be a common
factor in every toxicity assay (MacCormack et al., 2012; Stone et al., 2009). Other
studies have reported that the presence of NMs in toxicity detection assays may
interrupt cellular reactions and cause significant changes in enzymatic activity,

fluorescence and absorbance values of indicator molecules (Stueker et al., 2014).

NP parameter investigation has been a research focus to avoid interference with
common toxicity assays in vitro and in vivo (Mahmoudi et al., 2011). These parameters
include NP morphology, crystal structure, purity, mass concentration, size and size

distribution, SA/charge, chemical composition, surface stability under experiment
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conditions and degree of aggregation. These characterisations are of particular
importance not only for in vivo studies, but more for the correct interpretation of NM
behaviour under realistic environmental conditions (Kumar et al., 2012). Toxicity
studies under environmental conditions will be influenced by the dispersion and
adsorption of various molecules on the surface of NPs and additional toxicity may be
due to a change in the accumulation of heavy metals in the presence of metal oxide NPs
(Fabrega et al., 2011). After this, research has focussed on achieving a well-dispersed
suspension by the addition of surfactants or additives to control NP agglomeration
(Djurisi¢ et al., 2015). A recent study investigated whether the interference of NPs is
based on the surface characteristics of metallic NPs, by studying the effect of different
surface coatings on AgNPs and maghemite NPs (y-Fe;,O3NPs) on classical in vitro assays
targeting two of the main cytotoxic endpoints—cell viability and oxidative stress response
(Vreek et al., 2015). The cell viability assays were MTT, MTS and WST-8 and the assays
utilised fluorescent dyes as markers for the production of ROS including DCFH-DA, DHE
and glutathione levels. The results showed that the NPs affected all of the investigated
assays, leading to false interpretation of the data obtained (Vrcek et al., 2015). The range and
type of interference were dependent on the surface coating of the NPs, their stability in

biological media, their concentration, and the particle and assay (Vrcek et al., 2015).

More stringent control for nanotoxicological studies to minimise the potential of NP
interactions with assays is needed. Concentrations >10 mg/mL have been shown to interfere
with assay function yet the use of such concentrations is not rare in nanotoxicological studies
(Guadagnini et al., 2015). Thus, NP concentrations after treatment should be limited,
knowing that even with multiple washes and/or centrifugation NPs are able to remain within
the cells or attached to membranes (Kroll et al., 2012). Centrifugation insufficient if the NPs
bounded to the assay components, which lead to removal of dyes and protein important in
obtaining an accurate reading (Lynch and Dawson, 2008). Thus, each in vitro test system has
to be evaluated for every NP type to avoid flaws and give an accurate assessment of the NP’s
toxicity.

One of the promising applications of NMs is the use of zerovalent iron (nZVI), which is
becoming the most important example of fast-emerging technology with potential benefits;
however, uncertainties and misconceptions regarding the basics of this technology have
meant this application has not reached it maximum performance (Stefaniuk et al., 2016).
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There are currently three major areas of uncertainty associated with the use of nZVI: (1) high
concentrations of nZV1 aggregate and lead to production of micron-sized clusters that do not
exhibit the true nanosize effect; (2) under the same conditions, the mobility of the bare or
uncoated nZV1 will be less than a few metres and (3) the risk to humans and animals remain
unknown (Stefaniuk et al., 2016). NPs present their risk in terms of (1) dispersal, which is
the transport in the environment enabling them to travel long distances; (2) ecotoxicity,
which could have many effects on organisms in the environment; (3) persistence, which is
the ability to remain longer in the environment; (4) bioaccumulation, or the ability to
bioconcentrate in many organisms; and (5) reversibility, which is the ability to reverse their
original introduction into the environment (Stefaniuk et al., 2016). Although nanotechnology
can provide a beneficial replacement for any site remediation, further investigation of NPs’
health and environmental effects are demanded. Large studies on dermal toxicity caused by
NP exposure have been a public concern (Lewinski et al., 2017). The ex vivo and in vivo
human skin studies investigated the extent of NP penetration to skin after sunscreen
application (Lewinski et al., 2017). There was little evidence that NPs can cross the stratum
corneum into the epidermis and dermis. However, the lack of penetration could be due to the
small size of the NPs (Lewinski et al., 2017). Some studies have reported it is unlikely that
NPs would penetrate living skin tissue; they suggested removal of NPs from the skin surface

