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Abstract

Metalcontaining nanoparticles (NPs), including silver nanoparticles (AgNPs) gahdi
nanoparticles (AuNPs) have shown great promise in several biomedical applications. It is of
importance to predict their potential adverse effects upon their cellular exposure. In this study,
we hypothesise that cellular exposure to different NPs adamompositions (AgNPs and
AuNPSs) with various NPs sizes (10, 40 and 80 nm) can mediate distinct biological responses in
2D and 3D cell culture models of human lung cells. The overarching aims of this study were to
assess the toxicity of AQNPs and AuNPsdlifferent sizes in normal human lung fibroblast cells
(MRC-5) and human lung adenocarcinoma epithelial cells (A549) and investigate the influence
of both NPs on the PI3K/AKTa n d  Wateénin fsignalling pathways. Cell viability data
demonstrated the highiocompatibility of AUNPs compared to AgNPs on both cell lines. In
addition, AgNPs elicited sizeconcentrationand timedependent toxicity in both lung cells.
Similar responses were observed in A549 exposed to AuNPs but notSviR@ted with
AuNPs, whch illustrates high sensitivity to large sized AuNPs (80.nkgNPs, compared to
AuNPs, induced significant oxidative stress via the overproduction of reactive oxygen species
and depletion of intracellular glutathione levels. Both AQNPs and AuNPs proG#&tiphase

cell cycle arrest and mitochondrdysfunction mediated apoptosis in both cell lines. The A549
3D spheroidal model demonstrated lower sensitivity upon exposure to both types of NPs
compared to the 2D monolayer model, but presenteedsigendst toxicity when exposed to
AgNPs. It was revealetthat both AQNPs and AuNPs may trigger apoptosis via attenuation
of the PISK/AKT pathway activity and suppression of cell proliferation and cell cycle

progression Vi a -datesirsigragibglactivity. Overallpthis wark shawk the



influential effects of NPs composition and size on cellular toxicity and could propose a potential
use of AgNPs and AuNPs as therap-eaehinmaeel t ar ge

signalling pathways.
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Chapter 1

Introduction



1.1 Background

The nanotechnology field has developed rapidly iamés been widely incorporated in many
areas, including food, cosmetic, textile, agricultural and biomedical indué®iegh et al.,
2013, Gupta and Xie, 2018)anotechnologyrefersto manipulation ofthe moleculaiscale
materials io the nanescale range mainly between 1 to X@hometrédnm) (Jeevanandam et

al., 2018) Based on the material used, nanomaterials can be classified interdiffi@sses. For
example carbotvasednanomateria such as carbon nanotubes which made from graphene
sheets and are suitable for biosensing applications due to their powerful electrocatalytic
propertiegLin et al., 2004) Organicbasechanomaterialsuch as liposomeshich composed

of phospholipid bilayerandconsidered as efficient tools fdrug delivery systeniGreen and
Rose, 2006)Inorganicbasednanomaterialsuch as silverzinc and iron oxidenanoparticle
exhibit advanced optical characteristics. Superparamagnetic ironraidparticle (SPION)

have effectivdy applied as magnetic resonance contrast g@rite and Kraitchman, 2004)
Nanomaterialsexhibit unique intrinsic mechanical, electrical, optical and thermal properties
(Kahru and Ivask, 201&han et al., 2019}hus, allowing the integration aanomaterial;to
different disciplines. The prevalence of commercial products that contained nanomaterials were
around 1814 products as listed in consumer products invgiMange et al., 2015Moreover,
metal and metal oxideanoparticles (R9 are themost commonly nanomaterials involved in
consumer products with 42%/letal NPs such as silver and gold NPs (AgNPs and AuNPs,
respectively) and metal oxide NPs including zinc oxiden oxideand titanium dioxide NPs

are most commonly used industries anchanomedicine fileqvVance et al., 2015, Rastogi et
al., 2017) Severalbiomedical applications have been repoffiadmetal NPsincluding their

use as delivery vectors for proteins, genes, small moleculesmamdclonal antibodies



(Kl nbowsKki e t -Jasto .et,al.2@10) M8reoveL thesedPsaare widely used in
sunscreens and chemical sensing because of thewgalt@lytic activikes (Smijs and Pavel,
2011, Napi et al., 2019, Lu et al., 201B8mong all the metabased\Ps, AgNPs and AuNPs
showeda particular interest ggromisingnanomaterials for biomedical applicatiobgcase
AuNPs exhibit powerful chemical stability against physiological oxidation and AgNPs
demonstratestrong antibacterial property (Arvizo et al.,, 2010, Prabhu and Poulose, 2012)
However, the wide uses &gNPs and ANPs in medical field reveal the importance of
investigating their safety profile and the potential risks among their exposure to Hwtian.

AgNPs and AuNPs will be the focus of this research.

1.2 Silver and gold nanoparticles

AgNPs and AuNPs have unique adteges due to their high stability, high functional
flexibility, largescale productionlarge loading capacity and ease of size and shape
optimisation(Katas et al., 2018Both AgNPs and ANPs show ability to scattend absorb
light by manipulaing theirsurface plasmon resonance (SPRgtas et al., 2018, Arvizo et al.,
2010) Moreover,AgNPs are considered the most prominent type of metal tN&used
commercially because of their antimicrobial propertf@nund 24% of these products were
composed of AgNP@/ance et al., 2015\gNPsare incorporated in huge industrial productions
including: toothpastes, soaps, paints, textile, plastics and food packiagbrgga et al., 2011)
AuNPshave been attracted a great attention for biomedical applicationsesattl explored as
nanocarrier for drug delivery and photothermal therajue to their extraordinary optical
propertieVerma et al., 2008, lodice et al., 2018uNPsaredemonstratedsan inertmetal
with good biocompatibility However,it was suggested that tlsenall size of AuNPgan be

significantly toxic (Bahadar et al., 2016Though there are several studies that presiutime
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AgNPs and AuNPs can induce detrimental efféctthe human as well as the environment

(Kakakhel et al., 2021, Teles et al., 2019, Kim et al., 2011, Vales et al., 2020)

1.2.1 Synthesis of AgNPs and AuNPs

Both AgNPs and AuNPs can be synthesised using different approaches, induekmg
physical and chemical metho@isaider and Kang, 2015The greenmethod is considered the
most environmentdy friendly and nortoxic method in which the AgNPs and AuNP can be
synthesisedhrough theutilisation of biological sources such as plaxtracts bacteria and
fungi (Katas et al., 2018)This method depends on the usenaturalsourcereducing and
stabilising agento reduce the metal satts form themetal particlesThe plant extract contains
several components suchflaonoidsand polysaccharide#so, the bacteria and fungi contain
enzymes angbroteinswhich can act aa reducing agen(Ahmed et al., 2016)The physical
method can be performed by lagdation approach which prodwscencontaminated NPs in
the absence of using chemical reagéhtsvani et al., 2014)The process ometal particles
formation byalaser beanthattarget ametalplate immersed inrganic solveneading toform
photaions then nucleation and growth of partic{&s! et al., 2020h)Thetype of solvent, the
pulsedurationand the lasewvavelengthare factorghatcan controthe properties of AgNPs and
AUNPs.

The most commonly used chemical approach is the Turkevich metieagyh the reaction of
metal salts with reducing ager{tShugh et al., 2018)Chloroauric acid and silver nitrate are
used aghe main source of gold and silver atoms, respectiyilgtas et al., 2018)Sodium
citrate is an example @ reducing andtabilising agentvhich associatedvith the surface of
the particles ands crucial inmetal particlesynthesisto producespherical,monodispersed

AgNPs and AINPs suspended ian aqueous solutiariThe concentration of reducing agent,
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temperaturandpH are factosthat can impact the size and dispersity of the AQNPs and AuNPs
in the dispersionQuintereQuiroz et al., 2019)Severalstabilises can be useduch as
polyvinylpyrrolidone polyvinyl alcohol and polyethylene glyctd improve theAgNPs and
AuNPsstability and avoidheir aggregatioriZzhao et al., 2013, Zhang and Zhang, 2014, Tam
et al., 2013)The AgNPs and AuNPwill be usedn this study vereproducedvia thechemical

method.

1.2.2 Biomedical applications of AQNPs and AuNPs

AgNPs exhibit a powerful antibacterigbroperty and are therefore used in several
pharmaceutical products, including wound dressings and implant co@dmgeed et al., 2014,
Wang et al., 2016)AgNPscoated catheters showed high efficiency in sustaiakshse
bectericidal effect against the development of infection as a complication etdomgcatheter
use(Wu et al., 2015)Due to theirexcellentantibacterial effects, AQNPs can destroy a wide
range of granpositive and grasmegative bacterigShao et al., 2018)Moreover, AgNPs
exhibit high antifungal and antiviral activiti@@lonteiro et al., 2013, Elechiguerra et al., 2005)
They can exhibit antimicrobial activities by damagithe microbial membrane via physical
adherence to the cell wall of the microorganism, thereby compromising the membrane integrity
and resulting in leakage of the cytoplasmic con{@nirén et al., 2016) Another potential
mechanisnof AgNPs istheir dissolutioninto silver ions; this results in the induction of reactive
oxygen species (ROS) generation, which subsequently deactivate proteins and nudgotides
the microorganis (Duran et al., 2016)AgNPs thus have high potency against many -drug
resistant microbial strair&uan et al., 2017)The killing of microorganisms or the suppression

of their growth is suggested to be dependent on the physicochemical properties of ANPs, such

as their surfacehargeand sizg Koduru et al., 2018)
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AgNPs demonstrated as potential candidate for drug delivery systems for different therapeutic
agents, such as anticancer and-arflammatory druggMuhammad et al., 2016, Karthik et al.,
2018) Moreover, AgNPs have been shown to exhibit possticancer effect@€Gomathiet al.,
2020) The doxorubicin conjugated tohitosancoated AgNPsvasfound toinducecell death

of breast i vitro) and subcutaneous(vivo) tumoursand enhance the sustained release of
doxorubicin than doxorubicin alorf®ohamed, 2020)

Amongst all other metal NPs, AuNPs exhibit powerful optical characteristics and offer
promising imaging tools for cancer therapy and diagn@isn et al., 2008, Huo et al., 2012)
AuNPs displaypowerful plasmonic property of localised SPRich is involved in oscillation

of electrons at thenetal NPs surface when excited hight. Moreover, the shape and size of
AuNPs are correlated with their optical propertéSPR(Bai et al., 202Q)AuNPs have been
utilised in photodynamic therapy for treating cancer or infectious diseases due to their high SPR
absorption efficiency{Garcia Calavia et al., 2018)lost of theconventionalphotosensitiser
drugsare hydrophobic and needlelivery systenin photodynamic therapyA combination of
photosensitisers anAuNPs demonstrated an ideapproach to tackle thehallenges of
photosensitiser drug&’ao et al., 2016)Surfacefunctionalisationof AUNPswith biological
ligandscanenhance the delivery of drugaspecific targetMoreover, AuUNPgan absorb light

and convert it ttheatingenergyiatheSPR phenomenandpromote singlet oxygen formation
leading to g&tensive cell damag@im and Lee, 2018)

In addition,AuNPs are used in thermal ablation treating cancer. Auroloase® is polyethylene
glycol (PEG)coated silicegold nanoshells for thermal ablation therayhen ight stimulation
atnear infrared light is appliedgold nanoparticles absorb the light causing an increase in the

temperature in the tumour area leadingdbd tumourdestructionSchwartz et al., 2011, Stern



et al., 2016) This intravenous nanoparticle therapy is currently undergoing clinical tals.
biosensor is a device used to detect biological components, such as proteins, nucleotides and
enzymes. AuNPsra being used within biosensors due to their ease of modification and

biocompatibility(Peng and Miller, 2011)

1.3 The importance of Mnotoxicology

AgNPs and AuNPs have been intensively used in several, dreasver,there is a lack
information about the safety atitepotentialrisk associated with the direct or indirect exposure
of living organisms to those NP3herefore it is important to study the nanotoxicitp
determine the potential adverse effects of AQNPs and AalNBdo investigate the biological
process may perturby cells exposure ttheseNPs (Fadeel, 2019)The size ofAgNPs and
AuNPs is anticipated to be the main factor influencing the behaviour ofstah® particles,
having greater impacts on living organisms than miscale particles belonging to the same
materials(Yaqoob et al., 2020 he reduced size &gNPs and AuNP#anslates into a large
surface area to volume ratio, which could inelparticles reactivity and a complex interaction
with physiological and biological systems. Other factors includurgace charge morphology,
chemical composition, surface functionalisation, solubility, hydrophobicity and aggregation of
AgNPs and ANPs ca influence their interaction with biological systefAsiewale et al., 2019,

Riaz Ahmed et al., 2017Therefore, elucidating the safety profile 8§NPs andAuNPs is
essential to protect human headtihd the environmentakystemsand enable the industry and
regulatory agencies tmaximisethe applications of nanomateriafdthough intensive studies
have focused on nanotoxicity and understanding the mechanisms underlying AgQNPs and AuNPs
toxicity, the outcomesan becontradictory due to the inadequate characterisatitimese NPs

(Krug, 2014)



1.4 Toxicity of AgNPs and AuNPs

1.4.1 Postulated mechanisms underlying AgQNPs and AuNPs toxicity

Understanding the mechanisms underlying the toxicithgilPs and ANPs are one of the
essential aspects of nanotoxicological studdegNPs and AWNPs may directly interact with
subcellular compartments, resulting in the disruption of normal biologicatifuns (Khan,

2020) The large surfacarea of theAgNPs and AWNPs is the keyfactor influencing their
interaction with cellular components, theratmntributing to toxicity(Khan, 2020)

The cellular exposure t&gNP and AINPs can lead to an increase in the production of ROS,
such as hydroxyl radical, supp&ide and singlet oxygenhis is mostlikely to be the focal
mechanism correlated tagNPs and ANPs toxicity (Foldbjerg et al., 2011, Li et al., 2010)

The suggested mechanisms underlying AgNPs and AuNPs toxicity are illustratadure (

1.1). The interaction oAgNPs and ANPs with cells triggers a praxidant effect by induction

of ROS formation which mediate mitochondrial depolarisation, intracellular calcium influx and
inflammatory responséFigure 1.1) (Xue et al., 2016, Asharget al., 2009a, Brdumah et al.,

2020, Schaeublin et al., 201The accumulation of a high level of ROS results in oxidative
stress which is the imbalance of cellular redox haemostasis, thus lead to the oxidation of protein
DNA and lipid causing subsequent cell damage and, eventually, cel(Hbatina et al., 2015)
AgNPs and ANPs canalso trigger oidative stress by dysregulation of oxidative stress
associated cell signalling pathwa$&nna et al., 2014, Falagdmwtsch et al., 2016)0xidative

stress induced bjgNPs and AWPs can lead to the suppression of the defence system and
antioxidant activity, Figure 1.1) (Avalos et al., 2014, Mateo et al., 201Qells exhibit a
defence response to counteract the overproduction of free radicals by producing antioxidants,

such as glutathione (GSH), vitamin E and vitamin C, or antioxidant enzymes, such as



superoxide dismutase, GSH peroxidase and catddasgupta et al., 2018, Manke et al., 2013,
Avalos et al., 2015)However, the process of ROS detoxification can lead to cell dgzito

et al., 201, MartinezTorres et al., 2018)

@ AgNPs/AuNPs
° % Metal ions
* Membrane protein g

Calcium channel

Cell cycle arrest

Apoptosis

Figure 1.1. Postulated toxicity mechanisms of AgNPs and AuNPScheme generated with BioRender.com.



In addition, AgNPs and AuNPs can induce DNA damage and chromosomal aberrations as a
result of oxidative stres@\sharani et al., 2009a, Vales et al., 202809NPs and AuNPs can
induce endoplasmic reticulum stress which occurs in response to ROS formation and cellular
stress. Sustained endoplasmic reticulum stress can w@hmagger the apoptotic cascade,
(Figure 1.1) (Simard et al., 2016, Noél et al., 201ROSindependent toxicity has also been
suggested to be a mechanisnt ttan be triggered by the accumulation of AQNPs on the plasma
membrane surface, dissolution of AgNPs or direct binding of AgNPs to the death receptor
(Greulich et al., 2012)

Another postulated mechanism underlying the toxicity of AGQNPs involves the disruption of cell
function via releasgsilver ions, which penetrate the plasma rheame and contribute to the
overall observed toxicityKittler et al., 2010) It was previously indicated that the toxicity of
metal NPs is closely correlated with the release of chemical constituents, i.e. the dissolution of
metal NPYSmith et al., 2018, De Matteis et al., 2018pwever,controversialdebate exists
regarding whethethe AgNPs potential toxicity isnduced by the influence of AgNPs
themselves or both AgNPs and releasextaiions. @e group indicated that the toxicity of
AgNPs is mainly associatedith the effect ofAQNPs themselves and not relatedtheir
dissolution(Kim et al.,2009, Sambale et al., 201%)r example, a study reportéte CC50

value of AgNPs with 10 ppmwhich was drasticalllower thanthe CC50 of silver nitrate which

was usedas adirect source of silver ions with 72 pgmhuman lung epithelial cancer cell line
(Sambale et al., 20150Iso, AgNPs showed to trigger apoptosisatiigher extent than silver
nitrate. However, anther group suggested that the AgNPs toxicity is mediated by silver ion
releasgKittler et al., 2010, Beer et al., 201AgNPs found to induce cetleathin the human

lung epithelial cancer cell linga oxidative stress which washancedby thepresence ddilver
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ions(Beer et al., 2012V r | e . (2@16)illustrated thathe cellular membrane damage and
cytotoxicity were significantly triggered by the exposure dilver nitrate to human
hepatoblastoma cells (HepG2) compared to AgiNBigating the role of releasesilverionin
promotingAgNPs toxicity

Moreover, AQNPs may undergo dissolution due to the electrochemical potential of the
biological medium which increases the potential interaction of released metal ions with the cells
resulted in cell damag&lavin et al., 2017)Additionally, it was presumed th&gNPs toxicity

can occur due to the intracellular release of silver (Ag) ions by the Trojan -hyrse
mechanism, Kigure 1.1) (Hsiao et al., 2015)The trojan hors¢ype mechanism, wherein
AgNPs penetrating the cell membrane can highly dissociate to form metal ions inside the cells
by the acidic lysosome environmdf@thernousova and Epple, 201Burthermoreit is evident

that the size oAgNPs can significantly affect the rate of metal ions release, their cellular
internalisation and subsequent adeeeffects in celléVang et al., 2015)

In case ofAuNPs the reported toxicity of AUNPs was due to the effect of AUNPs themselves
but notthe goldions Bar bas z a n d. The lateriaetjorareport2dna dhanges in cell
viability in human promyelocytic leukaemia cells (#0) exposed to gold ions, whereas
AuNPs showedignificant cytotoxicity. Howeve, the dissolution tendency of metal NPs is
thought to be dependent on their chemical compos{t&avin et al., 2017)AuNPscan not
easilyoxidiseand releasgold ionsbecause gold considess kast reactive meta(Balfourier

et al., 2020)

As illustrated inFigure 1.1, the negative effects of AQNPs and AuNPs can be mediated by
different mechanisms, thus, stressing on the importance of nanotoxicologymesgssto

understand thbehaviour of these NPs toward their cellular expasiin® key parameters are
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essential in the nanotoxicity assessments whichrae¢al NPs characterisation and type of
model system is used for toxicity investigatiGhrmstead and Li, 2016)The metal NPs
characterisations include determinatiorthdir size, morphology, surface charge, stability and
aggregation potential in biological fluigdrmstead and Li, 2016 he typicaimetalNPs model
systemsfor nanotoxicity assessments are eitimewitro cell culture model o vivo model
usually animalgKumar et al., 2017b)The advantages of the vitro model systems include
lower cost and reduce the animal use for ethical asp&ctstead and Li, 2016Moreover,n
vitro model systems allow to examine thmetal NPs biocompatibility following exposure to
several types of cells to determine the potential targeteifil NPs tospecific cell types or
tissues and to identify the appropriate concentratibat can be usefibr thein vivo testing
(Armstead and Li, 2016 However,it is still difficult to testthe consequence of long term
exposuregandthe complexnteraction between different types of cellsd thusconsidered as

major drawbacks ah vitro study(TellezGabriel et al., 2018)

1.4.2 In vitro nanotoxicity assessments of AQNPs and AuNPs

The assessment of tineetal NPs potential advse effects is necessary to determine the risk
associated with theimedicaluse(Kumar et al., 2017a)Thein vitro methods which widely

used for nanotoxicity assessment are summarisedjure 1.2. The exposure to either AGNPs

or AuNPs may cause structural and/or functional changes in cells, which may eventually result
in cell death. Cell health can be evaluated by assessing cell proliferation oxicytypte.g. by
measuring the metabolic activity of viable cells or by quantifying the amount of lactate
dehydrogenase (LDH) released from a compromised membrane of degtlitlelmss et al.,

2010) To gain further understanding about the mechanism underlying the toxidgyN#?s

and AWNPs, oxidative stress, which is thought to be rirggor toxicity mechanism, can be
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measured directly by quantifying the existing intracellular ROS levels or indirectly by

evaluating antioxidantevels such as GSH and superoxide dismu(&seesslein et al., 2013)

Moreover,AgNPs and ANPs can disrupt mitochondrial activity, which can be assessed by
analysing the mitochondrial membrane potential and caspase adgites and AWPs can

also mediate several immunological responses, which can be assessed by measuring the levels
of inflammatory biomarkers, including interleuk#nh(IL-8), IL-6 and tumour necrosis factor

al pha (Efaddhygnd Waley, 2013) Genotoxicity can be triggered by AgNPs and
AuNPs which can be assessed by evaluating the DNA damage such asstiagiebreaks or
doublestrand breaks (DSBs) and by assessing the cell cycle progression chedi§sate

et al., 2019)

Finally, the mechanism of cell death as a resultgifiPs and ANPs exposure can be assessed.
The release of apoptotic markers, such as caspasd caspas®@, can be quantified. Moreover,
membrane alteration can be tested using Annexin V probe, which binds to the translocated
phosphatidylserine to the outer layer tbk cell membrane in cells undergoing apoptosis
(Vanden Berghe et al.,, 2013fells undergoing apoptosis may have subsequent DNA
fragmentation, which can be also measifkadnar and Dhawa 2013) Necrotic cell death can

be detected by plasma membrane damage and the loss of cytoplasmic if@egnityings and
Schnellmann, 2004)Apoptotic cells may eventually undergo secondary necrosis following
prolonged incubation, which halts theetabolic activity and compromises the cell membrane.
Therefore, careful consideration of the exposure time and investigation of multiple markers can
help understand toxicity mechanisifierry L. Riss and Moravec, 2004AgNP and AINPs

can triggered autophagy which can be detected by quantifgitaphagosome formation by

measuring the light chain 3 (LaB and p62 biomarker level@hang et al., 2016)
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Figure 1.2. Synopsis ofin vitro nanotoxicity assessments.
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As demonstrateah the literatureseveral investigations can be performed to testrtbehanism

of AgNPs and AuNPgoxicity. Nevertheless, the assessment of the ROS generiation
considered as most prominaxaminationfor the metal NPs as they tend to induce oxidative
stresqFu et al., 2014)it is noteworthy thaAgNPs and ANPs may interfere with sonie vitro
endpointsas thg exhibit optical propertieslhereforejt wassuggested twalidatethe toxicity
outcomesusingtwo or moreindependenmethodgo avoidany misleadingesults(Dusinska et

al., 2017)

1.4.3 Impact of physicochemical properties of AQNPs and AuRs on toxicity

Several studies werenducted to test the effect of AQNPs and AuNPs in different types of
cancer cell lines. Som& thesestudies werefocused on the assessment of AQNPs and AuNPs
as safe candidates for drug delivery systerenhance the efficiency of theancer therapy
(Kumar et al., 2017a, Liu et al., 201®)owever other studiesvereintended to investigate the
potentialy detrimental effect of AgNPs and AuNPs on cancer celdspaemisingapproactior
cancer treatmerfRajeshkumar, 2016, Lin et al., 201%his revealed that the ongoing research

is devotedto utilise the unique properties of AgNPs and AuN&sl understand their
nanotoxicity whichcanresult insafe design nanomateridiased delivery system as a positive
indication of these NPs or to utieeir anticanceractivity to destroy cancer cell&agNPs and
AuUNPs physicochemical properties @agnificantly control their cellular behaviauvoreover,

cell type, duration of exposeiand concentration are other factors that can also influence the
AgNPs and AuNP®Xxicity (Adewale et al., 2019, Riaz Ahmed et al., 20Thetoxicity studies
presented inconsistent findings as matter of varying of AQNPs and AuNPs preparation methods

physicochemical properties aind vitro toxicity tested methods usd8ratoddi et al., 2015a,
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Johnston et g12010) Therefore building systemat nanotoxicology frameworls necessary

to validate the current literature anddevelopAgNPs and AuNPs for medical applications.

1.4.3.1 Effect of particle sze

A decrease in the diameter of NPs leads to an increase in their surface area and particle surface
energy. Therefore, different sizes of NPs having the same composition may have different
toxicity levels(Shin et al., 2015)in addition, the plasma membrane acts as a barrier; hence, the
size of NPs can control their cellular uptake, cellular localisation and subsequent adetse e

in cells(Gustagon et al., 2015)As shown inTable 1.1, thein vitro studies indicated the role

of AUNPs and ANPs size in determining thiecellular response. Several studies revealed that
the small size of NPs and ANPs are more toxic than large orfdtateo et al., 2014, Xia et

al., 2017b, Perd8chrepler et al., 2019, Miethlin@raff et &, 2014)

However, different hypotheses were generated regarding the impact of size on AgNPs and
AuNPs.It was reported thahe size of AgNPglay a major role in toxicity regardless of the
surface coatingéGliga et al., 2014)Gliga etal. (2014)demonstrated that the cytotoxicaynd

DNA damage potential of smaller Pv&nd citratecoated AgNPs sized 10 nm compared with
that of larger ones (40, 50 and 75 nm) in a normal human bronchial epithelial cell line; BEAS
2B. The toxicity was amplified biye large surface area of small NPs, resulting in a high release
rate of Ag ions by the Trojan horsgpe mechanism. This finding was in agreement with that

of Wang et al. (2014in BEAS-2B cells treated with citrateor PVRcoated AgNPs sized 20

and 110 nmAnother poposed meahcnaism on the impact of size on toxicitihas AQNPs

sized less than 20 nm can easily transport into aellisresult in the release of a high amount

of Ag ionsby the acidic environment of the lysosgntieereby inducing cytotoxicity and cell
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damagdRiaz Ahmed et al., 2017pimilarly, Liu et al. (2010postulatedhat small PVRcoated
AgNPs can easily transport through the plasma membrane and dissociate to release Ag ions.
In addition, it was suggestéuat thesizedependent toxicitpf AQNPs can be correlated to their
aggregatiorpotential. It was reported that the smaller size AgNPs (10 nm) tend to form large
aggregatavhich are more toxic than larger AQNEX) nm)(Rosario efal., 2016) The study
claimed that AQNP&L0 nm)formed large aggregates in cell culture medium which hinder their
cellular uptake, however, theaggregates directly interact with cell membrane causing damage
and induced necrosifn contrary AgNPs (20 nmYound to form smaller aggregatas cell
culture mediuntompared to 10 nreizeresulted in easier cellular internalisation anggered
apoptosis.

Another hypothesislaimedthat AQNPs andAuNPs sizes ranging from 40 50 nmarethe
optimal size for high cellular internalisatiotinereof trigger toxicity(Arvizo et al., 2A2). It
speculated that AuNPs sized around 50 nm can rapidly internalise into cells to a higher extent
than AuNPs of larger size layprocess is known as wrapping effect and is assumed to be greatly
influenced by the AuNPs siZ€hithrani and Chan, 20071t is presumed that the wrapping of
AuNPs sized 50 nm is fasthich can generate high levels of free energy by liGaackeptor
interaction, resulting in the intracellular accumulation of AuNfRswvever,it is suggested that
smaller AuNPs sized less than 50 nm need to be clustered together to produce sufficient free
energyfor complete wrapping on the membrane surf&oe AuNPs size larger than 50 nm, the
wrappingprocesss slow due tdonger time is needed for the recepddfusion kineticresulted

in lower AUNPs uptake, therenfduce lesgoxicity (Chithrani and Chan, 2007)

Contradictory studies postulated thagfNPs and ANPs trigger cytotoxicity regydless of their

size. No sizedependent reduction in the cell viability and oxidative stress induction of human
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colorectal adenocarcinoma cells (C&oand human breast cancer cells (MOFvas noted
following incubation with AgNPs sized 20, 30, 60 arid hrm(Van Der Zande et al2016)
Lebedova et al. (2018)bserved DNA damage following normal human bronchial epithelial
cells (HBECS3kt) incubation with AgNPs irrespective of their size (5 and 50 Wmpther

study daimed thatno detrimental effecin the cellular functiongan be inducednh human
leukaemia exposed to AuNPs of different sizes (4, 12 and 18 nm) using several surface
modification agents, including citrate, cetyltrimethylammonium bromide (CTAB), biotin and

glucoseg(Connor et al., 2005)

The avdable informationshowed different suggestiormdout the AgNPs and AuNPs size
impact on their cellular uptakes avell astoxicity. Thelack of consistencwas found in these
studiesin terms of the manufacturezoncentratiorandthe experimental conditionsf AQNPs

and AuNPs turn it difficult tduild a critical correlatiombouttheir sizeimpact ontoxicity.
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Table 1.1. In vitro studies of the size impacts on 4NPs and AgNPs toxicity.

Type of Size (nm) Cell line Concentration Major findings Reference
NPs

AuNPs 5, 10, 20, 40 Humanlung epithelial carcinoma| 25 pg/ml Smaller size AgNPs (5 nm) induced apoptosis and GO/| (Liu et al.,

cells (A549 and 95D) phase cell cycle arrest followed by AgNPs sized 10 nm| 2014)
No significanteffect with AUNPs siz&20 and 40 nm

AuNPs 10, 30, 60 Human colorectal 10 ppb- 10 ppm [Size, concentrationand time dependent toxicity and DN (Lopez
adenocarcinomeells (HT-29) damage Chaves et al.,
andhuman hepatoblastoma No significant effect with AUNPs sidg60 nm) 2018)
(HepG2)cells

AuNPs 5, 10, 20, 30, 50, Retinal pigmenepithelial celé 0.01to 5 pg/ml |Reduction in cell viability was in order of 5>10>20>30 | (Karakocak

100 (ARPE-19) and human embryoni No significant toxic responseith AUNPs sizd 50 and 10Q et al., 2016)
kidneycells (HEK293) nm

AuNPs 5, 20,50 Humanhepatoblastomeells 1.6712.5 ug/ml |Sizedependent icity Xia et al.,
(HepG2) Smaller sized AUNPE& nm)induced cell cycle arrest in @ 2017b)

phase, DNA damage and ROS generation

AuNPs 30, 50, 90 Humanleukaemiacells (HL-60) 1-25 pg/ml Sizedependent cytotoxicity effect, GSH depletion and | (Mateo et al.,
andhuman hepatoblastoma cell generation 2014)
(HepG2)

AuNPs 6.2, 24.3, 42.5, 61.2 Humanhepatoblastoma cells 0.251mM Sizedependent oxidative stress and cell damage (Lietal.,
(HepG2) and human cervical 2018)
cancer cells (HelLa)

AuNPs 3,10, 25,50 Human laryngeal carcinomeells | 0.5 50 pg/ml Smaller sized AuUNPs (3 nm) were more toxic compare( (Boyoglu et
(HEp-2) with other sizes al., 2013)

Other sizes induced similar cytotoxic responses

AuNPs 18, 40, 60, 80 Human ovarian cancer cells 6.4-38.6 pg/ml |AuNPs sized (18 and 80 nm) showed higher cellular ug (Kumar et
(OVCARS5, OVCARS, and and reduction in celliability al., 2017a)
SKOV3) Larger AuNPs size (80 nm) triggered ROS generation

AuNPs 3,5,6,8, 10, 17, Human prostate cancer (ePG | 10- 130 pg/ml  |AuNPs sized (3, 8, and 30 nm) were the most cytotoxig (Kumar and

30, 45 3) and human breast canoeils The other sizes of AUNPs were nontoxic Ganesan,
(MCF-7) 2013)

AgNPs 10, 20 Human osteosarcoma c(MG- | 1-100 pg/ml IAgNPs sized 10 nm were more toxic and triggered nec| (Rosario et

63) IAgNPs sized 20 nm induced GO/G1 cell cycle arrest af al., 2016)

cell undergo apoptosis
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Table 11. In vitro studies of the sizémpacts on AuNPs and AgNPs toxicity (continued).

