ScuDo

Scuola di Dottorato - Doctoral School
WHAT YOU ARE, TAKES YOU FAR  ,.m

Doctoral Dissertation
Doctoral Rogram inChemicalEngineering (3" Cycle)

Development and biostability
evaluation of hybrid nanoconstructs
for cancer therapy based on
zinc oxidenanocrystals

Bianca Dumontel

* * k k k%

Supervisor
Prof. Valentina Cauda

Politecnico di Torino
November2020



This thesis is licensed under a Creative Commons License, Attribution
Noncommercial - NoDerivative  Works 4.0 International: see
www.creativecommons.orgThe text may be reproduced for rommmercial
purposes, provided that credit is given to the original author.

| hereby declare that, the contents and ogdioin of this dissertation constitute
my own original work and doesot compromise in any way theits of third
parties, including those relagro the security of personal data.

""""""

ééeéeécéeeeéceece.
Bianca Dumontel
Turin, November 272020


http://www.creativecommons.org/

Summary

Cancer is a leading cause of death, second only to cardiovascular digedses
its large diffusion and incideng®gether with th@wumerougrawbacksassociated
with antitumor traditional therapiesmadethe research of new diagnostic and
therapeuticstrategie®f paramountmportanceln recentyears,promisingoptiors
wereoffered by nanomedicinghich ervisages the application of nanomatertals
the medical fieldo formulatemore selective and stalileerapeutic tools.

In this contextthis PhD thesis focuses on the developrmeéatbiocompatible
and colloidally stable Hyrid nanoconstructor the targeted treatment of cancer
cells. The nanoconstruct, evocatively named TrojaNanoHorse (TWd)d be
composed bya therapeutically active core made by chemically synthesized zinc
oxide nanocrystals (ZnO NCs) encapsulated in a biomimetic shell of extracellular
vesicles (EVs)opportunely functionalized witspecific targeting moieties in order
to further enhanceheir selectivity. The proposedhybrid nanoconstruct would
combine thentrinsicdelivery featursof EVs, liketheir greatstability in biological
environment and low immunegicity, with thetoxicity of ZnO nanostructures
toward cancer celland the targeting capability of opportugrggineeredigands

More in details, the first part of the experimental work concerned the
optimization of ZnO NCs synthesis and their physitbemical characterization.
Indeed, a reliable and reproducible synthetic procedure together with a precise
evaluation of the featuresf the obtainedZnO NCsareessential for the accurate
study of their biological effects. In this phase, two synthesis methods (i.e. a
conventional slvothermal method and a microwasssisted synthesis) were
evaluated, analyzing thaternalization rate and cytotoxicity of the obtained ZnO
NCs on KB cancerous cells and decreeing the major reltgbdi microwave
assisted synthietmethod.

The collodal and chemical stability of synthesized ZnO NCs in the biological
environmenwerethen evaluatedynalyzing the aggregation and dissolution extent
through longterm biostability testsThe stabilityand theinteraction with media
componentsin fact, would determine the biological identitgf nanoparticles,
directly affecting the biological responséhe assays were performed in different



biological media, evaluating the behavior @therspristine and functionalized
nanocrystals. In particulaZnO NCs coated with a shell constituted by synthetic
phospholipids were analyzed as a preliminary model of the proposed hybrid
nanoconstruct, confirming the stabilizing effeasured byhelipid envelope

The actual TNH hybrid nanoconstruct was then developethbining the
synthesized ZnO NCs with EVs extracted from the conditiooeltl culture
supernatants of KB cancerous cellfie encapsulation wagerformedthrough a
co-incubation method, optimizing several operating parameters to maximize the
interactiors between the two components and, thus, the loading efficighey
effect of the EVs lipieshielding on the colloidal stability, cellular toxicity and
internalization was evaluated, comparing the behaviour of the obtained TNHs with
uncoated ZnO NCsThe results evidenced great improvemenbof colloidal
stability in biologi@l mediaaccompanied by a more efficient internalization in KB
cancer cells of TNH nanoconstructs with respect to pristine ZnO Nt@ssamples
presented a comparable cytotoxicity, highlighting that EVs shielding fully preserve
the intrinsic toxicity of ZnO NCs.

The construction offNH was further optimizeth order to obtain a safer and
more effectiveproduct. Primarily, to overcomesafety concerns related to the
application ofEVs derived from cancer cells, the EVs cetlurce was changed,
extracting thebiovesiclesfrom B lymphocytesMoreover, the loading efficiency
was optimized by the application of an active loading method,dbasethe
application of freez¢haw cycles asctivestimulusto destabilize EVs membrane
and favor the encapsulation of ZnO NCs. Two different procedwere
implemented and analyzed ternms of loading efficiency, colloidal stability and
morphology, euwlencing the suitabilityof freezethaw method to efficiently
encapsulate ZnO NCsithin biologically-derived EVs while preserving their
morphology and surface protein expressi@nally, to further improve the TNHs
selectivity,a functionalization method to decordte EVs surfacevith specific
targeting antibodiewas designed angreliminaryvalidated.

The results presented in this PhD theow the developmentof an
innovative hybrid anoconstructfor cancer treatment based on therapeutically
active ZnO NCsThe main goal of this study was the biostabilization of synthesized
nanocrystals obtainetiroughtheir encapsulation i&Vs. The biological origin of
EVs would improve the biomimietand biocompatible featuregile guaranteeing
the efficient intracellular release arttie prominent cytotoxic activityof ZnO,
making the whole nanoconstruct a promising candidate for therapeutic applications
against cancesells
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Chapter 1

Introduction to nanoparticles for
cancer treatment and Thesis
structure



1.1 Introduction

1.1.1Cancer

According to the World Health Organization (WHO) cancer is the second most
common cause of death worldwjdsecond only to cardiovascular diseases.
Globally, cancer igesponsible of 1 in 6 deaths for an estimated amount of 9.6
million deaths in 2018\bout 70% of deaths caused by cancer disease occur in low
or middleincome countries and the most lethal types of cancelis arelerlung,
colorectal, stomach, liver anlgreast cancerEstimates of cancer incidence and
mortality are provided by International Agency for Research on Cancer (JARC)
considering 36 types of cancand 185 countrieandterritories Thesepredictions
based 02018 dataand considering demographic changealculate that cancer
will have an incidence d29.5 million casesand a mortalityequal t016.4 million
in 2040.

From these data and estimates result clear that cancer is a major public health
problem globally and theesearch of new diagnostic and therapeutic opti®of
prominent importance. In this perspectitbe comprehension othe cancer
pathophysiologynd biological mechanissis fundamental.

The ter m 0c armsmeretidan D00 dispasteahcambdieveloped
in almost anytissue in the bodgnd present individual featurddowever,cancer
is generdly characterizedy the uncontrolled division of abnormal cells that can
invade surroundingissues or spread over the body through blood and lymphatic
systems(NIH, 2007) A review publishedby Hanahan and Weinberg in 2000
systematically analyzethe differences between cancerous and normal, cells
attributing the complexityof cancerbiology to six major hallmarkgHanahan &
Weinberg, 2000) The proposed essentialterations of cells physiology that
collectively detemine the tumor development are a slfficiencyin growth
signals accompanied by an insensitivity to -gmowth signals the capabilityto
evading programmed cell death (i.e. apoptosisjl a unlimited replicative
potential Furthermore,cancerous cellean promote angioggesisto ensure the
required provision of oxygen and nutrients aath presenta marked tendency to
tissue invasior(i.e. metastasize)n an updated editiopublished in 20Q, the
authors add tweupplementargharacteristicsT o support the unlimited cell growth
and proliferation, cancerous cells present a major reprogram of cellular energy
metabolism Furthermore malignant cellsare commonlyable to elude the
immunological response ofnatural killer cells, macrophages and T and B
lymphocyteqHanahan & Weinberg, 2011)

Regardingts origin, cancer disease arisitom complex DNAmutation, acting
mainly on two categories of genes, i.e. prot@wogenes and tumor suppressor
genes. In normal conditions thegenes regulate the cell cycle, respectively
promoting or inhibiting théivision of cells, and thus guaranteeing the correct tissue
and organ dexMopment. However, #eration of proto-oncogenes produse
oncogenes, which stimulaéa excessiveellular division, while tumor suppressor
genes are inactivated by the mutation, eliminating the inhibitawncellular
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excessive growtl{Lodish et al., 2000)The clonal expansion of mutatexll
togetherwith the accumulation of other molecular changei produce the
developmenbf cancer malignant state in a mistepprocesyYamamoto et al.,
2015) In their evolution, cancerous cells will acquire all the hallmarks previously
described generating a tumor mass with abnormal vasculature and ability to produce
metastas, as represented kHigure 1.1.