by thorough washing with soap.
6.2 Engineered Nanomaterial Fate and Transport

To understand ENM mobility, bioavailability and final fate, there are many processes that
must first be considered (Cornelis et al., 2014). These processes include ENM emissions to
air, water and soil; diffusive transport, volatilisation to air and transformation into other
ENMs; and aggregation, sedimentation, dissolution and filtration (Quik et al., 2011). Some
of these processes are necessary to ENMs that may not be closely connected to the
environment behaviour (Garner and Keller, 2014). These processes are the degree of
aggregation, deposition, dissolution and attachment, as determined by ENM size, surface
properties and the surrounding environmental characteristics (Garner and Keller, 2014).
Moreover, several ENMs dissolve over time; therefore, exposure can be from both
suspended NPs and dissolved ions (Stebounova et al., 2011). Aggregation of ENMs can alter
the state of NPs to make them behave in unexpected ways. For instance, aggregated NPs will

interact at different levels with the environment compared with individual NPs or dissolved
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ions (Zhang et al., 2008). The majority of ENMs will undergo transformation processes that
will alter their properties, such as coatings that could change their chemical properties and
environmental behaviour (Lowry et al., 2012). To achieve a complete understanding of the
fate and transformation processes of ENMs, complex factors such as NP emission into the
environment, surface coatings, interaction with colloids and environment properties
surrounding the ENM are important to gain a complete picture of an ENM’s fate and
transport patterns (Gottschalk et al., 2011).

The release of ENMs to the atmosphere is through indirect or disuse sources and they
will eventually be deposited on land and in surface water (Keller and Lazareva, 2013).
Recent studies have pointed out that the release of ENMs to the atmosphere is quite
low, even with 8,300 metric tons of ENMs released annually around the world (Keller
and Lazareva, 2013). Although this amount is small compared with the release and the
resistance time in the atmosphere, the fate on ENMS in the atmosphere must not be
neglected. The location of release of ENMSs such as those used in pesticides could lead
to temporarily high concentrations of ENMs in the atmosphere; thus, we need to
understand their resistance time and eventual fate in the atmosphere (Tiwari and Marr,
2010). Moreover, ENMs in the atmosphere will be subjected to physical and chemical
alterations that will change their fate and environmental concentrations (Tiwari and
Marr, 2010).

A major obstacle for current measurement devices is their inability to differentiate
background particles from ENMs (Kuhlbusch et al., 2011). The only instrument that is
capable of sizing and analysing nanoscale particles is the aerosol mass spectrometer
(Kuhlbusch et al., 2011). The device cannot measure metal and metal oxides, although
this aspect is under development (Kuhlbusch et al., 2011). Other available devices are
only able to discriminate particles according to their size, rather than both size and
density (Washington, 2005). Research to date has produced insufficient data to
determine significant patterns in the fate and transport process of ENMs in air;
therefore, more research is needed (Brouwer et al., 2009).

After ENMs are released into the atmosphere, their size and aggregation will increase
due to condensation of organic and inorganic vapours on the particles (Meesters et al.,
2013). In condensation, water and semi-volatile substances concentrate on a particle

and then form a shell around it; whereas in coagulation, the particles move by
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Brownian motion and collide with each other, and then aggregate, increase in size and
reduce in number (Kuhlbusch et al., 2011). Environmental factors such as humidity,
temperature and atmospheric turbulence will influence the size and concentration of
ENMs in the atmosphere (Navarro et al., 2008). A few studies have investigated the
fate of ENMs in the workplace by focussing on the release of ENMs in indoor air
during the production of ENMs or any product that includes NPs. Although these
studies were not aiming to estimate ENMs in the atmosphere, they nonetheless have
helped in explaining processes and rates. Current statistics estimate that around 66,000
metric tons of ENMs are release into surface water every year (Garner and Keller,
2014). The transport and fate of ENMs depends closely on the chemical properties of
the water (Garner and Keller, 2014). ENMs can be precipitated to sediment
compartments by gravitational settling of aggregates or precipitated ENMs with other
suspended particles (Westerhoff et al., 2013). There is a strong relationship between
aggregation and sedimentation due to the importance of particle size in the rate of

sedimentation; particle buoyancy is another important factor (Westerhoff et al., 2013).
6.3 Engineered Nanomaterial Toxicity to Aquatic Ecosystems