Type of Size (nm) Cell line Concentration Major findings Reference
NPs
AgNPs 10, 20, 40, 60, 100 | Human colon carcinoma csll 1-10 pg/mi Sizedependent ROS generation , triggglammatory (Miethling-
(LoVo) response, mitochondrial dysfunction and apoptosis Graff et al.,
2014)
AgNPs 4.7,42 Human leukaemia ceal(HL-60) 0.84/500 pg/ml  |Sizedependent cytotoxicity, ROS generation and GSH (Avalos et
and humarhepatoblastomeells depletion al., 2014)
(HepG2) HepG2 cells were monaulnerable to the AQNPs than HL|
60
AgNPs 4.7, 42 Normal human dermal fibroblast{ 0t84i 2000 pug/ml [Smaller sized AgNPs (4.7 nm) were more toxic, inductg (Avalos et
ROS generation and GSH depletion al., 2016)
AgNPs 20, 40 Human colon adenocarcinoma | 4- 100 pg/ml Smaller sized AgNPs (20 nm) showed higbgiotoxicity | (Bohmert et
cells (Caca?2) and mediated necrosis cell death al., 2012)
AgNPs 10, 40, 75 Normal bronchial epithelial call | 5-50 pg/mi Sizedependent cytotoxicity and DNA damage (Gliga et al.,
(BEAS-2B) Smaller AgNPs sized (10 nm) released high amount of| 2014)
silver ions compared with other AgQNPs sizes
AgNPs 5, 25,50, 110 Cochlear cells (HEDC1) and 1.1-100 pg/ml Size andconcentratiordependent reduction in cell (Perde
human keratinocytes csll viability and induction of ROS level Schrepler et
(HaCaT) al., 2019)
AgNPs 10, 20, 75, 110 Human colonic epithelial cells | 20- 100 pg/ml Sizedependent toxicity (Williams et
(T84) Smaller AgNPs sizes mediated modification in cell al., 2016)
permeability and gene expression
AgNPs 2.6,18 Human pancreas ductal 0.5 50 pg/ml Size and concentraticdependent reduction in cell (Zielinska et
adenocarcinoma csl{PANC-1) viability and induce cell death al., 2017)
and human pancreas duct
epithelial cels ("TERT-HPNE)
AgNPs 5, 20, 50 Humanlung epithelial carcinoma| 0.01-100 pg/ml  [Smaller AgNPs sized (5nm) were more toxijuced ROS (Liu et al.,
cells(A549), human stomach generation, cell cycle arrest at S phase and triggered | 2010)

cancer cells (SGZ901), human
hepatoblastomeells (HepG2)
and human breasancercells

(MCF-7)

apoptosis

20




Table 11. In vitro studies of the size impacts on &NPs and AgNPs toxicity (continued).

Type of Size (nm) Cell line Concentration Major findings Reference
NPs
AgNPs 20, 110 Human bronchial epitheliaells | 6- 50 ug/ml Sizedependent toxicity and induction of oxidative stresy (Wang et al.,
(BEAS-2B) 2014)
AgNPs 4,20,70 Human monocytic cedl(U937) 1.56- 50 pg/ml Smaller AgNPs sized (4 nm) showed the highest (Park et al.,
cytotoxicity, induced ROS generation and increased 8 | 2011)
release
AgNPs 15, 30, 55 Alveolar macrophages 5-75 pg/ml Sizedependent cytotoxicity, induction of oxidative stres (Carlson et
and inflammatory response al., 2008)
AgNPs 20, 40, 60, 80 Human colon cancer csl{HT29) | 12.5-50 pg/ml Sizedependent cytotoxicity in both coated and uncoate| (Nguyen et
(uncoated) AgNPs al., 2013)
10, 50, 75 (coated)
AgNPs 20, 30, 60, 110 Human cdorectal 5- 25 pg/ml AgNPs triggered oxidative stress and reduced cell viab| (Van Der
adenocarcinomeells(Caca?2), Caco?2 cells showed a higher sensitivity to AQNPs than| Zande et al.,
and human breast canamlls MCF-7 cells 2016)

(MCF-7)

No sizedependent toxicityesponse
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1.4.3.2 Effect of particle morphology

AgNPs and AINPs can be manufactured with different shapes, including spheres, rods, cubes,
prisms, stars and wiréSukhanova et al., 2018, Lee and Jun, 20I8¢ morphology aAgNPs

and AWNPsis thought to influence the biological response of the cells, as demonstrasdaden

1.2. It was assumed that the toxicity of AUNPs of different shapes is dependent on their cellular
uptake which is greatly influenced by the AuNPs shapes and the high surface area available to
contact with cell membranéLi et al., 2012) Karakocak et al. (2016¢ported thatad-shaped

AuNPs showed greater toxicity compared to sphesbaped AuNPs (sized3 nm) whereas

low cellular internalisation and toxicity response were observed in-shiiged and spherical
shapeof largersize (50-100 nn). It was presumed that spherisdlaped AuNPs require low
amount of energy for cell membrane to bent which facilitate their idteatian compared to

the cubieshapedAuNPs(Karakocak et al., 2016Rod-shaped AuNPs showed toxicityel to

the high surfaceurvature at the edge of rathaped whichcause deformation in theell
membrane and resulted in cell damalgecontrast, astudy byFalaganLotsch et al. (2016)
demonstrated that high uptake efficiency of-sbdped AuNPs compared to sphersl@ped
counterpart, however both shaped AuNPs induced the gene expressions associated to oxidative
stress to similar extent.

Contradictoryobservationvasreportel thatthe slow cellular uptakeand low toxicityof rod-

shaped AuNPs compared to sphergt@hpedcounterpar(Li et al., 2015) Rodshaped AuNPs

exhibit high aspect ratiand requirestrong membane energy bendingo maximise the contact

area betweeuNPs andcell membranehence a longer wrapping time is needed for their

internalisatiorcompared to sphericahaped AuNP@&Valugin and Ghandehari, 2010)
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In another study, the toxicity of sphericahd wireshaped AgNPs in humdang cancer cell
lines was compared. The results showed that theshiaped AgNPs were toxic, whereas the
spherical AgNPs hadbetter biocompatibility The author suggested that weleaped AgNPs
directly interact with the plasma membrane, causing a gmadture on the cell membrane and
thereby damaging the cellContrarily, the sphericalshaped AgNPsinternalised via
endocytosisThe author alssdicatedthat the observed toxicity was correlated with the actual
AgNPs and not with Ag ions releaggtoehr et al., 2011)

As can be seemdm Table 1.2, conflictingoutcomeswere reported regarding the influence of
AgNPs and AuNPs shape on their cellular internalisation and toxicity. Unfortunttely,
variability in the concentratiorand sizeused in several studies makelear determinatioof

the AgNPs and AiNPsshapeeffectdifficult to conclude

23



Table 1.2. In vitro studies of the morphology impacts on ANPs and AgNPs toxicity.

Type of | Morphology Size (nm) Cell line Concentration Major findings Reference
NPs
AuNPs Spherical 5, 10, 20, 30,Retinal pigment epithelial cells 0.0:5 pg/ml Rod-shaped AuNPs showed more toxicity th (Karakogak
50, 100 (ARPE-19) and human embryonic sphericalshaped AuNPs sized (10 nm) et al., 2016)
kidney cells (HEK293) No cellular uptake and toxicity effect were
cubic 50 reported with AuNPs cubi@and spherical
shaped of large size 60 nm)
rod 10 x 90
AuNPs Spherical 14,50, 75 |Human cervical cancer c€delLa) | 0.02 nM Sphericalshaped AuNPs showed a higher | (Chithrani
and human glioblastoma cell uptake than roghaped ones and Chan,
rod 14 x 50 (SNB19) 2007)
7x42
AuNPs Spherical 30,50,90 [Human prostate cancer cdPCG3) | 1.534 nM Rodshaped AuNPs were more internalised | (Malugin and
than sphericathaped ones Ghandehari,
rod 10x 35 No toxicity observed with both shaped of 2010)
10 x 45 AUNPs
AuNPs Spherical 61.46 Human skin fibroblasts 1.2 400 pg/ml Sphericalshaped AuNPs were more toxic th| (Favi et al.,
star shaped ones 2015)
star 33.69
AuNPs Spherical 18 Human dermal fibroblasts (HDF) | 0.1 nM Rodshaped AuNPs were toxic and mediate| (Falagan
oxidative stress Lotschet al.,
rod No toxicity was observed with spheriesthtape( 2016)
16 x 8 AUNPs
AgNPs Spherical 30 Human lung epithelial carcinoma | 2.25x10 - 2.3x13° |Wires-shaped AgNPs were more cytotoxic | (Stoehr et al.,
cells (A549) particles/ml No toxicity response was observed with the| 2011)
wire 25x 100 sphericalshaped AgNPs
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1.4.3.3 Effect of particle surface charge and surface modification

The AgNPs and ANPs surface charge, and surfacedification can influence tlireresponse

and behaviour in biological systems. As showiale 1.3, surface modifications and the net
surface chargef AgNPs and AINPs have been investigated in several studiktalbased
NPs can be designed with a specific surface coating or functionalisation with different ligands
in order to enhance targeting, specificity and stability to aiwiotaggregation via electrostatic
repulsion(El Badawy et al., 2010However, surface modifications and the net surface charge
of AgNPs and ANPscanplay a role irtoxicity (Adewale et al., 2019 herefore, it is important

to assess the biocompatibility of the ligand andtingagents involved igNPs and ANPs
synthesis. Examples of common coating agents used for-batatiNPs include citrate,
polymer and carbohydraf@kter et al., 2018)

Controversial atcomes regarding the influence of surface charge in relationetal NPs
toxicity. PositivelychargeAgNPs and ANPs surface were assumed to indou@etoxicity

than negativehchargednes(Surapaneni et al., 2018, Boyles et al., 2015, Marassi et al., 2018)
or neutral surfacdgNPs and ANPs (Schaeublin et al.,, 2011, Marassi et al., 20118)s
presumed that a positive surface charge can significantly influence the toxigiggNéfsand
AuNPsasit facilitates their transportation into the negativeharged phospholipid bilayer of
the cell membrane by endocytosis due to electrostatic intera@lanassi et al., 2018,
Surapaneni et al., 2018Jhus, in contrast to negativethargedsurface positively-charged
metatbasedNPs may result in the disruption of the plasmambraneby increasing the
membrane permeabilitfSukhanova et al., 2018)t has been reported that negatively and
neutrallycharged AuNPsind AgNPscan hardly attach to and pass through the negatively

charged cell membrane surfg€&ho et al., 2009, Marassi et al., 2018)
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Other group elucidated the negativelyargedsurface of AQNPs and AlPscan promotéhe
cellular adverse response than positiveiarged onefBarbasz et al., 2017, Sur et al., 2010)

It was previouslyevidentthat citrate coatedAgNPs (negativehcharged)can triggerAgNPs
toxicity in which carbohydratecoated AgNPs were found to be more biocompatible with the
human lung adenocarcinoma epithelial cells (A549) than cit@ated AgNPYSur et al.,
2010) Another study detected that high concentrations of cit@ded AuNPs were found to

be more toxic in human prostate cancer cells-8p@nd MCF7 cells than other negatively
charged coated AuNPs (star@md Arabc gumcoated). The acidic nature of sodium citrate is
thought to induce AuNPs toxicitpVijayakumar and Ganesan, 201Another suggestion
reported aboutitratecoated AgNPs to induce toxicity due teetweak bonaf citrate, which

can easily be displaced with the biological medium, thereby increasing the ionic strength of the
biological medium, disrupting AgNPs stability and subsequently promoting Ag ion release
(Gliga et al., 2014)

In contast, other studies have reported no impact of surface coatinggikPs and ANPs
toxicity. Citratee or PEGcoated AgNPs of a similar size (30 nm) showed similar
biocompatibility when incubated with HepG2 cdlBastos et al., 2017 he author revealed

that the type of AQNPs coating did not play a role in triggering toxicity. The same author also
proved that the apoptosis and cell cycle arrest at S and G2 phedeted by both types of
AgNPs was correlatetd the effect oboth AQNPs and thedissolvedAg ions. In another study,
CTAB-coated (positivelcharged) AUNPs showed more toxicity than polyacrylic acid (RAA)
coated (negativelgharged) angbolyelectrolyte pot(allylamine) hydrochloridéPAH)-coated

(positively-charged) AuNPs; the cytotoxicity of AUNPs was not correlated with their surface
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charge but was correlated with the free CTAB in the solution; therefore, CTAB overcoating can

promote NPs toxicityAlkilany et al., 2009)

Anotheropinionindicated thathe aggregation dfoth citrate and PVRcoated AgNP®f the
samesize inthe presence of serum proteinducedasimilartoxicity profile in BEAS2B cells
independentof AgNPs coating(Manson et al., 2011)Regardless oAgNPs and AMPs
propertiesit was suggested thtite aggregation AAgNPs and ANPs may significantly impact
their underlying toxicity, as the exposure to a high levehetfatbased\Ps can result in severe
toxic effects(Bantz et al., 204). Therefore, the aggregation can impede the original properties

of metalNPs(Rose et al., 2012)

The collected datan Table 1.3 presentedonflicting conclusionsdue tothe variatiors inthe
other properties oAgNPs and AuNPsgvhich leadto ambiguityof whetherthe detecteceffects

were due tdhe surface coatinglone
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Table 1.3. In vitro studies of the surface charge/modification impacts oAuUNPs and AgNPsoxicity.

Type of Surface charge/ modification Cell line Concentration Major findings Reference
NPs
AuNPs Cetyl trimethyl ammonium bromide | Humanlung epithelial carcinoma| 50 100 uM CTAB modified AuNPs (positively (Wang et al.,
(CTAB), poly(diallyldimethyl cells(A549) charged) showed the highest reduction 2013)
ammonium chloride) (PDDAC) cell viability compared to other modifie
(positive) AUNPs
Polystyrene sulfonate (PSS), thiol
functionalised carboxy polgethylene
glycol) (HSPEGCOOH) (negative)
AuNPs Citrate (negative) Human breast cancer cells (MB4 25 pg/mL-1 Cystamine AuNPs (Positively charged) (Surapaneni et
Cysteamine (positive) MB-231 and MDAMB-468) mg/m showed more oxidative stress comparq al., 2018)
citratecoated AuNPs (negatively
charged)
AuNPs Trimethyl ammoniurthanethiol Human keratinocyte call 5-100 pg/ml  |Positively and negatively charged AuN| (Schaeublin et
(TMAT) (positive) (HaCaT) induced mitochondrial dysfunction and| al., 2011)
Mercapto ethanesulfonate (MES) reduction in intracellular calcium
(negative) No toxic effect with neutral AUNPs.
Mercapte ethoxy ethoxy ethanol
(MEEE) (neutral)
AuNPs Citrate (negative) Human prostate cancer (PG | 20- 140 ug/ml  |Citratecoated AuNPsnediated (Vijayakumar
Starch (negative) 3) and human breast cancer sell significant reduction in cell viability tha) and Ganesan,
Arabic gum (negative) (MCF-7) starch and gum Arabiecoated AuNPs | 2012)
AuNPs Citrate (negative) Human breast cancer ce(MCF- | 50- 250 pg/ml |Cinnamic aciecoated AUNPs were mor( (Subramanian
Cinnamic acid (negative) 7) cytotoxic and induce apoptosis in and
concentrationdependent manner Ponnuchamy,
compared to citrateoated AUNPs 2018)
AuNPs Citrate(negative) Humanhepatoblastoma cells 1-200 uM No cytotoxicity was observed with both (Fraga et al.,
11-mercaptoundecanoic acid (HepG2) types of AUNPs 2013)
(negative) Slight induce of DNA damage was
reported only with citrateoated AUNPs
AgNPs Citrate (negative), Human skin keratinocyteells 10-40 pg/mi BSA-coated AgNPs were more toxic th| (Carrola et al.,

Polyethylene glycol (PEG) (neutral),
Bovine serum albumin (BSA)

(negativg

(HaCaT)

citrate and PEGcoated AgNPs

2016)
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Table 1.3. In vitro studies of the surface charge/modification impacts onUNPs and AgNPs toxicity (continued).

Type of Surface coating/modification Cell line Concentration Major findings Reference
NPs

AuNPs Citrate (negative) THP-1-derived human macrophad0.6- 3.2 ug/mi Chitosan AuNPs (positively charged) (Boyles et
Chitosan (positive) showed more cytotoxicity and inflammat( al., 2015)

response

AgNPs Bovine serum albumin (BSA) Macrophage cells (RAW 264.7) [1.1-1000 pg/ml  |All types of AQNPs reduced cell viability | (Makama et
(negative) BSA-coated AgNPs were more toxic and al., 2018)
Chitosan (positive ) induced inflammatory response
Polyvinylpyrrolidone (PVP) (neutral)

AgNPs Citrate (negative), Humanlung epithelial carcinoma [7.5 30 pg/ml AgNPs surface modification with positivg (Sur et al.,
Glucose, lactose, oligonucleotide |cells(A549) charged moietymprove biocompatibility | 2010)
modified AgNPs (positive)

AgNPs Citrate (negative) Human keratinocyte cal(HaCaT) [20-100 pg/ml Both types AgNPs reduced cells viability| (Bastos et
PEG (neutral) and induced RO§eneration al., 2016)

Citratecoated AgNPs were more toxic af
induced cell cycle arrest at G2 phase

AgNPs Citrate (negative), Humanhepatoblastoma cells 1-50 pg/ml Citrate and PEGcoated AgNPs triggered| (Bastos et
PEG (neutral) (HepG2) apoptosis and cell cycle arrest al., 2017)

AgNPs Unmodified (negative) Histiocytic lymphoma (037) and [5- 20 pug/mi Citratecoated AgNPshowed more toxici (Barbasz et
Citrate (negative) human promyelocytic cells (HB0) Cysteaminecoated AgNPs showed lowes al., 2017)
Cysteamine hydrochloride (positive) toxicity

AgNPs Citrate (negative), Primary human dermal fibroblast [12.5 100 ug/ml |Citratecoated AgNPs showed more (Suresh et
Lactose (negative), cells (HDF) and humatung cytotoxicity, induced DNA damage and | al., 2012)
2-base long oligonucleotide epithelial carcinomaells (A549) apoptosis compared to other types of
(negative) AgNPs

AgNPs Pristine (weakly negative), Human epidermoid carcinoma | 0.5 2.5 ug/ml  |PVP-coated AgNPs induced toxicity (Marassi et
PVP (neutral), cells(A431) and human No toxicity was observed with pristine an al., 2018)
Citrate (negative), keratinocytecells(HaCaT) citratecoated AgNPs
Hydroxyethyl cellulosecoated (HEC) HEC-coated AgNPs showed a mild toxic
(positive)

AgNPs Uncoated (weakly negative), Human colorcancer cef (HT29) | 12.5-50 ug/ml  |Uncoated AgNPs showed highest toxicit] (Nguyen et
PVP (neutral), and triggered oxidative stress al., 2013)

Citrate (negative)

PVP-coated AgNPs induced greater toxi(

compared to citrateoated AgNPs

29




1.4.3.4 Effect of particle chemical composition

The composition ofnetal NPs either AQNPs or AuNPsan behave differently and induce
distinct biological responses. As illustrated imable 1.4, several studies indicated the
substantial toxicity of AgNPs compared to the low toxicity potential of Aubisgthe same

size surface coating and concentratidvietal ions can exertoxic effects causing cellular
damagend it was suggested the potential toxic effect of AgNPs due to their dissolution. AGNPs
are highly prone to oxide and therefore release Ag ioméich assumed to be the cause of
toxicity (Soenen et al., 2015, Parnsamut and Brimson, 2@tbgontrary AUNPsexhibit low
reactivitythereof display low toxicityHowever, thesafetyprofile of AUNPs remains debatable

as seeral investigatorhave demonstrated the detrimental effect of the cellular exposure to

AuNPs(Connor et al., 2005, Kumar et al., 2017a)
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Table 1.4. In vitro studies of the NPs composition impacts on toxicity.

Type of NPs| Size (nm) Coating Cell line Concentration Major findings Reference
AgNPs, 7,31 Not reported Human colorectal adenocarcino| 2- 10 pg/ml AgNPsshowed highest cytotoxicity (Schneider et
AuUNPs, 32 cells (HT29) AUNPs showed lowest toxic response | al., 2017)
AgNPs 20, 40 Peptidecoated THP-1-derived human 10-50 pg/ml AUNPSs were non toxic (Haase et al.,
AuNPs 20, 40 macrophages AgNPs showed toxicity and triggered 2011)
oxidative stress
AgNPs 5,50 Citrate Normal human bronchiapithelia| 0.5 50 pg/ml AgNPs showed highest toxicity with (Lebedova et
AuNPs 5,50 cells (HBEC3kt) induction of DNA strand breaks al., 2018)
AuNPs showed lowest toxicity
Slight induce in DNA damage with small
sized (5 nm) AuNPs
AgNPs 10-50 Citrate Human leukemic T cedl(Jurkat) | 2.5-50 ppm AgNPs were more toxic than AuNPs (Parnsamut
AuNPs 10-50 and human monocytic csll AgNPs can easily oxidised than AuNPs | and Brimson,
(U937) AgNPs induced oxidative stress 2015)
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1.5 AgNPs and AuNPs mediate oxidative stress by modulating cell signalling pathways

Nanascale particles can behave differently than ksidled particles of the same material in a
biological system(Rauch et al., 2013Because of their small sizAgNPs and AWNPs can
interact with different types of biological molecules, such as DNA, proteddipids. This
interaction may lead to sustained modification and interruption of the normal biological

processes and functiofSengul and Asmatulu, 2020

The role ofAgNPs and ANPs in modulating various cell signalling pathways remains unclear
and te link between NPs and toxicity at the proteomic and transcriptomic levels is not well
investigated(Marano et al., 2011)Understanding the mechanism underlying #ffect of
AgNPs and ANPs in he cell signalling machinery may help develop a novel nanosystem for
targeting or treating several diseases, including cgB@su et al., 2009AuNPs and AYIPs

can interact and interfere with déffent signalling transduction pathways, leading to different
biological responsegSchaeublin et al.,, 2011, Parnsamut and Brimson, 20i5yvas
demonstrated thdhe activity of serinefthreonine kinasesuch as mitogeactivated protein
kinase (MAPK) angbhosphoinositide-kinase/protein kinase B (PI3K/AKTan be modulated

by both AUNPs and AgNP3hese pathways play roles in the regulation of redox haemostasis
signalling cascades and found to be dysregulateeh oxidative stress is induced AyNPs

and AQNPs(Rinna et al., 2014, Comfort et al., 2011)

MAPK pathways regulate crucial cellular biological processeguding differentiation,
apoptosis, proliferation, metabolism and cytokine produgigmiakis and Avruch, 2001)lhe
MAPK family consists ofseveral subgroups, namely extracellular sigeglulated kinase

(ERK), p38 and €Jun Nterminal kinase (JNk) pathways. MAPK pathways are commonly
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activated under the influence of cellular stress, including oxidative stress stimuli, and have been
demonstrated to be involved in AgNR&id AuNPsmediated apoptos{&hu et al., 208, Yi et

al., 2010) Rinna et al. (2014nevealed that AQNPs exposure resulted in oxidative stress, which
was mediated by the activation of the ERK pathway, in human epithelial embryonic cells (EUE).
The activation of MAPK lead to increase the activity of ERK protein which consequently
stimulateseveral transcription factors that regulate cells cycle progression and cell survival

processesHigure 1.3) (Roberts and Der, 2007)
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Figure 1.3. Schematic representation of AQNPs and AuNPs impact on MAPK, AKT ang53 cell signalling
pathways. Schemegeneratedwith BioRender.com.
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The AKT signalling pathway regulates many cellular functions, such as cell proliferation and
cell survival(Hemmings and Restuccia, 201Pyevious studies have proved that AgNPs and
AuNPs can induce toxicity by modulating the activity of the AKT path¢Zw et al., 2016,

Pan et al., 2014 he inhibition of AKT lead to deactivation of mammalian target of rapamycin
(mTOR) and subsequent suppression of cell growitjufe 1.3) (Xu et al., 2020a)Zhu et al.
(2016)found that AgNPs induced apoptosis mediatediysregulation ofAKT, MAPK and

p53 signalling cascad@&s human hepatocellular carcinoma célepG2)

AgNPs and AMPs potentiate toxicity by different mechanisms; oxidative stress triggered by
the generation of ROS is one of the most postulated meché@iRiddbjerg et al., 2009, Li et

al., 2010) This process can be regulated by several pathways, including PISK/AKT, MAPK
and p53 signalling cascades, which eventually induce apoptosis and inhibition of cell
proliferation(Manke et al., 2013)An increase in the accumulation of ROS level leads to the
suppression of AKT activity and stimulates proapoptotic regulators, such g8\ja& and
Penninger, 2004 Consequently, caspa8as activated, resulting in the cleavage of poly (ADP
ribose) polymerase (PARP), which mediates apop(égisire 1.3).

Mitochondrial dysfunction is another mechanism underlying the toxicity of AgNPs and AuNPs
(Bin-Jumah et al., 2020, Xue et al., 2016inpaired cellular metabolic activity and
mitochondrial membrane depolarisation can cause mitochondrial collapse. Both AgNPs and
AuNPs may induce apoptosis via the JNK pathway, which induces cell death by mitochondria
mediated apoptosis in response tadative stres¢Piao et al., 2011, Zhu et al., 2016, Jawaid et
al., 2020) JNK induces the activation of proapoptotic proteins by the phosphorylation-of Bcl

2. Therefore, proapoptotic proteins, including Bax, Bad and Bid, are induced and cytochrome c
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is released into the cytoplasm, consequently activating caS8pase caspase (Figure 1.3)

(Aoki et al., 2002)

Nrf2 is a redoxsensitive transcription factors that regulates the activation of antioxidant
enzymes in cells as a defencstsyn in response to oxidative stréadsedda et al., 2013Nrf2

activity can be induced by AgNPs and AuNPs lead to Keapmidation, which triggers the
translocation of Nrf2 into the nucleus and thereby stimulates antioxidants, such as haem
oxygenas€el (HO-1) and NADPH quinone oxidoreductase 1 (NQQ1n et al., 2012a, Lai et

al., 2015) Under the conditions of high oxidative stress, ROS stimulate MAPKs by activating
the growth receptor, inhibiting MAPK phosphatases (MKPs) and simulating -ssasktive
kinases to indue proinflammatory cytokines, such as8LIL-2, IL-6 and TNFU(Thannickal

and Fanburg, 2000)

p38 protein is activated by the presence of ROS, which lead to stimulation of inflammatory
response through induction of the TNFcascade Rigure 1.3). Therefore,subsequent
disruption of the cell membrane and apoptosis are ind{fegthid and Taniguchi, 2018)he
release of Ag ions via the Trojan hotype mechanism is presumed to be the key facto

associated with the activation of this pathw@grk et al., 2010)

Imbalance in redox haemostasis as a result of the overproduction of ROS indugN Ry

and AuNPs may cause DNA damage, which is accompanied by the activation of p53 and leads
to apoptosisKigure 1.3) (P. J et al., 2016, Schaeublin et al., 20p5bB is a tumour suppressor
geneand itis activated by itsphosphorylation at serine Iihich inducel the apoptotic
machinery, thereby activating proapdptoproteins (Bax) and downregulating antiapoptotic
proteins (Bcl2 and Bcixl) (Aubrey et al., 2018)p53 mediated apoptosis has been reported in

the colon cancer celldHCT116 after treatment with starchoated AgNPgSatapathy et al.,
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2013) A similar finding has been reported in in the luwthelial carcinoma cell{A549)
exposed to AgNP$P. J et al., 2016)As previously demonstrated tlgNPs and ANPs
physiochemical properties are associated Withir toxicity responsgthus can also provoke
distinct cell signalling responses upon cellular exposure to diffefggiiPs AUNPs

physicochemical properties.

1.5.1 Impact of physicochemical properties of AQNPs ath AUNPs on modulation of
oxidative stress mediated cell signalling pathways

Few studies have reported that different AQNPs and AuNPs physicochemical properties can
trigger different signalling events. As showrliable 1.5, theAgNPs and ANPs morphology,

size surface modificatioras well ascell type can mediate and targktferent cell signalling
pathway at both transcriptional and translationaklevThe composition of NPs may result in
distinct alterations in signalling cascades. Both AgNPs and AuNPs were found to inhibit cell
proliferation at different levels in humanliimphocyte cells (Jurkat cells) and human myeloid
leukaemia cell$U937).1t wasreportedhatAgNPsmediated thénactivation ofERK pathway
resulted insuppressiorof cell proliferation whereas AuNPs$nhibited cell proliferationvia
dysregulation of JNK pathwawithout influencing ERK pathwayParnsamut and Brimson,

2015)

The cell typedependent alteration of proapoptotic proteins by AUNPs in human prostate cancer
cells (DU145), breast cancer cells (MEMB-231) and lung epithelial cells (L132) was
assessed in a previous st@pulter et al., 2012)Significant upregulation of cleaved caspase

9 and PARP expression was observed in DU145 and MBA231 cells, while no changes
were observed in L132 cells. Another study demonsiratdttype specific response via
upregulation of protein related to DNA damagem et al., 2012h) AQNPs were found to
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induce the phosphorylation of the histone H2AXe&ine 139, one of the key markers for DNA
DSB (Lim et al., 2012h)in normal human fibroblasts (IMB0) and human glioblastoma cells
(MO59K). However, only MO59K cellexposed to AgNPs showed upregulated expression of
the ataxiaelangiectasia mutated (ATM) protein, a major transducer activated in response to

DNA DSB.

AgNPs and AuNPs of different coating may trigger distinct level of cell signalling pathway
modulation. In a previous study, both citrea@d PEGcoated AgNPs were shown to arrest the
cells at G2 phase by reduction in the gene expression of cycliCBNE]) and cyclin E1
(CCNE) in HepG2 cell§Bastos et al., 2017)n the same study, no sign of apoptosis was
noticed as downregulation of apoptotic genes, includicig8 andBax was reported in both
coated AgNPs. However, PEtated AgNPs showed significant alteration on the proteins
expression compared to the other AQNPs coating even at low concentration of AGQNPs (5 pg/ml).
On other hand, another study revealed épatptotic cell death induced in M&#cells via the
upregulation of caspask caspas®, PARP, Bax and B& expression on exposure to AgQNPs

and AuNPgJeyaraj et al., 2015)

The size of AQNPs and AuNPs may influence the extent of the signalling outcome. AgNPs sized
18 nm were found to increase the expression of the proapoptotic protein Bax more significantly
than AgNPs sized 2.6 n(Zielinskaet al., 2017)However, compared to larger AgQNPs, smaller
AgNPs caused a significant elevation in Land p53 levelgZielinska et al., 2017)On the

other handyVan Der Zande et al. (2016¢vealed that the exposure to different AQNPs sizes
(20, 30, 60, 110 nm) triggered the same effect regardless of the AgNPs sizes-i &ato
MCF-7 cells. AQNPs of different sizes showed an induction in oxidative stress by upregulating

the expression of genes responsible for oxidative stress inclHddpgandHMOX1genes.
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Table 1.5. In vitro studies on the impactof AgNPs and AuNPs on cell signalling pathways.

NPs characteristics

Cell signalling assessment

Type
of NPs | Size (nm) | Surface coating/ | Shape Cell line Concentration | Exposure Major findings Activity | Reference
modification time
AgNPs | 20, 30, 60,| Citrate (negative) | Spherical| Human colorectal 5- 25 pg/ml 6- 24 his | AgNPs of all sizes upregulated genesy spb (Van Der
110 adenocarcinomeells responsible for oxidative stress Yy HMO) Zande et
(Cace2), and human ¥y SRXN al., 2016)
breast cancegells ¥y OKLJ
(MCF-7)
AgNPs | 5, 35 Citrate (negative) | Spherical| Osteosarcoma cells | 10- 100 uM 24- 48 his | Both sizes of AQNPs activated p53any p 5 3 | (Kovacs et
(U20s), (Sao) caspase lead to mitochondrial Yy casyal,2016)
dysfunction ana@poptosis
AgNPs | 2.6, 18 Not reported Spherical| Human pancreas 0.5 50 ug/ml | 24 his Both sizes of AQNPs activated pro [y B a X (Zielinska
ductal apoptotic protein (Bax) and itwas mory P 5 3 etal.,
adenocarcinoma call significant with sized 18 nrAgNPs y L CIB 2017)
(PANC-1) and human Both AgNPs elevated LGB and p53
pancreas duct levels and it was significant with
epithelial cels smaller size (2.6 nm)
(hnTERT-HPNE)
AgNPs | 5, 100 PVP (weakly Spherical| Human macrophage | 0.39 25 pug/ml | 24 his Smaller sized AgNPs significantly vy  HO (Lim et al.,
negative) cells (U937) induced gene expressions related to [y spro 2012a)
oxidative stress and inflammation y -BL
AuNPs| 10, 70 Neutral Not Human neutrophil 1-100 pg/ml | 24 his Both sizes AuNPmediatedapoptosis [y ¢ as [ (Noél et al.,
reported caspasalependent pathway by 3,7,9 2016)
upregulating caspas@s-7 and-9
AgNPs | 30 Citrate (negative),| Spherical| Human 1-50 pg/ml 24- 48 his | PEG-coated AgNP#nduced thesell 7/ BCL 7 (Bastos et
Poly(ethylene hepatoblastomeells cycle gene expressiorlatedto Sand |Z Ba x | al., 2017)
glycol) (PEG) (HepG2) G2 phass activity 7 CCNEH
(neutral) PEG-coated reduced gene expression|Z C C N §

related toapoptotic cascade
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Table 1.5. In vitro studies on the inpact of AgNPs and AuNPs on cell signalling pathway&ontinued).