The causgof the mutatiorcanbe hereditaryor induced by external chemical,
physicalor biological agentandcanaffectdifferent cells populations in the Bage
hierarchy, producingeveral tumosubtypes(Visvader, 2011)

O The cells © A tumor is considered
eventually malignant when its
e The mutated cells form a mass cells break loose and
continue to divide called a tumor. travel to other tissues
€ A normal cell i ing i b and organs, a process
o But a mutated |nCrf_‘a&|ng In Nnumber. ) E
divid I 9 oy called metastasis.
\J:L:::\: zells cell divides Tumor
of that type uncontrollably. Cell proliferation Metastasis
are needed.
Mutated cell Blood vessels
Normal cells

Figure 1.1: Stage of tumordevelopmentepresented as a muttieps processom cells mutation to the
formation of tumor mass and abnormal vascuigtfigure from(NIH, 2007)

1.1.2Traditional therapies

The large diffusion and incidence of cancer disease have led to the development
of different therapeutic optienover the yearsThe mo$ common traditional
therapies applied alone or in cubination are surgery, chemotherapy and
radiotherapy and the selectiofithetreatmentlepends on several aspects, like type
of cancer, location of the tumoral mass and staEgerogressior(Arruebo et al.,
2011)

For solids tuma, minimally invasive oropen surgery are often appli¢al
physically emovethe tumor masfrom the bodyEventhoughsurgical treatment
remainsone of the basimethod for oncologyit is important to mention thait is
associated witseveral side effects characteristic of all the surgical operations and
present several problemof recurrence and metastasé® overcome these
limitations, the surgical strategy is often combined with adjuvant treatments like
radiotherapy and chemotherapRRadiotherapy and chemotherapy asgdely
applied also as staralone treatmentgo treat bth solid and circulating tumorin
case of radiotherapy, high energy radiatiare employed to directly damaB&lA
of cancerous cells, impairing the cellular division and groviitte application of
radiationtherapies can also cause the generation efrldicals which will cause
genetic damagebelping cells deatfAbbas & Rehman, 2018)



Conversely, chemotherapy consist in the injection of chemical subsfanchs
as alkylating agents, antimetabolites, mitotion h i b i tHatselestige)yinteract
with cells in particular phase of their divisianterfering with the process.

However, both therapeutic opti®presentack of specificity which cause the
insurgence of substantial side effects that impair th@ilicgiion.Collateral effects
of radiation therapy are connected to the damage of healthy cells and tissues near
the treatment are®©n the other hand;henotherapeuticagentscould affect not
only cancerous cells budlso other type ofcells, causing cdditeral effects of
variable severity includingnyelosuppressigrhair loss, gastrointestinal damages
and compromised wourtkealing (Regan, 2007)In addition, chemotherapeutic
drugs are characterized by a poor bioavailabitiguiring the use of higher doses
which increasehe probability ofside effectsand the incidence of drug resistance
phenomengSenapati et al., 2018)

A possible response to this lack of specifigstgonstituted by immunotherapy
or immuneoncology Thisgained great attentiaturing the last decade of 1900 and
today it is widely applied, with several immunotherdg@ged drugs approved by
the Food andrug Administration (FDA).Cancer immunotherapsely on the
artificial stimulation of innate immune system against malignant cells and include
a variety of treatments likecancer vaccines, oncolytic virus therapy,
immunanodulators, adoptive cells therapy and targeted antib@dipsg Yang,
2015) The last categorgind in particular monoclonal antibode®largelydiffuse
at the momentwith more than60 monalonal antibodies approved by FDA
(Tsumoto et al., 2019)

Monoclonal antibodies aassifiedas passive immurloerapeuticssince they
directly bindto target malignant cells recognizing specific or overexpressed tumor
receptors.The antigenrantibody bond could then cause the disruption of cellular
pathwaysor activate the recognition of cancer cells by immune sydisuing to
cell death The recognition of cancer receptors ensures a more selective treatment
of malignant cellsreducing theoccurrenceof side effectsHowever,monoclonal
antibodies requira precise serological characterization of cancer and normal cells
andare thus,characterized by high production costoreover theystill possess
a poorbioavailability and slowbiodistributionas well as some side effedi#/.
Wang et al., 2008which remainthe major issue of conventional cancer
treatnents.

1.1.3Nanomedicine

Considering the described drawbacks of traditional therapieséstigation
of innovative treatments with improved selectivity and pharmacokinetic is
particularly valuable.

A targeted treatmenwould guarantee theestrictionof the therapeutic effect
on a specific category of cells, reducthgnon-specific toxicity angthus anyside
effect More in generalthe improvement of treatment selectivitgtability and
distribution inside the organismwould enhanceits efficiency, ensuring an
appropriate drug concentration onty thetargeted organ or tissue resulting in a
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decreasef doseandadministratiorfrequency.Thiswould increase the therapeutic
index (i.e. the ratio between the maximum tolerated and the minimum efecti
dose) and the overall drug safety. Indeed, the reduction of fluctsatiodrug
concentratiorand theavoidance of toxic ovedosagesvould consent to limit the
insurgence of undesired side effects, improving the life quality of pati€nts
Shen et al., 2003)

A great opportunity to pursue these goals is offereddnpmedicineThe term
i N a n o merdfercto theedplication of nanotechnologies to the medicasfield
Indeed, nateriabwith size range between 1 and 100 nm, i.e. nanomatgreasess
severalinteresting physicehemical featureandtheir dimension guarantegsry
closeinteractiors with biological component$n this context, nanoparticles with
various compositionand morphologieare studied for theiapplication in cancer
treatmentexploiing eitherthe intrinsic cytotoxic properties of the nanomaterial or
their ability to act as a carrier for traditional chemotherapeutic adieintset al.,
2015)

The targéng mechanism of nanomaterials well as their variety and principal
challengesare summarized in the subsequent sections.

1.1.3.1Nanopatrticles targeting methods

The category of nanomateriatdmprehendsanoparticle with very different
compositiors and propertiesvhichare alllinked by thecommon featuref reduced
dimensionsThis characteristic is particularly interesting é@ncer therapy, since
it allowsto exploit the typical pathophysiology tnfmor areato enable the specific
accumulation of nanomaterials.

As already mentionedumor cells promote the angiogenesis, i.e. the formation
of new blood vessels, to guarantke delivery of oxygen and nutrients during their
uncontrolled growth. However, compatechealthy tissueshetumorareas present
an alterecand noruniform vasculatureln fact, he newvesselsarecharacterized
by a leaky endotheliurwith larger poregshat allow the pasg@ of nanoparticles
and arealso accompanied by a lack of lymphatic drainage that catise
accumulation of the particles penetrated inside the tissue. Together these
pathophysiological features cause the so called enhanced pertmeabilietention
(EPR) effect which is responsible for the higher uptake of nanomaterals
moleculedrom cancer tissue3.he preferential accumulationside tumor tissues
with respect to healthy ones was observed for the first time in 1986 and gees und
the name ofipassive targeting(Matsumura & Maeda, 1986)

However, this mechanism present evident limitatiespgecially related to the
redistribution andcellular internalizationof nanomaterials extravasated in the
interstitial space(X. Wang et al., 209). These problems gave riséo new
approaches that envisage the attachment of specific ligands to the nanomaterials
surface, conferring aMheddwe targetieg expitsget i ng o
theenhanced or specific expressioinparticularreceptos by cancer cellshat can
be recognized by different types of molecules, conveniently attached on the
nanoparticlesurfaces. The class of possible functionalizing agents comprehend
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antibodies, aptamergeptidesor other synthetic and biologicaholecules(X.
Wang et al., 2009)

Combined to EPR effecthis second strateggignificantly improves the
specificity toward malignant cancer cells as schematically represenkeduire
1.2. In addition, it also openshe possibility to target circulating It of
hemaologicaltumors(Vinhas et al., 2017)

a Passive targeting via the EPR effect

~ Bloodflow —s

ﬁ,ﬁ‘% :

Normal cells

Normal cells

Tumor cells

b Active targeting

& ——

Tumor cells Normal cells

Legends:

@ Nanoparticle without active targeting ligands
# Nanoparticle with active targeting ligands

‘Cancer cells overexpress receptors as compared to Olhe normal cells

Figure 1.2: Schematic rpresentation ofa) active andb) passive targeting mechanisofsxanoparticles
figure from (Upponi & Torchilin, 2014)

1.1.3.2Nanopatrticles categories andchallenges

As already mentioned, the category of nanomaterials investigated for
oncological applications comprehend particles with dffik compositions ranging
from lipidic and polymeric nanoparticles to carbbased and metallic
nanoparticles.n additon, they can possess divefsactions and act as therapeutic
agents themselves or sea@nanocarriers to transport traditional drugs.