The ecotoxicology of ENMs hazard assessment reported that ENMs differ in two
significant ways from conventional pollutants such as organic pollutants or traces of
metals (von Moos, 2014). First, ENMs can reach aquatic environments as colloids, and
then may physically and chemically transform to a new species (Nowack et al., 2015).
Second, ENMs are known to have a high surface reactivity as a result of their high SA
to weight/volume ratio; due to their electrically charged surface, ENMs also have high
redox activity (Nowack et al., 2015). The main focus with respect to the ecotoxicity of
ENMs is their potential to physically interact with cellular and subcellular organelles,
which will cause harm to exposed organisms. It is believed that the interaction and harm
caused by ENMs to living organisms is related to their very high reactivity (Mueller and
Nowack, 2010). Their small size possibly facilitates their access to subcellular
compartments, unlike conventional bulk contaminants (Mueller and Nowack, 2010, Zhu
et al., 2012). In addition, their unique high SA, potentially enhanced reactivity and
physicochemical nanoscale properties are involved in their interactions with ocean-

living organisms (Klaine et al., 2008).
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A large number of studies have focussed on the toxicity of ENMs to the marine
ecosystem. Most studies on zinc oxide (ZnO) NPs have been conducted on freshwater
fish, mammalian cell lines and bacteria (Bondarenko et al., 2013). Toxicological data in
marine fish are still few for the majority of sensitive early life stages (Novelli et al.,
2002). A study on the toxic effects of ZnO NPs on aquatic plants attributed their effect
to the dissolved Zn+ ions that resulted from particle accumulation and translocation (Ma
et al., 2013). Moreover, a high concentration of ionic and pH of seawater can change the
physicochemical properties of ZnO NPs, thus, this explains the NPs toxicity (Misra et
al., 2012). ZnO NPs are listed extremely toxic and aquatic environmental hazards as a
cause from it adverse effect on variety of aquatic organisms such as bacteria, algae,
ciliates and fish (Fabrega et al., 2011). For example, the exposure of ZnO NPs to
freshwater zebrafish resulted in mortality, tissue injuries, hatching inhibition, hindered
growth and abnormalities in both embryos and larvae (Zhu et al., 2009). Exposure of
marine echinoderms to ZnO NPs has been shown to cause malformation in developing
sea urchin embryos, which involves delayed/arrested development (gastrula stage),
skeletal abnormalities and radoalised plutei (Buri¢ et al., 2015). Also ZnO NPs were
discovered to significantly decrease the growth rate of marine phytoplankton
(Skeletonema marinol, Dunnaliella tertiolecta, Isochrysis galbana and Thalassiosira
pseudonan) (Miller et al., 2010). Moreover, ZnO NPs can cause damage at subcellular
levels in zebrafish via shrinkage or loss of cell cytoplasm, alterations in the shape of
nuclei and oxidative effects (Xiong et al., 2011). Beside the harmful effects of ZnO NPs
on marine creatures, AgNPs were discovered to have several toxicity impacts including
cytotoxicity and genotoxicity, tissue accumulation, alteration of gene expression and
histopathological disorders (Kruszewski et al., 2011). In addition, TiO, NPs are one of
the most commonly used ENMs and can reach critical concentrations in surface water
that could pose threat to ecosystems (MacCormack et al., 2013). TiO, NPs are mainly
phototoxic to human cell lines, although they have been used as anti-cancer agents and
in wastewater disinfection (Miller et al., 2012).

6.4 Engineered Nanomaterial Toxicity to Humans

When NPs are inhaled they are deposited throughout the entire respiratory tract, from
the nose and pharynx to the lungs (Oberdorster et al., 2004). The lung is composed of

airways that transport air in and out, as well as alveoli, where gas exchange occurs (Yeh
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and Schum, 1980). The internal SA of human lungs is ~75-140 m? and they contain
~300 x 10° alveoli (Salata, 2004). As a result of this large SA, the lung is the primary
portal for inhaled particles. Spherically shaped materials with diameters <10 pm are
able to reach the gas exchange surfaces (Oberddrster, 2000; Salata, 2004,). Particles
with larger diameters tend to be deposited further up in the respiratory tract due to
gravitational settling, interception and impaction (Lippmann, 1990). Larger diameter
particles are found to be deposited in the branching respiratory tree in a saddle shape;
whereas smaller particles are mainly affected by diffusion and thus gather in the smaller

airways and alveoli (Lippmann, 1990).