NPs characteristics

Cell signalling assessment

Type

of NPs | Size (nm) | Surface coating/ | Shape Cell line Concentration | Exposure Major findings Activity | Reference

modification time

AgNPs | 30- 50 Sodium Not Human 25 75ug/ml 24 his Tannic acid-coated AgNPs induced [y p p 3 8 | (Kaur and
borohydride reported | epithelium protein expressions related to oxidativey T N& Tikoo,
(negative), carcinomecells stress in a concentratiatependent y 1dpr0 2013)
Tannic acid (A431) and manner
(negative) human lung No changesvereobserved with sodium

epitehlial borohydrideAgNPs
carcinoma (A549)

AuNPs | 18 Citrate (negative) | Spherical| Human dermal 0.1 nM 24 his PEG-coated rodshaped AuNPs inducey V E GF | (Falagan
Polyacrylic acid fibroblastcells drastic modifications to gene expressioy C CL 2 | Lotsch et
(PAA) (positive) (HDF) responsible for antioxidaninflammationy P R D X | al., 2016)

andoxidative stress y NQO1
Others AuNPs mediated similar Yy EDN1
16 x 48 PAA (positive) Rod responses but to less extent Y 4pAS
Poly(ethylene
glycol) (PEG)
(neutral)

AuNPs | 1.5 Trimethyl Spherical| Human 5- 100 ug/ml 24 hrs Charged AuNPs and more significantlyy Z 5% (Schaeublin
ammonium keratinocyte cells negatively charged AuNPs triggered [y Z etal., 2011)
thanethiol (HaCaT) apoptosis bwctivation of p53 and Caspass
(TMAT) (positive) caspase3 genes
Mercapto Neutral AUNPs reduced the gene

ethanesulfonate
(MES) (negative),
Mercaptoe ethoxy
ethoxy ethanol
(MEEE) (neutral)

expression of apoptosis related gene p
and caspas® and mediated necrosis
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Table 1.5. In vitro studies on the impaciof AgNPs and AuNPs on cell signalling pathway&ontinued).

NPs characteristics

Cell signalling assessment

Type
of NPs | Size (nm) | Surface coating/ | Shape Cell line Concentration | Exposure Major findings Activity | Reference
modification time
AgNPs | 30 Citrate (negative), | Spherical| Human 10- 40 pg/ml 24- 48 hrs | PEGcoated AgNPs mediated intrinsic |y B-€ | (Bastos et
Poly(ethylene keratinocytes cells apoptosis by activation of BG2, BAX y Ba al, 2016)
glycol) (PEG) (HaCaT) and caspas8 v
(neutral) Citratecoated AgNPs triggered cell cycle|Caspase
arrest at G2 phase by significant reductigZCCNB1
of gene expression relatedayclin B1
activity
AgNPs | 20 PVP (weakly Spherical | Normal human 20- 100pg/ml | 48 hrs AgNPs influenced theene expression  [§ sH2AX | (Lim et al.,
negative) fibroblasts(IMR- involved in genotoxicityand itwasmore [y D N-A | 2012b)
90) and human significant in MO59K cells compared to [PKcs
glioblastoma cells normal human cells yATM
(M0O59K)
AuNPs | 1.9 Not reported Spherical| Human prostate | 12 uM 24 hrs AuNPs triggered apoptosis by increases |y ¢ | e ¢ (Coulter et
cancercell cleaved caspas@and cleaved PARP caspasé® | al., 2012)
(DU145), breast whichwere drastién MDA-MB-231cells |y P AR
cancer cells followed by DU145 cells
(MDA-MB-231) No response wasbserve in L132 cells
and lung
epithelial cells
(L132)
AgNPs, | 10 Citrate (negative) | Spherical| Human epithelial | 5- 25 pg/ml 24 hrs Both AgNPs and AuNPs suppressed ZEGF (Comfort
AuNPs cells (A-431) epidermal growth factor§GF) signaland [Z p A} etal.,
inhibited AKT and Erk phosphorylation |Z p Er k 2011)
Only AuNPs inhibited AKT activity by ~ [Z -IKK
deactivation of IkB kinase (IKK) signalling
AgNPs, | 10-50 Citrate (negative) | Spherical| Human T 7.5-25 ppm 5mini 24 | AgNPs inhibited ERK protein expressiony Z E R (Parnsamuli
AuNPs lymphocyte cells hrs whereas AuNPs upregulated ERK ZTNF-U | and
(Jurkat) and expression ZIL-2 Brimson,
human monocytic AgNPs repressed TNB pr oduct 2015)

cells (U937)

AuNPs downregulatd IL-2 expression
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The release of metal ions may induce distinct cell signalling transduction patieaysnd

Choi (2010)exposed human Jurkeells to AQNPs and Ag ions and found that AgNPs induced
apoptosis and DNA damage by the activation of p38, MAPK pathways and upregulation of p
H2AX, a DNA damage marker. However, significant induction was not noted in Jurkat cells
treated with Ag ions, indicating that the pivotal toxicity is correlated with AgNPs rather than

Ag ions.

The surface charge éfgNPs and ANPs can elicit different responses. Negatively charged
(Mercapte ethanesulfonate) and positively charged (Trimethyl amomthanethiol)
AuNPs were found to stimulate apoptotic cell death via the upregulation of c&spase53
levels; however, no significant modification in the levels of apoptotic markers was noted on
treatment with neutrally charged AuNPs (Mercathoxy ethoxy ethanoljSchaeublin et

al., 2011)

The impact of the shape ANPs and ANPs on cell signalling events was investigated in a
previous study. Human dermal fibroblast (HDF) cells were incubated with AUNPs using two
different shapes and surface coatings: ciratel PAAcoated sphericadhaped AuNPs and

PAA- and PEGcoated roeshaped AuNPgFalaganLotsch et al., 2016)No effect of shape

was observed on the oxidative stress gene expression levels followiogiadttreatment,

but surface coating had an effect on the gene expression levels. The expression of genes
responsible for oxidativetress, apoptosis and antioxidant activities were greatly altered by

PEG-coated rods in HDF cell&alaganLotsch et al., 2016)

The composition of NPRAgNPs or AuNP}swas displayed tonducedifferent cell signalling
pathwayeffects Both Jukart ant)937 were exposed titrate coated AgNPs and AuNRsd

resulted in reduction of cell proliferation via influencing distinct cell signalling pathways
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AgNPs showed to suppressed the protein activity of B&Kwayand TNFUproduction For
cells exposed to AuNPs illustrated the opposite effect in which &RKTNFU expression
were upregulatedbut AUNPs reported to inhibit cell proliferatiopy attenuabn of JNK

pathway(Parnsamut and Brimson, 2015)

1.5.2 Effect of AgNPs and AuNPs on other cell signalling pathways

AgNPs and ANPs can affect the activity of other cell signalling pathwaysh adVingless
related integration sita\nt)/ {oatenin signalling pathway which regulates cell proliferation,
communication and adhesighlacdonald et al., 2009 he disruption of this pathwamay
contribute to several human diseases, such as cancer and ostegaodisnald et al.,
2009) Few evidence was found in the literature investigated the potential effect of AUNPs or
AgNPs on this pathway. One study exposed tln@dn breast cancer cells (MEMB-231

and MDA-MB-468) to citratecoated AUNPs (negatively charged) and cysteamaated
AuNPs (positively charged). Both AuNPs significantly inhibited cell proliferation by

i nterrupti-ngt drhien Wnadatdna adgstabilisatoon amd subsequently
suppressing the level of cyclin D1, which is required for cell cycle progression. The pathway
modification was significantly greater with cysteamowated AuNPYSurapaneni et al.,

2018)

The AMP-activated protein kinase (AMPK) is another signalling pathway which plays key
roles in contrding cellular energy and growttMihaylova and Shaw, 2011Yhe AMPK
pathway acts as a metabolic sensor that is activated upon the reduction of intracellular ATP
production(Mihaylova and Shaw, 2011Another function of this pathway is the regulation

of the mammalian target of rapamya@omplex 1 (mMTORC1) pathway, which triggers the

autophagy process. AgNPs have been found to induce the autophagy process in a human
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neuroblastoma cell line (SBY5Y) by increasing the intracellular calcium level, which
induces endoplasmic reticulum stremsd activates the MAPK pathway, resulting in the

downregulation of mTOR level&i et al., 2019)

In sumnary, the existingn vitro studies evident the toxicity of AQNPs and AuNPs which
emphasises the significance of careful consideration of thegaslefit ratio when using these

NPs for different purposes. A comprehensive understanding of the impact of physicochemical
properties oAgNPs and ANPs on their underlying toxicity remains challenging as the major
obstacles were the variati@m thetheir synthesis methodgoncentrationphysiochemical

properties and the experimental conditions.

The composition of metdlased NPs can plagritical role in determining their detrimental
effect. Metalbased NPs mainly AgNPs and AuNPs were extensively explored because of their
promising properties for biomedical applications. The toxicity of AUNPs is still under debate
and the conclusions frothe existing literature remain contradictg¢Rratoddi et al., 2015b)

The toxicity of AgNPs is suggested to occur by their dissolution into Ag ions in the
extracellular or intracellular matrigKittler et al., 2010, Hsiao et al., 2015)herefore, the
present research will focus on AgNPs and AuNPs to investigate the impact of two different

metatbased NPs composition in relationtéxicity.

AgNPs and ANPs size play an important role in controllingeithtoxicity. Sizedependent
toxicity was observed in most studiesable 1.1). However, sme investigators have
suggested that AQNPs and AuNPs viltb size of 50 nmis the optimal size¢hat lead to an
increase in the NRsternalsaion, thereofinducetoxicity. However, it is thought that the size

of AgNPs and ANPs is not the primary factor determining their associated toxicity. Rather,

the total number oAgNPs and AMNPs present in a specific volume plays a critical role in
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determining the behaviourdf theseNPs in a biological systerfOberdorster et gl 2005)
Therefore, the present research will focus on studying the impact of different sizes of AGQNPs

and AuNPs on toxicity.

Theeffectof physicochemical properties of AQNPs and AuNPs on modulating cell signalling
pathways can be correlated with NiRduced toxicity Table 1.5). AQNPs and AuNPs can
trigger oxidative stress mediated by alteration in cell signalling pathways. HoweNPs

and AWNPs can interfere with several other transduction pathways that hayetnoten
investigatedBoth AgNPs and ANPs can alter various cell signalling pathways, which opens

a new avenue for their application as potential therapeutics for treating diseases. The present
research will study the AgNPs and AuNPs modulation effects Pl 3 K/ AKT and

catenin pathways as both pathways have not well been investigated yet

All of the reviewedn vitro nanotoxicologystudies in this chaptewvere performedin two
dimensional (2Dmonolayer cell cultur@asone of the most weknown preclinicalin vitro
methods for biological compound testing priointaivo studies. The advantages of using the
2D monolayer method includes the low cost as well as the ease of cell maintenance and
growth. However, there asmme limitations of this method, mainly the lack of complexity in
mimicking original tissue (Breslin and O'driscoll, 2013)Several methods have been
developed and gained prominence for creating more accurate and representative ntodels of
vivo tissue, which helps minimise or replace the use of animal modelshfBeedimensional

(3D) culture model is one useful method foolbigical compound screening, novel mechanism
detection, and biomarker identificatidqBreslin and O'driscoll, 2013)3D culture model
demonstrated better representatiomofivo condition. The present study will investigate the
AgNPs and ANPs toxicitymainly focusedon a2D culture modeandalso will asses$oth

NPstoxicity on a3D multicellular tumour spheroidsodé to compare th&gNPs and ANPs
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influence in two differentell culture modelsit wasobserve from theliterature thepotential

risk of lung toxicity however thereis a lackin the consistencyof the toxicity evaluation
corresponding t&A\gNPs and AuNPgroperties(Hadrup et al., 2020, Adewale et al., 2019)
Two immortalisedungcell lines were selectédr 2D and 3D cell culture models thisstudy

to assess thexicity of AQNPs and AuNPs of different sizesnicharehuman Caucasian lung
carcinoma epithelial (A549) arfuman foetal lung fibroblast (MRS) cell lines A549 cell

line isatype ofepitheliallung cancecell in the proximal alveolaspacewhich is the initial
place to come intoontactwith nanomaterials in the epithelium thferespiratory tract system
(Yurdasiper et al., 2018)As A549 cells represent a direct and sensitive region for
nanomaterials depositiothis cell lineis one of the most commonly lung cancer cetidel
used in thein vitro studies toinvestigatethe lung toxicity ofthe nanomaterialvia
environmental exposur@heodorou et al., 2014Moreover A549 cell model is used for
developingadrug to treat lung cancéBrown et al., 2010, Foldbjerg et al., 201&jproblast
cells consider as ideal representative cells privilege to their existence in all organss MRC
cell linein lungregulates the extracellular matrix thereof this cell type is widely usedias an
vitro model for toxicity testingRiaz Ahmed et al., 2017MRC-5 cell lineswill beinvolved

in this work as a healthy celnodelto assess hotihenormalcellswould behaveiponAgNPs

and AuNPs exposurer their safety concernd hereforejt was of interesto comparethe
toxicity profile of AgNPsand AuNPsof different sizes in the necancerous (MR&) and

cancerous (A549) lung celis this project
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1.6 Research aims and objectives

The safety profile of AQNPs and AuNPs can limit their medical applicatiorhemtkrtheir
clinical usability. Thein vitro studies revealed a significant relationship between the
physicochemical properties of AQNPs and AuNPs and the observed toxidhe present
research, we hypothesised that the exposure of cells to differeti NPschemical
compositiongAgNPs and AuNPsand using different AQNPs and AuNB=es can induce
distinct toxicological responsedhe primary aim of this study was to dea systematic
toxicological investigation in order to study the potential toxicity of AQNPs and AuNPs of the
same sizes (10, 40 and 80 nm) in healthy and cancerous lung cell lineis ivitem model.

This study was alsmterestedto comparethe AgNPs and AuNP<ytotoxicity in the 2D
monolayer and 3D multicellular spheroids madiloreover, it was hypothesised that AQNPs
and AuNPs can mediate toxi ci t yatebiysignatimgu!| at i
pathways,which regulate cell proliferatignoxidative stress, cell cycle progression and

apoptosis.
The specific objectives were as follows:

1 AgNPs and AuNPs were characterised to determine their physicochemical properties

including size, morphology, surface charge and their stability in thewd&lre medium.

1 The cytotoxicity profile of both AQNPs and AuNPs of different sizes was assessed to
identify the effect of the concentration, size, composition and exposure time on their

toxicity in a 2D cell culture model of the human lung deks.

1 The cellular uptake of AQNPs and AuNPs was investigated in a 2D cell culture model of
the human lung cell lines to compare the influencbath AgNPs and AuNPgan their

cellular internalisation.
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1 The molecular mechanisms underlying the toxicityAgNPs and AuNPs of different
sizes, including oxidative stress and cell death mechanisms, were assessed in a 2D cell

culture model of the human lung cell lines.

1 The toxicity of AQNPs and AuNPs of different sizes was examined in a 3D multicellular

spheroidcell culture model of the cancerous lung cell line.

T The i mpact of AgNPs and AuNPs of -catenirf f er e
signalling pathways in a 2D cell culture model of the human lung cell lines were studied

by investigating the protein expréss level that related to these pathways.
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Chapter 2

Materials and methods
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2.1 Materials

2.1.1 Nanoparticles

Three sizes of AQNPs and AuNPs were investigated in this study (10, 480 ama). Ag10
(10 nm) and Ag40 (40 nm) were obtained from Sightdrich (Dorset, UK). Ag80 (80 nm)
were purchased from NanoComposix (San Diego, CA, UBKg.three AgNPs siz€40, 40
and 80 nmwereprovided ata concentratiorof 0.02 mg/ml inan aqueousuffer containing
sodium citrate as a stabiliser. The partictcentratioa of Ag10, Ag40, and Ag80 were

3.6x102, 5.7x16° and 7.6x18particles/ml, respectively

Aul0 (10 nm), Au40 (40 nm), arli80 (80 nm) were obtained from BBI Solutions (Cardiff,
UK). The AuNPs were provided abncentratioa of 57.6, 58.2 and 56.9 pg/ml for Aulo,
Au40 and Au80, respectively. The three AuNPs sizes were stabilised in sodium Theate
concentrations in padies/ml for Au10, Au40 and Au80 were 5.70%3,09.00x10° and

1.10x13°particles/ml, respectively

2.1.2 Cell lines and cell culture reagents

Human foetal lung fibroblast (MR&6) and human Caucasian lung carcinoma epithelial
(A549) <cell |l ines were purchased frod2 Publ i
Nutrient Mix medi unrbufferBdustlibedRP8S),heataqiiviatedsfgtdl a t e
bovine serum (FBS), iglutamine (200 mM), Trypsin 0.25%&DTA (1X) and Penicillin
streptomycin (5,000 U/mlijverepur chased from Gibco (Paisl e
essential medium (EMEM) and MEM n@ssential amino acid solution (100X) were from

SigmaAldrich (Dorset, UK).
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2.1.3 Chemicals

Table 2.1. Chemicals.

Chemical

Supplier

1,4-dithiothreitol (DTT)
2-mercaptoethanol

Agar

Ammonium persulfate (APS)
Benzamidine

Bovine serum albumin (BSA)

Bradford reagent

Bromophenol blue

Dimethy sulfoxidg DMSO)
Ethylenediaminetetraacetic acid (EDTA)
Ethylene glycol tetra acetic adiEGTA)
Tetramethylethylendiamine (TEMED)
Etoposide

Glycerol

HEPES

Lithium chloride (LiCl)

Menadione

Potassiunchloride (KCI)
Radioimmunoprecipitation assay (RIPA) buffer
Skim milk powder

Sodium Chloride (NaCl)

Sodium Dodecyl Sulfate (SDS)

Sodium Fluoride

Sodium Orthovanadate

Sodium Pyrophosphate

Sucrose

Thiazolyl Blue Tetrazolium BromidéVTT)
Tris-HCI

Triton X-100

Topotecan Hydrochloride Hydrate

SigmaAldrich (Dorset, UK)

Wwnt agonist |

Cayman Chemical Company
(Cambridge, UK)
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Table 2.1. Chemicals (continued)

Chemicals

Supplier

Tween 20
Phenylmethylsulfonyl fluoride (PMSF)

PanRead@ppliChem ITW
reagents (Barcelona, Spain)

Hydrochloric acid 37% in water

RPMI 1640 Medium, no phenol red
PierceE Bovine Serum Al
mg/ml

Vectashield Hardset Antifade Mounting Medium wit

DAPI

Thermo Scientific (Paisley, UK

Acrylamide/Bisacrylamide 37.5:1, 30% soln.
Paraformaldehyde, 16% wi/v ag. soln. Methanol freq
Ponceau stain, 0.2% v/v in 5% acetic acid
Staurosporin

Alfa Aesar (Lancashire, UK)

Nitric acid 6769%

Tris base Roche (Welwyn Garden City,
UK)
Glycine VWR International (Bristol, UK)

Amersham ECL western blotting detection reagent:

GE Healthcare Life Sciences
(Buckinghamshire, UK)

DC Protein assay

Bio-Rad (Watford, UK)

10% NR40, Detergent, 10% solution in water

Abcam (Cambridge, UK)

2.1.4 Assay Kits

Table 2.2. Assay kits

Assay kit

Supplier

Alexa Fluor® 488 Annexin V/Dead Cell Apopto{st
Cel | ROXE deelgit red
LI VE/ DEADE ckit | i maging
LI VE/ DEADE fi xabl e Kitar
Mi t oPr obeE KMBriowaygosetry
FxCycleE PlI/ RNase

reage

Stain

Invitrogen by Thermo Fisher
Scientific (Paisley, UK)

CytoTox 96® NorRadioactive Cytotoxicity Assay
GSH/GSSGG! o E Assay

Promega(Southampton, UK)

51




2.2 Methods
2.2.1 Characterisations of AQNPs and AuNPs of different sizes

2.2.1.1 Transmission electron microscopy (TEM)

The different sizes of AQNPs and AuNPs were imaged using TEM21€8l, operating at a
voltage of 80 keV. A drop of NPs sample was air dried on a formvar carbon film on a copper
grid (EM Resolutions Ltd, Sheffield, UK). The particle diameter distributronm for each
size of AgNPs and AuNPs was measured for 200 particles using ImageJ software (version

2.0.0).

2.2.1.2 Dynamic light scattering (DLS)/ Zetasizer

The zaverage size of both AQNPs and AuNPs of different sizes was measured using Malvern
Zetasizer (Malver Instruments Ltd, Worcestershire, UK) at 25°C. The size and surface charge

of AgNPs and AuNPs were measured at (10 pg/ml) and (26 pg/ml), respectively in ultrapure
water. The zaverage size of the particles was determined by the changes in the intensity o
scatteredight that crossed the particles. The technique is based on Brownian motion of
spherical NPs in the sample over time. The zeta potential of NPs was used to measure the NPs
surface charge based on the electrophoretic mobility. At least thfeeediNPsbatchegrom

the suppliemvere measured.

2.2.1.3 Ultraviolet -Visible (UV-Vis) spectroscopy

The surface plasmon resonance of the NPs displays optical properties. T\Wis §péctra
of AgNPs (10 pg/ml) and AuNPs (26 pug/ml) in ultrapure water were deteduagsingUV -
Vis spectrophotomete2600 (Shimadzu Corporation, Kyoto, Japdi)e instrument was set

to scanthewavelengtls from 200to 700 nmwith spectrabandwidthof 1 nm
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2.2.2 Toxicological assessment of AQNPs and AuNPs of different sizes in Drvitro

cell culture model

2.2.2.1 Cell culture

A549 cell s were md2 Nutrient Mig dhediunm TheE anediusn wds
supplemented with (10%) FBS and (1%) peniciitneptomycin. MRE5 cells were
maintained in EMEM and supplemented with (10%) FBS, (1%) penisilfigptomycin, (1%)
L-glutamine,and (1%) MEM noressential amino acid. The cells were incubated in 5% CO
at 37°C. Both cells were passaged using trypsin 0-ZI9F A (1X). Cells were split at 75P6
85% of cell confluence and seeded in an appropriate cell culturglatdl for the desired
experiments The passage numisenf both cell lines were considered throughouthe

experimentsn which the cellsweremaintainedat passageumber betweeh to 15.

2222 L1 VE/ DEADE freddead delestaih assaycell viability

assessment of sodium citrate stabiliser

Assay principle: Cell viability was measured by flow cytometr
fixable farred dead cell stain kit. The assay is based on a fluorescent dye reaction with free
amines inside cells and on the cell surface. The fluorescent reactive dye binds to amines on
the cell surfacef intact live cells, resulting in a weak fluorescent signal. However, in dead
cells the fluorescent reactive dye interacts with both amines on the cell surface and
intracellular amines and generates a strong fluorescent signal. This assay was used to
investigate the potential toxicity of sodium citrate stabiliser alone as both AQNPs and AuNPs

were stabilised in sodium citrate.

Experimental protocol: MRC-5 cells were seedeid 12-well plate at a density ofix1(®

cells/wellin 1.5 ml of cell culture mediurand allowed to adhere overnigim 5% CQ at
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37°C. A stock solution of sodium citrat® mM) was prepared in ultrapure wai@ndthen
usedto prepardifferent concentrations of sodium citrate in cell culture mediQells were
exposedor 24 hoursto sodium citrateat concentrations of (1.25, 1.5, and 1.7 mMhich

were equivalent to the concentrations used in AQNPs and AuNPs treatmendir@&tbyl
sulfoxide ©OMSO) was used as a positive control incubated with cells for 24 hours. Cells were
trypsinised and centrifuged dt,500 rpm for 10 minutes at 4°CG/WR International
Centrifuge, Darmstadt, Germany}s manufacturer instructed, cells werestspended in 1

ml of DPBS, and 1l of fluorescent reactive dye reconstituted in DMSO was added to each
sample The cell suspension was mixed well and incubated for 30 minutes at room
temperature, protected frdight. Around 10,000 events were measured on 4 BRFortessa

X20 cell analyser (BD Biosciences, Franklin Lakes, NJ, UsAgn excitation and emission
maxima of 650/665 nnTwo separate experiments were carted anddata were analysed

usingFlowJo sofware (v10.6.1)FlowJo LLC, Ashland, OR, USA).

2.2.2.3 Modified lactate dehydrogenase (mLDH) assay: cell viability

assessment

Assay principle: The modified LDH assay was carried out using the CytoTox 96® Non
Radioactive Cytotoxicity AssajAli -Boucetta et al., 2011The mLDH is a colorimetric assay
that quantifieshe amount of LDH released from the intact cells following the addition of
lysing solution. The released LDH leads to iodonrtatvazolium violet (INT) conversion into

a red formazan. The colour intensity generated is proportional to the amount of leBsece
from the live cells that survived after exposure to the NPs. This assay wasingiact way

to measue the cell survival post incubation with NPs.

Experimental protocol: MRC-5 and A549 cells were seededd6-well plateat a density of

9x10 ard 7x1G@, respectivelyin 0.1 ml of cell culture mediunand allowed to adhere
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overnightin 5% CQ at 37°C.Higher cell density was use&chile seedingMRC-5 cell linein

96 wellplateto reach cell confluency between 7685%.Both cells were treated with AgQNPs

of different sizes at a concentration range of 0.@85ug/ml, AuNPs of different sizes at a
concentration range of 195 pug/ml, and sodium citrate at concentration @ni for 3, 24,

and 48 hours. 20% DMSO was used as a positive control. At each exposure time, the media
wasdiscarded from each well and cells were lysed by adding 9% Trib@0Xdissolved in
ultrapure water (10 pl) and RPMB40phenotfree medium (100 pul). Cellwere left to lyse

for 1 hour at 37C and then the Batescollected and transferred into a fresh microcentrifuge
tube. Cell lysates were centrifuged1&®,000 rpm for 5 minutes, and the supernatant of cell
lysates (50 pl) was transferred into a freshv@8l cell culture plate. As the manufacturer
instructed, substrate mix (50 pl) was added to each well and incubated for 15 minutes at room
temperature protected from light. Stop solution (50 ul) was then added to each well, and the
absorbance was measured480 nm using a mukinode microplate reader (BMG Labtech
GmbH, Ortenberg, Germany). The data represented at least three independent experiments
using different NPs batches from the suppli€he obtained absorbances were used to
calculate the percentage of cell viability compared tonthige (untreated grouplsing the

following equation:

- Absorbance of the sample
Cell viability (%) = ( )ex 100

Mean absorbance of the nai

After 24 hours exposure, changes in cell morphology were investigated by imaging the cells
using anoptical microscope (Primovert, Carl Zeiss AG, Suzhou, China). The cytotoxic

concentration of NPs that cause 50% reduction in cell viability is known as CC50. The CC50
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values of cells treated with a range of concentration of AQNPs and AuNPs were estimated
from a doseaesponsanhibition curve fittedto normali® theresponséased on the control
groupusinga nonlinear regressianodelto producea curve betweenl00% to 0%with hill

slope of 0.1in GraphPad Prism software version 8.1.2 (San Diego, CA, USA).

2.2.2.4 Thiazolyl blue tetrazolium bromide (MTT) assay: cell metabolic activity

measurement

Assay principle: A colorimetric assay measures the metabolic activity of viable cells. A
reduction of yellow MT salt to purple formazan crystals occurs by mitochondrial reductase
in the metabolic active cells. The colour intensity of purple formazan produced is proportional

to the number of metabolically active cells that survived after exposure to the NPs.

Experimental protocol: MRC-5 and A549 cells were seeded inWéll plate at a density of

9x1C® and 7x168, respectively in 0.1 ml of cell culture mediuamd allowed to adhere
overnight in 5% C®@at 37C. Both cells were then treated with AQNPs of different sizes at a
concentration range of 1.255 pg/ml and AuNPs of different sizes at a concentration range

of 191 55 pg/ml for 24 and 48 hours. At each exposure time, the media was aspirated and cells
werewashed with DPBS to remove any excess NPs. Fresh media containing MTT were added
at a final concentration of 0.5 mg/ml to each well and incubated for 4 houratl3ie media
wascarefully aspirated to avoid disruption of purple formazan crystals bleveells. DMSO
(100pl) was added to each well to solubilise the formed crystal and incubated for 15 minutes
at 37C. The absorbance was measured at 570 nm on anmmdemicroplate reader. The
experiment was performed at least three times. The pereeoitagll survival was calculated

from the obtained absorbance based on the following equation:
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) Absorbance of the sample
Cell survival (%) = ( )eX 100

Mean absorbance of the nai

The CC50 values of AgNPs and AuNPs of different sizes were also estimated from the MTT
data. The CC50 values were obtained feodoseresponse inhibition curve fitted to normalise

the response based on the control group using a nonlinear regression rpoathli¢ea curve
between 100% to 0% with hill slop of 0.1 in GraphPad Prism software version 8.1.2 (San

Diego, CA, USA).

2.2.2.5 Cellular uptake of AgNPs and AuNPs

2.2.2.5.1 Side-scattered light intensity analysidy flow cytometry: cell

granularity assessment

Assay principle: NPs cellular internalisation was measured by the changes in the cellular
granularity of cells treated with NPs compared¢lls free of NP&ochums et al., 2017)he

NPs attached to the cell membrane as well as intracellular NPs cause inaneesks
granularity, which is detectedly measuring sidecattered (SSC) light intensity by flow

cytometry.

Experimental protocol: MRC-5 and A549 cells were seeded24-well plateat a density of

5x1(¢ cells/wellin 0.5 ml of cell culture mediurand allowed to adhere overnight in 5% £O

at 37C. Both cells were then treated wiskeveral concentrations 8gNPs of different sizes

(7.5, 10, and.2.5pug/ml) and AuNPs of different sizes (26, 36, andugIml) for 24 and 48

hours. At each exposure time, the medium was discarded, and the cellwagsbes with

DPBS to remove excess NPs. The cells were detached by trypsinisation and centrifuged at

1,500 rpm for 10 minutes at 4°C. Cells were thesugpended in DPBS (0.5 ml) and analysed
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immediately by measuring 10,000 events using theLBRFortess&20 cell analyserThe

generated data were interpreted ustfgyvJo software (v10.6.1)

2.2.2.5.2 Quantifications of intracellular NPsby inductively coupled
plasma mass spectrometry (ICPMS): silver and gold ions

measurement

Assay principle: Themassconcentration o$ilver (Ag) andgold (Au) ionsinternalised in the

cells following exposure tAgNPs or AuNPs were quantified using KBS technique. Cells
treated with NPs required digestion in acidic mixture before analysis. In the ICP, the sample
is evaporated by argon gas at high temperature converted NPs into ions. The amaoeiad of

ions is determined by the detector in MS as a mass/chargeltaimethod providsthe total
amountof the metal iongegardless the original state thie NPs presemd in the sample as

NPs ormetalions(Ortenzio et al., 2019)

Experimental protocol

A. Standard curve: Several concentrations of Ag10 and Ag80 were prepared in ultrapure
water ranges from 0 to 15 pg/ml at a final volume of 1 ml. Each sample was performed in four
replicates. Samples were incubated24 hoursat 37C and acid mixture (1 ml) was added
usingaqua regia which consists of hydrochloric acid (HCI) and nitric acid (})INCa ratio

of 3:1. The digestion process was conducted in closed glass vials at 80°C using an oven for 20
hours. Samples were diluted to 2% HNQultrapure water. Samples werethfiltered using

a 0.2um cellulose nitrate syringe filter and analysed on-M$® (NexION 300X, Perkin

Elmer, Waltham, MA, USA) to quantify th&g amount. Rhodium (Rh 103) was used as an
internal standard for Ag (Ag 107yheequation of the standaodirvefor Ag10in water was
Y=1.0614 - 0.4492(R?=0.9903 andfor Ag80 in water wa¥' = 0.8618 + 0.008(R?=1)

(Figure Al).
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For Aul0 and Au80, the similar protocol as above was performed. A range of concentration
from O to 46 pg/ml were prepared in ajpure water, in four replicates. Platinum (Pt 195) was
used as an internal standard for Au (Au 19He amounts of Au detected for the standard
curve were very low compared to the starting concentmggan after performing several
modifications in the sample digestiofTable 2.3). The protocol optimisation of this

experiment could not beompleted because of the time constraint of the project.