Several types of nanoparticlese applied in combinatiorwith traditional
chemotherapeutic agents,stabilize the dugsduring blood circulationmproving
their biodistribution and avoiding an immediate clearance by the immune system.
For this application asnanocarriers, polymerbased hydrogels albumin and
lipid-based nanoparticles are the most widely used, kisato the ability to
incorporate the active princglin their structure througphysical and chemical
interactiongEstanqueiro et al., 2013 particular,Doxorubicinloaded liposomes
for the treat me nwere thd firskparficlesppraved bysFDA in o ma
1995, followed by several other formulatiommostrecent yearéPetre & Dittmer,
2007) For indgance,lipids and polymeric carriers functionalized with appropriate



targetng moieties are studiedo improve the selectivity of nanocarriers
(Estanqueiro et al., 2015Most recently the constructionof stimuli-responsive
systems constituted byorganic nanoparticles able to release their payload
following internal or external stiali (such as pH, ionic strengttemperature, light,
utrascnd, é) are widely investigated 1in
selective delivery of the drugMura et al., 2013) Between the inorganic
nanoparticlesmicro and mesoporousilica nanoparticles are promising candidates

for drug delivery purposes thanks to their high drug adsorption capability and
possibility toachieve stimutcontrolled releasg). Zhu et al., 2017)

Recently the intrinsic antitumoral properties séveraltypes ofnanoparticles
were also analysed considering their possible application #werapeutic or
diagnostt tools without the combination with traditional drug$his category
comprehends mainly inorganic nanoparticles, such as metaki@l oxides and
magnetic hanoparticleBor instance, magnetic nanopartici@smarily constituted
by iron or manganese oxidesge applied in combination with alternated magnetic
field causing hyperthermia and subsequemour thermal ablation(Latorre &
Rinaldi, 2009) The same hyperthermia effect was obtainedusing gold
nanoparticlesactivated by infraed light (Cherukuri et al., 2010)Moreover,
conducting or semiconductingetal oxide nanoparticleke TiO. or CeQ, are
able to cause cells death probably due to their catalytic activity. In fact, these
nanoparticlesopportunely stimulated with UV raation or ultrasoundare able to
participate to redox reactions in the cellular environment, increasing the level of
reactive oxygen species (RO&N)d triggering oxidative streg€anavese et al.,
2018) Finally, semiconducting nanopatrticles with very sndilinensions (2.0
nm), named quantum dots, are investigated for bioimaging purposes thanks to their
peculiar optical properties acquired with the size redugiong, 2013)

The heterogeneity dhe testednaterias togetherwith the possiility to tune
their propertiesand properly functionalize their surface are well represented in
Figure 1.3.

3L X “ /\/ .
dendrimer  protein-drug 3 < X surface functional group

conjugate f"‘ /J (e.g..—SH, -NH,, -COOH)
carbon nanotube @ * 1

2
-/+ surface charge
polymer particle liposome

-+

aoeuns

material

|
y

4

/\/’ targeting ligand
metal particle v (e.g., antibody, peptide, aptamer)
hydrogel particle solid-lipid ’

[ 4
\ nanoparticle

hybrid particle
sphefe
‘ cube *

plate star

Figure 1.3: Schematic representation of the great variety of nanoparticles investigated for nanomedical
applications which present different composition and tunable phgbiemical properties; figure fro(Qin et
al., 2017)
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The reduction to the nanoscalenfeisto nanomaterials not only the possibility
to uniquely interact with cells and tissues Itualso guaranteg an interesting
surface reactivityVillanuevaFlores et al., 2020)n fact, with respect to bulkier
materials, they present an increase of specific area vemshres digh loading
capacity and the possibilitg properly functionalize their surfaces, for example for
targeting purposeslThe wide variety ofcompositionand fabricationprocesses
allows also to obtain nanoparticles with multigled variousizes and shape The
possibility to actively control and odify the physicechemical properties of the
nanoparticles is a great advantage and alltavobtain tools with optimized
therapeutic effest However, it is really important to implemiesimple synthetic
proceduresand avoidmultistep processes in order goarantee the scalability to
industrial productionwhile maintaining a precise control ohanomateriab
characteristicgLiu et al., 2016)

Moreover, several challengegoncerning their in vivo distribution
biocompatibilityand degradabilithinder the effectivapplicationof nanoparticles
in clinical field (Almeida et al., 2011)requently, the toxicity of the nanocarriers
is not adequately considered and a lack of biodegradability could cause an
ineffective bieelimination or the formation ofokic byproducts during the
degradation procegslicolas et al., 2013)

Furthermoreonce injected in the blood circulatiomanom@rticles undergo to
protein adsorption which determine their biodistributiorfact the absorption and
conformational changes of particulproteins(opsonirs) are responsible for the
recognitionof nanoparticle®y the immune system and subsequedimination by
mononuclear phagocyte system (MR8 reticuloendothelial system (RE$his
phenomenon regulates the #&ailability and the mean circulation time of
naromaterials inside the organism and couldcbetrolledacting onthe physice
chemical properties of the particles. In genditdrature studies indicate 150 nm
as maximum size limit to avoid MPS clearance and spleen filtr@tl@ghimi et
al., 2012) Concerning the surface properties, nanoparticles Wwjtirophobic
surface and positiveharge present higher proteiradsorption and elevated
clearance ratesThus, surface functionalization with hydrophilic polymers (like
PEG zwitterionic polymers,).or biological molecules (like proteins or lipidsie
well established, guaranteeing a lower surface fouling and an improvement of
circulation time(Limongi et al., 2019)However, more recent studibghlighted
also a possible beneficial effect of the proteins adsorption that could facilitate
cellular uptake and determine intracellular distribu(®alvioni et al., 2019)

This dual effect of proteins absorption wefiderlines the complexity of the
interactions between nanoparticles and biologitadiia andystems, whicklearly
entangle the process of optimization of innovatherapeutimanopatrticles.



1.2 Aim of the work and Thesis structure

1.2.1Troja NanoHorse (TNH) project

As detailed in the introduction section, the application of nanotechnologies to
the clinical andmedical field offeis a great opportunity for the development of
innovative therapeutic options for the treatment caicer disease.In fact,
nanomedicinallows the productionof nanomagrials with tuneable properties able
to overcomesomedrawback®f traditionaltherapieslike poor biodistributionlack
of selectvity and insurgence of side effects.

In this contextstands the creation of the hybrid nanoconsiescribedn this
thesis The work describd in this PhDthesis is part of avider project called
ATr oj aNan o Ho raterapeafReseanct €odincib(fRC) Starting Grant
and led by Prof. Valentina Cauda at Politecnico di Tofliteaim of the project is
the construction of a fully biocompatible, rommunogenic andegradabléybrid
nanoconstructfor both cancer treatment andiagnosis in anandheranostic
innovativeapproach.

Thedevised innovative nhanoconstrustcomposed by a therapeutically active
core made by chemically synthesized ZnO crystalline nanoparticig3 NCs)
encapsulated in a biomimetic shell of extracellular vesicles (EVs) isolated from
conditioned cell culture supernatanthe biologicallyderived lipid shell would be
further functionalized witlappropriatéargeting ligandso improve their selectity
toward malignant cancer cellBheZnO was selected as therapeutic material thanks
to its intrinsic cytotoxic properties accompanied by interesting optical properties
and generasafety andiodegradability.The EVs lipid coating had the dual task to
improve the biostability and biocompatibility of the nanoconstructfact, the
biological originof EVs guarantegtheir low immunogenity and could help to
prevent the recognition of ZnO NCs by the immune system. In addition, EVs are
normally involved inintercellular communication and so they possessitrinsic
stabilityin blood circulation as well as a great capability to cross biological barriers.
These features are particularly interestingdiarg deliveryapplicatiors and were
exploitedto stabilze the ZnO NCs in biological environmesntd ensure better
interaction with cellsFinally, targeting moieties were added to further improve the
selectivity ofthe proposedhanoconsuct. The targetof the projecareDaudi cells,
acancerougell linederived from Burkitiymphoma,an aggressive type of B cells
nontHodgkin lymphoma.Thus, he chosentargeting moiety wasn anti-CD20
monoclonal antibody, direetlagainst CD2(rotein,a general marker foB cells
on all develomental stagesvhich is over-expressedy lymphomas Bcells. In
principle, choosinglifferenttargeting ligandsthe nanoconstruct could belapted
for the treatment of other types of cancer.

Thecorrespondingnechanisnof actionenvisages the injectiasf the produced
hybridnanocostructs inside the body and tinselective accumulation inside target
cancerous cellsavoiding the clearance by the immune systatrthis point,the
core of ZnO NCsvould exerthecytotoxic activity Due toits selective cytotoxicity
and biomiméc feature, the nanoconstruct was named TrojaNanoHorse (i.e. TNH).
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My role in this project mainly concerned the construction and the optimization
of TNH hybrid nanoconstrucand the evaluation of its colloidal and chemical
stability in the biological envonment.

1.2.2Thesis structure

The resuls obtained during this work afi¢sis are divided in fouhaptes, as
described below.

