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Summary  
Cancer is a leading cause of death, second only to cardiovascular diseases, and 

its large diffusion and incidence, together with the numerous drawbacks associated 

with antitumor traditional therapies, made the research of new diagnostic and 

therapeutic strategies of paramount importance. In recent years, promising options 

were offered by nanomedicine which envisages the application of nanomaterials to 

the medical field to formulate more selective and stable therapeutic tools.  

In this context, this PhD thesis focuses on the development of a biocompatible 

and colloidally stable hybrid nanoconstruct for the targeted treatment of cancer 

cells. The nanoconstruct, evocatively named TrojaNanoHorse (TNH), would be 

composed by a therapeutically active core made by chemically synthesized zinc 

oxide nanocrystals (ZnO NCs) encapsulated in a biomimetic shell of extracellular 

vesicles (EVs), opportunely functionalized with specific targeting moieties in order 

to further enhance their selectivity. The proposed hybrid nanoconstruct would 

combine the intrinsic delivery features of EVs, like their great stability in biological 

environment and low immunogenicity, with the toxicity of ZnO nanostructures 

toward cancer cells and the targeting capability of opportune engineered ligands. 

More in details, the first part of the experimental work concerned the 

optimization of ZnO NCs synthesis and their physico-chemical characterization. 

Indeed, a reliable and reproducible synthetic procedure together with a precise 

evaluation of the features of the obtained ZnO NCs are essential for the accurate 

study of their biological effects. In this phase, two synthesis methods (i.e. a 

conventional solvothermal method and a microwave-assisted synthesis) were 

evaluated, analyzing the internalization rate and cytotoxicity of the obtained ZnO 

NCs on KB cancerous cells and decreeing the major reliability of microwave-

assisted synthetic method.  

The colloidal and chemical stability of synthesized ZnO NCs in the biological 

environment were then evaluated, analyzing the aggregation and dissolution extent 

through long-term biostability tests. The stability and the interaction with media 

components, in fact, would determine the biological identity of nanoparticles, 

directly affecting the biological response. The assays were performed in different 



 

biological media, evaluating the behavior of eithers pristine and functionalized 

nanocrystals. In particular, ZnO NCs coated with a shell constituted by synthetic 

phospholipids were analyzed as a preliminary model of the proposed hybrid 

nanoconstruct, confirming the stabilizing effect ensured by the lipid envelope. 

The actual TNH hybrid nanoconstruct was then developed, combining the 

synthesized ZnO NCs with EVs extracted from the conditioned cell culture 

supernatants of KB cancerous cells. The encapsulation was performed through a 

co-incubation method, optimizing several operating parameters to maximize the 

interactions between the two components and, thus, the loading efficiency. The 

effect of the EVs lipid-shielding on the colloidal stability, cellular toxicity and 

internalization was evaluated, comparing the behaviour of the obtained TNHs with 

uncoated ZnO NCs. The results evidenced a great improvement of colloidal 

stability in biological media accompanied by a more efficient internalization in KB 

cancer cells of TNH nanoconstructs with respect to pristine ZnO NCs. The samples 

presented a comparable cytotoxicity, highlighting that EVs shielding fully preserve 

the intrinsic toxicity of ZnO NCs.  

The construction of TNH was further optimized in order to obtain a safer and 

more effective product. Primarily, to overcome safety concerns related to the 

application of EVs derived from cancer cells, the EVs cell source was changed, 

extracting the biovesicles from B lymphocytes. Moreover, the loading efficiency 

was optimized by the application of an active loading method, based on the 

application of freeze-thaw cycles as active stimulus to destabilize EVs membrane 

and favor the encapsulation of ZnO NCs. Two different procedures were 

implemented and analyzed in terms of loading efficiency, colloidal stability and 

morphology, evidencing the suitability of freeze-thaw method to efficiently 

encapsulate ZnO NCs within biologically-derived EVs, while preserving their 

morphology and surface protein expression. Finally, to further improve the TNHs 

selectivity, a functionalization method to decorate the EVs surface with specific 

targeting antibodies was designed and preliminary validated. 

The results presented in this PhD thesis follow the development of an 

innovative hybrid nanoconstruct for cancer treatment based on therapeutically 

active ZnO NCs. The main goal of this study was the biostabilization of synthesized 

nanocrystals obtained through their encapsulation in EVs. The biological origin of 

EVs would improve the biomimetic and biocompatible features while guaranteeing 

the efficient intracellular release and the prominent cytotoxic activity of ZnO, 

making the whole nanoconstruct a promising candidate for therapeutic applications 

against cancer cells.
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1.1 Introduction  

1.1.1 Cancer 

According to the World Health Organization (WHO) cancer is the second most 

common cause of death worldwide, second only to cardiovascular diseases. 

Globally, cancer is responsible of 1 in 6 deaths for an estimated amount of 9.6 

million deaths in 2018. About 70% of deaths caused by cancer disease occur in low 

or middle-income countries and the most lethal types of cancers are in order lung, 

colorectal, stomach, liver and breast cancer. Estimates of cancer incidence and 

mortality are provided by International Agency for Research on Cancer (IARC), 

considering 36 types of cancer and 185 countries and territories. These predictions, 

based on 2018 data and considering demographic changes, calculate that cancer 

will have an incidence of 29.5 million cases and a mortality equal to 16.4 million 

in 2040. 

From these data and estimates result clear that cancer is a major public health 

problem globally and the research of new diagnostic and therapeutic options is of 

prominent importance. In this perspective, the comprehension of the cancer 

pathophysiology and biological mechanisms is fundamental.  

The term ócancerô comprehends more than 100 diseases that can be developed 

in almost any tissue in the body and present individual features. However, cancer 

is generally characterized by the uncontrolled division of abnormal cells that can 

invade surrounding tissues or spread over the body through blood and lymphatic 

systems (NIH, 2007). A review published by Hanahan and Weinberg in 2000 

systematically analyzes the differences between cancerous and normal cells, 

attributing the complexity of cancer biology to six major hallmarks (Hanahan & 

Weinberg, 2000). The proposed essential alterations of cells physiology that 

collectively determine the tumor development are a self-sufficiency in growth 

signals accompanied by an insensitivity to anti-growth signals, the capability to 

evading programmed cell death (i.e. apoptosis) and an unlimited replicative 

potential. Furthermore, cancerous cells can promote angiogenesis to ensure the 

required provision of oxygen and nutrients and can present a marked tendency to 

tissue invasion (i.e. metastasize). In an updated edition published in 2010, the 

authors add two supplementary characteristics. To support the unlimited cell growth 

and proliferation, cancerous cells present a major reprogram of cellular energy 

metabolism. Furthermore, malignant cells are commonly able to elude the 

immunological response of natural killer cells, macrophages and T and B 

lymphocytes (Hanahan & Weinberg, 2011). 

Regarding its origin, cancer disease arises from complex DNA mutation, acting 

mainly on two categories of genes, i.e. proto-oncogenes and tumor suppressor 

genes. In normal conditions these genes regulate the cell cycle, respectively 

promoting or inhibiting the division of cells, and thus guaranteeing the correct tissue 

and organ development. However, alteration of proto-oncogenes produces 

oncogenes, which stimulate an excessive cellular division, while tumor suppressor 

genes are inactivated by the mutation, eliminating the inhibition for cellular 
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excessive growth (Lodish et al., 2000). The clonal expansion of mutated cell 

together with the accumulation of other molecular changes will produce the 

development of cancer malignant state in a multi-step process (Yamamoto 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 

metastasis, as represented in Figure 1.1. 

The causes of the mutation can be hereditary or induced by external chemical, 

physical or biological agents and can affect different cells populations in the lineage 

hierarchy, producing several tumor subtypes (Visvader, 2011). 

 

 

Figure 1.1: Stages of tumor development represented as a multi-steps process from cells mutation to the 

formation of tumor mass and abnormal vasculature; figure from (NIH, 2007). 

1.1.2 Traditional therapies 

The large diffusion and incidence of cancer disease have led to the development 

of different therapeutic options over the years. The most common traditional 

therapies applied alone or in combination are surgery, chemotherapy and 

radiotherapy and the selection of the treatment depends on several aspects, like type 

of cancer, location of the tumoral mass and stage of progression (Arruebo et al., 

2011). 

