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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 ‘cancer’ 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 inhibitors…) 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 

“nanomedicine” 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 “passive targeting” (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 “active targeting” 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 Kaposi’s 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, …) 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. 
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1.2 Aim of the work and Thesis structure 

1.2.1 TrojaNanoHorse (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 

“TrojaNanoHorse” 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 Eagle’s 

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 
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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 (–OH), impart to ZnO 

interesting electrostatic characteristics for biomedical applications, as will be 

further elucidated in the next section. The presence of reactive –OH 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 “generally 

recognized as safe” (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 
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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 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 “passive targeting”.  

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 –OH 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 μl of bi-distilled (bd) water were 

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

(NaOH, BioXtra, ≥98% 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 μl of bi-distilled water and a solution of potassium hydroxide 

(KOH ≥ 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 

X’Pert diffractometer in θ-2θ Bragg-Brentano configuration with a Cu-Kα source 

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

collected at room temperature (RT), in the 2θ range 20° - 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-Kα source of radiation (energy 1486.6 eV) considering a spot 

with size of 100 μm 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 μg/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 μg/ml) in the wavelength range 300-800 nm. All the spectra 

were background subtracted and elaborated with Tauc’s 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 μg/ml 

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

was set at λex=380 nm to collect the emission spectra and at λem=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 

Eagle’s minimal essential medium (EMEM, Sigma), supplemented with 10% fetal 

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

streptomycin (100 μg/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. 



25 

 

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 

μg) 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 μl 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 μg 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 μg/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 → K+/Na+
(aq) + OH-

(aq)                                                                (1) 

Zn(Ac)2 → Zn2+
(aq) + 2Ac-

(aq)                                                                           (2) 

Zn2+
(aq) + 2OH-

(aq) → Zn(OH)2 (aq)                                                                   (3) 

Zn(OH)2(aq) + 2H2O → Zn(OH)4
2- + 2H+

(aq)                                                    (4) 

Zn(OH)4
2- + 2H+

(aq) → 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. 



 

28 

 

 

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). 
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2.3.3 Compositional characterization 

Considering the prominent role of surface properties in determining the 

colloidal and biological behavior of nanoparticles, the chemical surface 

composition of the synthesized NCs was analyzed in detail through X-ray 

photoelectron spectroscopy (XPS).  

Results of XPS analyses on ZnO-st, ZnO-mw and ZnO-mw-NH2 NCs are 

shown in Figure 2.8; considering the similarities with the other functionalized 

sample, results on ZnO-st-NH2 NCs are not reported, All the collected survey 

spectra (Figure 2.8 from a to c) presented Zn and O peaks, as expected, together 

with a C peak, due to contamination of adsorbates. Peak corresponding to N was 

detected only in the ZnO-mw-NH2 functionalized sample.  

The relative atomic concentration (%at) of each element was evaluated from 

the XPS survey scans and reported in Table 2.2. From these data, the Zn/O ratio 

was calculated, considering only the oxygen not bound with C (values reported in 

the fourth column of Table 2.2 and marked with **). Briefly, deconvolution on C1s 

high-resolution (HR) peak was performed (data not shown), in order to determine 

the amount of O involved in bound with C. This amount was then subtracted from 

the total oxygen. The resulting ratios were equal to Zn/O=0.99 for NCs obtained by 

microwave-assisted synthesis, Zn/O=0.90 for standardly synthesized NCs and 

Zn/O=0.83 for amino-functionalized ZnO-mw-NH2 NCs. These values revealed an 

increase in the O amount at the rear surface for the last two samples, easily 

ascribable to synthesis or functionalization procedures. 

 

 

Figure 2.8: XPS analyses: survey scans of (a) ZnO-mw NCs, (b) ZnO-st NCs and (c) ZnO-mw-NH2 NCs. 