In Chapter 2 the main properties, theexisting ynthetic methods and the
antitumoral potential of ZnO NCs are descripsiérting from a brief revision of
literaturestudies The investigated synthetic procedures and the phydiemical
characterization ahe obtained ZnO NCs are then presentegarticular, a novel
microwaveassisted solvothermal synthesis was perforaed compared with a
traditionalwetsynthetic approacfihe obtained ZnO NCs were fully characterized
in terms of size, morphology, surface composition and optical properties with
particular attention at their colloidal behavi@nalyzed in ethanol andater.
Moreover, the biological effects of batypes ofZnO NCs on cancerous cells were
studied evaluating their internalization rate and cytotoxicity as a function of
different synthetic routes and physicbemical characteristics.

TheChapter 3reports the evaluation of colloidal and chemical stability of ZnO
NCs in biological fluids and analyze the influence of surface functionalization.
overview of the main challenges and functionalization techniques to improve
nanoparticles stability in blogical environment are reported in the Introduction
section.Experimentally, the synthesized ZnO NCs were coated with a synthetic
lipid shell made by 1,2-dioleoytsnglycero3-phosphocholine (DOPC) &
preliminarysimulaton of the hybrid nanoconstructhe behaviorof pristine and
functionalized NCs wasthenevaluated through bstability assays, performed in
phosphatéuffered saline(PBS, simulated body fluid (SBF) and iEagl e 6 s
minimal essential mediufEMEM). In particular, the extent of aggregatiand
dissolution were evaluated, sinoath parametersould deeplyaffectthe bidogical
application of ZnO NCs.

In Chapter 4 theoptimization of TNH nanoconstruct, obtained combirtimg
synthesized ZnO NCs witkxtracellular vesicles (EVs)s describedA description
of EVs general properties together with the collection protocols and loading
methods reported in literatuisgpresented in the Introduction sectidhe EVsused
for the experiments described in this chaptere extracted from calitioned cell
culture supernatantsf KB cancerous cellthrougha well-established differential
ultracentrifugation protocaind coupled with Zn®ICs following a ceincubation
method The coupling efficiency was optimized adjusting several operating
paraneters andexploiting a combination of thermodynamic, kinetic and
electrostatic mechanisms directly related to the EVs and NCs propéneesffect
of the EVs lipidshielding on the colloidal stability, cellular toxicity and
internalizatiorwasevaluatedcomparinghe behaviour of the obtained TNHs with
uncoatednO NCs
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In Chapter 5 the principal challenges for the effective biomedical application
of EVs are described together with theajor methods forvesicles surface
functionalization.The reportedresults concemd a second method for the TNHs
constructionFirstly, in order to address safety issues related to the cell of origin,
the EVs utilized here were extracted from B lymphocytes, the normal counterpart
of Daudi cancerous cells. Moreover, a neaupling proceduréased on the
applicationof freezethaw cycle as active stimulu® destabilize EVs membranes
wasdefined and investigated in term of coupling efficiency and colloidal stability.
Finally, the possibility to decora¢ EVs surface with anCD20 antibodiesto
improvethe TNHs selectivityvasinvestigated.
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Chapter 2

Physicachemical properties and
biological effects of synthesized
zinc oxide nanocrystals
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2.1 Introduction

2.1.1Zn0O NPs: properties and synthesis methods

ZnO is an extensivelystudied material whose physical characterizatnderms
of lattice parameters and optical properties dates back to the middle decades of 1900
(Ozgur et al., 2005)Zn0 is classifiedas |-V semiconductorcompound witha
directwide bandgap equal t6-3.3 eV at room temperatuaadit can presentree
crystalline structuresocksalt, zinc blende and wurtz{representeah Figure 2.1).

(a) Rocksalt (b) Zinc-Blende (c) Wurtzite

Figure 2.1: ZnO crystalline structes: (a) Rocksalt;(b) Zinc-Blende and(c) Wurtzite. Grey spheres
represent Zn atoms whiléaek spheres represent O atofitggire from(Morkog & Ozgiir, 2009)

Under ambient temperature and pressure, the hexagonal wurtzite structure is
the most thermodynamically stable. This is composed by iwterpenetrating
hexagonal closed packed (hcp) sublattineshich each Zn atom is at the centfe o
a tetrahedron with four O atoms at the corners and vice versa. All the tetrahedrons
are oriented in a single directiand the resulting structure is the@mposed by an
alternation of planes of Zn and O atoms alongcthagis. Typically, the tetrahedral
coordination is characteristic of’sgovalent bonds, but ZnO material shows also a
strong ionic behaviour that contribute to increase its band gap (Mhu&o¢ &
Ozgiir, 2009) In addition, the tetrahedral coordination of ZnO results in & non
centrosymmetric structure that provides piezoelectric @mdelectric properties
(Vaseem et al., 2010)

ZnO exhibits nteresting optical and luminescent pecties. Wurtzitic ZnO
normally presents a strong UV adsorption and two photoluminescent emission
bands irbothUV and visible regions. The emission centred in the UV region, near
the adsorption edge of the crystaldiectly connected to the semiconductor nature
of ZnO and its band gap and has a relatively high yield tharnketarge exciton
binding energy (60 me\Wf the materia(Chernenko et al., 2018)he origin of the
broader band in the green visible region, conversely, is not completely understood
and tentatively attributed to the presence of poiféats in the crystalline structure
and, in particular, to oxygen vacanc{esZhang et al., 2010As well documented
in the literature, the interesting optical and luminescent properties of ZnO
nanostructures can be efficiently enhanced and modulated acting on their
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dimensions anchorphologiegMousavi et al., 20119r introducing suitable doping
elements, such a@goup Il elements or transition met#(Sarofiglio et al., 2020)

These peculiar physical properties, along with high thermal and mechanical
stability, rigidity and large electron mobility, promoted the application of ZnO
structures in several fields of nanotechnology, ranging from energgrajem,
optoelectronic and sensors to cosmeind biomedical applicationgn addition,
ZnO nanostructures can be easily synthesized using accessible raw maerials
with low production costs obtaining nanomaterials withdesired size and
morphology requestedor the particular applicatiofCauda et al., 2014)

The synthesis of ZnO can be performed by chemipalysical and biological
methodsas schematically representedrigure 2.2. Briefly, physical methodare
essentially toglownpreparation processaswhich an existing material is reduced
to nanometric dimension by physical or mechanical mdansontrast, chemid¢a
synthesis methodsse precursors that react in liquid or gas phps®viding the
atomic or molecular unitsetween which the chemical bonasl be formed ina
bottomup approaciKumar et al., 2018)Finally, the most recently developed
biological method#&volve enzymes and other biomolecules produced by plants or
microorganisms to reduce metal idnsnetal oxide ZnO NP&Mohd Yusof et al.,
2019)

Gas phase: Pyrolysis
CHEMICAL Gas condensation method

SYNTHESIS

— Liquid phase: Precipitation/coprecipitation method
Colloidal method
Sol-gel method
Qil-microemulsion method
Hydrothermal method
Solvothermal method

PHYSICAL

High-energy ball milling
SYNTHESIS E

Solid, physical and chemical vapor deposition
Laser ablation

ZnO NPs SYNTHESIS

From waste material
Microbes mediated
Plant mediated

| BIOLOGICAL
SYNTHESIS

Figure 2.2: Principal synthetic methodsr the productiorof ZnO NPs; figureadaptedrom (Naveed Ul
Haq et al., 2017)

In general, the liquid phase chemical methods are the most widely used to
produce ZnO NPs because they presentipteladvantages in term of costs, low
reaction temperatures and availability of reagents. Most importantly the modulation
of synthetic parameters of wet chemical processes sitowbtain a valuable
control on the morphologgnd size of the final products
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The precursors used for the synthesiZ® nanomaterials include inorganic
salts and organic zinc compourttiat are able to hydrolyz in alkaline solutions
forming tetrahedral coordination compounds ((Zn(@#) The subsequent
hydrolysis oftheseintermediats leads to the formation of crystalline zinc oxide.
Based on this general mechanismd opportunely tuning the precursors and
solvens or the synthetic conditionst is possible to obtain different structures
including nane and microparticlesnultipods, nanowires and nanord@auda et
al., 2014) The possibility to obtain ZnO nanostructures with controlled size and
geometries is particularly intestingfor biomedical applicationsSeveral studies,
in fact, show that botiNPs size and morphologies deepdyfect their transport
inside the bodybiodistributionand interaction with cells, tissue and the immune
system(Champion et al., 2007)