For solids tumors, minimally invasive or open surgery are often applied to 

physically remove the tumor mass from the body. Even though surgical treatment 

remains one of the basic method for oncology, it is important to mention that it is 

associated with several side effects characteristic of all the surgical operations and 

present several problems of recurrence and metastases. To overcome these 

limitations, the surgical strategy is often combined with adjuvant treatments like 

radiotherapy and chemotherapy. Radiotherapy and chemotherapy are widely 

applied also as stand-alone treatments, to treat both solid and circulating tumors. In 

case of radiotherapy, high energy radiations are employed to directly damage DNA 

of cancerous cells, impairing the cellular division and growth. The application of 

radiation therapies can also cause the generation of free radicals which will cause 

genetic damages, helping cells death (Abbas & Rehman, 2018).  
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Conversely, chemotherapy consist in the injection of chemical substances (such 

as alkylating agents, antimetabolites, mitotic inhibitorsé) that selectively interact 

with cells in particular phase of their division, interfering with the process. 

However, both therapeutic options present lack of specificity which cause the 

insurgence of substantial side effects that impair their application. Collateral effects 

of radiation therapy are connected to the damage of healthy cells and tissues near 

the treatment area. On the other hand, chemotherapeutic agents could affect not 

only cancerous cells but also other type of cells, causing collateral effects of 

variable severity including myelosuppression, hair loss, gastrointestinal damages 

and compromised wound-healing (Regan, 2007). In addition, chemotherapeutic 

drugs are characterized by a poor bioavailability, requiring the use of higher doses 

which increase the probability of side effects and the incidence of drug resistance 

phenomena (Senapati et al., 2018).  

A possible response to this lack of specificity is constituted by immunotherapy 

or immune-oncology. This gained great attention during the last decade of 1900 and 

today it is widely applied, with several immunotherapy-based drugs approved by 

the Food and Drug Administration (FDA). Cancer immunotherapy rely on the 

artificial stimulation of innate immune system against malignant cells and include 

a variety of treatments like cancer vaccines, oncolytic virus therapy, 

immunomodulators, adoptive cells therapy and targeted antibodies (Yiping Yang, 

2015). The last category and in particular monoclonal antibodies are largely diffuse 

at the moment with more than 60 monoclonal antibodies approved by FDA 

(Tsumoto et al., 2019). 

Monoclonal antibodies are classified as passive immunotherapeutics, since they 

directly bind to target malignant cells recognizing specific or overexpressed tumor 

receptors. The antigen-antibody bond could then cause the disruption of cellular 

pathways or activate the recognition of cancer cells by immune system, leading to 

cell death. The recognition of cancer receptors ensures a more selective treatment 

of malignant cells, reducing the occurrence of side effects. However, monoclonal 

antibodies require a precise serological characterization of cancer and normal cells 

and are, thus, characterized by high production costs. Moreover, they still possess 

a poor bioavailability and slow biodistribution as well as some side effects (W. 

Wang et al., 2008) which remain the major issues of conventional cancer 

treatments. 

1.1.3 Nanomedicine 

Considering the described drawbacks of traditional therapies, the investigation 

of innovative treatments with improved selectivity and pharmacokinetic is 

particularly valuable.  

A targeted treatment would guarantee the restriction of the therapeutic effect 

on a specific category of cells, reducing the non-specific toxicity and, thus, any side 

effect. More in general, the improvement of treatment selectivity, stability and 

distribution inside the organism would enhance its efficiency, ensuring an 

appropriate drug concentration only in the targeted organ or tissue resulting in a 
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decrease of dose and administration frequency. This would increase the therapeutic 

index (i.e. the ratio between the maximum tolerated and the minimum effective 

dose) and the overall drug safety. Indeed, the reduction of fluctuations in drug 

concentration and the avoidance of toxic over-dosages would consent to limit the 

insurgence of undesired side effects, improving the life quality of patients (S. I. 

Shen et al., 2003). 

A great opportunity to pursue these goals is offered by nanomedicine. The term 

ñnanomedicineò refers to the application of nanotechnologies to the medical fields. 

Indeed, materials with size range between 1 and 100 nm, i.e. nanomaterials, possess 

several interesting physico-chemical features and their dimension guarantees very 

close interactions with biological components. In this context, nanoparticles with 

various compositions and morphologies are studied for their application in cancer 

treatment, exploiting either the intrinsic cytotoxic properties of the nanomaterial or 

their ability to act as a carrier for traditional chemotherapeutic agents (Lim et al., 

2015). 

The targeting mechanism of nanomaterials as well as their variety and principal 

challenges are summarized in the subsequent sections.  

1.1.3.1 Nanoparticles: targeting methods 

The category of nanomaterials comprehends nanoparticles with very different 

compositions and properties, which are all linked by the common feature of reduced 

dimensions. This characteristic is particularly interesting for cancer therapy, since 

it allows to exploit the typical pathophysiology of tumor areas to enable the specific 

accumulation of nanomaterials. 

As already mentioned, tumor cells promote the angiogenesis, i.e. the formation 

of new blood vessels, to guarantee the delivery of oxygen and nutrients during their 

uncontrolled growth. However, compared to healthy tissues, the tumor areas present 

an altered and non-uniform vasculature. In fact, the new vessels are characterized 

by a leaky endothelium with larger pores that allow the passage of nanoparticles 

and are also accompanied by a lack of lymphatic drainage that causes the 

accumulation of the particles penetrated inside the tissue. Together these 

pathophysiological features cause the so called enhanced permeability and retention 

(EPR) effect which is responsible for the higher uptake of nanomaterials or 

molecules from cancer tissues. The preferential accumulation inside tumor tissues 

with respect to healthy ones was observed for the first time in 1986 and goes under 

the name of ñpassive targetingò (Matsumura & Maeda, 1986). 

However, this mechanism present evident limitations, especially related to the 

redistribution and cellular internalization of nanomaterials extravasated in the 

interstitial space (X. Wang et al., 2009). These problems gave rise to new 

approaches that envisage the attachment of specific ligands to the nanomaterials 

surface, conferring an ñactive targetingò capability. The active targeting exploits 

the enhanced or specific expression of particular receptors by cancer cells that can 

be recognized by different types of molecules, conveniently attached on the 

nanoparticles surfaces. The class of possible functionalizing agents comprehend 
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antibodies, aptamers, peptides or other synthetic and biological molecules (X. 

Wang et al., 2009).  

Combined to EPR effect, this second strategy significantly improves the 

specificity toward malignant cancer cells as schematically represented in Figure 

1.2. In addition, it also opens the possibility to target circulating cells of 

hematological tumors (Vinhas et al., 2017).  

 

Figure 1.2: Schematic representation of (a) active and (b) passive targeting mechanisms of nanoparticles; 

figure from  (Upponi & Torchilin, 2014). 

1.1.3.2 Nanoparticles: categories and challenges 

As already mentioned, the category of nanomaterials investigated for 

oncological applications comprehend particles with different compositions ranging 

from lipidic and polymeric nanoparticles to carbon-based and metallic 

nanoparticles. In addition, they can possess diverse functions and act as therapeutic 

agents themselves or serve as nanocarriers to transport traditional drugs.  

Several types of nanoparticles are applied in combination with traditional 

chemotherapeutic agents, to stabilize the drugs during blood circulation, improving 

their biodistribution and avoiding an immediate clearance by the immune system. 

For this application as nanocarriers, polymeric-based, hydrogels, albumin- and 

lipid-based nanoparticles are the most widely used, thanks to the ability to 

incorporate the active principle in their structure through physical and chemical 

interactions (Estanqueiro et al., 2015). In particular, Doxorubicin-loaded liposomes 

for the treatment of Kaposiôs sarcoma were the first particles approved by FDA in 

1995, followed by several other formulation in most recent years (Petre & Dittmer, 

2007). For instance, lipids and polymeric carriers functionalized with appropriate 
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targeting moieties are studied to improve the selectivity of nanocarriers 

(Estanqueiro et al., 2015). Most recently, the construction of stimuli-responsive 

systems, constituted by organic nanoparticles able to release their payload 

following internal or external stimuli (such as pH, ionic strength, temperature, light, 

ultrasound, é) are widely investigated in order to guarantee a more efficient and 

selective delivery of the drug (Mura et al., 2013). Between the inorganic 

nanoparticles, micro and mesoporous silica nanoparticles are promising candidates 

for drug delivery purposes thanks to their high drug adsorption capability and 

possibility to achieve stimuli-controlled release (J. Zhu et al., 2017).  