Table 2.3. Modification steps performed during the sample digestionfor ICP -MS.

Maodification steps performed during the sample digestions Amount of
Au (pg/ml)
1 | Samples digested with (70%) HMNEr 2 hours with periodic ultrasonic bal 1.41
sonication then aqua regia was added and samples incubated for over,
80°C.

2 | Samples digested with aqua regia for 48 hours 4 &fth periodic 0.38
ultrasonic bath sonication.
3 | Sampledligested with aqua regia for 4 hours at@With periodic ultrasonic 0.32
bath sonication.

4 | Samples digested with aqua regia for 2 hours in ultrasonic bath sonicati 0.32
then (70%) HNG@was added and samples incubated overnight°4t.80

5 | Samples digsted with aqua regia for 2 hours with periodic probe sonic: 0.21
then (70%) HN@was added and samples incubated overnight°&.80

6 | Samples digested with aqua regia for 2 hours with periodic ultrasonic 1.38

sonication then samplé@scubated overnight at 8G.

B. Quantifying intracellular Ag amount: MRC-5 and A549 cells were seedad-well plate

at a density 05x10° cells/wellin 3 ml of cell culture mediurand allowed to adhere overnight

in 5% CQ at 37°C. Cells were then treated with Ag10 and Ag80 at concentration of 2.5, 5,
and 10 pg/ml for 24 hours; each sample was performed in triplicate. After 24 diours
exposure, the media containing unbound NPs were transferred into a freSthanbéhecells

were washed gently with DPB®.5 ml) andthe washingsolutionresiduewasaddedto the
same tube of the med@ntaining unbound NP<ells were then trypsnised.8 m) and

centrifuged at 13,000 rpm for 5 minutes4aC. Cell pellets were acid digested with (1 ml)
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aqua regiaHCIl: HNGOs (3:1). Media containing unbound NPs (1 ml) were also acid digested
by adding aqua regia (1 ml). The same steps were followed as ddsorthe standard curve

sample preparation.

2.2.2.6 Mechanisms of AQNPs and AuNPs toxicity

2226.1Cel | ROXE deep red reagent for oxi

ROS measurement

Assay principle:The | evel of ROS in Ilive cells was
reagent. The CellRox reagent is a-qg@lmeable, nofiuorescent dye that generates a robust

fluorescent signal upon its oxidation in the presence of ROS.

Experimental protocol: MRC-5 andA549 cells wereseeded in 1-2vell plateata density of

1x1CP cells/wellin 1.5 ml of cell culture mediurand allowed to adhere overnight in 5% £O

at 37°C. The cells were then treated va#dveral concentrations 8gNPs of different sizes

(7.5, 10, andL2.5pg/ml) and AuNPs of different sizes (26, 36, andgfiml) for 24 hours.
Menadione was incubated with the cells for 1 hour at a final concentration of 50 uM as a
positive control. Following 24 hours incubatior]ls were collected by cell trypsinisation and
centrifuged af.,500 rpm for 10 minutes at 4°C. As manufacturer instructed, cells were stained
with CellRox deep red reagent (1 ml) at a final concentrationud th RPMI 1640 medium
(phenotfree) for 1 hourat 37C, protected from light. Cells were then centrifuged at 1,500
rom for 10 minutes at 4°C, and-sespended iiRPMI 1640 medium (1 ml) for analysis.
Around 10,000 events were measured on the [EHRFortessa X20 cell analyser. The
maximumexcitation and emission spectra for CellRox deep red reagent were 640/665 nm
Three separate experiments were carded The elicited data were analysed BlowJo

software (v10.6.1)
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2.2.2.6.2 GSH/IGSSGG| o E assay: glutathione mea

Assay principle: GSH/GSSGG| 0 E As s ay i s-based Assaynthah reessuresite e
amount of reduced and oxidised glutathione (GSH and GSSG, respectively) in live cells. The
assay is performed based on two reactions. The first reaction quantifies the total glutathione
(GSH + GSSGby adding a reducing agent to convert the whole cellular glutathione into the
reduced form. The second reaction measures the GSSG alone by adding a blocking reagent
(N-Ethylmaleimide) that reacts with GSH forming a flaminescent product. The final step

Is to calculate the GSH/GSSG ratio based on the luminescence signal obtained from both

reactions.

Experimental protocol: MRC-5 and A549 cells were seededa white 96well plateat a
density of 9x18and 7x18, respectivelyn 0.1 ml of cell culture mediumnd allowed to attach
overnight in 5% C@at 37°C. Both cells were then treated wswveral concentrations of
AgNPs of different sizes (7.5, 10, ah@d.5ug/ml) and AuNPs of different sizes (26, 36, and

41 pg/ml) for 24 haurs. Menadione (50 uM) used as a positive control which was incubated
with the cells for 1 hour. After 24 hours incubation, the media containing NPs were removed,
and the cells were washed with DPBS to remove any left absorbedAllPsanufacturer
instruced cells were divided into two groups based on the reaction. A total glutathione lysis
reagent (50 pl/well) was added to the first group and oxidised glutathione lysis reagent (50
ul/well) was added to the second group. The plate was placed on a shakenifautes at

room temperature. Luciferin generation reagent (50 pl/well) was added to both groups with
gentle shaking and incubated for 30 minutes at room temperature. The final step was adding
luciferin detection reagent (100 pl/well) to both groupswgéntle shaking and incubating for

15 minutes at room temperature. Luminescence light was measured on thenodglti
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microplate reader. The experiment was repeated twice, and the GSH/GSSG ratio was

calculated from the generated luminescent signal light{jRising the following equation:

(Net RLU oftreatedotal glutathionei Net RLU of treated GSSG)
(Netl RLU of treated GSSG /2)

GSH/GSSG ratio=

2.2.2.6.3 Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis assay:
apoptosiscell death detection

Assay principle: The mode of cell death was investigated using an Alexa Fluor® 488 Annexin
V/Dead Cell Apoptosis kit. Two stains were used to distinguish between apoptotic and
necrotic cell populations. Alexa Fluor® 488 annexin V dye expresses high binding affinity to
the outer layer phosphatidyl serine (PS), indicating cell apoptosis. Propidium iodide (PI) is a
cell-impermeable dye for intact cells but Pl stain intercalates DNA of compromised cell

membrane indicating cell necrosis.

Experimental protocol: MRC-5 and A549 cé$ were seeded in 2Rell plate at a density of

1x1@ cells/wellin 1.5 ml of cell culture mediurand allowed to adhere overnight5% CQ

at 37°C. The cells were then treated vgdveral concentrations 8igNPs of different sizes

(7.5, 10, and.2.5ug/ml) and AuNPs of different sizes (26, 36, andugIml) for 24 and 48

hours. Cells were incubated with0%) DMSO for 24 hours and Staurosporine (1uM) for 6
hours as the positive necrotic and apoptotic controls, respectively. Cells were detached and
centrifuged at 1,500 rpm for 10 minutes at 4°C. As manufacturer instructed, cells were re
suspended in Annexin binding buffer (AXO0 pl). Pl (1 pl) and Alexa Fluor® 488 Annexin

V (5 pl) dyes were both added tioe cell suspensioandincubated for 15ninutes at room
temperature, protected from light. Prior to analysis, the samples were diluted by adding the

Annexin binding buffer (1X4 0 0 Thelsamples were assessed on the BD LSRFortessa X20
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cell analyser by measuring 10,000 ce€lls avoid signal cerlap between the emission spectra

of the two stains, electronic compensation was performed. The maximum excitation and
emission spectra of Alexa Fluor® 488 Annexin V stain were 488/499 nm, and for the PI stain
were 535/617 nmThree separate experimentere carrieebut. The elicited data were

analysed orfrlowJo software (v10.6.1)

22264Mi t oProbeE TMRM ass aymitochondislow Cyt

membrane potentialhealth assessment

Assay principle: The cellular mitochondrial membrane potential health was measureg us

a MitoProbeE TMRM Kit for FI ow Cytometry.
(TMRM), is a fluorescent cationic lipid soluble dye that accumulates in hyperpolarised
mitochondria in healthy cells expressed by a bright signal. Disruption in the mitociondr

membrane potential of damaged cells exhibits a decrease in the TMRM signal.

Experimental protocol: MRC-5 and A549 cells were seeded ini2ll plate at a density of
1x1C cells/wellin 1.5 ml of cell culture mediurand allowed to adhere overnight5% CQ

at 37°C The cells were then treated welveral concentrations 8gNPs of different sizes
(7.5, 10, andL2.5pug/ml) and AuNPs of different sizes (26, 36, andpgIml) for 24 hours.
Carbonyl cyanide -8hlorophenihydrazone (CCCP) is a potent mitochondrial membrane
depolarisation inducer and was used in this experiment as a positive control. CCCP was added
to cellfree of NPs at a final concentration of B for 5 minutes in 5% C@at 37°C.After
exposure, the clsl were detached and centrifugait 1,500 rpm for 10 minutes at 4°C. As
manufacturer instructed, cells weresuespended in cell culture medium (1 ml) andRM
reagent solution was added on each sample at a final concentraz@niffor 30 minutes

in 5% CQ at 37°C. The cells were centrifugat 1,500 rpm for 5 minutes at 4°C, ared

suspended in DPBS (0.5 ml) for analysis. The samples were analysed by lt&&RBDrtessa
63



X20 cell analyser, counting 10,000 events per sample. The Tkéalyent was excited at 561
nm with an approximate maximum emission wavelength of 585 Timee separate

experiments were carriealt. The elicited data were analysedElowJo software (v10.6.1)

22265FxCycl eE Pl / RNase Stecalicyeleng Sol ut i

progression analysis

Assay principle: The cel l ul ar DNA content was quant
Staining Solution. The PI reagent emits fluorescence through binding to DNA. A histogram
was elicited by flow cytometry based on PI dye intensity quantificafibe cell distribution

was demonstrated in three cell cycle phases (G1, S, and G2). Cells in the S phase express a
brighter signal than in the G1 phase. Cells in the G2 phase, the period following the DNA
synthesis show twice the intensity of cells ie 1B1 phase. Pl dye may also bind to RNA,

therefore, the staining solution contains RNase to degrade RNA.

Experimental protocol: MRC-5 and A549 cells were seeded ini2ll plate at a density of
1x1C cells/wellin 1.5 ml of cell culture mediurand allowed to adhere overnight5% CQ

at 37°C The cells were then treated welveral concentrations 8gNPs of different sizes
(7.5, 10, andl2.5 uyg/ml) and AuNPs of different sizes (26, 36, andiml) for 24 ard

48 hours.Topotecan (1 uM) and Etoposide (10 uM) which arrested the cell ay&4/S and
G2/M phases respectively, were used as positive controls in this experiment following 24
hours incubation with cell#\t each exposure time, the cells were degalcusing trypsin and
collected in a fresh tube. The samples were spun at 1,500 rpm for 10 minutes at 4°C. Cell
pellets were resuspended inltrapure wate(0.25 ml). To fix the cells, cold 70% ethanol (2
ml) was added dropwise to each sample with gewtieexing of the cells. Following that, the
samples were stored at 4°C until the timearnples analysis Thecellswerethen harvested

and washed once with DPBS. As manufacturer instructed, the cell pellet was stained by adding
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FxCycleE PlI/RNase staining solution and
protected from light Around 10,000 events of each sample eveounted using the BD
LSRFortessa X20 cell analysefhe approximate maximum excitation and emission
fluorescence wavelengths of the staining solution (Pl) were 535/617Three separate

experiments were carriealt. The elicited data were analysedElowJo software (v10.6.1)

2.2.2.6.6 mLDH assay: Cell recovery post ANPs and AuNPs treatment

Assay principle: The cells ability to survive and resume normal proliferation following
exposure to toxic concentrations of NPs for 1 day was examined by investigating the

percentage of cell viability of treated cells compared to the untreated group.

Experimental protocol: MRC-5 and A549 cells were seededd6-well plateat a density of
9x1C0and 7x18cells/well, respectivelin 0.1 ml of cell culture mediurand allowed to adhere
overnightin 5% CQ at 37°C. Both cells were then treated with AgNPs of different sizes at a
concentration range of %2.5 pg/ml and AuNPs of different sizes at a concentration range of
26141 ug/ml fa 1 day. After 1 day, the medium was discarded, and the cells were gently
washed with DPBS to remowmboundAgNPs and AuNPs. Fresh madi wasadded to the

cells and incubated for 1, 2, and 3 dayse medium was changedainafter 1.5 dayAt each

time pointof cells recoverythe @ll viability was measured using mLDH assay following the

same protocol described in sect2.2.3.

2.2.3 Toxicological assessment of AQNPs and AuNPs of different sizes in iBDvitro

cell culture model

2.2.3.1 Spheroids prepaiation

3D lung multicellular tumour spheroids were prepared using the liquid overlay method

(Metzger et al., 2011)The 96well platewas pre-coated with sterile 1% agar dissolved in
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water(50pl/well). A549 cells were then seedad®6-well plateat a density 08x1C cells/well

in 0.1 ml of cell culture mediurand incubated for 7 days in 5% &€& 37°C. A549 spherogd

were imaged every day for 7 days using an optical microscope. The growth curkierofdp

was calculated by measuring spheroid circumference sizes using ImageJ software (version

2.0.0).

2.2.3.2 Spheroids morphology and sizechanges

A549 spheroids were prepared as previously describe in se20B.1 At day 4, the
spheroids were treated with Ag10 and Ag80 (5 and 12.5 pug/ml), and Aul0 and Au80 (26 and
41 ug/ml) for 24 and 48 hour§20%) DMSO was used as a positive contidleach exposure

time, the changes in spheroid integrity were imaged usingcabpiicroscopy. The
circumference size of at legd spheroids was calculated before and after exposure to AQNPs

and AuNPs by ImageJ software (version 2.0.0).

2233 LI VE/ DEADE cel | i maging assay: spher

Assay principle: The cytotoxic t y of NPs on spheroids was me
cell imaging assay. A green fluorescent padtmeable dye emits fluorescence upon dye
conversion by intracellular esterase. A bright green fluorescent signal indicates live cells. In
contrast, a red dlorescent celimpermeable dye emits fluorescence once the dye binds to

DNA. A strong red fluorescent signal indicates membieorepromised dead cells.

Experimental protocol: A549 spheroids were treated on day 4 with Agl0, Ag80 at
concentrations of 5 an®5 pg/ml, and Aul0, Au80 at concentrations of 26 4hpg/ml for

48 hours. At least 16 spheroids per treatment were centrifugedQft rom for 2 minutes at
4°C. The media was thearefully discarded to avoid disruption of spheroids. Spheroids were

then resuspended in DPBS (100 pl) and gently transferreddmenber culture slides (Falcon
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Fisher Scientific, Loughborough, UK). As manufacturer instructed, the spheroids were stained
with a staining mixture and incubated for 15 minutes at 20°C, prot&ciedlight. Stained

spheroids were immediately imaged using a confocal laser microscope Zeiss LSM 780 (Carl
Zeiss Microscopy, Jena, Germany). The excitation and emission maxima of the green

fluorescent dye were 488/515 nm and for the red fluorescent elye5¥0/602 nm.

2.2.4 Impactsof AgNPs and AuNPs of different sizes on cell signalling pathways

2.2.4.1 Western blot technique: protein detection

Assay principle: Western blot is a serguantitative technique used to investigate specific
proteirs from a complexmixtureof cell lysate Proteins are separated based on their molecular
weight by SD&polyacrylamide gel electrophoresis (SPAGE). The separated proteins are
then transferred into a nitrocellulose membrane, which was detected by a specific primary
antibaly to the target protein. Then secondary antibody binds to the primary antibody, which
conjugated with Horseradish PeroxidgdstkP) enzyme that generates luminescence upon

adding enhanced chemiluminescence to the membrane.

Experimental protocol: MRC-5 andA549 cells were seedeth 6-well plate at a density of
5x1 cells/well in 3 ml of cell culture mediuand allowed to adhere overnight5% CQ at

37°C. Both cells were then treated with AgNPs of different sizes at a concentration range of
1.2510 pg/ml and AuNPs of different sizes at a concentration rand&iefl pg/ml. After

24 hours incubation, the mediasdiscarded and the cells were lysed on @&npiate using

cold NP40 lysis buffer (10Qul) containing a protease inhibitor mixtur@aple 2.4).
Radioimmunoprecipitation assay (RIPA) lysis buff@é0@ ul) was used to lyse cells of
membrane proteins. Cell lysates centrifuged at 10,000aph® minutes a4°C. Supernatants

were collected, and the total protein concentrations were measured using the Bradford assay
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as described in section 2.2.4Resolving(Table 2.5) and stackingTable 2.6) gels were
prepared to load the protein samples. The percentage of resolving gel was prepared according
to the molecular weight of the protein of interest. Cell lysate samples were loaded (20 pg/20
pl) on SDSpolyacrylamide gel to separate the proteipelectrophoresis and run the gel at

180 V for 1 hour in running buffefT@ble 2.4). The protein ladder (5 ul) was loaded as a
marker of molecular weight size. Then the proteins were transferred from the gel to
nitrocellulose membrane (Amersham Pharmacia Biotech K.K., URpat for 1.5 hour in
transfer buffer Table 2.4). Nitrocellulose membranes were stained with Ponceau stain and
washed with ultrapure water. Membrariedking was performed as the following step for 1
hour using blocking buffefTable 2.4), and then washed wiifris-buffered saline and Tween

20 (TBST) buffer (Table 2.4). Membranes were incubated with a primary antibody of the
protein of interest at certain dilutions, according to the supplier instructions, and incubated
overnight at 4°C with gentle shakinjo remove nonspecific binding of the antibody, the
membranes were washed with TBST buffer and then incubated for 1 hour with Antirabbit
IgG, HRRIlinked secondary antibody at Z5with gentle agitation. Membranes were washed
again with TBST buffer, and theenhanced chemiluminescence (ECL) was added on the
membrane to develop signals that visualised and imaged on G: Box Chemi XRQ (Syngene,
Cambridge, UK). The intensity of developed bands in different lanes was quantified using the
ImageJ software (version@®0). Glyceraldehyde-Bhosphate dehydrogenase (GAPDH) was
used as a loading in all experiments unless otherwise spegifiedperiments were repeated

at least twice.

Di fferent primary antibodies were assesse
instruction. The following are the antibodies used in this study, including the dilution and
product code provided by cell signalling technology (Beverly, MA, USYT (1:1000,
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C67E7), AntirabbitigG, HRRIlinked antibody (1:2000, 7074), DvI2 (1:1000, 30D#®),
Catenin sampler {Cat eflnl@ao0 -TubBudny(11D0D,®FR3R ) , b
GAPDH (1:5000, D16H11), GS8 b (1: 1000, 27C10), Lamin B1
(1:100, C47E12), mTOR (1:1000, 7C10), PDK1 (1:1000, 5662S), PhasRab (Ser259)

(1:1000, 9421T), PhsphGSK-3 b ( Ser 9) ( 1: 100 ePDK1 SReRAN 2) ,
(1:2000, C49H2), PTEN (1:1000, 138G6);Q¢dherin (1:100, D4R1H), and nphospho

( Act rCaten)n (Ser33/37/Thr4l) (1:1000, D13A1).

Table 2.4. Western blot buffers.

Buffer Component

Running buffer 190 mM glycine, 25 mM Tridbase and 34.6 mM SDS

Transfer buffer 39 mM glycine,48 mM Trihase and 20% (vAhethanol

Blocking buffer 5% (w/v) nonfat dry milkdissolved in TBST

Washing bufferTBST 150 mM NacCl, 50 mM Tridase (pH=8.3) and 0.2% (v/v) Tweer
2

NP40 lysis buffer 180 (v/v) NP40, 50 mM Trig¢dCl (pH=7.5), 1 mM EGTA, 1 mM

EDTA, 1 mM Na orthovanadate, 50mM Na fluoride, 5 mM Na
pyrophosphate and 0.27M sucrose

Protease inhibitors 0.1 mM PMSF, 1 mM Benzamidine and 0.1% (v/v) 2
mercaptoethanol
Cytoplasmic buffer 10 mM HEPES, 60 mM KCI, 1mM EDTA, 0.075% (v/v) NP40,

mM DTT and 1 mM PMSF

Cytoplasmic buffer without 10 mM HEPES, 60 mM KCI, 1mM EDTA, 1 mM DTT and 1 mh
detergent PMSF

Nuclear buffer 50 mM HEPS, 250 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA,
0.1% (v/v) NP40, 0.1% Glycerol, 10 mM Na fluoride, 10 mM N
orthovanadatd mM DTT
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Table 2.5. Resolving gel preparation (15 ml).

Component 10% 15%
1.5 M Tris (pH= 8.8) 5 ml 5ml
30% acrylamide 4 ml 7.5 ml
Water 5.9 ml 2.4 mi
20% SDS 75 ul 75 ul
10% APS 75 pl 75 ul
TEMED 25 pl 25 ul

Table 2.6. Stacking gel preparation (5 ml).

Component Amount
0.5 M Tris (pH= 6.8) 0.62 ml
30% acrylamide 0.833 ml
Water 3.82ml
20% SDS 25 ul
10% APS 50 pl
TEMED 5 pl

2.2.4.2 Bradford assay: protein concentrationmeasurementprior to western

blotting

Cell lysates were loaded in a nsterile 96-well plate in triplicate. Bovineserum albumin

(BSA) was used as the protein standard at a concentration range of D.A2ml. BSA
standards were loaded at a volumesgfil/well, andcell lysate samples were loadatla
volume of 2 pl/well. Bradford reagent was then added to all wells (280 pl/vwtk.
absorbance of 595 nm was detected on the plate reader and the waspleepared at a
concentration of 1 mg/ml in sodium dodecyl sulphate (SDS). Samples were heated at 90°C for

5 minutes to denature protein and store@@tC.

2.2.4.3 Cytoplasmidnuclear]l oc al i s-aatenimn of b

The cytoplasmic and nuclear fractiooEMRC-5 cells treated with Ag10 were separated to
detect theb-catenin protein expressiopsesenin both cytoplasm and nucleuMRC-5 cells
were seedeth T75 flaskat a density o#.5x10° cells per samplén 10 ml of cell culture

medium Cells were exposed to Ag10 at concentrations of 2.5, 5, apd/a® for 24 hours.
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As illustrated inFigure 2.1, the media \&saspirated and cold DPBS (10 ml) was added to the
cells and gently detached using a scraper. Cell suspensions were centrifuged at 1f600 rpm
10 minutes a#°C. Cytoplasmic lysis buffer (25@) (Table 2.4), was added to cell pellets and
incubated for 20 minutes on ice with periodic agitation. Cell lysates were centrifuged at
7,000rpm for 10minutes4°C. The supernatants, cytoplasmic lysate, were transferred into a
fresh cold microcentrifuge tube and kept on ice. Cell pellets were washed with cytoplasmic
buffer without detergent (200l) (Table 2.4) and centrifuged at,000rpm for 10minutes at

4°C. Cell pellets containing cell nucleus were then lysed by adding nuclear lysis buffer (140
pl) (Table 2.4) and incubated on ice for 40 minutes with periodic agitation. Nuclear and
cytoplasmic cell lysates were centrifuged at 13,00 for 30 minutes at 4°C. The total
protein concentration was measured by the Bradford assay as described inZg2cti@n
Wesern blot was performed as described in sec2@¥4.1 and three separate experiments

were carrieebut.
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Transfer cells i
to the tube
Treatment group: Aspirate media Centrifuge at 1,500 rpm, 4° C,
-Unntreated cells Gentel scrape with cold DPBS for 10 minutes
-Agl10 (5 pg/ml)
-Ag10 (10 pg/ml)
-Agl0 (12.5 pg/ml) Remove
supernatant
\ 4
g Resuspend 1 Transfer 1 Incubate for =
pellet T supernatant 20 minutes
Addd cytoplasmic buffer Cytoplasmic lysate Centrifuge at 7,000 rpm, 4° C, Add cytoplasmic lysis buffer

without detergent (200 pl) in fresh cold tbe for 10 minutes (5x pellet volume)

Incubate for

10 minutes

\ 4
= — — —
Remove Incubate for Transfer T
supernatant 40 minutes supernatant il
Centrifuge at 7,000 rpm, 4° C, ~ Add nudlear lysis buffer (2/3the  Centrifuge at 13,000 rpm, 4° C, Nuclear lysate
for 10 minutes pellet volume) for 30 minutes in fresh cold tube

Figure 2.1. Schematic flow chart of cytoplasmic and nuclear fractions samplereparation. Scheme
generated with BioRender.com
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22441 mmunohi st ochemi st rcatenmexresgieni s (| HC)

MRC-5 cells were seeded 8-well chambered slidest a density 025x1G cellsin 0.5 ml of

cell culture mediunand incubatedvernight to adherm 5% CQ at 37°C. Cells were treated

with Ag10 at a concentration range 26- 10 pug/ml for 24 hours. (4%) paraformaldehyde
(500 pul) was used to fix the cells for 10 minutes at room temperature. Cells were then washed
with DPBS thredimes for 10 minutes. (3%) BSA and (0.1%) Tritosil®0 were used to block

the cells for 10 minutes at room temperature. After three washes with DPBS for 10 minutes,
cell s wer e tcaenin antbody dilutediintDRPBSkontaining (3%) BSA (1:400)

for 1 hour at room temperature. After three washes with DPBS for 10 minutes , the cells were
incubated witlGoat antirabbit conjugated to Alexa Fluor §8blecular Probefugene, OR,

USA) dilutedin DPBS containing (3%) BSA (1:400) for 1 hour at room terafuge. The cells

were then washed three times with DPBS for 10 minutes to remove unbound antibodies and
mountedn vectashield with DAPIThe slides were imaged using a confocal laser microscope
Zeiss LSM 780 at excitation and emission spectra of 360#46€r DAPI and 594/617 for

labelledb-catenin.

2.2.4.5 Wn t -takenin pathway activation by Lithium Chloride (LIiCl)

Li ClI a c t i-cataninathwayy thefirect inhibition of GSKfactivity (Xia et al.,

2017a) Il n t hi s e sxgieain pathveay Wwas aciivated/inbthe cells by LIiCl prior
exposuretoAgllni order to investigate -taesnpatgwhy) pot
MRC-5 cells were seeded 6-well plate at a density of 5x30ells/well in 3 ml of cell culture
mediumand incubated overnight B2 CQ at 37°C. Cells were treated with LiCl (2GM),

Ag10 (5, 10 and 12.5 pg/ml) for 24 hofRgure 2.2-A). Other group of cells were exposed

to LICl and then to Ag0 as shown irFigure 2.2-B, in follows: cells treated with LiCl (20
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mM) for 12 h then fresh media was added for 24 hancsells treated with LiC(20 mM)
for 12 hours were exposed to Ag10 1B and 12.51g/ml) for 24 hoursFollowing the desired
incubation, the cells were lysed using NP40 lysis buffer and western blot analysis was

performed as previously described in secBidh4.1

Untreated cells LiCl (20 mM) Lyse the cells
] fl = NP40 lysis buffer
| /
' 2 3 ‘ et
A C O c T« @24 hours
> Agl0 (5 pg/ml) Aglo(10pg/ml)  Aglo (12,5 pg/ml) >
9@ 1 W
o a O T o “e . 0 5
i -.._..'.. o o o -
. < . .. . - 0 . . .Il &
LiCl (20 mM) LiCl (20 mM)
1 2 3 1 T e T Aspirate media
o SR ene SO, Wash with DPBS

o000 [ |FE
) ° * - '.' .. el - ..' ..
— L i g
B C C c - LiCl (20 mM) ) LiCl (20 mM) >
¢ [

. e . S
. .
treat with
v
Lyse the cells Fresh media Agl0 (5 pg/ml)
NP40 lysis buffer l
/ Ao B
(® 24 hours | J S ereele :
<
Agl0 (10 pg/ml) Agl0 (12.5 pg/ml)
Sy : &5

o o S5l e *ie o .

Figure 2.2. Schematic flow chart of cells treated with LiCl and Ag10Scheme generated with
BioRender.com.
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2.2.4.6 Wn t -tabenin pathway activation by Wnt agonist |

Wnt agoni st -tateninnpdtuvayewsthowvinterfering with GSXb a c(tiu vi t y
etal,2005) I n t hi s e xgeain patheay tvas actvated/inbthe cells by Wnt
agoni st | prior exposure to Agl1l0 in order t
catenin pathway. MRG cells were seeded iat 6-well plate at a density of 5x@ells/well

in 3 ml of cell culture mediurand allowed to adhere overnighti#e CQ at 37°C. The cells

were then treated for 24 hours with the followikignt agonist | (10 uM), Wnt agonist | (25

pM) and Ag10 (10 pg/mlfFigure 2.3-A). Other cells were exposed to Wnt agonist | and then
treated with AG0 as shown irFigure 2.3-B, cells wereexposed to Wnt agonist | (Ehd 25

pMM) for 12 hours were treated with Ag10 (10 pg/ml) for 24 hotrsllowing the desired
incubation, the cells were lysed using NP40 lysis buffer and western blot analysis was

performed as previously described in section 2.2.4.1.
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Figure 2.3. Schematic flow chart of cells treated with Wnt agonist | and Ag1l05cheme generated with
BioRender.com.
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2.2.5 Statistical data analysis

The data presented were analysed using GraphPad Prism software Version 8.1.2 (San Diego,
CA, USA). All experiments were carried out at least for three independent timless
otherwise specifiedanddisplayed in all graphs as mean values + standarcu@vi(SD).

Oneway and tweway ANOVA with T u k eBosttsoc test for multiple comparisons were

used based on the type of data of multiple variances. Statistical significance differences
between treatment group and untreated group were expressed as)(F &*) p < 0.002;

(***) p <0.0002 and (****) p < 0.0001. Statistical significance differences between different
treatments were expressed as a = p < 0.05 versus cells incubated with the same concentration
of Ag10 or Aul0; b = p < 0.05 versus cellsuibated with the same concentration of Ag40 or

Au40 and c = p < 0.05 versus cells incubated with the same concentration of Ag80 or Au80.
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Chapter 3

Toxicological assessment of AQNPs of different sizes
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3.1 Introduction

AgNPs are largelyncorporated in many industrial products and intensively explored for
various biomedical applications becaw$e¢heir powerful characteristi¢soss Hansen et al.,
2016) However,safetyconcerns have begrownover the usage AAgNPsasthey exhibit
potential health riskChawla et al., 2018Yhe role of nanotoxicological studies is to examine
NPs to determine their benefits versus their role in inducing cell injury and adverse signalling
events.In this work, systematic assessments weeggrmed to studythe impact of AgNPs
size in underlying toxicityn the lung cell culture modellt was crucialat the beginningo
characterise the AgNPs using different methods including TEM and tbL®nfirm the
propertiesand more specifically the size of the purcliadgNPs The next section of the
chapter focuses on thexicity assessmentd AgNPsin the2D monolayer cell culture model
Several toxicity assays were perfornsedth as mLDH, MTT and Annexin V/PIl ass&ygain
moreunderstanithg onthetoxicity effectthatcan beassociatewvith the size of AQNPdt was

also of interest teompare the influence of AgQNPs sizetbie cytotoxicity in 2D monolayer

and3D multicellular spheroid cell culture modgel

3.2 Characterisations of AgNPs dlifferent sizes

Different NPs physiochemical propertiegntriggerdiversebehaviours upon theinteraction
with cells(Sukhanova et al., 2018, Luyts et al., 2013)erefore, to study the toxicity of the
NPs,the key tool ido first determine theharacteristic of thBlPs. The aim of this subsection
was to characterise the purchased AgMith size of 10, 40 and 80 nmmsing different
approaches in order to assess their size, morphology, surface charge, and statality in

culturemedum.
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3.2.1 Results and discussion

3.2.1.1 Size measurement

The size of the AgNPs were characterised using different techniques, inCTieNhgDLS,

and ultravioletvisible (UV-Vis) spectroscopyTEM was used to determine the morphology

and particle sizéistribution of the three AgNPs sizes. The microscopic images revealed the
spherical shape of AgNPBifure 3.1). The size distribution was estimatedrbgasuring the
particles diameter and counting of at least 200 particles using Image J software (version 1.52a).
As shown inFigure 3.1 A-C, the calculated average sizes of Ag10, Ag40 and Ag80 were

corresponded to the measured size specified by the manufacture.