Inset in panel (c) reports the high-resolution (HR) spectra of N1s region of the amino-propyl functionalized 

ZnO-mw-NH2 NCs. HR spectra of (d) Zn2p3/2 and (e) O1s regions of the three samples (ZnO-mw NCs in red, 

ZnO-st NCs in blue and ZnO-mw-NH2 NCs in green). (f) Valence band (VB) signals of the three samples. 
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Table 2.2: Relative atomic concentration (at%) evaluated from XPS survey spectra and calculated Zn/O 

ratio. *Amount of oxygen (at%) associated with carbon. **Total amount of oxygen minus the amount of oxygen 

associated with carbon (%at). 

Sample Atomic concentration (at%) Ratio 

 C O N Zn Zn/O 

ZnO-mw NCs 26.3 5.3* 34.3** - 34.1 0.99 

ZnO-st NCs 27.5 4.7* 35.6** - 32.2 0.90 

ZnO-mw-NH2 NCs 25.4 1.7* 38.5** 2.4 32.0 0.83 

 

HR curves of the three different samples were also compared to evaluate 

oxidation state of Zn and O signals (Figure 2.8d and e, respectively). For the 

Zn2p3/2 curves, the three signals were perfectly overlapped and centered the same 

binding energy (1020.9 eV), corresponding to the ZnO chemical shift as already 

reported in literature (Al-Gaashani et al., 2013). Also the O1s region displayed an 

almost perfect overlap between the three samples. Deconvolution procedures were 

applied (data not shown) and three contributions were identified: O-Zn bond (592.7 

eV), O-H bond (531.0 eV) and residual H2O (532.0 eV), in good agreement with 

either experimental and theoretical data reported in literature (Ogata et al., 2004). 

For the amino-propyl functionalized sample, also N1s region was analyzed (inset 

of Figure 2.8c), and recorded signals were ascribed to imine group –N= (338.6 eV; 

22.3%) and amine group –NH– (399.7 eV; 77.7%). 

Finally, valence band (VB) signals of the three samples were acquired (Figure 

2.8f) to evaluate the electronic band adjustment. Briefly, the valence band 

maximum (VBM) position related to the Fermi energy level (EF) was extracted 

from XPS measurements and set as the 0 eV of the binding energy scale. Linear fit 

of the descending part of each spectrum towards EF was performed (data not 

shown), obtaining the following values: 2.20 eV for ZnO-mw NCs, 2.24 eV for 

ZnO-st NCs and 2.14 eV for ZnO-mw-NH2 NCs. These results are in good 

accordance with values reported in literature for ZnO nanostructured particles 

(Kamarulzaman et al., 2015). 

Taken together, the XPS analyses showed that the switch from conventional 

heating method to microwave-assisted heating produced ZnO NCs with highly 

comparable surface chemical properties. 

In addition, the presence of N signal in the ZnO-mw-NH2 sample allowed to 

confirm the success of functionalization of NCs surface with amino-propyl groups. 

The presence of amino-propyl groups on nanocrystals surfaces was also indirectly 

verified by Zeta-Potential measurements, performed on ZnO-mw and ZnO-mw-

NH2 NCs dispersed in bd water. The Zeta-Potential value was equal to 15.8 mV for 

the ZnO-mw NCs and to 21.7 mV for the amino-propyl functionalized ZnO-mw-

NH2 NCs. The detected positive increment could be ascribed to the protonation of 

superficial amino groups, forming –NH3+ species, further confirming the success of 

functionalization procedure. 

Moreover, in order to evaluate the amount of functionalizing agent (APTMS) 

effectively conjugated to the NCs and the reproducibility of the functionalization 

process, three samples of ZnO-mw-NH2 NCs were analyzed through atomic 

absorption spectroscopy, assessing their zinc content as reported in Table 2.3. 
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These concentrations were then compared with the overall concentration of the 

samples, which comprehend the contributions of Zn, O and functionalizing agent, 

obtained weighing the dried NCs from a known volume of colloidal solution. The 

comparison allowed to extrapolate the %mol of bound APTMS (Table 2.3). 