Recently, the intrinsic antitumoral properties of several types of nanoparticles 

were also analysed, considering their possible application as therapeutic or 

diagnostic tools without the combination with traditional drugs. This category 

comprehends mainly inorganic nanoparticles, such as metallic, metal oxides and 

magnetic nanoparticles. For instance, magnetic nanoparticles, primarily constituted 

by iron or manganese oxides, are applied in combination with alternated magnetic 

field causing hyperthermia and subsequent tumour thermal ablation (Latorre & 

Rinaldi, 2009). The same hyperthermia effect was obtained using gold 

nanoparticles activated by infra-red light (Cherukuri et al., 2010). Moreover, 

conducting or semiconducting metal oxide nanoparticles, like TiO2 or CeO2, are 

able to cause cells death probably due to their catalytic activity. In fact, these 

nanoparticles, opportunely stimulated with UV radiation or ultrasound, are able to 

participate to redox reactions in the cellular environment, increasing the level of 

reactive oxygen species (ROS) and triggering oxidative stress (Canavese et al., 

2018). Finally, semiconducting nanoparticles with very small dimensions (2-10 

nm), named quantum dots, are investigated for bioimaging purposes thanks to their 

peculiar optical properties acquired with the size reduction (Xiong, 2013). 

 The heterogeneity of the tested materials together with the possibility to tune 

their properties and properly functionalize their surface are well represented in 

Figure 1.3. 

 

Figure 1.3: Schematic representation of the great variety of nanoparticles investigated for nanomedical 

applications which present different composition and tunable physico-chemical properties; figure from (Qin et 

al., 2017). 
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The reduction to the nanoscale confers to nanomaterials not only the possibility 

to uniquely interact with cells and tissues but it also guarantees an interesting 

surface reactivity (Villanueva-Flores et al., 2020). In fact, with respect to bulkier 

materials, they present an increase of specific area which ensures a high loading 

capacity and the possibility to properly functionalize their surfaces, for example for 

targeting purposes. The wide variety of composition and fabrication processes 

allows also to obtain nanoparticles with multiple and various sizes and shapes. The 

possibility to actively control and modify the physico-chemical properties of the 

nanoparticles is a great advantage and allows to obtain tools with optimized 

therapeutic effects. However, it is really important to implement simple synthetic 

procedures and avoid multistep processes in order to guarantee the scalability to 

industrial production while maintaining a precise control of nanomaterials 

characteristics (Liu et al., 2016).  

Moreover, several challenges concerning their in vivo distribution, 

biocompatibility and degradability hinder the effective application of nanoparticles 

in clinical field (Almeida et al., 2011). Frequently, the toxicity of the nanocarriers 

is not adequately considered and a lack of biodegradability could cause an 

ineffective bio-elimination or the formation of toxic byproducts during the 

degradation process (Nicolas et al., 2013). 

Furthermore, once injected in the blood circulation, nanoparticles undergo to 

protein adsorption which determine their biodistribution. In fact, the absorption and 

conformational changes of particular proteins (opsonins) are responsible for the 

recognition of nanoparticles by the immune system and subsequent elimination by 

mononuclear phagocyte system (MPS) and reticuloendothelial system (RES). This 

phenomenon regulates the bioavailability and the mean circulation time of 

nanomaterials inside the organism and could be controlled acting on the physico-

chemical properties of the particles. In general, literature studies indicate 150 nm 

as maximum size limit to avoid MPS clearance and spleen filtration (Moghimi et 

al., 2012). Concerning the surface properties, nanoparticles with hydrophobic 

surface and positive charge present higher protein adsorption and elevated 

clearance rates. Thus, surface functionalization with hydrophilic polymers (like 

PEG, zwitterionic polymers,..) or biological molecules (like proteins or lipids) are 

well established, guaranteeing a lower surface fouling and an improvement of 

circulation time (Limongi et al., 2019). However, more recent studies highlighted 

also a possible beneficial effect of the proteins adsorption that could facilitate 

cellular uptake and determine intracellular distribution (Salvioni et al., 2019).  

This dual effect of proteins absorption well underlines the complexity of the 

interactions between nanoparticles and biological media and systems, which clearly 

entangle the process of optimization of innovative therapeutic nanoparticles. 

 



9 

 

1.2 Aim of the work and Thesis structure 

1.2.1 Troja NanoHorse (TNH) project 

As detailed in the introduction section, the application of nanotechnologies to 

the clinical and medical fields offers a great opportunity for the development of 

innovative therapeutic options for the treatment of cancer disease. In fact, 

nanomedicine allows the production of nanomaterials with tuneable properties able 

to overcome some drawbacks of traditional therapies, like poor biodistribution, lack 

of selectivity and insurgence of side effects. 

In this context stands the creation of the hybrid nanoconstruct described in this 

thesis. The work described in this PhD thesis is part of a wider project called 

ñTrojaNanoHorseò founded by a European Research Council (ERC) Starting Grant 

and led by Prof. Valentina Cauda at Politecnico di Torino. The aim of the project is 

the construction of a fully biocompatible, non-immunogenic and degradable hybrid 

nanoconstruct for both cancer treatment and diagnosis in a nanotheranostic 

innovative approach. 

The devised innovative nanoconstruct is composed by a therapeutically active 

core made by chemically synthesized ZnO crystalline nanoparticles (ZnO NCs) 

encapsulated in a biomimetic shell of extracellular vesicles (EVs) isolated from 

conditioned cell culture supernatants. The biologically derived lipid shell would be 

further functionalized with appropriate targeting ligands to improve their selectivity 

toward malignant cancer cells. The ZnO was selected as therapeutic material thanks 

to its intrinsic cytotoxic properties accompanied by interesting optical properties 

and general safety and biodegradability. The EVs lipid coating had the dual task to 

improve the biostability and biocompatibility of the nanoconstruct. In fact, the 

biological origin of EVs guarantees their low immunogenicity and could help to 

prevent the recognition of ZnO NCs by the immune system. In addition, EVs are 

normally involved in intercellular communication and so they possess an intrinsic 

stability in blood circulation as well as a great capability to cross biological barriers. 

These features are particularly interesting for drug delivery applications and were 

exploited to stabilize the ZnO NCs in biological environment and ensure a better 

interaction with cells. Finally, targeting moieties were added to further improve the 

selectivity of the proposed nanoconstruct. The targets of the project are Daudi cells, 

a cancerous cell line derived from Burkitt lymphoma, an aggressive type of B cells 

non-Hodgkin lymphoma. Thus, the chosen targeting moiety was an anti-CD20 

monoclonal antibody, directed against CD20 protein, a general marker for B cells 

on all developmental stages which is over-expressed by lymphomas B-cells. In 

principle, choosing different targeting ligands, the nanoconstruct could be adapted 

for the treatment of other types of cancer. 

The corresponding mechanism of action envisages the injection of the produced 

hybrid nanoconstructs inside the body and their selective accumulation inside target 

cancerous cells, avoiding the clearance by the immune system. At this point, the 

core of ZnO NCs would exert the cytotoxic activity. Due to its selective cytotoxicity 

and biomimetic 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 nanoconstruct and the evaluation of its colloidal and chemical 

stability in the biological environment. 

1.2.2 Thesis structure 

The results obtained during this work of thesis are divided in four chapters, as 

described below. 

In Chapter 2 the main properties, the existing synthetic methods and the 

antitumoral potential of ZnO NCs are described, starting from a brief revision of 

literature studies. The investigated synthetic procedures and the physico-chemical 

characterization of the obtained ZnO NCs are then presented. In particular, a novel 

microwave-assisted solvothermal synthesis was performed and compared with a 

traditional wet synthetic approach. The obtained ZnO NCs were fully characterized 

in terms of size, morphology, surface composition and optical properties with 

particular attention at their colloidal behavior, analyzed in ethanol and water. 

Moreover, the biological effects of both types of ZnO NCs on cancerous cells were 

studied, evaluating their internalization rate and cytotoxicity as a function of 

different synthetic routes and physico-chemical characteristics. 