Moreover,the chemical surface propertie$ synthesized ZnO NPwhich are
essentially regulated by the presence of hydrgxglps (OH), impart to ZnO
interesting electrostatic characteristidor biomedical applications, as will be
further elucidatd in the next sectionThe presence of reactiv®©H groupson the
ZnO nanoparticle surface also enablesther functionalization with several
chemical groups or biomoleculesorder toenhanceheir applicativepotential in
the biomedical fieldFor instance PEG (Luo et al., 2014)and other polymers
(Zheng et al., 2019¢an be used tpreventthe nanoparticles aggregatiamd
improvetheir biocompatibility,in vivo circulationand stability Moreover,surface
functionalizationwith targeting moieties like folic acid, hyaluronan and different
kinds of proteins, peptides and nucleic acids are widelyorted inliterature,
allowingthe enhancement of ZnO NPs selectivity toward cancer(dalisg et al.,
2018)

2.1.2Zn0O NPs inbiomedical applications

According to the Food and Drug AdministratifDA), ZnOi s a fngener all
recogni zed a ssubstamdeamddit is( dBriRideella biocompatible
material, sincét can bebiodegradedn Zr?* ions and thesecan becomepart of
organismnutritive elementgZhou et al., 2006)Zinc cations, in factare essential
trace elements in the human body amelytare involved in multiple physiological
andbiological processedn particular zinc element is the efactor of more than
300 enzymatic reactiongossess a structural rofer several proteins and
regulatory role for both enzymes and proteinfluencing forinstanceimmune
agingand neurolgical processefStefanidou et al., 2006)

This biocompatible featurealong with the previously mentioned physico
chemical characteriss@ndthe possibility oeasy synthesis and functionalization
promoted the application of ZnO nanostructuresvamious biomedical fields.
Thanks tatheir UV adsorption capabilitfhe ZnO NPswereefficiently enployed
as UMblocker in sunscreens and salére productdrom many years More
recently, ZnO nanostructurebave beerapplied in the fabrication dfiydrogen
peroxide and glucose biosensors, thanks to the great electronic poEérthe
material and its stability arfdiocompatibility (P. Zhu et al., 20)6Similarly, ZnO
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NPs are promising candidates between the semiconductor nanocrystals studied for
bioimaging purposes because they show excellent and tuneable pholuminescent
properties, accompanied by low price and general séfeing, 2013)

However, it is worth to mention that GRAS designation normally sefer
materals in their bulk or micrometriéorms, whilenew toxic properties can be
acquired when reduced to the nanoscakalready detailed, Zn@anostructure
are charactezed by peculiar mechanical, electronic anmptical properties
connected to their crystalline structued to crystals defects, introduced also by
the dimensional reduction. In additiosmall NPs are characterized by a higher
specific surface area thatcrease the percentage of atoms able to interact with
external cormponents, enhancing the materi@activity. Finally, the reduced
dimensions are comparable to those of biological occurring molecules and ensure
to the NPs an easier and direct interactiath wells and tissuegkasmussen et al.,
2010)

These considerations, together with wWidespreadiseof ZnO nanostructures
in various fields of nanotechnology, hagmemoted anore detailed evaluation of
their toximlogical potential towardhe environment antb both pokaryotic and
eukaryotic cells However, the toxicity observed towards different types of
pathogenic fung(He et al., 2011and bacterigSirelkhatim et al., 2015)pens up
the possibilityto use ZnO NPs as antimicrobial and antibacterial agents. Moreover
in vitro studiesevidencedhe preferential toxicity of ZnO NPs towacdnceros
cells, suggesting their applications astitumor agents(Hanley et al., 2008
Sasidharan et al., 20llbeLong et al., 2017)

Some examples of application of ZnO NPs in the treatmewliffefent caner
cell linesare summarized ifiable 2.1, showing acytotoxic effectwhich is dose
dependent and more effective with respertother metal nanoparticlgdBai
Aswathanarayan et al., 20I8iyadharshini et al., 2014As will be detailed in the
next sectiog, the toxicity of ZnO NPs is mainly attributed to two mechanisms, i.e.
intracellular release of Zhions and production of reactive oxygen species (ROS)
and can be deeply affected by nanoparticles phystoemical parameters. For
examplethe modification of ZNnONPs optical properties by Aloping increase the
oxidative-stress mediated cytotoxiciGpkhtar et &, 2015) while thenanopatrticles
sizeinversely affect theytotoxic responsei.e. the smallesZnO NPs showethe
highesttoxicity levels(Kang et al., 2013)As already mentioned, several studies
describe the selective toxicity of ZnO NBsvard cancer cells, which is particularly
interesting in the perspective of their therapeutic application, limiting adverse side
effects toward normal cel(glarley et al., 2008)Finally, ZnO NPscan bealsoused
in combination withchemotherapeutic agents or other therapeutic moledules.
these apptiatiors the ZnO NPs exploit the function of nanocarrierprovingthe
delivery of active drugs or molelas inside the cancerous cells. In addition, they
present ggood release capability thanks to their solubility at lowvaltlesand a
synergistic effect which enharsée cytotoxic effectof the payload(Deng &
Zhang, 2013Perera et al., 2020)
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Table 2.1: Exemplificative applicatiors of ZnO NPsfor in vitro treatnent of different cancerous cell
lines.

Type of NPs Cell line Therapeutic effect Ref
ZnO NPs have significant .
ZnO NPs (coIE:ezc?;:Iggicer) anticancer activity compared t (Bai :ts;\llatgg?g)rayar
Au andFeOs NPs B
More effective anticancer . -
ZnO NPs (proZ?as;eci!icer) activity of ZnONPs with (P”yadggrlj;m' etal.,
respect to Ag NPs
Uptake dependent on NPs
agglomeration.
210 NPs LoVo cells Contact with acid pH of (Condello et al.,
(coloncarcinoma lysosomes causes Zrrelease, 2016)
ROS production and DNA
damage
ROS productin increased in a
210 NPs HelLa cells dosedependent manner (Pandurangan et al.,
(cervical carcinoma) Cytotoxic effect through 2016)
apoptotic pathway
Caco? cells
(colorectal ZnO NPssignificantly induce
ZnO NPs adenocarcinoma) cytotoxicity associated with (Fanget al., 2017)
HepG2 cells increased intracellular Zhions
(liver cancer)
Pristine and MCE-7 cells Al doping increase the band gg
Al-dopedZnO (breast cancer) and enhance cytotoxic effect @ (Akhtar et al., 2015)
NPs ZnO NPs
Caco? cells Time and doseependent
ZnO NPs (colorectal cytotoxic effect (Kang et al., 2013)
adenocarcinoma) Influence of particles size
Jurkat cells .
e Tcol ke 700 NSO
ZnO NPs Hut-78 cells com aredyto normal cells28- (Hanley et al., 2008)
(T cell lymphoma) P
35x)
vs normal T cells
A375 cells -
ZnO NPs show great selectivit
ZnO NPs (melanoma) against melano?na cancer cell (DeLong et al., 2017
vs normal NIH3T3
Curcuminrloaded RD cells Additive anticancer effect of (Perera et al., 2020)
ZnO NPs (rhabdomyosarcoma) curcuminloaded ZnO ®s "
ZnO NPs with SMMC-7721 Increased intracellular |y pong g Zhang,
L . concentration of Doxorubicin
Doxorubicin (hepatocarcinoma) . 2013)
and synergic effect

2.1.3Zn0O NPs cytotoxicity and selectivity toward cancer cells

Due to the complexity othe parameters affectinthe ZnO NPsbiological
behaviorbothin vitro andin vivo, the cytdoxicity mechanisms of ZnO NPs are not
yet completely elucidatedSeveral studiesattribute their toxicity to two main
mechanismsfi) the release of zinc cations @pand(ii) the production of reactive
oxygen species (ROS).

As alread said, zinc does not possess an absolute &ffect and it is present
as trace elementn the human bodyessentialfor several physiological and
biological processes$n particular,zinc deficency can cause relevant damages to
immune, central nervous, epidermal, gastrointestinal, skeletal and reproductive
systems, especially during the growing peyiad the recommended dadgse in
the diet is 0~10 mg.Even ifthe concentration of zinc bodto proteins or other
ligands is highthelevel of free ZA* present in the cells cytoplasmreally low(in
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the order of picmoles)under normal conditionand precisely regulated through
homeostatic mechanismi particular, the zinc concentration is regulated by
metallothioneins, proteins able to bind and sequestéri@ms from the cytoplasm,

and by transporter proteins, located on the cell membrane and in various cellular
organelles, thatan regulate intracellular and eatellular zinc levelyMaret,

2017)

These regulation mechanisms are pertuthyetthepresence of ZnO NPw/hich
can dissolve releasing Zn?* ions. In vitro, the dissolution can occueither
extracellularly due tothe contact withculture media(Reed et al., 2012)or
intracellularlydue to theacidic pH of late endosomes and lysosolteaMiiller et
al., 2010)andit is still unclearf the cytotoxic effect is caused loype specific type
of dissolution or a combination of botAnyway, he release of Ziions from the
NPsproduces a disequdrium in zinc homeostasis resulting different cytotoxic
effects. Firstlymitochondriareact to the risingevel of zinc with the sequestration
of Zr?* cations which causehanges ithe membrane potentiahd the collapse of
the organellesvith subsequent releaseagoptotic signal§]. H. Li et al., 2012)in
addition, elevated level of Zhcan cause the overexpression of methallothioneines,
proteins responsible of zinc sequestration. Timassive production is detrimental
for the synthesif other proteinseading to protein activity disequilibriuiiBisht
& Rayamajhi, 2016)Finally, the uncontrolledise of zinc concentration produces
dysregulation of signalingrocessesgenerally affectinghe cells viability.