Next, the zaverage particle size and polydispersity index (PBthe spherical AQNPs were
analysed using DLS. Theawverage size is assessed by measuring the hydrodynamic particle
size of the entire population present in the samfdepresented ifable 3.1, the reported z
average sizes were within the primary sizAgRNPs The PDIrepresentthe degree of particle
heterogeneity in the sampded a PDI value greater than (> 0.7) indicates therbgenous

size distribution of a samplélughes et al., 2015, Danaei et al., 208)rein, he measured

PDI values revealed that NPs werauniformly dispersed in the solutigiable 3.1).
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Figure 3.1. TEM micrographs and the size distributions of AgNPs of different sizeMicrograph images
with the size distribution ofX) Ag10; B) Ag40 and C) Ag80. The size distribution of AgNRepresergthe
meanaverage size SD (n=200 particles measuredby using Image J software
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Table 3.1. Summary the characterisations of AQNPs

Characterisation Method Agl0 Ag40 Ag80
Morphology TEM Spherical Spherical Spherical

Average size (nm) TEM 11+2 41+ 2 81+8

Z-average size (nm) DLS 10+5 43+ 2 81+1

PDI DLS 04+0 0.2+0 01+0

g-potential (mV) DLS -32+5 -39 +3 -43 £6

& max (n UV-Vis 394 415 465
Symbol : PDI (Pol-podéspieabki(yei adp adbsomtionvealelength)ee ma x

AgNPs exhibit optical properties whielible hem to interact with light at specific wavelength
(Wei et al., 2015)Here, U\LVis spectroscopwas usedo detect the plasmon absorption peak
of AgNPs. Asdemonstrateth Table 3.1, themaximum absorption wavelengthrax)of the
AgNPs was reghifted along with an increase in AgNPs sikke red shift of the absorption
spectra is an indication of increasing in &gNPs sized Dadosh, 2009)Taking all together,
the reported size of AgNPs of three sizes indicated their size stability in dispansitre

sizeswerecorresponding to #primarysize of Ag10, Ag40 and Ag80.

3.2.1.2 Surface charge analysis

The surface charge dAgNPs may impact their cellular internalisation as well as their
biological respons@arbasz et al., 2017The surface charge was analysed by measuring the
zetag ) p o.The retordedtpotentialvalues weranegatively chargefor the three sizes

of AgNPs(Table 3.1). Negative charge is attributed to the presence of sodium citrate coating
on the particle surfacelhe results confirmed thstability of AgNPs dispersion against
aggregation, as thepotental values were within the optimal magnitude value, which is more

than-30 mV (Lowry et al.,, 2016) The observed increases in ti@otential values with
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increasing in AgNPs size can be&plained as result of the higher citrate density on the

surface of theéargerparticles (Nandhakumar et al., 2017)

3.2.1.3 AgNPs stability in cell culture media

In general, the cell culture media consists of different components that provide nutrients to
cells, including proteins, sugars, vitamins, and amino dcifls | i | e Varigu$factors2 0 1 5 )
can significantly influence the potential interactiolAgiNPs with the cells, including protein

corona and aggregates format{@ohen et al., 2014Yherefore, it is €sential to consider the
interaction ofAgQNPs and cell culture mealicomponentso understand any conseqaen

changes IAgNPs size. Heiig, the differently sized AgQNPs were incubated at 37°C in a cell
culture medidn the presence or absence of foetal bovine serum (BB&)oncentration of

10 pg/ml for 30 minutes, 24 hours, and 48 hours.

The hydrodynamic size distributions of AQNPs of the¢hsizes in an EMEM and Ham's F

12 Nutrient Mixture with serum (10% FBS) were measured using DLS. As shovabla

3.2, the zaverage sizes wenacreased in all three sizes of AgQNPs upon their incubation with
EMEM including FBS(10%) for 30 minuteand 24 hoursThe zaverage sizes after 48 hours
illustrated a decrease in the sizes, which returned teriheary size of AQNPs The size
measuremestof the AgNPs incubated with Ham'a.E Nutrient Mixture medium with serum
(10% FBS) are presented ifiable Al), which demonstrated similar changes in treverage

size of AgNPs of different sizes as found in EMENMhe changes in AgNPszescould be
indicated the development of AgsHBrotein complexIt was suggested thattratecoated
AgNPscan easilyinteract with the proteins and components of the cell culture media due to

the weak binding of the citrate stabiliser with the Ag\\P&li | i | et al . |, 2015)
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Table 3.2. The stability of AgNPs in EMEM with or without (10%) FBS by measuring the sizausing DLS.

Z-average sizes of AgNPs in EMEM witl{10%) FBS
30 mins 24 hrs 48hrs
AgNPs
Size PDI Size PDI Size PDI
Agl0 55+1 0.4 0 40 3 0.7 £0 14 +0 0.50
Ag40 62 +1 0.2 0 63 1 0.2 0 38 1 0.2 0
Ag80 121 £3 0.1 0 13211 0.1 0 82 +0 0.07 0
Z-average sizes of AQNPs in EMEM without10%) FBS
30 mins 24 hrs 48hrs
AgNPs
Size PDI Size PDI Size PDI
Ag10 15N45 0.\0 | 30ON®1| 0.\60. | 91 NT 0| 0.RBO
Ag40 18aAO0 0 . K60 41N®9 0.R60. | 2368Q22 0 .o
Ag80 18 N5 2 1NO 48MN43| 0.80. | 43422 1 NO

Furthermore, the-average sizes of the AgNPs in the EMEM without serum (10% FBS) were
measured. The reported average sizes of AgNPs of the three sizes were above 1,000 nm with
high PDI valuedetween 0.4 (Table 3.2). Theprecipitationand aggregationf the AgNPs
were clearly observed after AGNPs incubation with EMEM media without serum. This could
be due to the presence of ionic salts suckodsum pyruvate and sodium bicarbonat@igh
concentrations with low concentration of proteins and amino acids in the cell cultutermedi
(Allouni et al., 2009)The presencef FBSin thecell culturemedum helps to stabilise the
AgNPsby formationof protein corongGliga et al., 2014)The stability of AgNPsprotein
binding is dependent on the binding energies which may form soft or hard ¢Gasss et

al., 2010)Following characterisations of AgNPhginextgoal of this study was to investigate
the impact of AgNPs size a 2Din vitro cell culture modelThe following section is devoted

to studying and discussing the toxicity of AgNPs of different sizes.
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3.3 Toxicological assessment of AQNPs of different sizesi2Din vitro cell culture
model

The toxicity profile of AgNPgan be greatly influenced by their different sigggkhanova et

al., 2018) The aim of this section was to study the impact of AgNPs size in eliciiigse
biological responses and subsequent toxicit2nin vitro cell culture moded Systematic
toxicity studies were conducted, beginning with a biocompatibility assessment tha
investigatedhe cytotoxicity effect of three different sizes of AgNPs in healthy and cancerous
lung cells with measuring thB0% cytotoxic concentrationCC50 value of each size of
AgNPs. Then, theinderlyingmechanisms of toxicitpf AgNPswere investigated including

theinduction ofapoptosismitochondrial dysfunction, oxidative stress, and cell cycle arrest.

3.3.1 Results and discussion

3.3.1.1 Cell viability assessment of sodium citrate stabiliser

The AgNPs dispersiosn used in thisstudy were stabilised with sodium citrate (2 mM).
Therefore, the potential cytotoxic effect of sodium citratating on cells needs to be
considered. Herein, the toxic effect of sodium citrate was investigated to confirm that the

observed toxicity induced by AgNPs themsslwnot thecoating

First, a cytotoxicity study was performed using a modified lactate dehydrogenase (mLDH)
assayHerein,the modified version of LDH assay was usexhnindirect method to assess
cytotoxicity instead of theonventional methotb be consistent witthe toxicity assayused

in AgNPsandto easycorrelate thebservedoxicity of citrateto AgNPstoxicity in the next
subsectionBoth MRG5 and A549 cells were treated with 1nd¥lsodium citratevhich was
equivalent tousing 10 pg/ml of AgNPsin stabiliser The results revealedo considerable

toxicity can be associated withe exposure ofodium citrateat concentration of 1 mM to
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both cell linesdor 24 and 48 hourwith cell viability detected between 98% 88% (Figure

3.2 A and B).

Anot her cell viabil ity met ho dassaydlsis assaynvdsu ct e d
used as a direct method to asgésscytotoxicity of sodium citrate whiameasurethelive

and dead cells Different concentrations of sodium citrate were tested for cytotoxicity to
identify the maximum safe concentration of sodium citds#®C-5 cells were exposed for 24
hours to sodium citrate at concentrations of 1.25, 1.5, and 1.7 mM which were equivalent to
using of 12.5, 15, and 17 pg/ml of AgNPs in stabiliser. The data showed a concentration
dependent toxicity of sodium citrate, irhieh 40% cell death was detected with the highest
concentration of 1.7 mMFigure 3.2 C-G). As can be seen, sodium citrate coating can
demonstrate toxicity at certain concentratidt@wever, the concentrations testextedid not

show potential toxicityn theliterature(Xia et al., 2018l.an et al., 1999, Nguyen et al., 2020)
Theobservededuction of cell viabilityin this studyis mostprobablydue to the use of high
volume of sodium citrate to treat the cells, aro86&6 of total volumet a concentration of

1.7 mM, therefore, the amount of nutrient exposed to cells was linamedthis may trigger

the cell deathThe present results were consistent with a study conduct&delege et al.
(2012) who assumed that cellular exposure to a high level of sodium citrate on AuNPs surface

may potentiate the toxicity effect of the AuNPs without influencing the AuNPs uptake rate.
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Figure 3.2. Cell viability assessment of MRG5 and A549 cells treated with sodium citratePercentage of

cell viability following sodium citrate treatment with concentration of 1 mM for 3, 24 and 48 houtg MRC-

5; and B) A549 cels. DMSO (20%) used as positive control. Bars represent the mean + SD (n=3). (**) p <
0.002; (***) p < 0.0002 and (****) p <0.0001 versus untreated group by ANOVA test. The cell viability was
measured using LIVE/DEAD Cell Stain Kit by flogytometry after treating the MRE cells for 24 hours with
different concentrations of sodium citrat&s follows:(C) untreated cells;@¥) DMSO (20%) used as positive
control; Sodium citrateR) 1.25 mM; ) 1.5mM and G) 1.7 mM.

87



3.3.1.2 Cell viability assessrant of AgQNPs of different sizes

The cell viability and metabolic activity were assessed using mLDH and MTT assays to
measure theell viability of AgNPs and to identify their sizetime, and concentration
dependent toxicity. First the amount of LDH in healthy cells was measured using mLDH
assay. The total amount of LDH was expressed as a percentage of the viable cells
corresponding to the untreated group. Both MRR@nd A549 cells were exposed to AgNPs

of different sizes witlaconcentration range between 0.625 to 15 pg/ml for 3, 24, and 48 hours.
As illustrated inFigure 3.3 A and D, there was no observable toxic effect after 3 hours of
MRC-5 and A54%cells incubation with Ag10, Ag40, and Ag80. After longer incubation times
(24 and 48 hours), no significant reduction in cell viability was observed at low concentrations
(0.625 to 5 pg/ml) of AgNPs of different size exposedtdh healthy and cancerousb

cells The cytotoxicity was relatively increased over longer time of incubations with high
concentrations (7.5 to 15 pg/ml) of the three AgNPs siEagu(e 3.3). The cell viability
findings indicated that the cytotoxicity effect was dependent on the AgNPs size, concentration
and exposure time. Around Z&Xell viability was observed at 24 howfexposuravith high
concentration of Ag1l0 and Ag4Ohereas60-75% cell viability was reported wittAg80,
demonstratinghehigher biocompatibilityof larger AGNPs size when comparedhesmaller

sizesin both cell lines
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Figure 3.3. Cytotoxicity assessment of MRE and A549 cells following exposure to AgNPs of different
sizes using mLDH assayCell viability percentage of AgNPs of different sizes usimgpncentration rangef
(0.625 15 ug/ml) after 3, 24 and 48 hours of incubationAe®) MRC-5 and D-F) A549 cells. Data represent

means + SD (n3).
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The CC50 values were estimated according to the cell viability data from the mLDH assay
using GraphPad prism 8 software. A®wn in Table 3.3 both normal and cancerous lung
cells demonstratesignificantlylow CC50 values for Ag10 and Ag40 when compared to Ag80

at 24 hours of exposurA.similar trendof sizedependent effeatas reportedrom the CC50
values of A549 cell following 48 hours of incubation, wheitbashree size illustrated similar

toxicity pattern withMRC-5 celks.

It can be concluded that there was a positive correlation between AgNPs size and toxicity.
Comparing the CC50 vabds between the healthy and cancerous lung cells, it was clear that
the A549 cells were more sensitive to Ag10 and A40 than the-§IB€ls. On the other hand,

the larger particles (Ag80) demonstrated greater toxicity in the {dR€lls than A549 cells

at loth time pointgTable 3.3. This can be due to a difference in the mechanism of AgNPs
cellular internalisation between normal and cancerous lung cells. Cellular uptake of AgNPs

was studied in the following subsection.

Table 3.3. The CC50 values of MRG5 and A549 cells treated with AgNPs of different size3he estimated
CC50 values from mLDH and MTassaysfter 24 and 48 hours of MREand A549 cells exposure to AgNPs.
The values are mean £ SD (n=3). (*) p < 0.05 versus other cell line by ANOVA test. ¢ = p < 0.05 \g88us A
of the sameell line andexposure time by ANOVA test.

_ CC50 from mLDH (pg/ml) CC50 from MTT (ug/ml)
. Exposure time
AgNPs size MRC-5 A549 MRC-5 A549
(hours)
Aal0 24 15.8+ 0.8 12.4 +0.6°° 12.3+£0.8 10.1 +1°
J 48 10+1 7502 1307 10.1+ 1
24 143 +1° 11.9+1.3F 109 +1° 9.2+1°
Ag40
48 10+1.1 6.8 + 1.5+ ¢ 11.3+1 8+08
24 20.4 £ 0.7 26.8+1 142+1.2 15+1
Ag80
g 48 114 +1.1* 153 1 105+0.8 11+ 07
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It is important to mention that the observed reduction in cell viability following exposure to
high concentrations of AQNPs can be mediated by the presence of sodium citrate stabiliser
and/or insufficient nutrient provided in the cell culture medium. Adotis% of total volume

of AgNPs in cell culture medium was usedabncentration of 15 pg/ml. In this experiment,

we intended tdesthigh concentratios of AQNPsto be able to estimate the CC50 value.
However, based on th@evious toxicityfindings of sodium citratea concentration ofL..25

mM of sodium citratevhich wasequalto the use of12.5 pg/mlIAgNPswas selected to be the
highestAgNPs concentration can be used in this stadylimit the potentily detrimental

effectof sodium citratestabiliser.

Then, the MTT assay was performed by quantifying the metabolic activity of the healthy cells.
Both cells were treated with concentrations ranges of- 1L.25ug/ml for 24 and 48 hours.
Concentratiordependent toxicity was detected for both the MR@&nd A549 cks at both
exposurdimes(Figure 3.4). The estimated CC50 values were measured based on the obtained
data from the MTT assags shown irTable 3.3 It was noticed that the CC50 values of Ag10
and Ag40 were the lowest in both Ickhes after 24 hours compared to the CC50 values of
Ag80. However the CC50 valuesevealedno sizedependent toxicity as well a® further
toxicity wasinducedoverlonger exposuréme (48 hours)in both cell lines Moreover, the

MTT data demonstrated that AgNPs of different sizes have induced similar cytotoxicity trends
in both healthy and cancerous lung cellsus can be explainday AgQNPsmaynot primarily

target the mitochondriametabolic functionthereofno ultimate effectwas observedwith

longer cellular exposure #gNPsbut it possihby there are other causesAgNPstriggering

toxicity.
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Figure 3.4. Cytotoxicity assessment of MRE and A549 cells following the exposure to AgQNPs of different
sizes using MTT assayCell viability percentage of AgNPs of different sizes usingoncentration rangef
(1.25 15 pg/ml) after 24 and 48 hours of incubation AEB) MRC-5 and C-D) A549 cells. Data represent

means £SD (n3).

The cytotoxicity pattern of AQNPs obtained from both mLDH and MTT assaysestaosize
dependent effect after 24 hours of exposuredifferent sizes of AgNPs. Howevethe
cytotoxicity findings from mLDH assay showed that AgNPs were significantly reduced the
cell viability compared to the cell viability detected in MTT assay after 48 hours of incubation.
It is most likely thaAgNPs did not directly affect the mitochondrial functeomdtheypossibly
mediaed cytotoxicity by other mechanismsdt should be noted that the findings from both

assays can not be comparable as the MTT assay measured the metabolic activity as indirect
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indication ofviable cellswhereas mLDH assay assessed the amount of LDH rdléase

live cells that survived after AQNPs expos(id -Boucetta et al., 2011)

The cell viability data from mLDH and MTT assays showed-dizgendent toxicity at 24
hours in healthy and cancerous lung c8ligedependent toxicity effects deted in this study
agrees with the findings by other researchers who used different AQNPs sizes and cell types
including AgNPs sized 4.7 and 42 nm in human liver carcinoma and leukaemi#calts

et al., 2014) citratecoated AgNPs sized 5 and 50 nm in human bronchial epithelial cells
(Lebedova et al., 2018ritratecoated AgNPs sized 20 and 110 nm in human bronchial
epithelial(Wang et al., 2014 andcitratecoated AgNPs sized 10, 20, 75, and 110 nm in human
colorectal carcinoma cel(®Villiams et al., 2016)Several explanations have been suggested
for the potency and drastic toxicity of smaller sized AgNPs compared to their larger
counterparts. One suggestiis the dissolution of AQNPs into silver ions in the culture medium
(Mcshan et al., 2014)The dissolution rate is expected to be higher for the smaller size of
AgNPs because of their higher surface area, thereof tend to be more reactive. This observation
was reported following P\Meoated AgNPs sized 5, 20, and 50 nm exposure to seypesl

of cellsincluding human lung adenocarcinoma epithelial cells (A549), human stomach cancer
cells (SGG7901), human hepatocellular carcinoma cells (HepG2) and human breast
adenocarcinoma cells (MCH (Liu et al., 2010, Mcshan et al., 2014he extracellular
released of silver ions in the cell culture medium have a high affinity for binding to the thiol
moiety of the proteins in the cell membrane lead to compromised cell men{Gizere and
Schluesener, 2008, Liu et al., 2010he second suggestion is the intracellular dissolution of
AgNPs by Trojarhorse mechanisr(Singh and Ramarao, 2013) was suggested that the
internalised smaller sized AgNPs can morsilgalissolve and release high amount of silver
ions inside the cells which lead to cell damage in human bronchial epithelial cells{EBHAS
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following exposure to PVieoated AgNPs sized 5, 25, 50, and 110(@hga et al., 2014)
The third suggestion is that the AgNé&lular uptake mechanism and rate may vary based on
AgNPs size whichwas observed in human astrocytoma (1321N1) and human lung

adenocarcinoma epithelial cells (A549)u et al., 2010, Varela et al., 20).

AgNPs hae shownmuchinterestto be use@sa cancer teatmentlt was claimed by several
studiesthe anticanceactivity of AgQNPsis due to their antiproliferativpropertiegAsharani
et al., 2009a, Venugopal et al., 201HAence, thetoxicity profile of AgNPssuggested as
anticancer agent should be carefully congdéowardtheirimpacton healthy cellsHerein,
AgNPs ehibited toxicity againstboth healthy and cancerous lung cellst the tested
concentrationdndeed thepreliminarydata obtained frormLDH assay revealed the toxicity
of AgNPson each cell linesvas dependent on siZz€he cancerouking cells demonstrated
high sensitivity toward Ag10 whereas the healthy lung cells were greatly affected by the larger
sizeones (Ag80). The present findingmdicated the bettanse of small size AQNP$10 nm)
than largeccounterpart$o mitigatethe toxiceffectof AgNPsagainst healthy cell$lowever,
furthertoxicity investigation is needed to be able to deatwoad conclusion on the toxicity
profile of AgNPson healthycells It worth mentioning tht the differences in thestimated
CC50 valuesbetween both cell linesvere not substantialbecause of thdow stock
concentration of AgNPssed in this workwhich turned it difficult todetermire the safety

window of AgQNPs

Collectively, the cytotoxicity of AgNPs of different sizes was size, concentratiore and
cell typedependentTo further examine the AgNPs toxicity, the cell morphological changes

induced by AgNPs were assessed. The next subsection demonstrates the findings.
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3.3.1.3 Changes in cell morphologypost AgNPs treatment

The cells may undergo certain morphological changes following their exposure to AgNPs.
Microscopic images were captured using an optical microscope to observe cell morphology
changes occurred following MRE andA549 cells exposure tilne three sizes AgNPs for

24 hours. It was noticed morphologicdlangesn both MRG5 and A549 cells treated with
AgNPsat high concentratianin which the cells appeared unhealtompared to the normal

cell shape of theintreated cellgFigure 3.5 and Figure 3.6). Moreover, it wasoticeda
reduction in the cells number accompanied with presence of floating cells (dead cells)
compared to untreated cellBhe observablechangesn the cellsindicatedthe induction of

toxicity by AgNPs.

The same observations have been found in previousestudiich investigated the effect of
AgNPs on human colon carcinoma (Ca&oand A549 cells for 24 hours incubation, wéth
concentration range between 10 to 200 pg(bde et al., 2011, Béhmert et al., 2012,
Chairuangkitti et al., 2013Yhe studieseported a alteration in the cellsorphology due to
AgNPs causing the inhibition of cell proliferation, ROS induction, and DNA dama
However, it was difficult to confirm the presence of AgNPs inside the cells using optical
microscopy. Therefore, AQNPs cellular internalisation was investigated in this work, the next

subsection presents and discusses the findings.
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Figure 3.5. Cell morphological changes of MRG5 cells treated with AgNPs of different sizesOptical
microscopic images of MRG cells treated with AgNPs of different sizes for 24 houk$.untreated cells;R)
DMSO (20%) used as a positive control, AgD) 7.5 pg/ml and D) 12.5 pg/ml; Ag40 E) 7.5 pg/ml and i)
12.5 pg/ml; Ag80 G) 7.5 pg/ml andKl) 12.5 pg/ml. Scale bar 10 um.
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Figure 3.6. Cell morphological changes of A549 cells treated with AgNPs of different size®ptical
microscopic images of A549 cells treated with AgNPs of different sizes for 24 hayrsni{reated cells;R)
DMSO (20%) used as a ptise control, Ag10 C) 7.5 pg/ml and D) 12.5 pg/ml; Ag40 E) 7.5 pg/ml and i)
12.5 pg/ml; Ag80 G) 7.5 pg/ml andKl) 12.5 pg/ml. Scale bar 10 um.
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3.3.1.4 Cellular uptake of AgNPs

Previous studies postulated that the NPs size and net surface charge are the main factors
altering NPs cellular interactioficlsaesser and Howard, 2012, Toduka et al., 204@NPs

cellular uptake was investigated to understand whether the variation in the toxicity induced by
different AQNPs sizes can be correlated with their cellular uptake differehicescellular
uptakeof AQNPswas investigateuh this work by measurinthe side scatterg®SC)intensity

using flow cytometryand quantifying the intracellularsilver (Ag) ionsusing inductively

coupled plasma mass spectrometry (I28).

3.3.1.4.1 Cell granularity assessmenby flow cytometry

One of the methods that used to prowpdeliminary information about NPs cellular uptake is

by measuring the SStensity which indicatedthe cell granularity The cellular mass is
enhancedwith the internalisationof NPsinside the cells; however, this is considered a
qualitative method as it is difficult to discriminate between whether the NPs are internalised

in the cells or attached on the cell surféecker et al., 2013, Jochums et al., 2017)

Both cell lines wee treated with different concentrations of AQNPs sizes for 24 and 48 hours.
The shift in the SSC light intensity of the treated cells was compared to the untreated cells.
Both MRG5 and A549 cells demonstratesh increag in the cell granularity following

exposure to AgNPs of the three siz¢24 and 48 hour&igure 3.7-A and Figure 3.8-A).

The results showedhat the increasin cell granularitywas higher in the cells treated with
Ag80 than Agl0 and Ag4@t the sameconcentration(Figure 3.7 and Figure 3.8). This
somérow conflicts with the cytotoxicity finding of sizedependent toxicity Similarly, a
previous studyeportel a greater increase the cell granularityf citratecoated AgNPs sized

75 nm than the smaller size AgNPs sized 20(@menzio etal., 2019) It wassuggestedhat
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the larger AgQNPs being able to increaseitimer density of the celland scatter the light in
higher quantities wheoompared to the smaller AgNPdoreover,Ortenzio and colleagues
claimed thathe side scattes approximately proportional to the size of the AgNPs raagt
not be directlycorrelatedto the numbes of AgNPs inside the celts the uptake ratdt was
presumed thasingle or aggregated AgNPs inside the cells can influencaitiee scatter
intensity Aggregaibn of AgNPsinside the cellgould lead tanincreasen the SSGntensity
(Zucker et al., 2013)rhis could be the case in our observation in whictaggregation of the
smaller size AgNP#nside the cellsvasrequired togenerategreater light scatteringrhis
impliesthat the us of thismethodcould reflectagreater light scatteringasedn the size and
the NPsaggregationsnside the cell§Zucker et al., 2019)Another possible explanatiaran
beassociatd with therapiddissolution othe smaller siz&gNPs to silver ionsvhichdid not
increase ircellular massthereofscattering less amount light (Beer et al., 2012)his could
be alsothe reasorior the toxicity of thesmaller AQNPs sizasreportedin the cytotoxicity
findings.

Moreover,it was noticedadecrease in the SSC sigmath increasing concentration &g10
exposed tdvIRC-5 cellsat both time pointgFigure 3.7 B and C). This could be the result of
a decrease in the cell viabilitwith high concentration of Agldt was also observed a
reduction in the SSC intensity after 48 hours of treatmentdiffgrent concentration gkg80
compared to 24 hours of treatment in MBCells(Figure 3.7 B and C). This could be due
to a reduction in cell viability after longer incubation with Ag80tloe possibility of NPs

redistribution between the cells during adilision (Jochums et al., 2017)
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Figure 3.7. SSC light intensityanalysisof cellular uptake of AgNPsin MRC -5 cells by flow cytometry (A)

Dot plots of side scatted intensity versus forward scattered intensity ofB1&&lls treated with AgNPs of
different sizes at concentration of 12.5 ug/ml for 24 and 48 hours. The mean intensity of thehB&ffelid3)

24 and C) 48 hours of exposure to AgNPs of different sizes at concentrations of 7.5, 10 and 12.5BayAnl.
represent the mean = SD (n=4). (****) p <0.0001 versus untreated group by ANOVA tegi.< 0.05 versus

cells incubated with the same concentration of Ag10 and b = p < 0.05 versus cells incubated with the same
concentration of Ag40 by ANOVA test.
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Figure 3.8. SSC light intensity analysis of cellular uptake of AgNPs i\549 cells by flow cytometry. (A)

Dot plots of side scatted intensity versus forward scattered intensity of A549 cells witht@gNPs of different

sizes at concentration of 12.5 pg/ml for 24 and 48 hours. The mean intensity of the SSC ligB}) 4eartd

(C) 48 hours of exposure to AgNPs of different sizes at concentrations of 7.5, 10 and 12.Baggmeépresent

the meart SD (n=4). (*) p < 0.05; (**) p <0.002 and (****) p <0.0001 versus untreated group by ANOVA test.

a = p < 0.05 versus cells incubated with the same concentration of Ag10 and b = p < 0.05 versus cells incubated
with the same concentration of Ag40 by AN@Vest.
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3.3.1.4.2 Intracellular Ag ions quantification by ICP-MS

The cellular uptake oAg10 and Ag8Gafter24 hoursof exposure to MR& and A549 cells
wasassessedoth cell lines demonstratebncentratiordependentellular internalisatios

of Ag10 and Ag80The results showed that the cellular uptake of AQNPs wadapaindent
ontheirsize(Figure 3.9-A).

In addition, the amount of Ag ions presented in cell culture media was medsiguae (3.9-
B). The amount of Ag ions in the cell culture mediwas higher than the amount Ag ion
detected inside the cellhuswas observed for different concentrations of Ag10 and Ag80 in
bothcell lines. However, the amount of Ag ions detected in MiRé€&lls exposed to highest
concentration of Ag10 and Ag80 illustrated lower Ag amount remained in the (refiand
5.7 pg/ml, respectivelygompared to the Ag ions amoutdtecte inside the cét (6.9 and 6.1
pg/ml, respectively)lt was also noticedhat the totalsilver mass concentratiofcells and
medig measuredn A549 cells was higher thathe total silver amount detected in MR&
cells Figure 3.9-B). The variations in the ionic strength of the MB@Gnd A549 media may
mediate the transformation of AQNPs at different levEfss indicated that the dissolution of
AgNPsor their interaction with the organic/inorganic componeats be strongly influende
by thecompositiorof thesurrounding cell culturmmedumas reported byKaiser et al., 2017)
Also, the process of sample preparatiog@resentetechnicalkchallengs suchas theendency
of AgNPs to deposit on the vial durisgmpledigestionand on the ICRMS probe durindghe
analysis of the samples. Another isgihepossibility of acidmixture evaporatiorwhich may
lead toslight changsin the base volume, thereiwifluence thdinal concentration of silver
detectedThese issues magterferewith accurate quantification of silvemass concentration

measued by ICRMS and lead to inconclusive results.
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Figure 3.9. Cellular uptake of AgNPs in MRC-5 and A549 cellsanalysedby ICP-MS. (A) The amount of

Ag (Hg/ml) detected in the cells after 24 hours of exposure to Ag10 and Ag80 at concentrations of 2.5, 5 and 10
pg/ml in MRG5 andA549 cells.Bars represent the mean = SD (n=4). a = p < 0.05 versus cells incubated with
the same concentration of Ag10; b= p < 0.05 versus cells incubated with the same concentration of Ag80 by
ANOVA test. B) The amount oAg detected inside the cellsdremainedn the cell culture medim after 24

hours of exposure to Ag10 and Ag80 in both MBR@nd A549 cells.

The reported intracellular accumulation of silver ions in MR®as nosignificantly different

from the silver ion amount detected in A549 cells. Moreover, the results indicated no
differences in the level of silver ions detected between Ag10 and Ab&Ddid not correlate

with the reported toxicity profile of sizéependent effect. However, the intlon of toxicity

did not necesshy correlate with the intracellular amount of AgNH#iis observation was
supported by previous investigators who explained that the detrimental impact of AQNPs can
be mediated bYAgNPs interaction with the celimembraneor ANPs dissolution without

AgNPs internalisatiorfJohnston et g12010) Therefore, the higher toxicity profile reported
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for Ag10 than Ag80can be causely the direct interactionof Ag10 with cell membrane
causing cellular damag® by faster dissolution of the smeaitlsize AgNPs compared to the

larger onslead to induction of toxicity

Apart from the advantage tifeICP-MS technique of being highly sensitive for the detection

of silver andthe measured silver amount can represent both cellular adsorption and uptake
However the ICRMS provides informatioras amass concentration of silver regardlesthe

form of AgNPs (particles or ions)Ortenzio et al., 2019)A previous study revealed dh
AgNPs cellular uptakemeasured by ICRIS canbe expressedis amass concentration or
calculatedo the respectivaumberof particles(Van Der Zande et al., 2018) was reported

that he amount of silveruptakewas increased with increasing the AgNPs sizken the
AgNPs wasexpressedas amassconcentration whereas theconversion of AQNPs mass
concentration to particles numbstowed a sizelependent silver uptake in which the small
size represented the maximum uptdkethe present work, the mass cortcation of silver

ions in Ag10 and Ag80 can not be comparable as the measured amountids IGE not

reflect the number of particles. Moreover, the unit dose that used to treat the cells was in mass
concentration and the number of gharticlesin Ag1l0 and Ag80 were not equal since the
beginning. Therefore, the comparison between the effesgNPs size and cell types on the

AgNPs cellular uptake can not be conclusive.