The Chapter 3 reports the evaluation of colloidal and chemical stability of ZnO 

NCs in biological fluids and analyze the influence of surface functionalization. An 

overview of the main challenges and functionalization techniques to improve 

nanoparticles stability in biological environment are reported in the Introduction 

section. Experimentally, the synthesized ZnO NCs were coated with a synthetic 

lipid shell made by 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) as 

preliminary simulation of the hybrid nanoconstruct. The behavior of pristine and 

functionalized NCs was then evaluated through biostability assays, performed in 

phosphate-buffered saline (PBS), simulated body fluid (SBF) and in Eagleôs 

minimal essential medium (EMEM). In particular, the extent of aggregation and 

dissolution were evaluated, since both parameters could deeply affect the biological 

application of ZnO NCs.  

In Chapter 4 the optimization of TNH nanoconstruct, obtained combining the 

synthesized ZnO NCs with extracellular vesicles (EVs), is described. A description 

of EVs general properties together with the collection protocols and loading 

methods reported in literature is presented in the Introduction section. The EVs used 

for the experiments described in this chapter were extracted from conditioned cell 

culture supernatants of KB cancerous cells through a well-established differential 

ultracentrifugation protocol and coupled with ZnO NCs following a co-incubation 

method. The coupling efficiency was optimized adjusting several operating 

parameters and exploiting a combination of thermodynamic, kinetic and 

electrostatic mechanisms directly related to the EVs and NCs properties. The effect 

of the EVs lipid-shielding on the colloidal stability, cellular toxicity and 

internalization was evaluated, comparing the behaviour of the obtained TNHs with 

uncoated ZnO NCs. 
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In Chapter 5 the principal challenges for the effective biomedical application 

of EVs are described together with the major methods for vesicles surface 

functionalization. The reported results concerned a second method for the TNHs 

construction. Firstly, 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 new coupling procedure based on the 

application of freeze-thaw cycles as active stimulus to destabilize EVs membranes 

was defined and investigated in term of coupling efficiency and colloidal stability. 

Finally, the possibility to decorate EVs surface with anti-CD20 antibodies to 

improve the TNHs selectivity was investigated. 
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Physico-chemical properties and 

biological effects of synthesized 

zinc oxide nanocrystals 
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2.1 Introduction  

2.1.1 ZnO NPs: properties and synthesis methods 

ZnO is an extensively studied material whose physical characterization in terms 

of lattice parameters and optical properties dates back to the middle decades of 1900 

(Özgür et al., 2005). ZnO is classified as II -IV semiconductor compound with a 

direct wide band-gap equal to ~3.3 eV at room temperature and it can present three 

crystalline structures: rocksalt, zinc blende and wurtzite (represented in Figure 2.1).  

   

 

Figure 2.1: ZnO crystalline structures: (a) Rocksalt; (b) Zinc-Blende and (c) Wurtzite. Grey spheres 

represent Zn atoms while black spheres represent O atoms; figure from (Morkoç & Özgür, 2009). 

Under ambient temperature and pressure, the hexagonal wurtzite structure is 

the most thermodynamically stable. This is composed by two interpenetrating 

hexagonal closed packed (hcp) sublattices in which each Zn atom is at the centre of 

a tetrahedron with four O atoms at the corners and vice versa. All the tetrahedrons 

are oriented in a single direction and the resulting structure is thus composed by an 

alternation of planes of Zn and O atoms along the c-axis. Typically, the tetrahedral 

coordination is characteristic of sp3 covalent bonds, but ZnO material shows also a 

strong ionic behaviour that contribute to increase its band gap value (Morkoç & 

Özgür, 2009). In addition, the tetrahedral coordination of ZnO results in a non-

centrosymmetric structure that provides piezoelectric and pyroelectric properties 

(Vaseem et al., 2010). 

ZnO exhibits interesting optical and luminescent properties. Wurtzitic ZnO 

normally presents a strong UV adsorption and two photoluminescent emission 

bands in both UV and visible regions. The emission centred in the UV region, near 

the adsorption edge of the crystal, is directly connected to the semiconductor nature 

of ZnO and its band gap and has a relatively high yield thanks to the large exciton 

binding energy (60 meV) of the material (Chernenko et al., 2018). The origin of the 

broader band in the green visible region, conversely, is not completely understood 

and tentatively attributed to the presence of point defects in the crystalline structure 

and, in particular, to oxygen vacancies (L. Zhang et al., 2010). As 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 and morphologies (Mousavi et al., 2011) or introducing suitable doping 

elements, such as group III elements or transition metals (Carofiglio 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 energy generation, 

optoelectronic and sensors to cosmetic and biomedical applications. In addition, 

ZnO nanostructures can be easily synthesized using accessible raw materials and 

with low production costs, obtaining nanomaterials with desired size and 

morphology, requested for the particular application (Cauda et al., 2014).  

The synthesis of ZnO can be performed by chemical, physical and biological 

methods, as schematically represented in Figure 2.2. Briefly, physical methods are 

essentially top-down preparation processes in which an existing material is reduced 

to nanometric dimension by physical or mechanical means. In contrast, chemical 

synthesis methods use precursors that react in liquid or gas phase, providing the 

atomic or molecular units between which the chemical bonds will be formed in a 

bottom-up approach (Kumar et al., 2018). Finally, the most recently developed 

biological methods involve enzymes and other biomolecules produced by plants or 

microorganisms to reduce metal ions to metal oxide ZnO NPs (Mohd Yusof et al., 

2019). 

 

 

Figure 2.2: Principal synthetic methods for the production of ZnO NPs; figure adapted from (Naveed Ul 

Haq et al., 2017). 

In general, the liquid phase chemical methods are the most widely used to 

produce ZnO NPs because they present multiple advantages in term of costs, low 

reaction temperatures and availability of reagents. Most importantly the modulation 

of synthetic parameters of wet chemical processes allows to obtain a valuable 

control on the morphology and size of the final products. 
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The precursors used for the synthesis of ZnO nanomaterials include inorganic 

salts and organic zinc compounds that are able to hydrolyze in alkaline solutions 

forming tetrahedral coordination compounds ((Zn(OH)4)
2-). The subsequent 

hydrolysis of these intermediates leads to the formation of crystalline zinc oxide. 

Based on this general mechanism and opportunely tuning the precursors and 

solvents or the synthetic conditions, it is possible to obtain different structures 

including nano- and microparticles, multipods, nanowires and nanorods (Cauda et 

al., 2014). The possibility to obtain ZnO nanostructures with controlled size and 

geometries is particularly interesting for biomedical applications. Several studies, 

in fact, show that both NPs size and morphologies deeply affect their transport 

inside the body, biodistribution and interaction with cells, tissue and the immune 

system (Champion et al., 2007). 

Moreover, the chemical surface properties of synthesized ZnO NPs, which are 

essentially regulated by the presence of hydroxyl groups (ïOH), impart to ZnO 

interesting electrostatic characteristics for biomedical applications, as will be 

further elucidated in the next section. The presence of reactive ïOH groups on the 

ZnO nanoparticles surface also enables their functionalization with several 

chemical groups or biomolecules in order to enhance their applicative potential in 

the biomedical field. For instance, PEG (Luo et al., 2014) and other polymers 

(Zheng et al., 2019) can be used to prevent the nanoparticles aggregation and 

improve their biocompatibility, in vivo circulation and stability. Moreover, surface 

functionalization with targeting moieties like folic acid, hyaluronan and different 

kinds of proteins, peptides and nucleic acids are widely reported in literature, 

allowing the enhancement of ZnO NPs selectivity toward cancer cells (Jiang et al., 

2018).  

2.1.2 ZnO NPs in biomedical applications 

According to the Food and Drug Administration (FDA), ZnO is a ñgenerally 

recognized as safeò (GRAS) substance and it is considered a biocompatible 

material, since it can be biodegraded in Zn2+ ions and these can become part of 

organism nutritive elements (Zhou et al., 2006). Zinc cations, in fact, are essential 

trace elements in the human body and they are involved in multiple physiological 

and biological processes. In particular, zinc element is the co-factor of more than 

300 enzymatic reactions, possess a structural role for several proteins and a 

regulatory role for both enzymes and proteins, influencing for instance immune, 

aging and neurological processes (Stefanidou et al., 2006). 