The secondnhechanism of cytotoxicity is related to the direct interaction of ZnO
NPs with the cells, leading to the production of reactive oxygen species (ROS) over
the limit tolerated by cells.

ROS areradical and nomadical oxygen species generated by the partial
reduction of oxygen (such as hydroxyl radical, hydrogen peroxide, superoxide
anion, etc.)andtheyare notexclusivelytoxic for cells.Actually, ROS species are
normallyformedas byproductsf cellular metabolisnduring several physiological
processes and they atieectly involved in cell signaling and homeostg§gisrrester
et al., 2018)As already observed for Zhions, the ROS concentration is precisely
controlledby cells under normal conditions but exogenous sources, like ZnO NPs,
can cause an overproduction of ROS species, which exceed the cellular antioxidant
capacity, originating oxidative stress. During the oxidative stpssse,the
overproduced radical speciesuse direct damagasproteins, lipids and DNA and
trigger severabignaling pathways that lead to programmed cell dé&ight &
Rayamajhi, 2016)

Concerning the ability of ZnO NPs to produce ROS, several mechanisms have
been proposed hefirst hypothesized mechanisis related to the semiconductor
properties oZnO (Bogdan et al., 2017The existence of a gap between the valence
band and the conduction baaktbwselectronsgexcitedwith appropriateenergy, to
create highly reactive electrdmle pairs able to react with oxygen and water
present in theellular environmentgeneratingROS. As alreadymentionedZnO
has a band gap of ~3.3 eV and, therefore, the electron promotion can be obtained
by irradiationwith UV light or with properly tuned ultrasound€anavese et al.,
2018) However further literature studies indicate that fleemation of electro-
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hole pairs is possible even without the application of external stimuli in case of
nanostructures. The dimensional reduction, in fact, causes a decrease in the
crystalline quality and presence of defestich can migrate to the narapicles
surface enhancinghe reactivityof thematerial(Rasmussen et al., 2010)
Moreover,ZnO NPs are able to directly interact with enzymes involved in ROS
homeostasigMolnar et al., 2020pr with themitochondria inducing a remodeling
of their structure and impairing their functiofi@sht & Rayamajhi, 2016)inally,
other studietiypothesize that the production of ROS is a cytotoxic response related
to theactivation of pathwayi response to theresence of 7 ions, generated by
the dissolubn of NPsin contact with the intracellular environmef@ong et al.,
2010)
A schematic representationsdme of thelescribeaytotoxic effectgproduced
by ZnO NPs is reported irFigure 2.3, highlighting the complexity of the
phenomenon and the deep interconnection between the praopeskdnisms.

ZnO NPs e o
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Figure 2.3: Schematiaepresentation of possible cytotoxic meclsams of ZnO NPs caused Ky the
release of Z#f ions and(ii) the production breactive oxygen species (ROSyure from(Syama et al., 2014)

Even if not completely elucidated, the discovery of the cytotoxic potential of
ZnO NPs promoted their use in namedicine applications. InterestinglynO NPs
have shown a selective toxigitoward cancerous cells with resy to the healthy
counterparts, making them a valuable tool for innovativetantoral treatments.

A possible explanath for this selectivity resides in the small dimensions of
the synthesized ZnO NPsjhich are able to exploit tHEPR effect. In fact, tumor
tissues show an altered vascularization, with a discontinuous endothelium
characterized by large pores between cdlst allow the passage of
macromolecules and particletlarge size, between 1@dd 0 nm depenidg on
the cell line (Tee et al., 2019)in addition, the lack of effective drainage by the
lymphatic system leads to an aowulation of the particles penetrated into the
tissue.These physiological featuresharacteristic of tumor massesenormally
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alsent in healthy tissues and can tlgemerate a more effective and preferential
accumulationof NBsl e nomi nat erdg ditpiasgd ve t a

Also the interactions between the NPs and the tumor microenvironment (TME)
could be important foin vivo ZnO NPsselectivetoxicity. One of the main
characteristics of TME, in fact, is its acidity which can conveniently promotes the
ZnONPs dissolution and the subsequent release of cytotoXi¢afrs in proximity
of cancerous cell§Sasidharan et al., 2011)

The EPR effect and the TME acidity could only explainititeractionof ZnO
NPswith in vivocancerous models, whereas the selectivity displayed in th&o
tests involve other parameters of botitZNPs and tumor cells.

The ZnO NPs presentavorable chemical surfaceproperties mainly
determinedby the presence afOH groupsthat impart a positive surface charge
under physiological pH conditionegen & Kosec, 2000)This feature can
promote their preferential interactions and subsequent uptake by cancer cells, which
have a higher concentration of anionic phospholipids in their membrane compared
to healthy cell§Abercrombie & Ambrose, 1962)

In addition, the preferential toxicityoward cancer cells can be attributed to
their proliferation status and to ZnO NPs ability produce ROSConpared to
normal cells, in fact, cancerous cells show a faster metabalsira subsequent
higher intracellular concentration of biological molecules which can act as substrate
for ROS production by ZnO NPs. In this perspective, thertreat of cancer cells
with ZnO NPs cause a larger generation of R@f@king cancer cellsnore
susceptible toxidative stress mediated dedthanley et al., 2008

2.1.4Physicochemical properties affecting ZnO NPs cytotoxicity

Based orthe described cytotoxicity and selectivity mecharsisthe influence
of physicechemical properties of ZnO NPs onithigiological effectresult clear.

Several studieanalyze theelatiorship betweerthe cellular response #nO
NPsand theirsize, morphologyand surfaceharge and chemistryhich can be
controlled during the synthetic process For instance,equallysized ZnO NPs
synthesizedby wet chemical method using differergaction solverst showed
different cytotoxic effects towards Hut8 lymphoma T cell{Punnoose et al.,
2014) In particular,this behavior was attributed to the different chemical groups
exposed on the nanoparticles surface and subsequent diverse surfacealbarge
and densityln addition,wet chemical synthesis prodsc&nO NPswith higher
defectivity and surfaceeactivity compared to other synthetic procedyfesders
et al., 2018)These synthesiderived features resulted in faster dissolution kinetics
and decreased agglomeration along watihanced ROS production and, thus,
imparted to wet chemical synthesized ZnO IdRgeater toxicity.

Furthermorethe size oZnO NPswhich can beegulatedlefining appropriate
synthetic parametersleeply affectthe cytotoxic responsend interaction with
cells.As already mentione@dmall ZnO nanostructures were found to be moxieto
compared to their largdKang et al., 2013dr micrometric counterparidNair et
al., 2009) Furthermore, the nanoparticles sizdso affects their cellular
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internalization A recent studyshowed that smaller ZnO NPs are more easily
internalized byhuman hepatoma HepG2 cedsd indicatedhe endocytosis as
major uptakemechanism In fact, nanoparticles with smaller dimensions would
require less energy during the internalizationgess, while their higher surface
area could guaranteegooddiffusion into cells membran@. Chen et al., 2019)
Smallerdimensionsand higher surface area could agf@ctthe dissolution ratef
ZnO NPsandthe subsequent release of potentially cytotoxié¢*Zans. In fact, a
study on the correlation between free intracellular zinc levels amtliced
cytotoxicity showed that NPs with small dimensions produced higher level of
intracellular dissolved zinc, which was accompanied by higherdefeROS
species andhoreelevatedcytotoxic effect(C. Shen et al., 2013)

Considering hese resultsa reliable and reproducible synthetic procedure
followed by a precisephysiceachemical characterizatiorof the obtained
nanostructures are essential for the effective study of ZnCbiRgical effects.

In this perspctive, thefirst part of this PhDhesis consisted in the investigation of

an effectivesynthetic methodMore in detailsZnO NCswere producethrough a
traditional solvothermal synthetic route and mnovative and more reliable
microwavesassisted method:he obtained ZnO NCs were, thus, characterized in
term of structure, morphology and surface properties with a particular attention to
their colloidal stability and optical properties. Finally, the biological effect of the
two synthesized ZnO NCs was as®sh evaluating the cellular internalization and
cytotoxicity towardhuman cervical carcinom&B cells.
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2.2 Materials and Methods

2.2.1Zn0O NCs g/nthesis and functionalization
2.2.1.1Conventional and microwaveassisted solvothermal synthesis

ZnO NCs were pragced through two different synthetic methods: a
conventional solvothermal synthesis (ZnO MN&Ds and a microwavassisted
synthesis (ZnO NCmw).