Collectively, The SSC light demonstrated the highastularuptakewith Ag80 compared to
the other sized he light from the SSC reflect the AgNPs oalthe ionic silver did noscatter
anylight. In thecase of ICPMS, no patternof size specificellular uptake wasoticed in the
measured silver mass between Ag10 Ag80. Thesilver massleterminedoy ICR-MS may
indicate boththe amount oparticlesandions. However, he flow cytometry and ICIRS

findingswereevident that thebservedAgNPs sizedependentytotoxicity was not influenced
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by AgNPs cellularuptake. As mentionedearlier both techniqueslemonstratedsome
limitations, thereforefurther investigations using advaddechniques are required gaina

clear understandingboutthe impact of AgNPs cellular uptake their toxicity To gain more
insight about the AgNPsizeimpact on cellular toxicity, series of toxicity assessments were
carried outto investigate oxidative stress, cell cycle arrest, mitochondrial disruption and

apoptosis. The next subsection is devoted to preseredotain the findings.

3.3.1.5 The mechanisns of AgNPs toxicity assessment

3.3.1.5.1 Oxidative stressdetection

Oxidative stresss suggestedb bethe major toxicity mechanism &gNPs by induction of

ROS production(FloresL - pez et al ., 2 0 1 9 Due Boathecunp&iedk a

electron of ROS molecules, this turns the ROS to be highly reactive and increase their affinity

to bind with othebiomoleailes(Manke et al., 2013)An abundance of ROS generation leads
to disturbancesf cellular redox haemostasiadtriggerstheDNA, lipid andprotein oxidation
(Khanna et al.,, 2015, Crisponi et al., 201Djfferent cellular defence mechanisrase
stimulatedn the presence of high levels of ROS to mitighteROS damaging effect on cells.
Lipophilic-based antioxidantsuch asvitamin Eandhydrophilicbased antioxidants, such as
vitamin C and glutathionean act to detoxify the RQEle et al., 2017)However theinability

of the antioxidargto counteract the excess ROS may induce cell déatthe AgNPs toxic
effect can bemainly triggered byoxidative stress, therefore, it is important to examine the

potential ROS generation by AgNPs.

CellRox deep redeagendisplays fluorescence signals only upon its oxidation by ROS. In the

current work, this reagent was used to compare the extent offRI0O&ion of the differently

sized AgNPs after 24h hours of incubation
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MRC-5 and A549 cellsThis concentration rang@.5 12.5¢ g / was)selected as Itas
triggeredlow to high toxicitybased on the earlier cell viability dafehe data erepresented

and compared based on the median fluorescence intensity (Mfi¢e- radical inducer
Menadione, was used as a positive control. The MFI was increased after 24 hours of exposure
to the tmee AgNPs sizes, which indicated an increase in ROS generation in botfbMRC

A549 cells(Figure 3.10 A and B).

In MRC-5 cells, a concentratietiependent induction of ROS was reported with cells exposed
to Agl0 and Ag80 Rigure 3.10-C). Significant ROS generation was detected at the
concentrations of 10 and 12.5 pug/ml (p < 0.0002) for Ag10 and only at 12.5 pg/ml for Ag80
(p < 0.0002). For MR& cells treated with Ag40, ¢hROS generations recorded the highest
MFI at concentrations of 7.5 and 10 pg/ml, with a MFI around 60 and 70 compared to 15 for
the untreated group. However, a reduction in the MFI at the highest concentration of Ag40

was observed, this could be duetoincrease in cell death

In case of A549 cells, substantial increase in the ROS produotiowing the exposure to
the three sizes of AgNRBigure 3.10-D). The three sizesf AgNPsshowed to increase ROS
level to similar extentvith no concentratiordependent effectlowever, it was noticed that
A549 cells incubated with lowoncentration of 440 (7.5 pg/mlinducedthe highest level of
ROS whereas ¢80 demonstrated pronounceatrease irROS atthe highestconcentration

(12.5 pg/ml)
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Figure 3.10. Oxidative stressdetection in MRC-5 and A549 cells following the exposure to AgNPs of
different sizes using CellRox deep red reagentistogram of flow cytometry analysis of cells treated with
Ag10,Ag40 and Ag80 at concentrations of 7.5, 10 and 12.5 pg/ml for 24 howsMRC-5 and B) A549 cells.

Bar graphs represent timeedian fluorescence intensity (MFI) versus different concentration of AgQNR3)in (
MRC-5 and D) A549 cells. Menadione (50 uM) used as a positive control. Bars represent the mean + SD (n=4).
(*) p <0.06; (**) p < 0.002; (***) p <0.0002 and (****) p <0.0001 versus untreated group by ANOVA test. a =

p < 0.05 versus cells incubated with the same concentration of Ag10; b = p < 0.05 versus cells incubated with
the same concentration of Ag40 and ¢ = p < @85us cells incubated with the same concentration of Ag80 by
ANOVA test.
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The present datadicated that AQNPs mediated oxidative stress by incrg&OSgeneration

which can be therimary mechanism under AgNPs cytotoxicity and cell damage induction as
evidernt by several studieAsharani et al., 2009b, Kirat al., 2009, Nowrouzi et al., 2010,
Mortezaee et al., 201%everal suggestions were elicited regarding the mechanism of AQNPs
promoted ROS production. The possible generation of ROS can be either by the direct AgNPs
induction of ROS via a Fentdike reaction or an indirect reaction between the released silver
ions and a thiol moiety on the respiratory chain enzyme inside the mitochondria, thus initiating
ROS production in the mitochondr{&dlker et al., 2013, Alkawareek et al., 201®)was
proposed that mitochondrial dysfunction can be mainly associatéd RGIS generation,
leading to an imbalance in redox stabi(iBasgupta et al., 2018, Sharma et al., 20A8bther

study evident that the induction of cellular oxidative stress is due to silver ions dissolution
from AgNPs(Maurer and Meyer, 2016%ilver ions have been found to significantly elevate
ROS levels and deplete glutathione more than citested AANPs themselves in human liver

carcinomacell§ Vr | ek et al ., 2016)

The currentresults illustrated no pattern of sidependenformation of ROS which wasin
contrary to other investigators outcomes of AgMizedependeninduction of oxidative
stresqMiethling-Graff et al., 2014, Avalos et al., 2014, Gopisetty et al., 2008)se studies
haveexplained thathe smaller AQNPs size more reactive and potewhich resulted irthe
induction of high amount of free radicalserein, itwasobservedsignificant production of

ROS in MRG5 cells exposed to Ag40 whereAgNPs of different sizes induced similar
increass in the ROS level in A549 cells.The pronounced cytotoxicity demonstrated the
toxicity of Ag10 and Ag40 in both cell lines thus can be a consequence of ROS induction by
Ag40 but ROS increases were not evident with Add@wever, it wasoticedin both cell

lines thatAg80 mediated ROS ingttion ina concentratiordependent mannefg80 elicited
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the lowest cytotoxicity compared to other sizes whiclonfirmed here byriggeing ROS

productiononly at highest concentration of Ag80

As function of cellttype dependent effect, AQNPs showed to trigger oxidative stress in both
MRC-5 cell than A549 cells. An increase in ROS generation was pronounced iroNBIS
when exposed to Ag40 at concentration of 7.5 and 10 pg/ml (p < 0.002 anaDPX0and at
highest concentration of Ag10 (p < 0.05) compared to A549 cCEfls. data illustrated a
pronounced induction of ROS in MR&than A549 cells with smaller sizes (Ag10 and Ag40),
but cytotoxicity observationllustrated thesmaller size Ag10 dlited high potency to A549
cellsthan MRGS5 cells These findings indicate the cytotoxicity of AQNPs can be mediated by

ROS induction but theris possible othemechanismaof AgNPsmediaed cytotoxicity.

The present findings demonstrated concentration or sizdependenproductionof ROS
which wasconflictedwith the cytotoxicity conclusion This observation was presuméabe
associatedavith induction of cell death at the testerposure tire. Moreover,the produced
ROS are veryeactive unstableand have a relatively short life spanwhich rendes them
difficult to measure(Forkink et al., 2010) It is thereof recommended to run a kinetic
experiment to investigate ROS increases and also multiplex this experiment with another
reagent to measure the dead cells to gain a better idea on the AgNRsdiated oxidative
stress Furthermore, tie CellRox deep red reagent used in thxperimentrevealed some
limitations whichweredesignatedo measureuperoxide anion and hydroxsddicalonly and

it is notsuitablefor detecting other free radicals like hydrogen perogitkmeron et al., 2018)
Also, this reagent measuregracellularROSthat existmainly in the cytoplasm but stithere

is a possibilityin the presence of ROS inside the mitochondria and nuthatsiot detected

in this experimentTo further confirm the induction adxidative stres®y cells exposure to
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AgNPs, the glutathione, one of the hallmarks of Rf@8eratiorin cells was measured. The

next subsection presents the findings.

3.3.1.5.2 Glutathione measurement

Under normal cellular conditions, the reduced glutathione (GSH) exists in higher amounts
inside the cé$. The reduced GSH acts as an antioxidant that oxidised and transformed into
oxidised glutathione (GSSG) by the free radical as a defence mechanism to maintain the
cellular redox homeostasis. The cells under stress may generate an immense amount of ROS
in which the cells may not able to counteract, thus leads to deplete glutathione and initiate

cellular deat{Manke et al., 2013)

The present study determined the GSH/GSSG ratio asraadf redostability in the cell.

In this experiment, cellular GSH and GSSG were quantified after treatingB/&@ A549
cells with AgNPs for 24 hours at <concentr a:
used as a positive control. In the MBells, no changes in the GSH/GSSG ratio as compared

to the untreated group were detected after treatment with the differently sized AgNPs at a
concentration of 7.5 pg/ml. Howevea,reduction in the GSH/GSSG ratio was observed at
concentrations of 10 and B2ug/ml in a concentratierand sizedependent mann€Figure

3.11-A). In case of A549 cells, concentrati@nd sizedependentlecreasen the GSH/GSSG

ratio were reported after 24 hours of incubation with the differently sized AgNPs. Ag80

demonstrated nogificant effect at the low concentration of 7.5 ug(Figure 3.11-B).
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Figure 3.11. GSH/GSSG ratio quantification of MRC-5 and A549 cells following the exposure to AgNPs of
different sizes usingGSH/GSSGG| o E A Boshaslls were treated with AgNPs at concentrations of 7.5,
10 and 12.5 pg/ml for 24 hours iIAY MRC-5 and B) A549 cells. Menadione (50 uM) used as a positive control.
Bars represent the mean + SD (n=4). (*) p < 0.05; (**) p < 0.002) p < 0.0002 and (****) p <0.0001 versus
untreated group by ANOVA test.

Our findings illustrated that AgNPs of different sizes promoted oxidative stress via induction
of ROS level in the cells along with reduction of GSH level in both cell lines wiasin
agreement witlprevious studiesthat useddifferent sizes 0AgNPs and cell types including
human hepatocyte carcinoma and human lung epithelial carcinoma exposed to AGMBs (13
nm) (Xin et al., 2016) human ovarian camoma exposed to PV&bated AgNPs (24.1 nm)
(Fahrenholtz et al., 201And human colon carcinoma exposed to AgNPs (60(Baggupta

et al., 2018) It was also reported sizedependent depletion of GSH level in both cell lines
which waspreviously claimedn human liver carcinoma and leukaemia cells exposed to
AgNPs (4.7 and 42 nm(Avalos et al., 2014and normal human dermal fibroblasts exposed

to AgNPs (4.7 and 42 nnfA\valos et al., 2016)

The significant reduction of GSH/GSSG ratigported in both cell linedid not directly
correlate to thebservedncreasesn theROS level Due to the short halives of the ROS ti
is possibé that AgQNPs triggerechigh level ofROSformatiors earlier tharthe investigated

exposurdime (24 hoursand resulted imctivation ofantioxidantcellularresponsdeading to
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GSH reductionAlso, the evaluatedROS in this study aslimited to superoxide anion and
hydroxyl radical as described earlgard AQNPs may promote the formation of other RIG®
wasnotinvestigate. Moreover,GSH is primarilydetoxified hydrogen peroxidevhich is the
final intermediate of otheformed free radicals however, hydrogen peroxid&as not
measured here in this wofkushchak, 2012)Another possible reasontise dissolved sWer
ions may form a complex wittthe thiol groupin GSHlead to substantial depletion of GSH
level (Lebedova et al., 2018The depletion of GSH levetan cause aisruptionin redox
haemostasiteading to oxidation of protein and DN#&nd eventually cell damad@sharani
et al., 2009a)Moreover,Dasgupta et al. (2018¢ported a disruption in GSH levean be
accompanied wittmitochondrial dysfunctionDNA damage an@poptosisn human colon
carcinoma cells exposed to AgNRPss the apoptosis can leggeredby AgNPs, the next

subsection was devoted to analysis thehmaism of AgNPs in inducing cellular death.

3.3.1.5.3 Apoptosisdetection

Apoptosis and necrosis are two cell death mechanisms can occur in the mammalian cell.
Apoptosis is programmed cell death that occurs via intrinsic or extrinsic pathways as a normal
physiologcal process(Pfeffer andSingh, 2018) The apoptosis process is regulated by
different proteins, including prapoptotic, antapoptotic, and caspases proteins. The extrinsic
pathway of apoptosis is stimulated by death receptors and death ligands, i.e., FAS &Bnd TNF
(Zaman et al., 2014)On the other hand, the intrinsic pathway of apoptosis can be
mitochondrialdependent and activated by cellular stress, DNA damage, and abnormal cell
proliferation(Pfeffer and Singh, 2018Necrotic c# death is stimulated by external signals,

such as infection and toxic agefisg and Caricchio, 2014} he diversity in the mechanisms
causing cell death stimulated by NPs is considerably dependent on NPs type, concentrations,

exposure time, and cell tygeussain et al., 2010, Foldbjerg et al., 2009, Harhaji et al., 2007)
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Apoptosis and necrosis can occur in the cell through two distinct morphological changes.
Annexin V conjugated to Alexa Flowand Propidium lodide (PI) are two fluorescent markers
used to discriminate between two pathways based on the cell membrane condition.
Phosphatidylserine (PS) is normally located in the inner layer of the plasma membrane, and it
shifts to the outer layer aeglls undergo early apoptogiermes et al., 2000Annexin V stain

Is a membrandinding protein that emits fluorescence upon girsling to the PS in the outer

layer of the plasma membrane. On the other hand, Pl marker isimgetineabldor live
cellsand it intercalates DNA of the compromised cell membranes emitting red fluorescence

in necrotic or late apoptotic cel[§ermes et al., 2000)

The extent and mechanisms of cell death were investigated in bothRSVERG@ A549 cells

after 24 and 48 hours of treagnt using three concentrations (7.5, 10, an8 12e g/ ml ) o f
differently sized AgNPs. Staurosporine and DM3@re used as positive controls for
apoptosis and necrosis, respectively. As illustrateéigure 3.12, depending on each stain
intensity, the cells were divided into four quadrants and quantified as percentages, each
quadrant corresponds to: Q4 (Annex#f®-) living cells; Q3 (AnnexinV+/P}) early
apoptosis, Q2 (AnnexinV+/PIl+) late apoptosis and necrosis, and Q1 (AnréXir)cell
fragments.Late apoptosis/necrosipopulationswere detected in MRG and A549 cells

following exposure tAgNPsfor 24 and 48 hour@~igure 3.12 and Figure 3.13 AB).

In the MRG5 cells,an increase in the late apoptotic and necrotic population was observed
after 24 hours for Ag10 and Ag40 and was accompanied by an increase in the cell fragment
population with increasing trencentrationgFigure 3.12D). A profound increase in the late
apoptosis and necrosis populations was found after 48 hours, with around 20%, 13%, and 11%
for Ag10, Ag40, and Ag80, respectively. However, Ag80 did not show any sign of toxicity at

24 hourswhich confirmed the sizeand timedependent toxic effect of AgNPs. Cell fragment
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population was substantially increased with increasing Ag10 and Ag40 concentrations (around

36% and 22%, respectively) after 48 hours of incubgtagure 3.12D).

For the /49 cells, the result indicated late apoptosis/necrosis induction in both a
concentrationand sizedependent patterfFigure 3.13 A and B. A noticeable statistically
significant increasein the late apoptosis/necrosis population was found after 48 Fmurs
Ag10, Ag40, and Ag80 (18%, 11% and 7%, respecti@igure 3.13D). The data from this
experiment revealed a size dependency of smaller size AgNPs indicating a more pronounced
toxic effect inducedThis finding isin agreementvith Liu et al. (2010work who reported
sizedependent agptosis mediateth human lung epithelial carcinoma cells (A548)man
stomach cancer cells (SGMO01), human breast cancer cells (MOFand human
hepatoblastoma cells (HepGf)llowing exposureto AgNPs sized 5, 20 and 50 nm at
concentr at ilfmm24 lwoarsThe. ldber studyéxplained that smaller sized AgNPs
showed to easily internalised the cedisd stimulatedsignalling cascadeesulted inROS

dependenapoptosis.
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Figure 3.12. Apoptosis cell death analysis of MR&5 cells following the exposure to AgNPs of different sizes

using Annexin V and PI by flow cytometry.Dot plots of flow cytometry analysis of MRE cells treated with
AgNPs at concentrimns of 12.5 pg/ml for &) 24 and B) 48 hours. Each dot plot divided into 4 quadrants of
total 100% whichcorrespond to(Q4) living cells; (Q3) early apoptosis; (Q2) late apoptosis and necrosis; and
(Q1) cell fragments. Staurosporine (1 uM) and DM3@%) were used as positive control for cell apoptosis and
necrosis, respectivelyCj Stackgraphs represent the cells percentage in each quadrant after 24 and 48 hours of
exposure to AgNPs at concentration of 7.5, 10 and 12.5 pugbniBé&r graphs of eayl apoptotic and late
apoptotic and necrotic populations after 24 and 48 hours of exposure to AgNPs of differessizespresent

the mean = SD (M. (*) p <0.05, (**) p <0.002, (***) p < 0.0002 and (****) p <0.0001 versus untreated group

by ANOVA test.c = p < 0.05 versus cells incubated with the same concentration of Ag80 by ANOVA test.
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Figure 3.13. Apoptosis cell death analysis in A549 cells following the exposure to AgNPs of differasites
using Annexin V and PI by flow cytometry. Dot plots of flow cytometry analysis of A549 cells treated with
AgNPs at concentrations of 12.5 pg/ml féy)(24 and B) 48 hours. Each dot plot divided into 4 quadrants of
total 100% whichcorrespond to(Q4) living cells; (Q3) early apoptosis; (Q2) late apoptosis and necrosis; and
(Q1) cell fragments. Staurosporine (1 pM) and DM30%) were used as positive control &all apoptosis and
necrosis, respectivelyCj Stackgraphs represent the cells percentage in each quadrant after 24 and 48 hours of
exposure to AgNPs at concentration of 7.5, 10 and 12.5 ugbhiBé&r graphs of early apoptotic and late
apoptotic and neotic populations after 24 and 48 hours of exposure to AgNPs of different laes represent

the mean £ SD (M. (*) p < 0.05, (**) p <0.002, (***) p < 0.0002 and (****) p <0.0001 versus untreated group
by ANOVA test). b = p < 0.05 versus cells inetikd with the same concentration of Agadc = p < 0.05
versus cells incubated with the same concentration of Ag80 by ANOVA test.
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Moreover, the present findings from both cell lines reported-tdependent increase late
apoptosis/necrosis cellfheh i ghest concent rthethie@szes@xPs5 € g/
induced substantidte apoptosis/necrosis cell death in A549 cetimpared to MR& cells

at 24 hours of exposure with p <0.0001 in Ag10, Ag40 and p < 0.05 in Ag80. However, MRC

5 demonstrated a significant increases in late apoptosis/necrosis populatiolorafesr
incubation (48 hourgp AgNPs of different sizestconcent r ati on of (10 ¢€g
A549 cells with p <0.0002 in Agl0, p <0.002 in Ag40 and p < 0.05 in Ag8&eTésults

indicated thad8 hours ofexposure was sufficient to indusgnificantapoptosis in MR&

cell compared to A549 cell&s can be seenAgNPs can affect normal lung celisorethan
cancerous cellandthis raises concern regarding the use of AQNPs as an anticanceasgent

the molecular toxicityand cell deatlextentcan bemore significantn the healthythan cacer

cells

Herein, AgNPs triggered early apoptosis/ necrosis cell death in both cellMiveactivation

of apoptosis by AgNPs has been reported ttriggered by extrinsic or intrinsic pathways.
Apoptosisrelated genehangedave been observed in lung epithetialls (A549), in which

the AgNPssized @0 nm) interfere with the proapoptotic factors such as Bax and Bid at the
transcriptional levelLee et al., 2011)Another study revealed an induction of apoptosis
triggered by ROSlependent pathway in hepatocyte carcinoma cells exposed to Agi¢ls

(2 nm)(Zhu et al., 2016)Citratecoated AgNPsvith both 5 and 35 nm in size were found to
promote apoptosis by targeting the mitochondria without the activation of the p53 pathway on

ogeosarcoma cell&ovacs et al., 2016)

Unexpectedly, neithesell linesdemonstrategignificanttoxicity at bothexposure duratian
which wasnot consiggntwith the cytotoxicity observationsven whercellsexposed to high

concentrati on o finwhighthlcell sgnivalpetcentageéH MRCS5 were
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35%, 31% and 40%er Ag10, Ag40 and Ag80 and in A549 cellerel18%, 26% and 69%or
Ag10, Ag40 and Ag80It was presumed that AgNPs could interfen¢h the fluorescent
markers due to their light scattering proper{iésmar et al., 2015, Riaz Ahmed et al., 2017)
However, this can not be consideradissue asnost of AQNPs wee gently removed during
sample preparation, also @ppropriate gating wasegormed during sample analysit
exclude AgNPs&ndto limit any possible interferenckloreover nointerference wasbserved
when AgNPs mixed withpositive controls as shown igure A3. Neverthelessthe most
possible reasofor the unexpected low toxicity results detected in this experimehat the

dead cells could bdetached antkad tounreliable estimationf cell death.

Taking together AgNPs showedpotential toincrease ROS formatiowhich was more
pronounced in MR& cells than A549 cellfRegardless that rmzedependent induction of
ROS was detected, the cellular protective glutathione was depleted irdegeedent pattern
and canndicate thepresence of excessive amount of ROS. In consequéribe oxidative
stress triggered by AgNPs, the resultsvai tha AgNPsinducel late apoptosis/necrostll
death in a sizelependenmannerin agreemenuith the presenbbservatios, previous studies
found that AgNPs can mediate oxidative stress thasl@edamaging of cell machinery and
apoptosis irnuman epithelial lung cancer (A549) dndman hepatocellular carcinoma HePG
2 cells(zhu et al., 2016, Chairuangkitti et al., 2018asalsoevident that ANPs can trigger
apoptosis by targeting the mitochondrial functififanipandian et al., 2019As ROS
productionshowed a potential to promaépoptosighus can be mediateda mitochondrial
dependenpathway, therefore, the mitochondrial membrane potential health was assessed in

the next subsection
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3.3.1.5.4 Mitochondrial membrane potential health assessment

Mitochondria play essential roles in regulating cellular respiration to create energy, cellular
metaboiksm, and cell deatfBrand et al., 2013)The mitochondria is considered one of the
main regulators of the cell fate, particularly the intrinsic pathway of cells undergoing
programmed cell death. Moreover, the mitochondria has a role in the regulation of redox
haemostasis in cells; therefore, the presence of a high level of ROS in cells may alter the
normal mitochondrial function and result in mitochonddapendent cell dea{ffeodoro et

al., 2011) Alterations in mitochondrial function may lead to mitochondria membrane
depolarsation which is the first stage of cell death via the intrinsic pathivaiyresulted in
mitochondrial expasion, loss of the cellular respiratory chain, translocation of cytochrome

C, andactivation ofcaspase& and-7 proteins in the cytoplas@aurer and Meyer, 2016)

The impairment of mitochondrial function was investigated by measuring the mitochondrial
electrochemical gradiemht MRC-5 and A549 cells treated with AgNRBsconcentration®f
(7.5, 10, and 1 2 Cabonylgyanide -RBhlofoghenyl®/draatk (CCCP3 .

was used as a positive control. The de¢aepresented and compared based on the MFI.

In the MRG5 cells, significant decreases in MFI values were reported at concentration of 12.5
pug/ml in Agl0, Ag40, and Ag80, indicating a loss of MMRgure 3.14 A and C). A size
dependent effect was also identified in whidRIP distributionwas more pronounced for the
smaltsized Agl0 and Ag4dn case of A549 cells,naalteration in the MMP was detected
after 24 hours of treatment with the three AgNPs s{Eegure 3.14 B and D). A size

dependent loss of MMP was detected, in which Ag10 demonstrated the most potent effect.
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Figure 3.14. Detection of mitochondrial membrane potential state in MRG5 and A549 cells following the
exposure to AgNPs of different sizes using MitoProbe, TMRM assay by flow cytometrHistogram of flow
cytometry analysis of cells treated with AgNPs of different sizes at concentrations of 12.5 pg/ml for 24 hours in
(A) MRC-5 and B) A549 cells. The mediafluorescence intensity (MFI) versus AgNPs of different size€)n (
MRC-5 and D) A549 cells. Carbonyl cyanide-éhlorophenylhydrazone (CCCP) (50 mM) used as positive
control. Bars represent the mean + SD4n€*) p < 0.05; (**) p < 0.002; (***) p < 0.0002 and (****) p <0.0001
versus untreated group by ANOVA test: p < 0.05 versus cells incubated with the same concentration of Ag80
by ANOVA test.
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Both MRG5 and A549 cells demonstrated a disruption in the MiWRas reported th&0S
formation canmediated changes in the MMP to initiate apopt@sid wasAgNPs size
dependent mitochondrial effeict macrophages exposed to AgNPs sized 15, 30, aman55

and in human breast adenocarcinoma exposed to AgNPs sized 15 andCérison et al.,
2008, Gopisetty et al., 201At the protein level, a study l8yurunathan et al. (2018gtected

a release of cytochrome C in the cytoplasm along with the upregulation of proapoptotic
proteins such as Bax and Bad, and the downregulation of antiapoptotic proteins including Bcl
2 and Bcixl in lung epithelal cancer cells (A549) exposed to AgNPs. However, the
mechanism of AgNPs affecting the mitochondria is still uncle&erms of whether AgNPs
influence the mitochondria directly or is mediated by the induction of R®i®r et al., 2018)

The presenstudydemonstrated that AQNPs can directly target the mitochorfdriationas
evident here by the loss of MMP atie disruption of the metaboliactivity by MTT assay,

thus can bea mechanism of AgNPs induced toxicity. Similar findings were previously
postuldaed on the AgNPs toxic effects by targeting the mitochondria ac{@itnairuangkitti

et al., 2013, Kovécs et al., 2016, Zhang and Gurunathan,.2016)

In this work, AgQNPs demonstrated to influence cellular health and proliferation based on the
detected cell viability An oxidative stress induction by AgNPsasweporteddue to the
overproduction of RO&nd glutathione depletioithe mitochondriareconsideredsone of

the primary source of ROSformation under mitochondrial stredsowever, the measured
ROS in this study were mainly thecytoplasm AgNPs illustrated to mediatdtimate loss of

MMP in both cell linesand this process issupposed tdappenduring the early stage of
apoptosisaandresultedn activation of caspase casca#s.consequenc¢he PSof the plasma
membranédlip -flop occurredn thelatestage of apoptosishichwas confirmecdearlierby the
presence of late apoptosis/necrotic cells populafibe. cellular growth and division can be
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also affected by cellular exposure to AgNPs. In order to further understand the toxic

mechanism of AgNPs, the cell cycle progression was analysed in the next subsection.

3.3.1.5.5 Cell cycle progression analysis

The cellularexposure to NPs can lead to a biologically damaging response and cell injury.
With an increase in the ROS level, cells under oxidative stress may potentiate the DNA
damage, trigger cell cycle arrest and, eventually, induce cell dating et al., 2017b)
Therefore AgNPs may interfere with cell cycle progression by suppressing different phases
of the cell cycle: GO/G1S and G2/M. Thepotential ofAgNPs to supresthe cell cycle at
specificphases cabe dependent on cell type and AgNPs character{&ms and Choi, 2010,
Chairuangkitti et al., 2013, Rosario et al., 2018pwever, discontinuing exposure to toxic
NPs can help cells to proliferate agaihe inabilityof cellsto recover and repaihe damage

may result in celldeath through either apoptosis or necrdslsiang et al., 2017b)As
previouslyevidentin the currentstudy, the reduction in cell viabilitwas observeih both

lung cell linesfollowing exposurdo the three AQNPs sizeghich indicated the cells ceased

to proliferate. It was of interest to investigate if the AQNPs causediatuyrbance in the cell

cycle progression.

In this experimentMRC-5 and A549 cells were treated for 24 and 48 hours with AQNPs of
different sizes at concentrations of 7.5, 10, and 12.5 pug/ml. Topotecan and Etoposide were
used as positive controlghichinduce G1/S and G2/M phase cell cycle arrests, respectively.
For the MRGC5 cells,AgNPsof different sizeslemonstrated potential arreéke cell cycle at

the G2/M phase after 24 hours of exposigl0 showea pronouncedccumulations of cells

at G2/M phaewith 34% at the highest concentration compareti in the untreated group

(Figure 3.15 A and C). At 48 hours of exposur@o sign of cell cycle arrestas detected
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following exposure to AgNPs of different sizddowever, there was an increase in the
population of subG1 phase, indicting the presence of apoptotic cell death in all AGQNPs sizes
and it was more noticeable with highest concentraGamcentration and siz#gependent cell

cycle arrest were noticed, in vahi Ag10 illustrated the pronounced effect on cell cycle

progression of MR& cells compared to other sizes.

In A549 cells,anincrease in phase G2/M population was detected after 24 hours of exposure
to the three AgNPs sizes in a concentratiependent nraner Eigure 3.15B and D). It was

also noticedhe presence of apoptotic cells ingreasng in the SubG cellsvhich was more
pronounced with Ag10 and Ag4Bloreover,no changes in the cell cycle progression after 48
hours of treatment, howevex,substantial increase in the subG1 population deteced in

a concentratiodependent patten for the three different AgNPs siZdse highest
accumulation of SubG1 populatiat concentration of 12.5 pg/ml witB4%, 28% and 20%

in Ag10, Ag40 and Ag80, respectivelsompared t@% in untreated group. The induction of

subG1 population by AgNPs was drastic in A549 cells than MREIls.
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Figure 3.15. Cell Cycle progression analysis in MRE5 and A549 cells following the exposure to AgNPs of
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In agreement to our findingseveraktudeshad reported cell cycle arrest in the G2/M phase
triggered by AgNPs with concurrent increase in subG1 populatibmman lung epithelial
cancer (A89) cellsatconcentration of 50100 pg/ml for 24 hourf_ee et al., 2011)n normal
human lung fibroblast cells exposed to stacohted AgNPs sized-BO nm at concentration

of 25- 400ug/ml for 48 hourgAsharani et al., 2009land nm in human lung epithelial cancer
(A549) cells exposed to citratmated AgNPs (15 nngt concentration of 12.ug/ml for 24
hours(Foldbjerg et al., 2012fFurthermore, a study indicated that AgNPs influence the toxicity
in which G2/M phase cell cycle arrest with downregulation of cyclindkdtedgene in human

keratinocytes celleated with citrateoated AQNPs fo48 hourgBastos et al., 2016)

The present data demonstrated disturbance in cell cycle progresd@iZ'M phasemore
specifically after 24 hours of incubation to AgNPs of different sizes in both cell Ties.
G2/M transition phase the point where the cal preparingor mitosisto separate into two
daughter cellsBlocking the cells cycle at th phaseby AgNPsis most likely due tdNA
damage and thereof prevent the cells to enter mitbserefore, a increase in G2/M phase
indicated an increase in the cell numbers at G2 growth phase for DNA rep8inmigrly, a

study observed G2/M cell cycle arrést AQNPs and it waseportedanincreasan the p21

and p53expressionswhich areessential protesicorrelatedwith the regulation otell cycle

(Lee et al., 2011)At 48 hours,no changes in the cell cycle progressiwere observed,
however,a substantial increase apoptotic populations were detected in both cell lines in a
concentrationand sizedependent manndt.could be the cells failed to repair the s@B@NA
damaget G2/M phasehereof,the cells undergo apoptosiEhe current results supported the
earlier evidence of late apoptosis/necrosis cell death measukathbyin-V/Pl assayn both

cell lines The induction of cell cycle arrest and halting the proliferation process under AgNPs
influence can be reversible effects. It is possible for the cell to recover again and start the
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proliferation process. The next subsection investigated the ability staetcover following

AgNPs exposure.