This biocompatible feature, along with the previously mentioned physico-

chemical characteristics and the possibility of easy synthesis and functionalization, 

promoted the application of ZnO nanostructures in various biomedical fields. 

Thanks to their UV adsorption capability, the ZnO NPs were efficiently employed 

as UV-blocker in sunscreens and self-care products from many years. More 

recently, ZnO nanostructures have been applied in the fabrication of hydrogen 

peroxide and glucose biosensors, thanks to the great electronic properties of the 

material and its stability and biocompatibility (P. Zhu et al., 2016). Similarly, ZnO 



 

16 

 

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 safety (Xiong, 2013). 

However, it is worth to mention that GRAS designation normally refers to 

materials in their bulk or micrometric forms, while new toxic properties can be 

acquired when reduced to the nanoscale. As already detailed, ZnO nanostructures 

are characterized by peculiar mechanical, electronic and optical properties 

connected to their crystalline structure and to crystals defects, introduced also by 

the dimensional reduction. In addition, small NPs are characterized by a higher 

specific surface area that increase the percentage of atoms able to interact with 

external components, enhancing the material reactivity. Finally, the reduced 

dimensions are comparable to those of biological occurring molecules and ensure 

to the NPs an easier and direct interaction with cells and tissues (Rasmussen et al., 

2010). 

These considerations, together with the widespread use of ZnO nanostructures 

in various fields of nanotechnology, have promoted a more detailed evaluation of 

their toxicological potential toward the environment and to both prokaryotic and 

eukaryotic cells. However, the toxicity observed towards different types of 

pathogenic fungi (He et al., 2011) and bacteria (Sirelkhatim et al., 2015) opens up 

the possibility to use ZnO NPs as antimicrobial and antibacterial agents. Moreover, 

in vitro studies evidenced the preferential toxicity of ZnO NPs toward cancerous 

cells, suggesting their applications as antitumor agents (Hanley et al., 2008; 

Sasidharan et al., 2011; DeLong et al., 2017).  

Some examples of application of ZnO NPs in the treatments of different cancer 

cell lines are summarized in Table 2.1, showing a cytotoxic effect which is dose-

dependent and more effective with respect to other metal nanoparticles (Bai 

Aswathanarayan et al., 2018, Priyadharshini et al., 2014). As will be detailed in the 

next sections, the toxicity of ZnO NPs is mainly attributed to two mechanisms, i.e. 

intracellular release of Zn2+ ions and production of reactive oxygen species (ROS), 

and can be deeply affected by nanoparticles physico-chemical parameters. For 

example, the modification of ZnO NPs optical properties by Al-doping increase the 

oxidative-stress mediated cytotoxicity (Akhtar et al., 2015), while the nanoparticles 

size inversely affect the cytotoxic response. i.e. the smallest ZnO NPs showed the 

highest toxicity levels (Kang et al., 2013). As already mentioned, several studies 

describe the selective toxicity of ZnO NPs toward cancer cells, which is particularly 

interesting in the perspective of their therapeutic application, limiting adverse side 

effects toward normal cells (Hanley et al., 2008). Finally, ZnO NPs can be also used 

in combination with chemotherapeutic agents or other therapeutic molecules. In 

these applications the ZnO NPs exploit the function of nanocarrier, improving the 

delivery of active drugs or molecules inside the cancerous cells. In addition, they 

present a good release capability thanks to their solubility at low pH values and a 

synergistic effect which enhances the cytotoxic effect of the payload (Deng & 

Zhang, 2013, Perera et al., 2020). 
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Table 2.1: Exemplificative applications of ZnO NPs for in vitro treatment of different cancerous cell 

lines. 

Type of NPs Cell line Therapeutic effect Ref 

ZnO NPs 
HT29 cells 

(colorectal cancer) 

ZnO NPs have significant 

anticancer activity compared to 

Au and Fe2O3 NPs 

(Bai Aswathanarayan 

et al., 2018) 

ZnO NPs 
PC3 cells 

(prostate cancer) 

More effective anticancer 

activity of ZnO NPs with 

respect to Ag NPs 

(Priyadharshini et al., 

2014) 

ZnO NPs 
LoVo cells 

(colon carcinoma) 

Uptake dependent on NPs 

agglomeration. 

Contact with acid pH of 

lysosomes causes Zn2+ release, 

ROS production and DNA 

damage 

(Condello et al., 

2016) 

ZnO NPs 
HeLa cells 

(cervical carcinoma) 

ROS production increased in a 

dose-dependent manner 

Cytotoxic effect through 

apoptotic pathway 

(Pandurangan et al., 

2016) 

ZnO NPs 

Caco-2 cells 

(colorectal 

adenocarcinoma) 

HepG2 cells 

(liver cancer) 

ZnO NPs significantly induce 

cytotoxicity associated with 

increased intracellular Zn2+ ions 

(Fang et al., 2017) 

Pristine and 

Al -doped ZnO 

NPs 

MCF-7 cells 

(breast cancer) 

Al doping increase the band gap 

and enhance cytotoxic effect of 

ZnO NPs 

(Akhtar et al., 2015) 

ZnO NPs 

Caco-2 cells 

(colorectal 

adenocarcinoma) 

Time and dose-dependent 

cytotoxic effect 

Influence of particles size 

(Kang et al., 2013) 

ZnO NPs 

Jurkat cells 

(acute T cell leukemia) 

Hut-78 cells  

(T cell lymphoma) 

vs normal T cells 

ZnO NPa show preferential 

cytotoxicity toward cancer cells 

compared to normal cells (~28-

35x) 

(Hanley et al., 2008) 

ZnO NPs 

A375 cells 

(melanoma) 

vs normal NIH3T3 

ZnO NPs show great selectivity 

against melanoma cancer cells 
(DeLong et al., 2017) 

Curcumin-loaded 

ZnO NPs  

RD cells 

(rhabdomyosarcoma) 

Additive anticancer effect of 

curcumin-loaded ZnO NPs 
(Perera et al., 2020) 

ZnO NPs with 

Doxorubicin 

SMMC-7721 

(hepatocarcinoma) 

Increased intracellular 

concentration of Doxorubicin 

and synergic effect 

(Y. Deng & Zhang, 

2013) 

 

2.1.3 ZnO NPs cytotoxicity and selectivity toward cancer cells 

Due to the complexity of the parameters affecting the ZnO NPs biological 

behavior both in vitro and in vivo, the cytotoxicity mechanisms of ZnO NPs are not 

yet completely elucidated. Several studies attribute their toxicity to two main 

mechanisms: (i) the release of zinc cations (Zn2+) and (ii)  the production of reactive 

oxygen species (ROS). 

As already said, zinc does not possess an absolute toxic effect and it is present 

as trace element in the human body, essential for several physiological and 

biological processes. In particular, zinc deficiency can cause relevant damages to 

immune, central nervous, epidermal, gastrointestinal, skeletal and reproductive 

systems, especially during the growing period, and the recommended daily dose in 

the diet is of ~10 mg. Even if the concentration of zinc bound to proteins or other 

ligands is high, the level of free Zn2+ present in the cells cytoplasm is really low (in 
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the order of picomoles) under normal conditions and precisely regulated through 

homeostatic mechanisms. In particular, the zinc concentration is regulated by 

metallothioneins, proteins able to bind and sequester Zn2+ ions from the cytoplasm, 

and by transporter proteins, located on the cell membrane and in various cellular 

organelles, that can regulate intracellular and extracellular zinc levels (Maret, 

2017). 

These regulation mechanisms are perturbed by the presence of ZnO NPs, which 

can dissolve, releasing Zn2+ ions. In vitro, the dissolution can occur either 

extracellularly due to the contact with culture media (Reed et al., 2012), or 

intracellularly due to the acidic pH of late endosomes and lysosomes (H. Müller et 

al., 2010) and it is still unclear if the cytotoxic effect is caused by one specific type 

of dissolution or a combination of both. Anyway, the release of Zn2+ ions from the 

NPs produces a disequilibrium in zinc homeostasis resulting in different cytotoxic 

effects. Firstly, mitochondria react to the rising level of zinc with the sequestration 

of Zn2+ cations which cause changes in the membrane potential and the collapse of 

the organelles with subsequent release of apoptotic signals (J. H. Li et al., 2012). In 

addition, elevated level of Zn2+ can cause the overexpression of methallothioneines, 

proteins responsible of zinc sequestration. Their massive production is detrimental 

for the synthesis of other proteins leading to protein activity disequilibrium (Bisht 

& Rayamajhi, 2016). Finally, the uncontrolled rise of zinc concentration produces 

dysregulation of signaling processes, generally affecting the cells viability. 