The observed zinc contents were comparable, indicating an adequate 

reproducibility of the functionalization procedure. The average mol% of bound 

APTMS was equal to 8.4 mol%, in good accordance with the amount of APTMS 

introduced at the beginning of the functionalization procedure (i.e. 10 mol%). 

Table 2.3: Zinc content of ZnO-mw-NH2 NCs measured by graphite furnace atomic absorption 

spectroscopy (GF-AAS) and extrapolated value of bounded APTMS molecules, expressed in mol%. 

Sample 

ZnO-mw-NH2 

Zn [ppm] Extrapolated 

%mol APTMS 

(i) 27 8.55 

(ii) 28.5 7.78 

(iii) 28 8.73 

 

2.3.4 Evaluation of colloidal stability 

The nanoparticles behaviour in solution is a key parameter for their effective 

application and it is deeply influenced by their morphological and physico-chemical 

properties. In this perspective, the colloidal stability of the ZnO NCs obtained by 

the two synthetic procedure was compared, also evaluating the effect of the 

functionalization with amino-propyl molecules. 

The hydrodynamic size in ethanol and bd water of ZnO NCs synthesized by the 

two different methods was analysed through Dynamic Light Scattering (DLS) 

technique. To better assess the repeatability of the proposed synthetic procedures, 

three different batches of each synthetic approach were analysed and compared. In 

addition, the stability in ethanol of ZnO-st-NH2 and ZnO-mw-NH2 right after the 

functionalization process and after 9 months of storage was also evaluated. The 

obtained size distributions are reported in Figure 2.9 and the related average 

diameters and polydispersity indexes (PDI) are summarized in Table 2.4. 

The ZnO-mw NCs obtained by microwave-assisted synthesis appeared well 

dispersed in both ethanol and water (bottom panel of Figure 2.9a and b, 

respectively), showing narrow size distributions, all centered between 50 and 60 

nm. This highly repeatable inter-batch behaviour was accompanied by a good intra-

batch homogeneity, proven by the PDI values ≤0.2, characteristic of monodisperse 

samples.  

In contrast, conventionally synthesized ZnO-st NCs displayed less constant 

properties, as already shown by dimensional and morphological characterization. 

The three tested batches showed broader size distributions in ethanol (top panel of 

Figure 2.9a), with multiple peaks and higher PDI values. The heterogeneity was 

even more evident in water (top panel of Figure 2.9b), where shift toward bigger 

hydrodynamic diameters (>100 nm) and higher PDI values (>0.5) were detected, 

indicating lower colloidal stability and samples aggregation. 



33 

 

Regarding the amino-propyl functionalized nanocrystals, both ZnO-st-NH2 and 

ZnO-mw-NH2 measured right after the functionalization process showed a good 

colloidal stability in ethanol (blue lines in Figure 2.9c), with an increase in 

diameters with respect to their pristine counterparts, possibly due to the presence of 

functionalizing groups at the surface. With the perspective of biological application, 

the long-term colloidal stability and the shelf-life of functionalized NCs was 

evaluated, performing further DLS measurements after nine months of storage in 

ethanol (Figure 2.9c, red lines). This second analysis highlighted that ZnO-mw-

NH2 NCs possessed a reasonably good stability over time, since their size 

distributions displayed just a minor shift from 120 nm to 96 nm. In contrast, ZnO-

st-NH2 NCs presented a consistent dimensional increase from 140 nm to 360 nm, 

indicating instability and tendency to aggregation during the storage. 

Overall, these results displayed that the more homogenous morphology and size 

of the nanocrystals obtained by the microwaves-assisted synthesis were reflected in 

a better colloidal stability and inter-batches reproducibility with respect to the 

conventionally synthesized counterpart. The good colloidal behaviour was 

confirmed also after the functionalization procedure, with a little increase of the 

hydrodynamic size, ascribable to the additional steric hindrance of the amino-

propyl groups. The stability in ethanol stock solution was preserved after storage 

period, suggesting that the synthesized ZnO-mw-NH2 NCs might be more suitable 

for biological application. 