3.3.1.5.6 Cells recoverypost AgNPs treatment

It was of interest to examine the cell capability to recover after acute exposure to AgNPs.
AgNPs may continue to induce an effect even after exposure cessation. Inability & cells
recover has been previously demonstrated for Ag(iiRdzon et al., 2019)The ability of
MRC-5 and A549 cells to survive amdoliferatefollowing exposure to toxic concentrations

of Ag10, Ag40, and Ag80 were evaluated in the current study. Both cells were treated with
the three AgNPs sizes aconcentration range of 52.5 pg/ml, which were selected based on
the previous cytotoxicity rests. After one dayof treatment, the cells were allowed to recover

for two, three, and four days by adding a fresh cell culture media. The cell viability was

assessed at each time point using a mLDH assay.

In the MRG5 cells, continuous decreases in ogdbility were noticed after one day of
removing the Ag10 and Ag40 at different concentratidfigure 3.16 A and B). At days 3

and 4, the MR& cells appeared to resume cell proliferation after exposure to Ag10 and Ag40.
However, it was observed that the Mf8Cells was not able to recover overeiat the highest
concentration (12.5 pg/ml) of Agl10 . In case of Ag80, a substantial recovery of theSMRC
cells was observed over time after exposure to Ag80 at different concentritogune 3.16-

C). For the A549 cells, Ag10 showed a reduction in cell viability at days 2 and 3 with the
lower concentrationdVieanwhile,the cells remained affected from the exposure to highest
concentrations of Ag10 (10 and 12.5 pg/ml) and demonstratedhanges in cell viabilitgt

days 2 and But cellsstarted to recover after four daysdure 3.16-D).
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Figure 3.16. Recovery of MRG5 and A549 cells following the exposure to AgNPs of different size®oth

cell lines treated with AgNPs of different sizesaimoncentration rangef (5-12.5 pg/ml) for 1 day. Then the

cells allowed to recover by adding fresh cell culture media for 2, 3 and 4 days. The cells recovery was detected
by measuring the cell vidhy after MRC-5 cells exposure t(A) Ag10, B) Ag40 and C) Ag80 andA549 cells
exposure t¢D) Agl0, E) Ag40 and F) Ag80. Data represent the mean = SD4ph=
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For A549 cells treated with Ag40, it was reported a consistent decreaability percentage

at the lower concentrations over time. The A549 cells demonstrated positive cell proliferation
after four days with Ag40 at the higher concentrations (10 and 12.5 udigly¢ 3.16-E).

An increase in A549 cell proliferation was observed over time with different concentrations

of Ag80(Figure 3.16-F).

The cells recovery from the toxic effect of AgNPs was suggested to be concentration
dependent, as the cells showed slow or no recovery at the highest concentration of AgNPs
with all sizes in both cell lineddoreover, A549 cells demonstrated a reduction in cell viability
with low concentrations of AGNPs. One possible suggestion of this observation is that AQNPs
may return inside the cells, and the toxic effect of AQNPs continued after removal of AgQNPs.
However the cells ability to proliferate was tinteependent and occurred in a slow pattern,
which indicated a possible losigrm consequence following AQNPs exposarbothhealthy

and canoes lung cell lineBhereby, AgNPs biocompatibility must be considerdebnusing
AgNPsfor cancer treatment. Treow recoveryof MRC-5 cellsfollowing exposure tdigh
concentratiosa of AgNPsandmore specifically with Agl®asrevealed the impact of AQNPs

physicochemical properties on their cellub@haviour

The results of the current work were in accordance with those of previous study. A study
conducted on human retinal epithelial cells reported the potential recoveryceflthat high
concentration, up to 75 pg/ ml following cells treatment for one day and left for two to three
days to recove(Garcia et al., 2019Neverthelesscell deathwas detectea@t the recovery
stagewith G2/M phase celtycle arrest. Moreover, the same study examined the repeated
exposure of AQNPs on the cells and identified the possible accumulation of ANPs with long
incubation time, causg an impairment of cell division due td&NA damaggGarcia et al.,

2019) Another study byalzon et al. (201%xposed the macrophages to Pstdated AgNPs
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for 24 hours and then allowed to recover for 72 hours. The mitochondrial impairment, and
decrease in thglutathiondevel which were observed after 24 hours of the AgNPs treatment,
returned to their normal actty after 72 hours of recovetiius indicated the cell process were

able to recover from AgNPs detrimental effddie AQNPs potential to interfere with toxicity
assays used in this work was considered. The next subsection demonstrates the investigation
and procedurewere conducted in this study to avoid the possibility of AghRsay

interference.

3.3.1.5.7 NPs assay interference

In vitro assessments of NPs need some consideration when using standard toxicity assays.
Because of certain NPs intrinsic features, like their optical properties of absorption or
scattering ligh electrical and catalytic activityPossible NPs interference withffdrent

readout systems, such as absorbance, luminescence and fluorescence assays can result in false
positive or negative outcomé&uadagnini et al., 2015NPs interaction with a fluorescent

probe may result in NPs interference with light intensity emitted from the fluorescent probe
(Riaz Ahmed et al., 2017This work has considered the potential AQNPs interference with

the assays used. Different procedures were performed while runaiegplriment to ensure

the reliability of the results especially with the AgNPs concentrations used in this study
Therefore, modified LDH assay was used instead of the origibbl assay in which the
sample centrifugation step was performed after lysing the cells to avoid including any AgNPs
residues in the testing sample. Moreover, in MTT and GSH/GSBG&ssays the cells were
washed with DPBS after aspiration of the cell cultureliméo ensure washing the cells from
AgNPs traces. AgNP interference with fluorescent assays were investifjteflgNPs

interference was observed with the fluorescent assays as shown for EellRbx e gssay e d
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in (Figure A2), Alexa Fluor® 488 Annexin V/Badcell apoptosisassayin (Figure A3),

MitoProbeéE , TMRM assay infFigure A4) and F x Cy c sanig ilPHigurBRABR s e

Based on our findings in this section about the AgNPs-degpendent effect on cellular
toxicity in 2D monolayer cell culture modéiowever, it was of interest to further investigate
the AgNPs size impact on 3D cell culture model. The next section illustrates and discusses the

findings.

3.4 Toxicological assessment of AQNPs of different sizes in aif3itro cell culture

model

Differentmethods are used to create a 3D culture model which can be divided into two types;
scaffoldbased andscaffoldfree culture models. The first type is formed by polymeric
biomaterials, such as collagen and chitosan. The scdffddculture forms spheroids, in
which the cells compact togethé@osta et al., 2018Yhe 3D multicellular tumour spheroids

of the scaffoldfree method can be generated using a liquid overlay, whiamgieocell
aggregation and avoid the adhesion of the cell ow#ikeplate surface. The 3D multicellular
spheroids exemplify the physiological microenvironment ofithaévo features, such as cell

cell signalling, hypoxiandthe extracellular matrigCosta et al., 2016] he aim of this section

was to investigate the influence of AgQNPs size on the toxicityngf tumour A549 spheroids
andto compare the potency of AgNPs toxic effect between the 3D spheroids and the 2D

monolayer models.

3.4.1 Results and discussion

3.4.1.1 Spheroids preparation

The 3D lung multicellular tumour spheroids (A549) in this work were prepared asiquid

overlay method. The growth curve was initially established the spheroidgrowth were
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imagedoverseven daygFigure 3.17-A). Thespheroids creatka spherdike shapeandtheir
circumferencesizes were measenl using ImageJ software. As illustratedrigure 3.17-B,

the spheroid circumference size on the first two days was around 20,000 pm. The size then
gradually decreased over time, as the spheroids appeared denser. From days 5 to 7, the
spheroid cicumference size reached a plateau, with the smallest size of 1,200 um reported

along with the presence of dissociated cells around the spsibovders Figure 3.17-A).
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Figure 3.17. Growth curve of A549 spheroids(A) Optical microscope images of A549 spheroids formation
on day 1,4 and 6. The ceBeeded at density of 8000 cells/well. Scale bar (20 B))AB49 spheroid growth
curve represents the circumference size changesripdyer 7 daysData represent mean = SD (n=20).
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The spheroids demonstrated appropriatetynpact structure with denser coaed well
defined boardefrim) at day 4 which was the day selected to treat the spheroid with AgNPs.
The changes in spheroids morphology were assessed following their exposgiéRe ix

the next subsection.

3.4.1.2 Spheroidsmorphology and sizechanges

The A549 spheroids were treated at day 4 w0 and Ag8Gt concentration b and 12.5
pg/ml) for 24 and 48 hourd hose concentrations were selectetht@stigate the potency of
AgNPs and the sensitivity of A549 spheromstheirexposure to low and high concentration

of AgNPs.DMSO (20%) was used as a positive control. At each time point, the spheroids
were imaged with optical microscope. The changes in spheroid sizecaletdated by
measuring the spheroid circumferencehe spheroids treated with Agl0 revealed a
concentrationand timedependent effe¢Figure 3.18 A and B). No changes in the spheroids
integrity was reported at the low concentration of Ag10 at either time point with spheroid sizes
of 1620 and 1670 um, respectivadpmpared to untreategblseroids (157Qum). However,
disruption of the spheroidsompactionand dissociation of the ceNgere observedwith the
circumference size increased with tiatdigh concentratiofl2.5 pg/ml)by 1.8 and 2.7fold
increaseat 24 and 48 hoursgspectively when compared to the size before treatrrgntré
3.18-C). For the spheroids treated with Ag80, an increase in the splo@idhference was
noted only &er 48 hours of exposure the both concentratioa of Ag80 (Figure 3.19-C).
Moreover it was observedt 48 hours of spheroids treatment with high concentration of Ag80,
anadsorption and accumulation of Ag80 on the spheroids, particularly sphieoiddorder

atthe proliferating zonéFigure 3.19-B).
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Figure 3.18. A549 spheroids morphological changes following the exposure to AgXDptical microscope
images of A549 spheroideeated with Ag10 for4) 24 and B) 48 hours at concentrations of 5 and 12.5 pg/ml.
Scale bar (10 pm)DMSO (20%) used as positive contr@L) Bar graph representie circumferencesize of

A549 spheroids after treatment with Ag10 for 24 and 48 hours. Bars represent the mean + SD (n=20). (****) p
<0.0001 versus untreated group by ANOVA test. a = p < 0.05 versus cells incubated with 5 pg/ml of Ag10 by
ANOVA test.
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Figure 3.19. A549 spheroidsmorphological changes following the exposure to Ag8@ptical microscope
images of A549 spheroids treated with Ag80 ) 24 and B) 48 hours at concentrations of 5 and 12.5 pg/ml.
Scale bar (10 umPMSO (20%) used as positive contr@C) Bar graph representke circumference size of

A549 spheroids after treatment with Ag80 for 24 and 48 hours. Bars represent the mean + SO{*)28).
0.002; (****) p <0.0001 versus untreated group by ANOVA test.
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The spheroid integrity was altered upon exposure to high AgNPs concentrpaidiailarly

with Ag10. A possible explanation for the significant changes observed in the spheroid
strucures after the treatment with smaller sized AgNPs compared to larger ones that the
smaller sized AgNPs can diffuse more easily between the(&dlsyavina et al2016) A

study reported that the toxicity effect of AQNPs on sphenmiddelwas dependent on AgNPs
concentration. Aeduction in cell viabilityby disruption of the membrane permeability was
reported inconcentratiordependent manner withgNPs sized 10 nmexposed tgrimary
human hepatocytes spheroids modalsoncentration range of D0 pg/mlfor 24 hours
(Senyavina et al., 2016)o further understand thafluence of AQNPs on A549 spheroids, a
cytotoxicity assessment was conducted to evaluate the viability of the cells after AQNPs

exposure.

3.4.1.3 Spheroids gtotoxicity assessment

Cell wviability was measur ed utsdistnguish beteveeh | V E/
the live and dead cells. The spheroids were imaged following 48 hours of treatment with Ag10
and Ag80 at concentrations of 5 and 12.5 pg/ml. As showkigare 3.20, the presence of

dead cells (red signals) in the spheroids after 48 hours of exposte@bservedh both sizes

of AgNPs at high concentration (12.5 pg/mahd it was more pronounced with AgIlhe

spheroid treated with Agl€auseda destruction in the spheradmpactionFigure 3.20-A).
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Ag80 12.5ug/ml

B Naive

Figure 3.20. Cytotoxicity assessment of A549 spheroids following the exposure to Ag10 and Ag80nfocal
microscopy images of A549 spheroids treated for 48 hours Withuiitreated cells; Ag10 (5 ark®.5 pg/ml)

and @) untreated cells; Ag80 (5 and 12.5 pg/ml). Green signal corresponding to live cells and red signal
corresponding to dead cells. Scale bar 50 pm.

The penetration of NPs into spheroids has been previously explained by many hypotheses,
including NPs interaction with the outer surface of the spheroidsled@rostatic attraction
(Huang et al., 2017a) his suggestion is greatly influenced by protein corona, which might
decrease the NPs affinity to internalise thescéMoreover, the same author claimed that a
negatively charge surface is the optimal surface charge gained by NPs to promote their
interaction with celldbecause of the electraharge gradiendisplayedin spheroidof layer

like structure(Huang et al., 2017apnother assumption is thiissolution ofthe metalNPs

in which Souza et al. (2019resumedhat thedissolved titanium ions from th&tanium

dioxidecan form biecomplex with protein which facikite treir adsorption and internalisation

into human osteoblast spheroids.
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To conclude, AgNPs demonstrated sjoencentrationand timedependent toxic effect upon
their exposure to the healthy and cancerous lung cells.dpajgtosis/necrosis cell death is
suggested to be induced via mitochonddependent pathway. Moreover, an induction of
ROS along with depletion of GSH level is an indication of AQNPs promoting oxidative stress.
The findings from the AgNPs toxicity in 3Dulticellular A549 spheroids model agreed with
the 2D cell culture model results of AgNPs siipendent toxicity effecMoreover,smaller

size of AgNPsdemonstrated potential detrimental effextthe A549 spheroids which may
considerfor cancer treatmenHowever, A549 spheroids showed more resistance to AgNPs

exposure compared to A549 cells in @@nolayemodel.

To further studythe impact of NPs compositian associatedoxicity which was one of &
presentstudy aims, the next chapter wadesvoted for AUNPS toxicity investigation using the
same size of AgNPs (10, 40 and 80 nm) to compare the influence of NPs size as well as the

NPs composition on toxicity.
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Chapter 4

Toxicological assessment of AUNPs of different sizes
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4.1 Introduction

Yet, to date, there is no consensus on the safety of AahdRBeir usesn medicine requires
careful evaluation to understan@tAuNPspotential adverse effects at a cellular |§Bdraee

et al., 2016) It is essential to consider biocompatibility and nanotoxicity studies of AuNPs
prior to proceeding witthiomedical applications.This chapter focuses on studying the
relationshigbetweemuNPs sizeandtoxicity. As an initial step, the AUNPs were characterised
to validate the size of the purchased AuNPFsen, bxicity investigationsvere performedo
assesshe AuNPs potential tanduce apoptosis, cell cycle arrest and oxidative sines2D
monolayer cell culture moddtinally, the grtotoxicity mediated byAuNPsin a2D monolayer
model was compared to toxicity induced by AuNPa BD multicellular spheroid cell culture

model.

4.2 Characterisations of AUNPs of different sizes

Different NPs can be manufactured with distinct characteristics. Defining NPs characteristics
is an essential approachassesther biologicalimplications(Karakocak et al., 2016ptrong
evidence has been found for the relationship between specific NPs charestandttheir
cellular adverse respons@zalaganLotsch et al., 2016, Surapaneni et al., 20T8g aim of
this section was to characterise the purchased AuwhtRssize of 10, 40 and 80 nmsing
several methods in order to examine AuNPs size, morphology, surface charge and stability in

cell culture medim.
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4.2.1 Results and discussion

4.2.1.1 Size measurement

The size of AUNPs can affect their cellular uptake and interaction with cellular components
(Chithrani et al., 2006)Therefore, the size of the purchased AuNBsexamined as an initial

step in this workusing ®veral approaches including TEM, DLS and -Wié spectroscopy.

TEM micrographs were captured to determine the AuNPs size distribution and morphology.
As shown inFigure 4.1, AuNPs of different sizes demonstrateghbesyical shaperhe AuNPs

size distribution was also estimated by measuring the diameter of 200 individual particles
using Image J software. Threportedmean particle sizesf the AuNPs were within the
manufactureproposed sizefrigure 4.1). DLS was the second methoded to analyse the
hydrodynamic sizes of the AuNPEhe reported-average sizes wevéthin the primary size

of AuNPs(Table 4.1). The recorded PDI values reveatbe monodispersity othe samples
(Table 4.1). Theresults represented the averages of three samples analysed from different

AuUNPs batches.

AuNPs demonstrate extraordinary optical properties wéaiehighly dependent on their size.
The UV spectrumof AuNPswasdetected using UWis spectroscopy. It was tioeable that
the absorption peak was retifted along with increasing AuNPs sizéglle 4.1). An
increase irthe AuNPs diametenesulted in longer absorption wavelengtiopezMuiioz et
al., 2012) Taking together, AuNPs of the three sizes demonstgoed stability and the

measured sizdsr Aul0 Au40 and Au8@vere relevant to theprimary size.
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Table 4.1. Summary of the characterisations of AUNPs

Characterisation Method Aul0 Au40 Au80
Morphology TEM Spherical Spherical Spherical

Average size (nm) TEM 11+1 40+ 3 817
Z-average size (nm) DLS 15+2 412+1 78 £2
PDI DLS 04+0 030 0.1+0
g-potential (mV) DLS -31+2 -37+1 -38+0

& max (n UV-Vis 517 526 551

Symbol : PDI (Pol-podéspieaki(yei adpadbgonptionadvelengthpr ma x : |

4.2.1.2 Surface charge analysis

The surface charge of tieiINPscanprovide information about threstability in the colloids

The measured-potential demonstrated the negative surface of AuMPslifferent sizes

(Table 4.1). The negative charge detected was corresponding to the presence of sodium citrate
on the AuNPs surfaces. The obtaimgaotentialvalues were within the optimal levet (30

mV), indicating he stability of AUNPs of different siz¢Sikora et al., 2015)

4.2.1.3 AuNPs stability in cell culture media

Theinteraction of cell culture media composition primarily serum proteins by adsorption into
the NPs surfacean mediate the NRsoperties including size aragjgregation statgStrojan

et al., 2017)In this work, the stability of AUNPs of different sizes was assessed by incubating
AuNPsat a concentration of 26 pg/nm a cell culture medium in the presence or absence of

(10%) FBSfor 30 minutes, 24 hours and 48 hours &C37

The measured-average sizes of Aul0, Au40 and Au80 in EMEM with (10%) FBS were
increasedfter incubation at tiee different exposure timé€Bable 4.2), thuscould be the result

of protein corona formatiorSimilar findings were observed withu NPs i n-122Ha mo s
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medium with (109%FBS (Table A2). The adsorption of protein into the surfacéAoMNPs is
probably due to the weak binding of the sodium citrate coatittgAuNPsandthis process
is suggested to occunmediately followingtheinteraction of the AUNPs with theell culture

medum (Strojan et al., 2017)

Table 4.2. The stability of AUNPs in EMEM with or without (10%) FBS by measuring the sizausing DLS.

Z-average sizes of AgNPs in EMEM witi{10%) FBS

30 mins 24 hrs 48 hrs
AUNPs Size PDI Size PDI Size PDI
Aul0 23 +1 0.4 +0 41 +3 0.6 +0 55 +0 0.5+0
Au40 60 +1 0.2 +0 89 +1 0.2 0 56 +1 0.1 10
Au80 111 +2 0.08 +0 121 +1 0.1+0 120 +4 0.09 +0

Z-average sizes of AgNPs in EMEM withou{10%) FBS

30 mins 24 hrs 48 hrs

AUNPs Size PDI Size PDI Size PDI

Aul0 22%N®@0| 0.880 | 663NA7 1N 0 20N@ 2 INO

Au40 23825 1NO 27320 0.N60 |54 NT 9
Au80 25315 O0.NM0 | 28 3aA 9 1N O 24 NF 3

The zaverage sizes of AUNPsv in EMEM without serum (10% FBS) were also assessed. The
z-average sizes of AuNPs of different sizes detected were above 2000 nm with high PDI values
(Table 4.2). Moreover,it was obsergdan aggregation and precipitation of AUNPs over time

which can bearesult of the presence of high salt concentration in the nj8draet al., 2016)

In conclusion, the data demonstrated an alteration in the AuNPs sizes in cell culture media
with FBS due to protein corond&ormation. Insights about AuNPsharacteristicswere
generated in this section. The next step was to investigatgttbexicity prdfile of the AUNPs

of different sizes in a 2D cell culture model. The following section presents the toxicity results.
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4.3 Toxicological assessment of AUNPs of different sizes in ai@Ditro cell culture
model

AuUNPs size is one factor that can drive differadverse cellular effecid.iu et al., 2014)
Moreover, AUNPs concentration and exposure timeatsefundamental factors that may
affect NPs toxicity profile{LopezChaves et al., 2018)The aim of this section was to
investigate the influence of AuNPs of different sizes in inducing distinct cellular adverse
events in a 2D cell culture model. The toxicity assessments were performed systematically to
investigate the cytotoxicity of AUNPs dffferent sizes after 3, 24 and 48 hours of exposure

in healthy lung cells (MR&) and cancerous lung cells (A549). Following that, the
mechanisms cAuNPstoxicity including, oxidative stress, cell cycle arrest apdptosisvere

studied.

4.3.1 Results and digussion

4.3.1.1 Cell viability assessment of sodium citrate stabiliser

The sodium citrate stabiliser maintains the stability of AUNPs by reducing the tendency of
AuNPs to form aggregatdMorais et al., 2012)However, the amount of stabilising agent
used may negatively affect the ceflseese et al., 2012The potential toxicity of sodium
citrate stabiliser was previously assessed in chagsecdion 3.3.1.1)Therefore, the highest
concentration of the three Al sizes used ithis studywas 41 pg/ml whiclwasequal to

using 13 mM of sodium citrate to ensure the minimum toxicity potermtidiiced by stabiliser.

The following step was to assess the cell viability of AUNPs of different sizes on both MRC

5 andAb549 cells.
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4.3.1.2 Cell viability assessment of AUNPs of different sizes

The cell viability assessment of the AuNPs was performed to evaluatmxie effect of
AuNPs exposurto the healthy and cancerous lung cafld to investigatthe AUNPspotential
to inducesize, concentrationand timedependent toxicity. Two cell viability assays were

used in this work: mLDH and MTT assays.

In the mLDH assay, the percentage of cell viability was assessed by quantification of LDH
enzyme of the viable dsl The amount of LDH enzyme of the treated group was calculated
to the relative amount of the untreated group. The MIREhd A549 cells were exposed to
AuNPs of different sizes atconcentration range of 486 pug/ml for 3, 24 and 48 houBoth
MRC-5 and A549cells demonstratedho significant reduction in cell viability following 3
hours of incubation with AuNPs of different siz€sgure 4.2 A and D). However, a decrease

in cell viability up to 70% with the highest concentration (55 pug/mat)3 hours of treatment.
Concentration and timedependent toxicity was observed in b&iRC-5 and A549cells

following 24 and 48 hours of incubati¢Rigure 4.2).
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Figure 4.2. Cytotoxicity assessment of MRE and A549 cells following the exposure to AuNPs of different
sizes using mLDH assayCell viability percentage of AUNPs of different sizes usimgpncentration rangef
(197 55 pg/ml) after 3, 24 and 48 hours of incubationAi@) MRC-5 and D-F) A549 cells. Data represent

means £SD (n3).
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Next, the MTT assay was conducted to measurentitabolic activity of the cellSfThe MRG

5 and A549 cells were treated with AUNPs of three sizes for 24 and 48 haaomaéntration
range of 1965 pg/ml. The resultsrevealel the potential of AuNPgo directly affect
mitochondrial function and interrupt the mitochondrial metaboBsme AuNPs of the three
sizes were able to decrease the cell viability in a concentraimohtimedependent pattern in
both MRG5 and A549 cellsRigure 4.3). Nevertheless, no further reduction were observed
in the cell viability at concentrations between 88 pg/ml after 48 hours of exposure to the
three sizes of AUNPs in both MR&and A549 cellsKigure 4.3). No sizedependent toxicity

patternwas observed.

Based on mLDH and MTT cell viability findings, the CC50 values were calculated using
GraphPad Prism 8oftware It worth mentioning that the cytotoxicity of AUNPs detected by
reduction of cell viability at high concentrations (> 41 pg/ml) can be potentiated by the
presence of sodium citrate and inadequate amount of nutrient exposed to the cells. In the
present experiment, high concentrations of AUNPs were used only to calculate the CC50 value
and based on the cytotoxicity of sodium citrate assessed earlier in this study, a concentration
of 41 pg/ml was chosen to be the highest AUNPs concentration candeubes study to

minimise thepossibledetrimental effect of sodium citrate stabiliser.
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Figure 4.3. Cytotoxicity assessment of MRE5 and A549 cells following the exposure to AuNPs of different
sizes using MTT assayell viability percentage of AuNPs of different sizes usimgpncentration rangef (19

55 pg/ml) after 24 and 48 hours of incubationAaB) MRC-5 and C-D) A549 cells. Data represent means +SD
(n=3).
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The CC50 valuesstimated from mLDH revealed that MREcells were more sensitive to
Au40 and Au80 compared to AulO at 24 and 48 hfLeble 4.3. On the other hand, A549

cells exhibited more sensitivity toward smaller size AUNPs: Aul0 > Au40 > Au80 at 24 hours.
Similarto our findings in A549 cells, a study in human pulmonary fibroblasts exposed for 24
hours to watebased AuNPs sizes of different sizes was reported adsjzendent toxicity.

The 50% cell viability was found at concentrations of 15.3, 17.8 and 18.9 fay/@UNPs

sizes of 30, 50 and 90 nm respectiv@yalos et al., 2015)Themeasured CC50 values from

the MTT assay illustrated that Au40 exhibited the most potent effect after 24 hours of exposure
to both MRG5 and A549 cell¢Table 4.3. Interestingly, A549 cells implied high sensitivity

to Au40 than other sizes in both assdysral8 hours.

Table 4.3. The CC50 values of MRG5 and A549 cells treated with AuNPs of different sizeIhe estimated
CC50 valuegrom mLDH and MTTassaysfter 24 and 48 hours of MREand A549 cellexposure to AUNPs.
The values are meanSD (n=3). (*) p < 0.05 versus other cell line by ANOVA test. a = p < 0.05 versus AulO
at the same cell line and exposure titne= p < 0.05 versus Au4#étthe same cell line and exposure tithe
same exposure timend ¢ = p < 0.05 versus Audbdthe same cell line and exposure tibyeANOVA test.

CC50 from mLDH (pg/ml) CC50 from MTT (ug/ml)
AUNPs size | EXPOSUretime =y rs A549 MRC-5 A549
(hours)
24 46.4+15 41 £1.2%.b.c 3821 41 £1.4°
AuLO 48 39.2+1.3 32+ 1*%¢ 32612 3714
24 41.4 + 1*-2 457+ 1.8 34 £12 37 £2&°
Au40 48 38x14 284 +0.82°¢ 31.3+0.7 26.6 £ 0.6~-2°¢
24 405+ 1.4~2 4851 36.6 £ 0.5* 47.7 £1.2
AU80 48 36.3+1.1 375+£1.2 29.8+0.5~2 3711
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Moreover the detected CC50om both assayslustrateda cell-type specific effectoward
exposure to different sizes of AUNPSU80 showed igh toxicity againsthealthy lung cells
thancancerougells. On contrarythe smaller siz&ul0 showed more potency toward their
exposure to A549 cells compared to MBCells(Table 4.3. The current results indicate that
there was a difference in the toxicity response betweenJgR@d A549 cells towards their
exposure to the same sizes of A8\ Hence, there was céfpe-dependent toxicity noted.
This can be the result of distinct cellular uptake affinities of each cell type to differBiits

sizes.

Severalhypothese were generated regardirtige relationship betweemuNPs sizeand
toxicity. One suggestion deduced that AUNPs with sizes ranging betwesh ri#s can be
internalised more efficiently due to the membrane wrapping effect that determines the amount
and the rate of NPs uptakad toxicity(Chithrani and Chan, 2007, Wang et al., 20PQNPs
membranevrapping phenomena is dependent on AuNPs size and occurred by AuNPs cross
the plasma membrane via liganeteptor interaction and membrane diffus{@mithrani and

Chan, 2007)Previous studiesxposéd human cervical cancer ceiad non small lung cancer
cellsto citratecoated AuNPs with sizeangebetween 14100 nm indicated that AuNRsith

sizeof 4550 nminducedthe highest cellular uptak€hithrani et al., 2006, Wang et al., 2010)

In another study, carboxyhacid-coated AuNPs sized 30 and 50 nm were internalised to
greater extent than AuNPs sized 90 nm in human prostate cancer(Maligin and
Ghandehari, 20105imilarly, a study byironava et al. (2010jJemonstratethe presence of
variations in the uptake mechanisms affinity for different NPs sizes. The-citratied, 45m

AuNPs illustrated higher toxicity than the 13 nm size in human dermal fibroblastg after
hours of exposurebecauseAuNPs sized 45 nnwere internalised vialathrinrmediated
endocytosis as a primary uptake mechanism and 13 nm AuNP&awenaidy phagocytosis.
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Another suggestion revealed the stiapendent toxicity of AuUNPs following expog to
several sizes of AuNPs to different types of celizedependent toxicity was reported in
human colorectal adenocarcinoma and human hepatoblastoma cells exposed {woaiteate
AuNPs sized 10, 30, 60 nthopezChaves etl., 2018) retinal pigment epitH&al cells and

human embryonic kidney cekéxposed to cetyltrimethylammonium chloride (CTAcDated
AuNPs sized 5, 10, 20, 30, 50, 100 (ikarakocak et al., 201@&nd human lung cancer cells
exposed to citrateoated AuNPs 5, 10, 20, 40 r{iriu et al., 2014)However, the evidence of
AuNPs toxicity still shows divergent conclusions as some studies confirmed the
biocompatibility or low potential toxicity of AUNR®Qu and L, 2009, Cheng et al., 20115)

was suggested that AuNPs mitigated the ROS production in cells, causing no severe
cytotoxicity. This was observed with a human prostate canceregibsed to carboxylic
acid-coated AuNPs sized 30 and 50 nm, which were internalised to a greater extent than

AuNPs sized 90 nriMalugin and Ghandehari, 2010)

AuNPs have shownanticancerbioactivity by inhibiting cell proliferation and indung
apoptosis(Rajeshkumar, 2016, Huang et al., 201¥Mpwever, AuNPsmay also induce
detrimental eféctagainsthealtly cells The present studyndicatedthe potential reduction of
cell proliferation inboth MRG5 and A549 cellsvhen exposed to AuNP3he cytotoxicity
findings illustratedcell-type dependentffect toward their exposure to different sizes of
AuNPs.AuNPs withasize of 80 nm demonstrated high potency against healthy-MERglls
than cancerous A549 cells. On the other hand, A549 cells elicited high sensitithty to
smaller size AulOThese esults implya positive effectto furtherinvestigatethe anticancer
activity of AUNPs with consideration of size impaxt healthy cellsAs AuNPs interaction
with cells can cause alterations in cell morphology and growth. The next experiment was
devoted to observe the cell morphology changes.
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4.3.1.3 Changes in cell morphologypost AuNPs treatment

Morphological images for both MRE and A549 cells were captured with an optical
microscope following exposure to the AuNRs 24 hours. As shown ifrigure 4.4, no
significant changes in the growth pattern of MBCells after incubation with AuNPs of
different sizesat concentrations of 26 and 41 pgiwdre observed. However, shrinkage of the
cells size was apparent abth concentrations of all AUNPs sizes. The presendcéoafing

cells dead cellgat high concentration of AuNPsanealsonoticed

In A549 cells, the cells treated with Aul0 and Au40 demonstrated changesmoggiology
(spindleshape), mainly at high concentration with the presence of deadFigilsg 4.5 D

and F). In case of A549 cells treated wi#u80, no changes in the cells morphology were
observed compared to the untreated cEilgure 4.5 G and H). A study was reported changes

in cells morfpology which was correlated to apoptosis cell death mediated by mitochondrial
dysfunction and oxidative stress in human lung cancer cells exposed to AuNPs sized 37 nm
for 24 hours(Ramalingam et al., 2016)n order to obtain a clear evidence about AuNPs

internalisation, the next subsection represents the cellular uptake assessments.
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Figure 4.4. Cell morphological changes of MRG5 cells treated with AuNPs of different sizesOptical
microscope images of MRE cells treated with AuNPs of different sizes for 24 houk3.untreated cells;B)
DMSO (20%) used as a ptige control, Aul0 C) 26 pg/ml and D) 41pg/ml; Au40 E) 26 pg/ml and ) 41
pa/ml; Au80 @) 26 pg/ml and i) 41 pg/ml. Scale bar 10 pm.
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Figure 4.5. Cell morphological changes of A549 cellsreated with AuNPs of different sizes.Optical
microscope images of A549 cells treated with AuNPs of different sizes for 24 haynsntfeated cells;R)
DMSO (20%) used as a positive control, Aufd) €6 pg/ml and D) 41pg/ml; Au40 E) 26 pg/ml and ) 41
pa/ml; Au80 @) 26 pg/ml and i) 41 pg/ml. Scale bar 10 pm.
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4.3.1.4 Cellular uptake of AUNPs

Several factors can influence the Nfedlular uptakencluding NPs size, shape and surface
charge(Panzarini et al., 2018Herein, tow different methods were used to investigage th
AuNPs cellular uptake; cell granularitgssessmenby flow cytometry and Au ion

quantificationby ICP-MS.