The second mechanism 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 are radical and non-radical oxygen species generated by the partial 

reduction of oxygen (such as hydroxyl radical, hydrogen peroxide, superoxide 

anion, etc.) and they are not exclusively toxic for cells. Actually, ROS species are 

normally formed as byproducts of cellular metabolism during several physiological 

processes and they are directly involved in cell signaling and homeostasis (Forrester 

et al., 2018). As already observed for Zn2+ ions, the ROS concentration is precisely 

controlled by 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 stress phase, the 

overproduced radical species cause direct damages to proteins, lipids and DNA and 

trigger several signaling pathways that lead to programmed cell death (Bisht & 

Rayamajhi, 2016). 

Concerning the ability of ZnO NPs to produce ROS, several mechanisms have 

been proposed. The first hypothesized mechanism is related to the semiconductor 

properties of ZnO (Bogdan et al., 2017). The existence of a gap between the valence 

band and the conduction band allows electrons, excited with appropriate energy, to 

create highly reactive electron-hole pairs able to react with oxygen and water 

present in the cellular environment, generating ROS. As already mentioned ZnO 

has a band gap of ~3.3 eV and, therefore, the electron promotion can be obtained 

by irradiation with UV light or with properly tuned ultrasounds (Canavese et al., 

2018). However, further literature studies indicate that the formation of electron-
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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 defects which can migrate to the nanoparticles 

surface, enhancing the reactivity of the material (Rasmussen et al., 2010).  

Moreover, ZnO NPs are able to directly interact with enzymes involved in ROS 

homeostasis (Molnár et al., 2020) or with the mitochondria, inducing a remodeling 

of their structure and impairing their functions (Bisht & Rayamajhi, 2016). Finally, 

other studies hypothesize that the production of ROS is a cytotoxic response related 

to the activation of pathways in response to the presence of Zn2+ ions, generated by 

the dissolution of NPs in contact with the intracellular environment (Song et al., 

2010). 

A schematic representation of some of the described cytotoxic effects produced 

by ZnO NPs is reported in Figure 2.3, highlighting the complexity of the 

phenomenon and the deep interconnection between the proposed mechanisms. 

 

 

Figure 2.3: Schematic representation of possible cytotoxic mechanisms of ZnO NPs caused by (i) the 

release of Zn2+ ions and (ii) the production of reactive oxygen species (ROS); figure from (Syama et al., 2014). 

Even if not completely elucidated, the discovery of the cytotoxic potential of 

ZnO NPs promoted their use in nanomedicine applications. Interestingly, ZnO NPs 

have shown a selective toxicity toward cancerous cells with respect to the healthy 

counterparts, making them a valuable tool for innovative anti-tumoral treatments. 

A possible explanation for this selectivity resides in the small dimensions of 

the synthesized ZnO NPs, which are able to exploit the EPR effect. In fact, tumor 

tissues show an altered vascularization, with a discontinuous endothelium 

characterized by large pores between cells that allow the passage of 

macromolecules and particles of large size, between 100 and 300 nm depending on 

the cell line (Tee et al., 2019). In addition, the lack of effective drainage by the 

lymphatic system leads to an accumulation of the particles penetrated into the 

tissue. These physiological features, characteristic of tumor masses, are normally 
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absent in healthy tissues and can thus generate a more effective and preferential 

accumulation of NPs, denominated ñpassive targetingò.  

Also the interactions between the NPs and the tumor microenvironment (TME) 

could be important for in vivo ZnO NPs selective toxicity. One of the main 

characteristics of TME, in fact, is its acidity which can conveniently promotes the 

ZnO NPs dissolution and the subsequent release of cytotoxic Zn2+ ions in proximity 

of cancerous cells (Sasidharan et al., 2011).  

The EPR effect and the TME acidity could only explain the interaction of ZnO 

NPs with in vivo cancerous models, whereas the selectivity displayed in the in vitro 

tests involve other parameters of both ZnO NPs and tumor cells.  

The ZnO NPs present favorable chemical surface properties, mainly 

determined by the presence of ïOH groups that impart a positive surface charge 

under physiological pH conditions (Degen & 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 cells (Abercrombie & Ambrose, 1962). 

In addition, the preferential toxicity toward cancer cells can be attributed to 

their proliferation status and to ZnO NPs ability to produce ROS. Compared to 

normal cells, in fact, cancerous cells show a faster metabolism and a subsequent 

higher intracellular concentration of biological molecules which can act as substrate 

for ROS production by ZnO NPs. In this perspective, the treatment of cancer cells 

with ZnO NPs cause a larger generation of ROS, making cancer cells more 

susceptible to oxidative stress mediated death (Hanley et al., 2008). 

2.1.4 Physico-chemical properties affecting ZnO NPs cytotoxicity 

Based on the described cytotoxicity and selectivity mechanisms, the influence 

of physico-chemical properties of ZnO NPs on their biological effect result clear.  

Several studies analyze the relationship between the cellular response to ZnO 

NPs and their size, morphology and surface charge and chemistry, which can be 

controlled during the synthetic process. For instance, equally-sized ZnO NPs 

synthesized by wet chemical method using different reaction solvents showed 

different cytotoxic effects towards Hut-78 lymphoma T cells (Punnoose et al., 

2014). In particular, this behavior was attributed to the different chemical groups 

exposed on the nanoparticles surface and subsequent diverse surface charge value 

and density. In addition, wet chemical synthesis produces ZnO NPs with higher 

defectivity and surface reactivity compared to other synthetic procedures (Anders 

et al., 2018). These synthesis-derived features resulted in faster dissolution kinetics 

and decreased agglomeration along with enhanced ROS production and, thus, 

imparted to wet chemical synthesized ZnO NPs a greater toxicity.  

 Furthermore, the size of ZnO NPs, which can be regulated defining appropriate 

synthetic parameters, deeply affect the cytotoxic response and interaction with 

cells. As already mentioned, small ZnO nanostructures were found to be more toxic 

compared to their larger (Kang et al., 2013) or micrometric counterparts (Nair et 

al., 2009). Furthermore, the nanoparticles size also affects their cellular 
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internalization. A recent study showed that smaller ZnO NPs are more easily 

internalized by human hepatoma HepG2 cells and indicated the endocytosis as 

major uptake mechanism. In fact, nanoparticles with smaller dimensions would 

require less energy during the internalization process, while their higher surface 

area could guarantee a good diffusion into cells membrane (P. Chen et al., 2019). 

Smaller dimensions and higher surface area could also affect the dissolution rate of 

ZnO NPs and the subsequent release of potentially cytotoxic Zn2+ ions. In fact, a 

study on the correlation between free intracellular zinc levels and induced 

cytotoxicity showed that NPs with small dimensions produced higher level of 

intracellular dissolved zinc, which was accompanied by higher levels of ROS 

species and more elevated cytotoxic effect (C. Shen et al., 2013). 
 

Considering these results, a reliable and reproducible synthetic procedure 

followed by a precise physico-chemical characterization of the obtained 

nanostructures are essential for the effective study of ZnO NPs biological effects. 

In this perspective, the first part of this PhD thesis consisted in the investigation of 

an effective synthetic method. More in details, ZnO NCs were produced through a 

traditional solvothermal synthetic route and an innovative and more reliable 

microwaves-assisted method. The 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 assessed, evaluating the cellular internalization and 

cytotoxicity toward human cervical carcinoma KB cells. 
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2.2 Materials and Methods 

2.2.1 ZnO NCs synthesis and functionalization 

2.2.1.1 Conventional and microwave-assisted solvothermal synthesis 

ZnO NCs were produced through two different synthetic methods: a 

conventional solvothermal synthesis (ZnO NCs-st) and a microwave-assisted 

synthesis (ZnO NCs-mw).  