The conventional synthesis was performed as reported by Pacholski et al.
(Pacholski et al., 2002¥ith somemodification. In etails, zinc acetate dihydrate
(Zn(CHCOO)-2H20, 99.99% Sigma Aldrich) was dissolved in methanol (0.09 M,
42 ml) and heated up to 60°C in a 100 ml robwttom flask under vigorous

stirring. When the temp-istied(bd)waterwware r eac he
added as nucleation promoter anght after a solution of sodium hydroxide
( NaOH, Bi oXtr a, 098% aci di mAdriadh) io, pel |l et

methanol (0.31 M, 23 ml) was adddmpwisein about 20 minutes. The synthesis
mixture was maintained at 60°C, under continuous stirring and rehwition, for

2.5 hours and then washed twice by centrifuging at 3,500g for 10 minutes and
resuspending the obtained pellet with fresh ethanol (99%, Siddnich).

For the microwavassisted synthesis, an analogous reaction with the same
concentration bzinc precursor was performed in a Teflon reactor vessel equipped
with temperature and pressure probes and connected with a microwaves furnace
(Milestone STARTSynth, Milestone Inc, Shelton, Connecticut). The methanol
solution of zinc acetate dihyake (009 M, 60 ml) was prepared directly in a 270 ml
Tefl on v e s s dibtilled wa0ancal solutidn oflpotassium hydroxide
( KOH O 85 % pAldridh)éntmethands (0.8 vh 85 ml) were then added
and the resulting mixture was put in the micrgevaven at 60°C for 30 minutes
with maximum microwave power 150 W. The reaction suspension was then cooled
down and washed twice with ethanol, as already described for conventional
synthesis.

2.2.1.2Functionalization of ZnO NCs with amino-propyl groups

The ZnONCs obtained by both synthesis methods were further functionalized
with aminepropyl groups using-amminopropyltrimethoxysilane (APTMS 97%,
Sigma Aldrich) as functionalizing agent. Briefly, ethanolic suspensions ofstnO
or ZnO-mw NCs were heated up T®°C in a round glass flask under nitrogen gas
flow and continuous stirring. After approximately 15 minutes, APTMS was added
in a molar ratio of 10 mol% with respect to the total ZnO amount. The reaction was
carried out in reflux condition under nitrogetmasphere for 6 hours and then
washed twice by centrifuging (10,000g for 5 minutes) in to order to remove
unbound APTMS molecules.
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2.2.2Zn0O NCs Characterization
2.2.2.1X-ray Diffraction

The ZnO NCs obtained by both synthesis methods were characterizechipy X
diffraction (XRD) measurements, in order to investigate their crystalline structure.
The samples were deposited drop by drop on a silicon wafer, obtaining an
appropriately thick layerfadried ZnO NCs, and then anagg with a Panalytical
X6Pert dif 82 & c B-Brampgoeonfigurationwitha@U sour ce
o f radiation (a=1.54 ;) operating at 30
collected at room temperatuf@T), i n the -B5 withatepgiee 0DD A
and acquisition time 100s per step.

2.2.2.2Electron Microscopy

Detailed information on the size, morphology and structure of pristine and
functionalized ZnO NCs were obtained by electron microscopy. All the samples
were prepared by depositing a drop of properly diludtidianolic ZnO NCs
suspensioron a silicon wafer for field emission scanning electron microscopy
(FESEM) or on a holey carbaroated copper grid for conventional and high
resolution transmission electron microscopy (CTEM andTHE respectively).

FESEM analyses were performed by a Carl Zéik=lin field emission
scanning electron microscope.

CTEM was performed using a FEI Tecnai Spirit microscope working at an
acceleration voltage of 120 kV quipped with a Twin objective lens, a LaB6
thermionic electron source and a Gatan Orius CCD camerdEMRwas
performed by using a FEI Titan ST microscope working at an acceleration voltage
of 300 kV, equipped with a-Bwin objective lens, an ultraright field emission
electron source (*EG) aml a Gatan 2k xRCCD camera.

2.2.2.3X-ray Photoelectron Spectroscop (XPS)

The chemical compositionf the ZnO NCs surface was anadgizthrough X
ray photoelectron spectroscopy (XPS). The measurements were performed with a
PHI 5000 Versaprobe ScanningrXy photoelectron spectrometer qzped with a
monochromatic AKUsaurce of radiation (energy 1486.6 eV) considering a spot
with size of 10&m to collect the photoelectron signal for both high resolution (HR)
and survey spectra

2.2.2.4Graphite Furnace Atomic Absoprtion Spectroscopy(GF-AAS)

To evaluate the reproducibility ofélaminepropyl functionalizationdifferent
batches of ZnO.NH NCs with known concentratiomnvere analyzed through
Graphite Furnace Atomic Absorption Spectroscopy-&#S). The samples were
mineralizedunder acidic conditions arttie Zncontent was determinddllowing
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EPA method89.1 From these results the amount of APTMS conjugated with the
ZnO NCs was backalculated.

2.2.2.5Dynamic Light Scattering (DLS) and ZetaPotential measurements

The behavior of ZnO NCs in kdion was investigatedy the Dynamic Light
Scattering (DLS) technique. The different types of ZnO NCs were resuspended in
ethanolorbdvat er at the concentration of 100 e€g
then analyzed with the Zetasizer Nano ZS90 (Malvern Instruments) at room
temperatureZetaPotential potential measurements were recorded with the same
instrument.

2.2.2.6UV-Vis and Fluorescence Spectroscopy

The optical and luminescent properties of the synthesized ZnO NCs were
evaluated through fluorescence and-MM spectroscopyThe UV-Vis spectra
were collected with a Multiskan GO microplate WAs Spectrophotometer
(Thermo Fisher Scientific), recording the absorbance of NCs suspension in ethanol
(concentration 500 ¢€g/ mB0OD nm. All thelspectravav el eng
werelackground subtracted an dVieebicketetoal.,at ed wi t
2015)to cdculate the optical band gap.

The fluorescence excitation and emission spectra were recorded with a Perkin
El mer LS55 fluorescence spectrometer (Perk
in ethanol) were piced in a quartz cuvette withrh optical path and the wavelength
was Seg&t38@0t nam t o coll ect tedFr¥Orendcellsct on s pec
the excitation spectra. All the measurements were performed with scan/rate 300
nm/min and with 2.5 slits opening.

2.2.3Biological Tests

In vitro cytotoxicity and internalization assays were performed with both
aminopropyl functionalized Zn&tNH2 and ZnOmw-NH2 NCs
KB cell line (ATCC® CCL17), derived fom a human cervical carcinoma
purchased from the American Type Culture CollectiGells were cultured in
Eagl eds mini mal essenti al medi um ( EMEM, Si
bovine serum (FBS, Sigma) heat inactivated, penicillin (100 units/ml) and
streptomycin (100 ¢t /umlerp5bdaCpdimasgheret ai ned at
All the biologicd tests were performed at least in triplicate and the results were
expressed as mean + SEM (standard error of mean). The experimental data were
analyzed using Sigmaplot 14 (demo version, Systat Software Inc.) performing t test
and One Way Analysis of Vanae (ANOVA). When equal variances are not
assumed, the results of Welch's test have been presented and when normality test
failed, ManrWhitney Rank Sum Test has been run. Differences were considered
significant at p value < 0.05.
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2.2.3.1Cytotoxicity assay

For cell viability tests, 1.5%0° cells/well were seeded in 9@ell culture plate
(Corning® 96 Well TG Treated Microplates) and grown for 24 hours at 37°C under
5% CQ atmosphere. Then the cell culture medium was replaced with fresh medium
containing the nanogstals. In details, the treating solution were freshly prepared
by adding to 1 ml of culture medium the apmiate quantity (0, 10, 25, 20, ag8
€4g) 0 fstNHz mrOZnO-mw-NH2 NCs taken from a 1 mg/ml ethanolic
suspension sonicated for 10 minutes. After 24 hours of incubation with NCs, WST
1 cell proliferation ass ay-1reagent(Roehe)f or me d .
were added to each well and, after 2 haarglark at 37°Cand 5% CQ, the
formazan absorbance was measured & d& with the Multiskan GO microplate
spectrophotometer (Thermo Fisher Scientific) using 620 nm as reference
wavelength. Since the amount of produced formazan is proportional to the number
of metabolially active cells, the absorbance of cells treated with medium alone
(control) was set as 100% of viability and all the other values were expressed as
percentages with respect to the control.

The calculator tool in the AAT Bioquest webpage
(https://www.Aabio.Com/tools/ic5€calculator) was used to calculate the IC50
value, i.e. the concentration of NCs that inhibit the cells growth by 50% with respect
to the control.