Insoluble particle loads in the lungs can induce several toxicological responses that
differ from those due to soluble particles (Kovacic and Somanathan, 2009). Soluble or
partly soluble particles will dissolve in the aqueous fluid surrounding the epithelium and
then pass into the circulatory and lymphatic systems; insoluble particles must be
removed by other mechanisms such as the mucociliary escalator (Kovacic and
Somanathan, 2009). Particles that are degradable or insoluble in the lungs will
accumulate upon continued exposure (Kovacic and Somanathan, 2009). Therefore,
when macrophage clearance capacity is exceeded, the lung defence mechanisms are
overwhelmed, which results in injury to the lung tissue (Muller et al., 2005). The
harmful effect of inhaled NPs on the lungs relies on the lung burden, which is
determined by the rate of particle deposition and clearance as well as the residence time
in the lungs (Muller et al., 2005). For instance, carbon nanotubes are not completely
removed, or are only slowly removed: 81% were found in rat lungs 60 days after

exposure (Muller et al., 2005).

NPs, like nanoorganisms, can enter cells and interact with subcellular structures. The
cellular uptake, subcellular localisation and catalysing products of NPs rely on their
size, shape and chemistry (Xia et al., 2006). Their mechanism of penetrating cells
without specific receptors is presumed to be passive uptake or adhesive influence. The
uptake probably begins by van der Waals forces, steric interactions, electrostatic
charges or interfacial tension, but not from vesicle formation. Steric interactions occur
when NPs are of the right size and geometry, and have bonding and charges optimised
for interaction with receptors. After this type of uptake, NPs are not necessarily located
within a phagosome, which offers some protection to other cellular organelles from
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chemical interactions with the NP. Cg molecules can be found along the nuclear
membrane and in the nucleus; this free movement within cells is very dangerous due to

immediate interruptions to the cytoplasm proteins and organelles.

The exact mechanism for NP induction of pro-inflammatory effects are no understood;
however, it has been proposed that they create ROS, which result in modulated
intracellular calcium concentrations, and induce cytokine production and active
transcription factors (Brown et al., 2004). In vitro and in vivo studies have shown that
NPs of different compositions including fullerenes, QDs, carbon nanotubes and
automobiles can lead to creation of ROS (Oberddrster et al., 2005). ROS have been
shown to damage cells by altering proteins, disrupting DNA and preventing signalling
functions (Risom et al., 2005). Oxidative stress is a consequence of cell injury and also
occurs as an effect of metabolism ischaemia/reperfusion, cell respiration, inflammation
and metabolism of foreign compounds (Risom et al., 2005). Oxidative stress caused by
NPs can originate from the following factors (Risom et al., 2005). First, it can be
generated on the surface of particles when free radicals and oxidants are present.
Second, transition metals such as iron, copper, vanadium, chromium and lead to ROS
act as catalysts in Fenton-type reactions. Third, altered functions of the mitochondrion
are caused by smaller NPs. Finally, activation of inflammatory cells can lead to reactive

oxygen/nitrogen species (Risom et al., 2005).