The conventional synthesis was performed as reported by Pacholski et al. 

(Pacholski et al., 2002) with some modification. In details, zinc acetate dihydrate 

(Zn(CH3COO)2·2H2O, 99.99% Sigma Aldrich) was dissolved in methanol (0.09 M, 

42 ml) and heated up to 60°C in a 100 ml round-bottom flask under vigorous 

stirring. When the temperature was reached, 318 ɛl of bi-distilled (bd) water were 

added as nucleation promoter and right after a solution of sodium hydroxide 

(NaOH, BioXtra, Ó98% acidimetric, pellets anhydrous, Sigma-Aldrich) in 

methanol (0.31 M, 23 ml) was added dropwise in about 20 minutes. The synthesis 

mixture was maintained at 60°C, under continuous stirring and reflux condition, 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%, Sigma-Aldrich). 

For the microwave-assisted synthesis, an analogous reaction with the same 

concentration of zinc precursor was performed in a Teflon reactor vessel equipped 

with temperature and pressure probes and connected with a microwaves furnace 

(Milestone START-Synth, Milestone Inc, Shelton, Connecticut). The methanol 

solution of zinc acetate dihydrate (0.09 M, 60 ml) was prepared directly in a 270 ml 

Teflon vessel. 480 ɛl of bi-distilled water and a solution of potassium hydroxide 

(KOH Ó 85% pellets, Sigma-Aldrich) in methanol (0.2 M, 35 ml) were then added 

and the resulting mixture was put in the microwave oven 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. 

2.2.1.2 Functionalization of ZnO NCs with amino-propyl groups 

The ZnO NCs obtained by both synthesis methods were further functionalized 

with amino-propyl groups using 3-amminopropyltrimethoxysilane (APTMS 97%, 

Sigma Aldrich) as functionalizing agent. Briefly, ethanolic suspensions of ZnO-st 

or ZnO-mw NCs were heated up to 70°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 nitrogen atmosphere 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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2.2.2 ZnO NCs Characterization 

2.2.2.1 X-ray Diffraction  

The ZnO NCs obtained by both synthesis methods were characterized by X-ray 

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 layer of dried ZnO NCs, and then analyzed with a Panalytical 

XôPert diffractometer in ɗ-2ɗ Bragg-Brentano configuration with a Cu-KŬ source 

of radiation (ɚ=1.54 ¡) operating at 30 mA and 40 kV. The XRD spectra were 

collected at room temperature (RT), in the 2ɗ range 20Á - 65° with step size 0.02 

and acquisition time 100s per step. 

2.2.2.2 Electron 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 diluted ethanolic ZnO NCs 

suspension on a silicon wafer for field emission scanning electron microscopy 

(FESEM) or on a holey carbon-coated copper grid for conventional and high 

resolution transmission electron microscopy (CTEM and HR-TEM respectively).  

FESEM analyses were performed by a Carl Zeiss Merlin 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 camera. HRTEM was 

performed by using a FEI Titan ST microscope working at an acceleration voltage 

of 300 kV, equipped with a S-Twin objective lens, an ultra-bright field emission 

electron source (X-FEG) and a Gatan 2k × 2k CCD camera. 

2.2.2.3 X-ray Photoelectron Spectroscopy (XPS) 

The chemical composition of the ZnO NCs surface was analyzed through X-

ray photoelectron spectroscopy (XPS). The measurements were performed with a 

PHI 5000 Versaprobe Scanning X-ray photoelectron spectrometer equipped with a 

monochromatic Al-KŬ source of radiation (energy 1486.6 eV) considering a spot 

with size of 100 ɛm to collect the photoelectron signal for both high resolution (HR) 

and survey spectra. 

2.2.2.4 Graphite Furnace Atomic Absoprtion Spectroscopy (GF-AAS) 

To evaluate the reproducibility of the amino-propyl functionalization, different 

batches of ZnO.NH2 NCs with known concentration were analyzed through 

Graphite Furnace Atomic Absorption Spectroscopy (GF-AAS). The samples were 

mineralized under acidic conditions and the Zn content was determined following 
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EPA method 289.1. From these results the amount of APTMS conjugated with the 

ZnO NCs was back-calculated. 

2.2.2.5 Dynamic Light Scattering (DLS) and Zeta-Potential measurements  

The behavior of ZnO NCs in solution was investigated by the Dynamic Light 

Scattering (DLS) technique. The different types of ZnO NCs were resuspended in 

ethanol or bd-water at the concentration of 100 ɛg/ml, sonicated for 10 minutes and 

then analyzed with the Zetasizer Nano ZS90 (Malvern Instruments) at room 

temperature. Zeta-Potential potential measurements were recorded with the same 

instrument. 

2.2.2.6 UV-Vis and Fluorescence Spectroscopy 

The optical and luminescent properties of the synthesized ZnO NCs were 

evaluated through fluorescence and UV-Vis spectroscopy. The UV-Vis spectra 

were collected with a Multiskan GO microplate UV-Vis Spectrophotometer 

(Thermo Fisher Scientific), recording the absorbance of NCs suspension in ethanol 

(concentration 500 ɛg/ml) in the wavelength range 300-800 nm. All the spectra 

were background subtracted and elaborated with Taucôs method (Viezbicke et al., 

2015) to calculate the optical band gap. 

The fluorescence excitation and emission spectra were recorded with a Perkin 

Elmer LS55 fluorescence spectrometer (PerkinElmer Inc.). The samples (500 ɛg/ml 

in ethanol) were placed in a quartz cuvette with 1cm optical path and the wavelength 

was set at ɚex=380 nm to collect the emission spectra and at ɚem=500 nm to collect 

the excitation spectra. All the measurements were performed with scan/rate 300 

nm/min and with 2.5 slits opening. 

2.2.3 Biological Tests 

In vitro cytotoxicity and internalization assays were performed with both 

amino-propyl functionalized ZnO-st-NH2 and ZnO-mw-NH2 NCs. 

KB cell line (ATCC® CCL17), derived from a human cervical carcinoma 

purchased from the American Type Culture Collection. Cells were cultured in 

Eagleôs minimal essential medium (EMEM, Sigma), supplemented with 10% fetal 

bovine serum (FBS, Sigma) heat inactivated, penicillin (100 units/ml) and 

streptomycin (100 ɛg/ml) and maintained at 37°C under a 5% CO2 atmosphere. 

All the biological 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 Variance (ANOVA). When equal variances are not 

assumed, the results of Welch's test have been presented and when normality test 

failed, Mann-Whitney Rank Sum Test has been run. Differences were considered 

significant at p value < 0.05. 
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2.2.3.1 Cytotoxicity assay  

For cell viability tests, 1.5×103 cells/well were seeded in 96-well culture plate 

(Corning® 96 Well TC-Treated Microplates) and grown for 24 hours at 37°C under 

5% CO2 atmosphere. Then the cell culture medium was replaced with fresh medium 

containing the nanocrystals. In details, the treating solution were freshly prepared 

by adding to 1 ml of culture medium the appropriate quantity (0, 10, 25, 20, and 25 

ɛg) of ZnO-st-NH2 or ZnO-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 assay was performed. Briefly, 10 ɛl of WST-1 reagent (Roche) 

were added to each well and, after 2 hours in dark at 37°C and 5% CO2, the 

formazan absorbance was measured at 450 nm 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 metabolically 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.Aatbio.Com/tools/ic50-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.  

2.2.3.2 Cell internalization assay 

The internalization of ZnO-st-NH2 and ZnO-mw-NH2 NCs in KB cells was 

investigated by flow cytometry, using a Guava Easycyte 6-2L (Merck Millipore) 

equipped with two lasers at 488 nm and 642 nm.  

The nanocrystals were labeled with the fluorescent probe Atto 633-NHS Ester 

(Atto-Tec) by adding 2 ɛg of dye for each mg of NCs suspended in ethanol. The 

obtained solution was stirred overnight in dark and then washed twice (10,000g for 

10 minutes) to remove unbound dye. 