2.2.3.2Cell internalization assay

The internalization of Zn@&tNH2 and ZnGmw-NH2 NCs in KB cells was
investigaed by flow cytometry, using a Guava Easycy2L6(Merck Millipore)
equipped with two lasers at 488 nm and 642 nm.

The nanocrystals were labeled with the fluorescent probe688@MNHS Ester
(Atto-Tec) by addifor gach2ang of NCsostispeddgcin ethanol. The
obtained solution was stirred overnight in dark and then washed twice (10,0009 for
10 minutes}o remove unbound dye.

1.5x10P cells/well were seeded in avéell culture plate (CornifyTC-Treated)
and grown fo24 hours at 37°C under 5% g@&mosphere. The cell culture medium
was then replaced with fresh medium cont a
medium alone as control sample. After 24 hours of incubation the cells were washed
twice with PBS, trypsinized,gileted (130g for 5 minutes) and resuspended in 1 ml
of PBS for the analysis. For each sample were recordeev@dts positioned in a
gatedesignedo exclude cells debris. The red laser was used for the excitation of
thelabelledNCs and the fluoresceneasdetected and analyzed with Guava Incyte
software (Merck Millipore); the resulisereexpressed in percentages of positive
events calculated with respect to a threshold set upon cells control mstogra
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2.3 Resultsand discussion

2.3.1Solvothermal synthesis of ZnO NCsreaction mechanism

ZnO particles with crystalline structur@nO NCs)were obtained through
solvothermal synthesissingconventional heating method (i.e. silicon oil bath) or
microwaveassisted heatingBoth methods useirc acetate (Zn(Ae) as zinc
precursor ané strong alkalilaOH or KOH, respectively) as mineralizinggent
and followthe sameeaction pathrepresented in the following equatson

KOH/NaOHY  KNa'@aq+ OH (aq) (1)
Zn(Ac)2Y Zn**(ag)+ 2AC (aq) (2)
Zn**ag+ 20H@q)Y  Z n (2@H) 3)
Zn(OHp@q+ 2HO0 Y Z nX +@H"g) (4)
Zn(OH)? + 2H'ag)Y ZnOgs) + 3H:0 (5)

Briefly, zinc precursor is hydrolysdsy hydroxide ionsnd reacts with them to
form atetrahedral coordination compoufdhe formation of crystalline ZnO occurs
due tothe subsequendehydration of this intermediat€his sequence of reactions
leads to the formation of tiny crystalline nuclei which will grow according to the
Ostwald ripening mechanism, forming an ensemble of ZnO crystalline particles
(Cauda et al., 2014)

The synthesis waperformedin methanol, a markedly polar solvent which
helps to obtain particles with desired saed morphology The nolecules of
methanal in fact, strongly interact wth the polar faces of Zn@nhibiting the
absorption of precursor and crystgt®wth and thus,leading tothe formation of
nanoparticles with hexagonraVval shape and nanometric s{2di et al., 2017) The
ratio between the reagents wWi®d to obtain crystals with nanometric dimension,
usinga sulstoichiometric amount of base.

The switch from conventional heating method to microwassisted heating
hadas main goalo obtin a more precise edrol of nanocrystalpropertiesand a
higher reproducibility and repeatabilitfhe interaction of microwave radiation
with the molecules of polar solvents causes the rotation of dipoles and the
conversion of microwave ration energy in kinetic energy. The collision and
rubbing of the rotating molecules result in the heating of the solution, with a rapid
increase othetemperaturand lov thermal gradienThus, the microwavassisted
method ensussa more rapid and horgeneous heating of synthetic precursuith
respect to conventional heating methods in which the heat is transfereadtion
vessel by convection, resulting angreater quality of the obtained nanomaterials
(Wojnarowicz et al., 2020)

Due to thehigherheating efficiencymicrowaveassisted synthesiguarantee
alsoshorter reaction time arehergysavingalong with higher reaction yieddin
the present worknicrowaveassistecandtraditional solvothermasynthesis were
performedusingthe same temperature conditions (T=&) andprecursorsHve
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times higher yield was obtaineabplying the microwavewith respect to the
standarcheatingandthe reaction timevas reducedtom 2.5 hours to 30 minutes

2.3.2Morphological and structural characterization

The crystalline structure of ZnO NCs obtained by the two synthetic methods
was analysedthrough XRay diffraction (XRD) measurementsThe recorded
diffractograms reported inFigure 2.4, were compared with the standard XRD
pattern of ZnQJCPDS card n° 36451), confirming the crystalline structure of the
synthesized patrticles. In particuldrpth ZnOst NCsand ZnGmw NCs XRD
spectra presermieaks at 31.9°, 34.4°, 36.4°, 47.6°, 56.7°, 6ihdexedas(100),
(002), (101), (102), (110) and (103) planespectively, corresponding to the
hexagonal wurtzite phase of crystalline ZnO.

An estimation 6the average crystallites sim@as obtained applyintpe Debye
Sherrer equation t101) peak, which present the strongesativereflection.The
calculated mean diametevas equal to 10.5 nm for nanocrystals obtained by
conventional solvothermal synthesis (Z3ONCs) and 15.5 nm for microwave
assisted synthesis (Zr@w NCs).
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Figure 2.4: XRD spectreof pristine ZnO NCs obtained Ifg) conventional synthesis (Znr& NCs) and
(b) microwaveassisted synthesis (Zr@w NCs).

Detailson size andmorphologyand onsynthesisepeatability were obtained
by FESEM analysegqerformed on different batches of ZnO NCs produeét
the two synthetic procedureRepresentative FESENhages are shown iRigure
2.5, TheZnO NCs synthesized by conventional solvothermal robtgufe 2.5a)
presergd differentshapes, both round or more elongatetlile NCs obtained by
microwaveassisted synthesis showed an homogeneous spherical morphology
(Figure 2.5b). The higherhomogeneity of microwavassisted synthesis was also
confirmed by the dimensional analysis. Zntw NCs, in fact, were characterized
by a narrow and highly reprodibte particle &e distributionwith an average size
of 20 nm+ 5 nm. In contrast, conventionally synthesized nanocrystals -&2nO
NCs) hada wider size distribution, ranging between 6 nm and 20 nm.
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Figure 2.5: FESEMimages ofpristine ZnO NCs obtained k) conventional synthesis (Zr& NCs)
and(b) microwaveassisted synthesis (ZA@w NCs).

The morphological and structural characterization of pristine and gonapy!
functionalizednanocrystals obtaindaly the two synthetic method#/as completed
by TEM analyss.

Results relatedo nanocrystalproducedwith standardsyntheticmethodare
shown inFigure 2.6. As already highlighted by FEEM analyss, @mnventional
TEM image (CTEM, Figure 2.6a) confirmed the presencef particles with
different morphologies,The highemagnification andesolution of transmission
electron microscopy, allowed to clearly recognize that only a small portion of ZnO
st sample presentedr@undshape, while the majdyi of NCs had a short relike
shapewith a constant witth of around 78 nm and avariablelength up to 40 nm.
After the functionalization with aminpropyl groups,the NCs preserved their
individual shape and morphology but appeared more aggregatedh#iamot
functionalized counterparCTEM image of Zn&stNH, sample(Figure 2.6b)
showedNCs clustered in small aggregates and surrounded by an amorphous
externalshell Finally, HRTEM measurementen both ZnGst and ZnGst-NH>
NCs (Figure 2.6¢c andd) were performed, confirming thgiarticles possessed a
monocrystalline structurevithout evident defects andith lattice dspacing and
angular distanceypical of the ZnChexagonal structure.

The same measurements were performed on nanocrystals obtamed
microwaveassisted synthesis, as reporte#igure 2.7. Like ZnO-st, both pristine
and aminefunctionalized ZnGmw samples presentetthe wurtzite hexagonal
monocrystalline structur@igure 2.7c andd), confirmingno structural differences
between the NCs obtained by the two synthetic procettumantrast, in terms of
morphology, CTEM images of Zn@w NCs {igure 2.7a) displayed a
homogeneous particles population with spherical and faceted shape and uniform
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size distrbution between 15 and 25 nnithe aggregation propensity and the
presence obn amorphous external shell surrounding NCs cluster after amino

propyl functionalization was confirmed also for Za@w-NH, samples Figure
2.7b).

Figure 2.6: TransmissionElectron Microscopy image®f pristine ZnO-st NCs((a) CTEM and (c)
HRTEM) and aminepropyl! functionalized Zn&tNHz ((b) CTEM and(d) HRTEM).

Figure 2.7: TransmissiorElectron Mcroscopy images of pristine Za@w NCs (a) CTEM and(c)
HRTEM) and aminepropyl functionalized Zn@nw-NH: ((b) CTEM and(d) HRTEM).
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