Many diseases are linked to dysfunction of basic cellular processes such as cell
proliferation, metabolism and death. For instance, cancer results from uncoordinated
cell proliferation, while neurodegenerative diseases are associated with premature cell
death (Antonini et al., 2006). Oxidative stress has been involved in many diseases such
as cardiovascular and neurological diseases, cancer and pancreatitis (Risom et al.,
2005). Some studies have suggested that the initiation and development of
neurodegenerative diseases such as Parkinson’s, Pick’s and Alzheimer’s are linked to
oxidative stress and accumulation of metals such as zinc, aluminium, copper and iron in
the brain (Miu and Benga, 2006). Iron is crucial in many cellular functions where it
takes part in many neuronal processes. However, excess iron is toxic to brain cells and
the brain frequently accumulates iron, which results in high levels of stored iron with
age (Connor et al., 1990). Unfortunately, there is a lack of information about the effect
of NPs on organs such as the kidneys, liver and spleen (Buzea et al., 2007). However, it
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might be assumed that because NPs can translocate to and accumulate in these organs,
there is a possibility of adverse reaction and toxicity, which may lead to disease (Buzea
et al., 2007). Some diseases with unknown source have been connected to the presence
of NPs in the kidneys and liver. In healthy subjects, the liver and kidneys did not
display any debris; but particles were discovered in the liver of patients with worn
orthopaedic prostheses (Buzea et al., 2007). NPs have often been found in colon tissue
of patients with Crohn’s disease and ulcerative colitis, but not in healthy subjects
(Buzea et al., 2007). The NPs found in these patients have various compositions and are
not believed to be toxic in bulk form. After a microscopic and energy spectroscopy
analysis of colon mucosa, NPs such as carbon, sulphur, silica and silver were found in
abundance (Buzea et al., 2007). The size of these NPs varied between 50 and 100 nm;
the smaller the NPs the further they can penetrate. These NPs were found in the layers

between healthy and cancerous tissue.

Many potential benefits are predicted from NP commercial applications; however, these
benefits should always be compared against the risks to humans and the environment
(Buzea et al., 2007). Although the toxic effects of NPs have been highlighted, there is a
lack of understanding about their interactions with biological systems (Buzea et al.,
2007). These risks are often ignored even after knowing that NPs can cross the blood—
brain barrier and can accumulate (Buzea et al., 2007). NP interactions with biological
milieu are significantly associated with particles of a smaller size distribution, larger SA
to mass ratio and surface characteristics (Buzea et al., 2007). Therefore, NPs can pass
through tissues and cell membranes, deposit in the cellular compartments and cause

cellular injury and toxicity (Buzea et al., 2007).
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Appendices

Appendix 1: Dose Responses of Methanol Used in the Preparation of
the Crystal Violet Assay
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Figure A.1: Effect of treatment with methanol for 4, 24 and 48 h on the viability of
HaCaT cells using the crystal violet assay. The effect of methanol was minimal and
only seen after 24-h exposure. The concentration of methanol in the crystal violet assay

was adjusted according to this result.
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Appendix 2: Preparation of Solutions Used in this Study

A2.1 Phosphate Buffered Saline Stock Solution

The stock solution was prepared and stored in the tissue culture lab at a concentration of
10 x PBS. It was prepared by dissolving 2 g of KCI, 80 g of NaCl, 14.4 g of Na,HPO
and 2.4 g of KH,PO, into 900 mL Baxter water and then completed to 1 L. The pH was
then adjusted to 7.4. 1 x PBS was used in this study and it was prepared by adding 100
mL of stock PBS to 900 mL Baxter water; the pH was then adjusted to 7.4 and it was

autoclaved and stored at room temperature.
A2.2 MTT Stock Solution

Thiazolyl blue tetrazolium bromide (MTT) (Sigma Aldrich, MO, USA) was prepared in
a stock solution at a concentration of 5 mg/mL by dissolving 250 mg of MTT powder in
50 mL of 1 x PBS. The solution was prepared in a beaker covered with foil and then
filtered through a 0.22-um sterile syringe filter to produce sterile 10-mL aliquots. The

tubes were then stored at —20°C.
A2.3 Roswell Park Memorial Institute Medium

Two L of RPMI medium was prepared as needed for the study. In detail, 20.88 g of
RPMI powder (Sigma cat no. R6504 + phenol red) was added to 0.592 g L-glutamine
(Sigma Aldrich, MO, USA). Twenty mL penicillin (HyQ®, HyClone, UT, USA) was
added and 1.7 mL of Baxter water was used to dissolve the mixture. The pH was
adjusted to 7 and 35.6 mL of sodium bicarbonate (Pfizer, WA, Australia) and 200 mL
of FBS (HyQ®) was added. The total volume was then completed to 2 L using Baxter
water. The medium was filtered using a 0.22-um filter and stored at 4°C; unfiltered

medium was stored at —20 C.
A2.4 DMEM Medium

Dulbecco’s minimal essential medium (DMEM) powder (13.5 g/L); 17.8 mL/L sodium
bicarbonate (Pfizer); L-glutamine (0.592 g/L); 10 mL penicillin/streptomycin (Gibco®,
HyClone) and 10% heat-inactivated FBS (HyClone, Victoria, Australia) were added to
0.5 L of sterile MQ water (Baxter). The medium was adjusted to pH 7.4 and sterilised
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using a 0.22-um filter before storage at 4'C. The temperature and pH of the media were

equilibrated for 30 min in a 37° incubator immediately before use.
A2.5 0.5 M Sodium Phosphate Buffer