1.5×105 cells/well were seeded in a 6-well culture plate (Corning® TC-Treated) 

and grown for 24 hours at 37°C under 5% CO2 atmosphere. The cell culture medium 

was then replaced with fresh medium containing 10 ɛg/ml of NCs or with fresh 

medium alone as control sample. After 24 hours of incubation the cells were washed 

twice with PBS, trypsinized, pelleted (130g for 5 minutes) and resuspended in 1 ml 

of PBS for the analysis. For each sample were recorded 104 events positioned in a 

gate designed to exclude cells debris. The red laser was used for the excitation of 

the labelled NCs and the fluorescence was detected and analyzed with Guava Incyte 

software (Merck Millipore); the results were expressed in percentages of positive 

events calculated with respect to a threshold set upon cells control histogram. 
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2.3 Results and discussion 

2.3.1 Solvothermal synthesis of ZnO NCs: reaction mechanism 

ZnO particles with crystalline structure (ZnO NCs) were obtained through 

solvothermal synthesis using conventional heating method (i.e. silicon oil bath) or 

microwave-assisted heating. Both methods use zinc acetate (Zn(Ac)2) as zinc 

precursor and a strong alkali (NaOH or KOH, respectively) as mineralizing agent 

and follow the same reaction path, represented in the following equations: 
 

KOH/NaOH Ÿ K+/Na+
(aq) + OH-

(aq)                                                                (1) 

Zn(Ac)2 Ÿ Zn2+
(aq) + 2Ac-

(aq)                                                                           (2) 

Zn2+
(aq) + 2OH-

(aq) Ÿ Zn(OH)2 (aq)                                                                   (3) 

Zn(OH)2(aq) + 2H2O Ÿ Zn(OH)4
2- + 2H+

(aq)                                                    (4) 

Zn(OH)4
2- + 2H+

(aq) Ÿ ZnO(s) + 3H2O                                                            (5) 

 

Briefly, zinc precursor is hydrolysed by hydroxide ions and reacts with them to 

form a tetrahedral coordination compound. The formation of crystalline ZnO occurs 

due to the subsequent dehydration of this intermediate. This 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 was performed in methanol, a markedly polar solvent which 

helps to obtain particles with desired size and morphology. The molecules of 

methanol, in fact, strongly interact with the polar faces of ZnO inhibiting the 

absorption of precursor and crystals growth and, thus, leading to the formation of 

nanoparticles with hexagonal-oval shape and nanometric size (Ali et al., 2017). The 

ratio between the reagents was fixed to obtain crystals with nanometric dimension, 

using a substoichiometric amount of base. 

The switch from conventional heating method to microwave-assisted heating 

had as main goal to obtain a more precise control of nanocrystals properties and a 

higher reproducibility and repeatability. The interaction of microwave radiation 

with the molecules of polar solvents causes the rotation of dipoles and the 

conversion of microwave radiation energy in kinetic energy. The collision and 

rubbing of the rotating molecules result in the heating of the solution, with a rapid 

increase of the temperature and low thermal gradient. Thus, the microwave-assisted 

method ensures a more rapid and homogeneous heating of synthetic precursors with 

respect to conventional heating methods in which the heat is transferred to reaction 

vessel by convection, resulting in a greater quality of the obtained nanomaterials 

(Wojnarowicz et al., 2020). 

Due to the higher heating efficiency, microwave-assisted synthesis guarantees 

also shorter reaction time and energy saving along with higher reaction yields. In 

the present work microwave-assisted and traditional solvothermal synthesis were 

performed using the same temperature conditions (T=60 °C) and precursors. Five 
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times higher yield was obtained applying the microwave with respect to the 

standard heating and the reaction time was reduced from 2.5 hours to 30 minutes. 

2.3.2 Morphological and structural characterization 

The crystalline structure of ZnO NCs obtained by the two synthetic methods 

was analysed through X-Ray diffraction (XRD) measurements. The recorded 

diffractograms, reported in Figure 2.4, were compared with the standard XRD 

pattern of ZnO (JCPDS card n° 36-1451), confirming the crystalline structure of the 

synthesized particles. In particular, both ZnO-st NCs and ZnO-mw NCs XRD 

spectra present peaks at 31.9°, 34.4°, 36.4°, 47.6°, 56.7°, 62.9° indexed as (100), 

(002), (101), (102), (110) and (103) planes respectively, corresponding to the 

hexagonal wurtzite phase of crystalline ZnO. 

An estimation of the average crystallites size was obtained applying the Debye-

Sherrer equation to (101) peak, which present the strongest relative reflection. The 

calculated mean diameter was equal to 10.5 nm for nanocrystals obtained by 

conventional solvothermal synthesis (ZnO-st NCs) and 15.5 nm for microwave-

assisted synthesis (ZnO-mw NCs). 
 

 

Figure 2.4: XRD spectra of pristine ZnO NCs obtained by (a) conventional synthesis (ZnO-st NCs) and 

(b) microwave-assisted synthesis (ZnO-mw NCs). 

Details on size and morphology and on synthesis repeatability were obtained 

by FESEM analyses, performed on different batches of ZnO NCs produced with 

the two synthetic procedures. Representative FESEM images are shown in Figure 

2.5, The ZnO NCs synthesized by conventional solvothermal route (Figure 2.5a) 

presented different shapes, both round or more elongated, while NCs obtained by 

microwave-assisted synthesis showed an homogeneous spherical morphology 

(Figure 2.5b). The higher homogeneity of microwave-assisted synthesis was also 

confirmed by the dimensional analysis. ZnO-mw NCs, in fact, were characterized 

by a narrow and highly reproducible particle size distribution, with an average size 

of 20 nm ± 5 nm. In contrast, conventionally synthesized nanocrystals (ZnO-st 

NCs) had a wider size distribution, ranging between 6 nm and 20 nm. 
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Figure 2.5: FESEM images of pristine ZnO NCs obtained by (a) conventional synthesis (ZnO-st NCs) 

and (b) microwave-assisted synthesis (ZnO-mw NCs). 

The morphological and structural characterization of pristine and amino-propyl 

functionalized nanocrystals obtained by the two synthetic methods was completed 

by TEM analyses. 

Results related to nanocrystals produced with standard synthetic method are 

shown in Figure 2.6. As already highlighted by FESEM analyses, conventional 

TEM image (CTEM, Figure 2.6a) confirmed the presence of particles with 

different morphologies,. The higher magnification and resolution of transmission 

electron microscopy, allowed to clearly recognize that only a small portion of ZnO-

st sample presented a round shape, while the majority of NCs had a short rod-like 

shape with a constant width of around 7-8 nm and a variable length, up to 40 nm. 

After the functionalization with amino-propyl groups, the NCs preserved their 

individual shape and morphology but appeared more aggregated than their not-

functionalized counterpart. CTEM image of ZnO-st-NH2 sample (Figure 2.6b) 

showed NCs clustered in small aggregates and surrounded by an amorphous 

external shell. Finally, HRTEM measurements on both ZnO-st and ZnO-st-NH2 

NCs (Figure 2.6c and d) were performed, confirming that particles possessed a 

monocrystalline structure, without evident defects and with lattice d-spacing and 

angular distances typical of the ZnO hexagonal structure. 

The same measurements were performed on nanocrystals obtained via 

microwave-assisted synthesis, as reported in Figure 2.7. Like ZnO-st, both pristine 

and amino-functionalized ZnO-mw samples presented the wurtzite hexagonal 

monocrystalline structure (Figure 2.7c and d), confirming no structural differences 

between the NCs obtained by the two synthetic procedure. In contrast, in terms of 

morphology, CTEM images of ZnO-mw NCs (Figure 2.7a) displayed a 

homogeneous particles population with spherical and faceted shape and uniform 
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size distribution between 15 and 25 nm. The aggregation propensity and the 

presence of an amorphous external shell surrounding NCs cluster after amino-

propyl functionalization was confirmed also for ZnO-mw-NH2 samples (Figure 

2.7b). 

 

 

Figure 2.6: Transmission Electron Microscopy images of pristine ZnO-st NCs ((a) CTEM and (c) 

HRTEM) and amino-propyl functionalized ZnO-st-NH2 ((b) CTEM and (d) HRTEM). 

 

 

Figure 2.7: Transmission Electron Microscopy images of pristine ZnO-mw NCs ((a) CTEM and (c) 

HRTEM) and amino-propyl functionalized ZnO-mw-NH2 ((b) CTEM and (d) HRTEM). 
































































































































































































































