4.3.1.4.1 Cell granularity assessmenby flow cytometry

The SSC light measured by flow cytometry corresponds to the granularity of the cells. An
increase in SC (cell granularity) compared to the untreated cell may indicate the cellular
uptake of NPgIbuki and Toyooka, 2012)n this work, both MRE& and A549 cells were

treated with AuNPsf different sizes for 24 and 48 hours.

In MRC-5 cells no significantchanges in the side scattdter 24hours of incubatiorwas
detected excepthenthe cells treated with Au40 and Au80, at low concentration (26 pg/ml)
(Figure 4.6-B). At 48 hours of incubation, a substantial increase ircéflegranularitywas
noticed with the three sizes of AuNPs. Both Au40 and Au80 showed an increase in cell
granularity at concentriains of 36 and 41 pug/ml compared Aul10 (Figure 4.6-C). The
resultsrevealeda timedependent uptake towards MRS Xells exposure to the AuNPThis
indicated the longer the incubation the greater NPs interaction with the wekit) can
medides thepotentialAuNPstoxicity. In case of A549 cellshul0 showed significant shift

in the SSC at 36 and 41 pg/ml than Au40 and Au80 at 24 hours of ex|ibsyuee 4.7).

After 48 hours of incubation, Aul0 demonstrated the highest uptake compared to Au40 and
Au80 with the three different concentratiofsgure 4.7-C). Concentratiordependent uptake

was detected with the three AUNP sizes at 48 hours of treatment. The cellular uptake of AUNPs

was timedependent with each size of AUNPs.
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The present results illustrated that the toxicity of AUNPs of different sizes was correlated to
their cellular uptakeMRC-5 cells demonstrated a noticeable increas@ud0 and Au80
cellular uptake and attachment on cell surfaces, which supported thesabsxicity in the
previous cytotoxicity assessment following 24 hours of exposure. In contrast, A549 cells
showed preferential uptake to the smaller size, AulO, whichcalgsistent tahe earlier
cytotoxicity findings at 24 hours of incubatiofthe curent observations elicited the
interaction of AUNPs with cells can be dependent on the NPs size and #typeelhe results
werein agreement with other investigators wiseddifferent sizes of AUNPs otancer cells

(Park et al., 2017Zhou et al., 2017MRC-5 and A549 ciés are norphagocytic cellend able

to internalie small AuNPwia endocytosis mechanisfNg et al., 2015, Vyas and Goswami,
2019) Howevereachcell line can express preferenteallularuptakepathwaygowardtheir
exposure talifferent AUNPSs sizes as demonstrated in our restits.currentapproachused

to examine the cellular uptake gsialitative method andid not specifically represent the
internalisation of the AUNPs but maythee attachment of NRs the cell membransurface

For this reason, further assessments on the cellular uptake of AuNPs of different sizes are
essential to understand the mechanisms oAtidPs cellular internalisatio.o gain further
understanding of how AuNPs interfere withlaklr function and ultimate cell damage several
toxicity investigations were performed including oxidative stress, cell death mechanism and

cell cycle arrest. The next subsection is dedicated to discussing the results.
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Figure 4.6. SSC light intensity analysis of cellular uptake of AUNPs in MR&5 cells by flow cytometry (A)

Dot plots of side scatted intensity versus forward scattered intensity of Mexlls treated wittAuNPs of

different sizes at concentration of 41 pg/ml for 24 and 48 hours. The mean intensity of the SSC ligbit 24&ter (

and C) 48 hours of exposure to AuNPs of different sizes at concentrations of 26, 36 and 418agémepresent

the mean + SD (M. (*) p < 0.05; (**) p < 0.002 and (****) p <0.0001 versus untreated group by ANOVA test.

a =p <0.05 versus cells incubated with the same concentration of Aul0; b = p < 0.05 versus cells incubated with

the same concentration of Au40 and ¢ = p < 0.05u&cells incubated with the same concentration of Au80 by
ANOVA test.
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Figure 4.7. SSC light intensity analysis of cellular uptake of AuNPs in A549 cells by flow cytometryA)

Dot plots of sidescatted intensity versus forward scattered intensity of A549 cells treated with AuNPs of different
sizes at concentration of 41 pg/ml for 24 and 48 hours. The mean intensity of the SSC ligB{) &4earid C)

48 hours of exposure to AuNPs of differeiies at concentrations of 26, 36 and 41 pg/Bérs represent the
mean = SD (n=4). (****) p <0.0001 versus untreated group by ANOVA test. b = p < 0.05 versus cells incubated
with the same concentration of Au40 and ¢ = p < 0.05 versus cells incubatetthevithme concentration of
Au80 by ANOVA test
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4.3.1.5 The mechanisns of AUNPSs toxicity assessment

4.3.1.5.1 Oxidative stressdetection

It was previously claimed in the literature that oxidative stress mediated by the induction of
ROS is the primary toxicity mechanism of AuN@®4ateo et al., 2014, Rizwan et al., 2017,

Pan et al., 2009, Li et al., 2010AuNPs can initiate oxidative stress directly by ROS
generation upon their interaction with the cells and suppress the antioxidant level such as
glutathiong(Abdal Dayem et al., 2017The CellRox reagent was used to assess the oxidative
stress following MRE5 and A549 cells exposure to AuNPs of different sizes at concentrations
of 26, 36 and 41 pg/ml for 24 hourkhis concentition range (2641 pg/ml) wasselectedas

it has mediatetbw to highcytotoxicity based on the earlier cell viability dakenadione, an

oxidative stress inducer, was used as a positive control.

The observed findings illustrated thab woxidative stressvas induced in both cell lines
following exposure to different concentration of AUNPs of the three sizesmparison to
untreated cellgFigure 4.8). Similar to the current findings, a study obtained no sign of
oxidative stress for AUNPs sized lower than 100 nm exposed to colorectal adenocarcinoma
cells(Aueviriyavit et al., 2014)However, oxidative stress was previously evident agidia
mechanism mediating AuNPs toxicity in human leukaemia and human hepatoblastoma cells
were exposed to watdased AuNPs sized 30, 50 and 90 aintoncentration range of (15

22 pg/ml)at 1 and 24 hour@dlateo et al., 2014 Another study found oxidative stress induced

by citratecoated AUNPs AuNPat concentration range of (10800 pg/ml)after 30 minutes

of exposure to human metastatic breast adenocarcinoma but not with human epithelial breast
cancer cellfSurapaneni et al., 2018)s can be seen from the literature the results showed
contradicting conclusion regarding AuNPs triggered R@fslyction in which the cell type,

concentration and exposure time can influence the AuNPs induced oxidative stress.
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Figure 4.8. Oxidative stress detection of MRG5 and A549 cells following theexposure to AuNPs of
different sizes using CellRox deep red reagentlistogram of flow cytometry analysis of cells treated with
Aul0, Aud0 and Au80 at concentrations of 26, 36 and 41 ug/ml for 24 houk$ MRC-5 and B) A549 cells.

Bar graphs represetiie median fluorescence intensity (MFI) versus different concentration of AuUNP) in (
MRC-5 and D) A549 cells. Menadione (50 uM) used as a positive control. Bars represent the mean + SD (n=4).
(****) p <0.0001 versus untreated group by ANOVA test.
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The pesentindings revealed the cytotoxicity of AUNPs was not mediated by ROS formation
and it could beandher mechanisnthat triggered the toxicity of AuNPsHowever it was
difficult to conclude if oxidative stress is one of the toxic mechanismAuhiPsat the tested
time pointdue to the short halife of the produced ROS, which might be challenging to detect.
ROS are very reactive awdn be easilypoundto and oxidise cellular elemer(Brasad et al.,
2019) It was observed th&igh ROS formation was triggered human leukaemia celédter

24 hours of AuNPs incubation where@aINPs induced ROS production ifuman
hepatoblastoma cellsfter 1 hour(Mateo et al., 2014)This revealshe ROS productioris
dependent on thexposure time andell type In order to further clarify our current findings

of AUNPs induceoxidative stressthe level of cellular glutathione was quantified in the next

step.

4.3.1.5.2 Glutathione measurement

Glutathione is a potent cellular antioxidant that counters the high level of ROS inside the cells.
Free radicals promote the oxidation of GSH (reduced form) to GSSG (oxidised Ktemke

et al.,, 2013) Herein, the levels of GSH and GSSG were measured following 24 hours
incubation of AuNPs of different sizes at concentrations of 26, 36 and 41 pg/ml in both normal
and cancerousing cells. Menadione was used as a positiostrol. Interestingly, the MRC

5 and A549 cells treated with AuNPs of different sizes illustrated an increase in the
GSH/GSSG ratio at concentrations of 26 and 36 pug/ml compared to the untreated group
(Figure 4.9). Whereas a substantial reduction of the GSH/GSSG ratio was noticed in both cell
lines at a high concentration (41 pg/ml) with the three different sizes of AUNRHUP <

0.0001) Figure 4.9). No trend of sizelependent effect was detected.
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Figure 4.9. GSH/GSSG ratioquantification of MRC -5 and A549 cells following the exposure to AuNPs of
different sizes using GSH/GSS&5lo Assay Both cells were treated with AuNPs of different sizes at
concentrations of 26, 36 and 41 pug/ml for 24 hour&AlnNIRC-5 and B) A549 cellsMenadione (50 uM) used

as a positive control. Bars represent the mean + SD (n=4). (*) p < 0.05; (**) p < 0.002; (***) p < 0.0002 and
(****) p <0.0001 versus untreated group by ANOVA test. ¢ = p < 0.05 versus cells incubated with the same
concentration oAu80 by ANOVA test.

The present findings demonstrated an increase in GSH level, this could be the result of AUNPs
triggered GSH productiom the mitochondrialt was suggestethat AuNPscan mediate
antioxidantactivity in the cells(Barathmanikanth et al., 2010urthermore the drastic
reduction of GSH levels at high concentration of AuNPdifférent sizes can be due to the
overproduction of ROS at an earlier time thaiswot detectable after 24 hours of exposure.
Previous studieslaimedthat an alteration in the glutathione level mediated by the induction
of ROS isamajor cause of AuUNP®xicity in human leukaemia cells, humhepatoblastoma
cells and human pulmonary fibroblagtiowing exposireto AUNPs sized 30, 50 and 90 nm
for 24-72 hours(Mateo et al., 2014, Avalos et al., 201Bpwever, it was evident thale
depletion of GSHs an early mdicator for apoptosis induction despitee absence of ROS
formation(Franco et al., 2007gndthis could be the reasdar AUNPs cytotoxicity at high
concentrationAs the AuNPs causedntracellularGSH depletiorat high concentrationhé

next step of this work was to investigate dipeptosis cell deatinediated by cellular exposure

to AuNPs.
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4.3.1.5.3 Apoptosisdetection

The interaction oAUNPs with cells can induce cell death. It was reported in the literature that
AuNPs might triggers apoptosis, necrosis or autophagy as a primary cell death mode promoted
by the AUNPs cellular exposur&un et al., 2018 However, AUNPs can behave differently in

cells depending on AuNPs properties, exposure time and cell pamidipati and Fals,

2017) In this study, the cells were stained to discriminate between apoptotic and necrotic cells
using AnnexirV conjugated to Alexa Flowand Pl markers. Both MRE and A549 cells were
incubated with three concentrations (26, 36 and 41 pug/mludf?s of the three sizes for 24

and 48 hours. Staurosporine and DMSO were used as apoptotic and necrotic positive control

inducers respectively

In the MRG5 cells, no sign of cell death wdstectedafter 24 hours of exposure to the AUNPs

of the three sizesF{gure 4.10 C and D). Nevertheless, an increase in the cell fragment
population wabserved at the highest concentration of AUNPs of different sizes. After 48
hours of exposurandat alow concentration of 26 pg/ml, the early apoptotic population was
reportedaround 6%, 7.5% and 3.7% in Aul0, Au40 and Au80, respectively, compareéto 0.8

in the untreated controF{gure 4.10-D). The results were statistically significant with (p <
0.0001) in Aul0 and Au40 and (p < 0.01) in AuB@wever, no cell death was detected with

the higher concentration of AuNPs of the three sizes. Moreover, late apoptosis/necrotic
population was recorded at low concentrations, which was only significant with Au40 and
Au80 (8% and 3.4%, respectively). Nasior concentratiordependent cell death was noticed

with AuNPs treatment.
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Figure 4.10. Apoptosis cell death analysis of MRE5 cells following the exposure to AuNPs of different
sizes usingAnnexin V and PI by flow cytometry. Dot plots of flow cytometry analysis of MRE cells treated

with AuNPs at concentrations of 41 pg/ml fér)(24 and B) 48 hours. Each dot plot divided into 4 quadrants of
total 100% which correspond to: (Q4) living &el(Q3) early apoptosis; (Q2) late apoptosis and necrosis; and
(Q1) cell fragments. Staurosporine (1 pM) and DM30%) were used as positive contfol cell apoptosis and
necrosis, respectivelyC) Stackgraphs represent the cells percentage in each quadrant after 24 and 48 hours of
exposure to AUNPs at concentration of 26, 36 and 41 uddnhBér graphs of early apoptotic and late apoptotic
and necrotic populatiaafter 24 and 48 hours of exposure MPs of different sizes. Bars represent the mean

1+ SD (n=). (*) p < 0.05 and (****) p <0.0001 versus untreated group by ANOVA test. a = p < 0.05 versus cells
incubated with the same concentration of Aul0 and g < 0.05 versus cells incubated with thensa
concentration of Au80 by ANOVA test
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Figure 4.11. Apoptosis cell death analysis of A549 cells following the exposure to AuNPs of different sizes

using Annexin V and PI by flow cytometry. Dot plots offlow cytometry analysis of A549 cells treated at
concentrations of 41 pg/ml foAj 24 and B) 48 hours. Each dot plot divided into 4 quadrants of total 100%
which correspond to: (Q4) living cells; (Q3) early apoptosis; (Q2) late apoptosiseanakis; and (Q1) cell
fragments. Staurosporine (1 uM) and DMSID%) were used as positive contfot cell apoptosis and necrosis,
respectively (C) Stack graphs represent the cells percentage in each quadrant after 24 and 48 hours of exposure
to AuNPsat concentration of 26, 36 and 41 pg/nid) (Bar graphs of early apoptotic and late apoptotic and
necrotic populatiopafter 24 and 48 hours of exposure to AUNPs of different sizes. Bars represent the mean +
SD (n=). (*) p<0.05, (**) p<0.002, (***) p< 0.0002 and (****) p <0.0001 versus untreated group by ANOVA

test. a = p < 0.05 versus cells incubated with the same concentration of Aul0; b = p < 0.05 versus cells incubated
with the same concentration of Au40 and ¢ = p < 0.05 versus cells incubdtethevsame concentration of

Au80 by ANOVA test.
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For A549 cells, the late apoptosis/necrosis cell population was detected with the three
concentrations of Au40 and Au80 after 24 hours of incubatkigu(e 4.11). AulO
demonstrated a late apoptosis/necrosis cell population at the highest concentration only. After
longer incubation, 48 hours, an increase in the late apoptosis/necrosis cell popaolation i
concentratiordependent pattern was observed with three AuNPs $trpsré 4.11-D). The
maximum population of late apoptosis/necrosis percentagergported with Au40 (12%).

Time- and concentraticdependent cell death was detected with A549 cells.

In agreement to the present resuleyesal investigationeavedemonstrated the potential of
AuUNPs to triggeapoptosis cell deatih human lung cancemdhuman colorectal cancer cells
(Ramalingam et al., 2017, Mironava et al., 2010, Ramalingam et al., Z0i&¥tudy reported

a high level of apoptotic population with citrateated AuNPs sized 45 nm compared to 13
nm in human dermal fibroblasts, confirming sdependent cell dea{Mironava et al., 2010)
AuNPs can trigger apoptosis cell deatby different mechanisms. Caspatgpendent
apoptosis cell death induced by endoplasmic reticulum stress was elucidated as the primary
cytotoxic mechanism of tanngcid-coated AuNPs sized 20 and 70 nm in human neutrophils
(Noél et al., 2016)Apoptosis and GO/G1 cell cycle arrest of citretated AuNPs sized 20,

40 and 60 nm were observed in human lung cancer cells following 72 hours of incubation
(Choudhury et al., 2013Mitochondriatdependent apoptosis mediated by oxidative stress
generation has been shown with AuNPs sized 37 nm in human lung canc@amiédingam

et al., 2016)

The data showed that thearly apoptosispopulationwas triggeredin MRC-5 cells when
exposed to low concentration of AUNPs for 48 howtsereaghelate apoptosis/necrosis cell
population was detected in A549 cells exposed AuNP24@nd48 hoursBoth cell lines did

not showsubstantiakell death induction following their exposure to AUNFPke potential
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AuNPs interferencevith the staingsvas congleredin this experimentHowever, thiannot

be an issue aan appropriate gating to exclude AuNR&s performed during the sample
analysis Also, no interference was detected when AuNPs mixed with positive controls
(Figure A3). The mostprobablereasonof reportirg low percentage afell deathis that the
dead cells could be detachakkverthelessss evident earlier, noxidative stress wasbserved

by AuNPsand thiscouldthe reasomf not detectingsignificant induction otell death So far,

the resultsevealed th safety profile oAUNPswhich did not mediateevee toxicity at tested
concentrations and time pointslence, apoptosis can be mediated by mitochondrial

dysfunction. The next step was to examine the health state of the mitochondria.

4.3.1.5.4 Mitochondrial membrane potential health assessment

Mitochondria are responsible for cellular metabolism, cell fate and maintaining the
intracellular redox statéBrand et al., 2013)The MMP is the central regulator to generate
energy(ATP) (Zorova et al., 2018)Therefore, the mitochondria act as a vulnerable target
contributing to NPs cytotoxicitf\Wu et al., 202Q)The state of MMP after cell exposure to
AuNPs was tesd using a TMRM probe to determine mitochondrial activity. Both the healthy
and cancerouking cells were incubated with AUNPs at concentrations of 41 pg/ml for 24

hours. The CCCRas used apositive control that inhibitexidative phosphorylatian

In MRC-5 cells, a loss of MMP was reported with three sizes of AUNPs with compared to the
untreated cells of healthy mitochondriadure 4.12 A and C). Moreover, Au40 and Au80
demonstrated a significant reduction in the mitochondrial activity in comparison to Aul0 of
the same concentration. The same observation was found with ABglSignificant loss of

MMP was observed following exposure to AuNPs of the three dtigaré 4.12 B and D).

The lowest MFI was recorded with Au80. Together wtievious reportedMTT results,
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AuNPs may interfere with mitochondrial function after their exposure to MR@d A549

cells.

As aforementioned, apoptosis cell death is the mode of cell death triggered by cellular AUNPs
exposure, particularly after 48 hours. However, the current results may indicate a
mitochondriamediated apoptosis pathway as a toxicity mechanism of AuNigschondria
mediated apoptosis was previously reported in human lung cancer cells exposed to sodium
borohydridecoated AuNPs sized 287 nm with cell cycle arrest at the G2/M phase after 24
hours of treatmen{Ramalingam et al., 2017and human leukaemia cells exposed to
pegylatedAuNPs sized 6.1 nm that altered the mitochondria membrane potential after 48 and
72 hours of exposur@iuang et al., 2014)t was also reported that humiamg cancer cells
treated with citrateoated AuNPs sized 20, 40 and 60 nm resulted in upregulation of
proapoptotic proteins following 72 hours of incubat{@moudhury et al., 2013However, in

this study, AuNPs illustrated reduction in mitochondrial activity at 24 hours of incubation and
triggered apoptosis after 48 hours of exposure. To gain further evidence regarding AuNPs
toxicity, it was of interest to investigate the AuNPs potential to interfere with cell cycle

progression as the next step.
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Figure 4.12. Detection of mitochondrial membrane potential state of MRC5 and A549 cells following the
exposure to AuNPs of different sizes using MitoProbe, TMRM assay by flow cytometridistogram of flow
cytometry analysis of cells treated with AuNPs of different sizes at concentrations of 41 pg/ml for 24 hours in
(A) MRC-5 and B) A549 cells. The median fluorescence intensity (MFI) versus AuNPs of different siz&s in (
MRC-5 and D) A549 cells. Carbonyl cyanide-éhlorophenylhydrazone (CCCP) (50 mM) used as positive
control. Bars represent the mean + SD4n=£**) p < 0.002 and (****) p <0.0001 versus untreated group by
ANOVA test.a = p < 0.05 versus cells incubated with the same concentration oftUAIROVA test.
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4.3.1.5.5 Cell cycle progression analysis

AuNPs may suppress the proliferation of cells by abodetigcycle progressiofRamalingam

et al., 2016)The PI/RNase stain was used to investigate the cell cycle stage. Bots lsfdC

A549 cells were treated with 26, 36 and 41 pg/ml of AUNPs of the three sizes for 24 and 48
hours. Topotecaand Etoposidevere used as positive contralbich induced G1/S phase and

G2/M phase arrest, respectively

MRC-5 cells treated for 24 hours with Aul0 and Au80 exhibited a concentdgimendent

arrest at G2/M phase. Around 20% and 22Ms accumulation at G2/M phases were recorded

at highest the concentrations A110 and Au80 compared tt0% in the untreategroup
(Figure 4.13-C). For Au40, an increase in the subG1 population was only detected with 36
and 41 pg/ml. Following 48 hours, the AuNPs of the three simafiatedcellsaccumulation

at the G2/M phasaccompanied withncreasing the subG1 population anconcentration
dependentpattern indicatingapoptosis Figure 4.13-C). In A549 cells, no observed changes
were detected at the low concentration (26 pg/ml) withtinee sizes of AUNPs. However,

cell cycle arrest at the G2/M phase was reported after 24 hours of exposure to AuNPs of the
three sizes at 36 and 41 pg/rRidure 4.13-D). After 48 hours of incubation of the cells at a
concentration of 36 pg/ml, an arrest of the cells at G2/M was obtained with the three sizes of
AuNPs. Moreover, a concentratiolependent increase in cell accumulation at subG1 was
observed with the AuNPs of different sizes after 48 hours of expdSigneré 4.13-D). No

sizedependent effect was detected in A549 and MIRElls.
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Figure 4.13. Cell Cycle progression analysis of MR& and A549 cells following the exposure to AuNPs of

di fferent sizes using FxCycl e EHifidgrarRaif#foscgton®tryaralgsisn g by
of cells treated with AuNPs of different sizes at high concentration (41 pg/ml) for 48 hours MRC-5 and

(B) A549 cells. The stack graphs representcilepercentage on each phadeell cycle after 24 and 48 hours

of exposure tdlifferent concentration of AUNPs i€} MRC-5 and D) A549 cells. Bars represent the mean

(n=4).
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In agreement with these findings, human lung cancer cells exposed to sodium borehydride
coated AuNPs sized 287 nm were found to arrest the cell cycle at the G2/M phase after 24
hours(Ramalingam et al., 2017Jhe same study also found an increase in the apoptotic subG1
population secondary to oxidative stress induction and mitochondrial membrane dysfunction.
Another study found that pegylatédiNPs sized 6.1 nm expabséo human leukaemia cells
increased the subG1 apoptosis cell death accompanied with mitochondrial damage after 48
and 72 hours of exposufduang et al., 2014 Citratecoated AuNPs sized 20, 40 and 60 nm
used to treat human lung cancer cells were found to accumulaiighen SubG1, indicating

cell apoptosis along with increasing the protein expression of proapoptotic proteins following

72 hours incubatiofChoudhury et al., 2013)

As presented earlier, a decrease in cell viabalgin aconcentratiordependent manner after
incubation with the AuNPs of the three sizes. In addition, an arrest of the cell cycle at the
G2/M phase was reported after 24 hours of exposure with an induction of apoptosis after a
prolonged incubation time with thUNPs of three sizes in both cellsmost likely the cells

could not repair the DNA damage lead to accumulation of cells in G2/M phesde cells

failed to reach G1 phase which resultetheinduction of apoptosig-hesefindings supported

the previous observationof late apoptosis/necroscell death However, the question was
addressed in the ability of the cells to recover and regain the cell cycle progression and
proliferation after cessation of AUNPs exposure to the cells. The nexdestegnstrates and

discusses the findings.
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4.3.1.5.6 Cells recoverypost AuNPs treatment

It was of interest to identify the cells ability to recover following the exposure to AUNPS. Both
MRC-5 and A549 cells were exposed for 1 day to the AuNPs of different sizes. The
concentration rangef (26- 41 pug/ml) were used to treat the cells based on the previous cell
viability results. After one day of exposure, the AUNPs were removed, and fresh media were
added for 2, 3 and 4 days. Cell viability was measured after eacpaimteusing the mLDH

assay to determine the possible cell recovery from AuNPs and the ability to counteract the

toxic effects of AUNPs.

In MRC-5 cells, the cell viability showed a continuous decrease at day 2 after cessation of
AuNPs exposure in all coantrations of Aul0 and Au4@igure 4.14 A and B). At day 3, an
increase in the cell viability was observed with low concentrations (26 and 31 pg/ml) of Aul0
and Au40. On the other hand, cells exposed to high concentrations (36 agi) of Aul0

and Au40 showed continues decreases in cell viability (23% and 27%). At day 4, the cell
viability increased after exposure to different concentrations of Aul0 and Au40 with higher
than 50% cell viability. In the cells treated with Au80g tloxic effect was continued even
after treatment removal at days 2 and 3 with cell viability 30% and 24%, respectively, at
highestconcentrations. The cell viability showed a gradual increase at day 4 with the different
concentrations of Au8t~{gure 4.14-C). The AuNPs of different sizes demonstrated almost

the same pattern of potential recovery after AUNPs expasM&C-5 cells
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Figure 4.14. Recovery of MRG5 and A549 cells following the exposure to AuNPs of different sizeBoth

cell lines treated with AuNPs of different sizesaatoncentration rangef (26- 41 pug/ml) for 1 day. Then the
cells allowed to remver by adding freshell culturemedia for 2, 3 and 4 days. The cells recovery was detected
by measuring the cell viability aftédRC-5 cells exposure tGA) Aul0, B) Au40 and C) Au80 andA549 cells
exposure t¢D) Aul0, E) Au40 and F) Au80. Datarepresent the mean £SD (n=4).
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In case of A549 cells, the cells exposed to AuNPs of different sizes illustrated a gradual
increase in cell viability with the different concentrations from day 2 to d&jgdire 4.14 D-

F). The cell viability after 1 day of exposure to a high concentration (41 pg/ml) of AUNPs was

57%, 46% and 54% for AulO, Au40 and Au80, respectively. At day 4, the detected cell
viability percentages were 90%, 88% and 93% for Aul0, Au 40 and Au80. There was no size

dependent recovery detected from the obtained findings.

After comparing the possibleell recovery between the healthy MF&Cand the cancerous
A549 cells, it was appanéthat the A549 cells were able to overcome the toxic effect of the
AuNPs after 1 day of exposure with an immediate increase in cell viability compared to the
MRC-5 cells, which remained influenced by the presence of the AuNPs inside thdtcells.
most Ikely that AUNPS retained inside the calisn after removing the AuNPs from tleell
culturemedum, thereforeAuNPs continued tanterfere with cell proliferationThe present
findings demonstratetthe impact of AUNPs being dependent on the cell type. observed
detrimental effecof AUNPs on MRGS5 raises concern regarding the use of AufdiPsancer
treatment andifferent biomedical applicationSimilar to our findings, a study reported that
human dermal fibroblast cells were expd#o citratecoaded AuNPs with sizes 13 and 45 nm
for 3 days and then allowed to recover for 5 days. However, the study revesileel a
dependentresponsein which a slow recovery rate of AuNPs sized 45 mas noticed

compared to the smaller size AUNPs (13 ilsliyonava et al., 2010)
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4.3.1.5.7 NPs assay interference

AuNPs display optical characteristics, thereof the interference of AUNPs with the reagent or
fluorescent probe is highlpossible The AuNPs interaction with the assay may lead to
inaccurate or misleading results. In this work, the interaction of AUNPs with fluorescent probes
was tested. No AuNPs interreference was noticed with the fluorescent assays as demonstrated
f or Ce ldéeRredadsay in Figure A2), Alexa Fluor® 488 Annexin V/Dead Cell
Apoptosis assay inF{gure A3), Mi t oPr obeE, FijlReM4)a sasmady HxnCy(c |
PI/RNasestaining in Figure A5). For mLDH, MTT and GSH/GSSGIlo assays, same steps

were followed as menti@d previously in chapter(3ection3.3.1.5.7)

Although the 2D monolayer is the most used cell culture model in preclinical studies for drug
investigation and developmerthe 3D multicellular model are a promising approach since
this model resembles thghysiological environment to the human tissue. The next section

demonstrates and discusses the toxicity of AUNPs in a 3D cell culture model.

4.4 Toxicological assessment of AUNPs of different sizes in ai@Ditro cell culture

model

The 3D cell culture model used as a representative model o ¥ie solid tumour(Nunes

et al., 2019)The 3D model has been found to mimicrhieroenvironment of the solid tumour
compared to the 2D mod@enshykau, 2017Herein, the 3D scaffolftee cell culture model
(spheroids) was prepaat for A549 cells using a liquid overlay technique. The aim of this
section was to examine the impact of AuUNPs size in inducing toxicity in A549 spheroids model
and to compare the cytotoxicity findings with the relevant results from the 2D monolayer

model.
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4.4.1 Results and discussion

4.4.1.1 Spheroids morphology and size changes

A549 spheroids were exposedAaNPsfor 24 and 48 hourd.ow and high concentrations

(26 and 41 pg/mlipf Aul0 and Au80 were selected to treat Atel9 spheroids to assess the
spheroids sensitity toward the exposure to AUNPDMSO (20%) was used as a positive
control. The spheroids were imaged after each time point of treatment using optical
microscopy As demonstrated iRigure 4.15 and Figure 4.16, the spheroids maintained the
compact structure following the exposuredu10 and Au80 at both time points. For spheroids
treated with Au80, the accumulation of NPs around the spheroids at a concentration of 26
png/ml was clearly observe@Figure 4.16). The spheroids circumference changes were also
measured. There were no significant changes detected between the circumferences sizes of
spheroids treated with Aul0 and Au80 and thestmeéore treatment at either 24 or 48 hours

of incubation(Figure 4.15-C and Figure 4.16-C). These observatiaindicated that AUNPs

did not mediate toxicity in the A549 spheraianodel To further investigate the AUNPs effect

on A549 spheroids, the cytotoxiciggsessment was performed in the next subsection.
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Figure 4.15. A549 spheroids morphological changes following the exposure to AulOptical microscope
images of A549 spheroids treated with Aul0 &)y 24 and B) 48 hours at concentrations of 26 atidug/ml.
Scale bar (10 pmDMSO (20%) used as positive contr@C) Bar graph representie circumference size of
A549 spheroids after treatment with Aul0 for 24 and 48 hours. Bars represent the &i24n=10). (****) p
<0.0001 versus untreated group by ANOVA test.
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Figure 4.16. A549 spheroids morphological changes following the exposure to Au8Dptical microscope
images of A549 spheroidseated with Au80 forA) 24 and B) 48 hours at concentrations of 26 atidug/ml.
Scale bar (10 pmDMSO (20%) used as positive contr@C) Bar graph representie circumference size of
A549 spheroids after treatment with Au80 for 24 andhd8rs. Bars represent the mean + SD (n=10). (****) p
<0.0001 versus untreated group by ANOVA test.
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