Stock solutions of 0.5 M monobasic sodium (Sigma Aldrich, MO, USA) and 0.5 M
dibasic sodium phosphate (Sigma Aldrich) were prepared for dissolving the QDs. For
monobasic sodium, 6 g of powder was dissolved in a final volume of 100 mL Baxter
water. For dibasic sodium phosphate, 7.098 g of powder was dissolved in a final volume
of 100 mL Baxter water. Ten mL of monobasic solution was added to 52.5 mL of
dibasic solution. The mixture was stirred on a magnetic stirrer and the pH adjusted to
7.5. The mixture was then sterilised using a re-usable 250-mL filter and stored at room

temperature.
A2.6 20% Sodium Dodecyl Sulphate in 0.02 M HCI

Initially, 400 mL of RO water was added to a 500-mL volumetric flask. In the fume
hood, 0.8333 mL of 12 M HCI was added to a flask and the volume brought up to 500
mL with RO water. The 500 mL was stored in a glass Schott bottle with a clear label in
the fume hood. Forty g of SDS powder was added to 200 mL of 0.02 M HCI and stored

in the fume hood.
A2.7 Crystal Violet Stain

Fifty % methanol was prepared by adding 50 mL of RO water to 50 mL 100% methanol
and was kept in a volumetric flask in the fume hood. To prepare crystal violet stain, 0.5
g per 100 mL was weighed and added to the prepared 50% methanol and mixed well
before storing in the fume hood. Crystal violet stain is toxic; therefore, a mask was worn
during the weighing.

A2.8 Trypan Blue

To prepare 100 mL of TB, 0.9 g NaCl was added to a volumetric flask along with 0.2 g
of TB powder, and mixed with 100 mL MQ water for 3 min. The mixture was sterilised

using a 0.22-pm filter or 250-mL re-usable filter and stored at 4'C.
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A2.9 33% Acetic Acid

Seven7-seven mL of MQ water was transferred to a Schott bottle. Thirty-three mL of
acetic acid was added to the measured MQ water in the Schott bottle. The solution was

stored at room temperature in a fume hood.
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Appendix 3: Details about the Human Cell Lines Used in this Study

Table A3.1: Human skin keratinocyte cell line

Designation HaCaT

Organism Homo sapiens (human)
Ethnicity Caucasian

Age/stage 62 years

Gender Male

Tissue Skin

Cell type Keratinocyte

Growth properties

Description

Culture medium

Split ratio
Fluid renewal
Freeze medium
Sterility

Biosafety level

Tumorigenic

Karyotype

Monolayer

In vitro spontaneously transformed keratinocytes from histologically normal skin

DMEM or RPMI medium (high glucose) supplemented with 2 mM L-glutamine and 10%
FCS

A ratio of 1:5 to 1:10 is recommended

2 times weekly

CM-1 (CLS—=Cell Lines Service)

Tests for mycoplasma, bacteria and fungi were negative
1

No
Aneuploid (hypotetraploid)
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Table A3.2: Human colon carcinoma cell line

Designation: Caco-2

Organism Homo sapiens, human
Ethnicity Caucasian

Age/stage 72 years

Gender Male

Tissue Colon

Cell type Epithelial cells
Morphology Epithelial like
Cultural Adherent

properties

Culture medium DMEM or RPMI medium (high glucose) supplemented with 2 mM L-glutamine and 10% FCS
Split ratio A ratio of 1:5 to 1:10 is recommended
Fluid renewal 2-3 times weekly

Freeze medium CM-1 (CLS—=Cell Lines Service)

Sterility Tests for mycoplasma, bacteria and fungi were negative
Biosafety level 1
Diseases Colorectal adenocarcinoma
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