 

Figure 2.9: Dynamic Light Scattering (DLS) measurements of: pristine ZnO NCs obtained by 

conventional synthesis (ZnO-st NCs, top panel) and microwave-assisted synthesis (ZnO-mw NCs, bottom 

panel) in (a) ethanol and (b) bd water; (c) functionalized ZnO-st-NH2 (top) and ZnO-mw-NH2 (bottom) NCs in 

ethanol immediately after the functionalization procedure and after 9 months of storage. All the size 

distributions are in %number. 
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Table 2.4: Average diameter (Av. diameter) and polydispersity index (PDI) of the number-weighted size 

distributions reported in Figure 2.9. 

  Ethanol Water   Ethanol 

Sample 

Av. 

diameter 

(nm) 

PDI 

Av. 

diameter 

(nm) 

PDI Sample 

Av. 

diameter 

(nm) 

PDI 

ZnO-st 

NCs 

(i) 65 0.28 56 0.52 
ZnO-st- NH2 

NCs 

Fresh 162 0.26 

(ii) 60* 0.38 155 0.36 After 9 

months 
410 0.25 

(iii) 53** 0.38 108 0.18 

ZnO-mw 

NCs 

(i) 70 0.19 52 0.12 
ZnO-mw-

NH2 NCs 

Fresh 144 0.11 

(ii) 71 0.14 56 0.20 After 9 

months 
105 0.11 

(iii) 64 0.18 49 0.26 

    *Peak 1: 40 nm; Peak 2: 92 nm 

**Peak 1: 28 nm; Peak 2: 58 nm 

    

2.3.5 Optical and luminescent properties 

The physico-chemical characterization of the synthesized nanocrystal was 

completed with the evaluation of their optical and luminescent properties. 

The assessment of the optical and luminescent properties is particularly 

interesting in the perspective of a biological application of the ZnO NCs, which 

could be also exploited for bioimaging purposes. As already mentioned, the 

semiconductor properties of ZnO impart to the NCs a strong adsorption and 

photoluminescent emission in the UV range. In addition, the presence of structural 

defects, connected with the reduction of the material to the nanoscale and the 

synthetic procedure, is probably responsible for the second emission band located 

in the visible region. Furthermore, several literature studies indicate the profound 

influence of surface modifications on the photoluminescent behaviour of ZnO NCs 

(Norberg & Gamelin, 2005). Based on these considerations, the optical and 

luminescent properties of the ZnO samples obtained by the two synthetic 

procedures were evaluated both in the pristine and amino-propyl functionalized 

forms. 

The optical properties and the relative band gap were evaluated through UV-

Vis adsorption spectroscopy (Figure 2.10). Adsorption spectra (Figure 2.10a) of 

pristine and functionalized ZnO NCs obtained by both synthetic methods were 

collected in the range 300-800 nm, showing highly comparable results. All the 

samples displayed an intense UV adsorption in the region between 300 and 380 nm 

while appeared fully transparent in the visible region, above 380 nm, in good 

accordance with the typical behaviour of crystalline ZnO. 

The optical band gap (Eg) was calculated applying the Tauc’s method to the 

registered adsorption spectra. According to this method, a plot of [F(R)]n in function 

of the photon energy hν was drawn, assuming n=2 (value indicated for 

semiconductor with direct band gap, like crystalline ZnO) (Hernández et al., 2014). 

The resulting plot showed a distinct growth linear region just above the optical 

adsorption edge. By making a linear fit of this area, it was possible to extrapolate 

the band gap value, which corresponds to the intercept of the line with the x-axis. 

The obtained plots are shown in Figure 2.10b and the resulting Eg values at room 

temperature were between 3.32-3.34 eV for all the four analysed samples. 
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From UV-Vis analysis no significant differences between the NCs obtained by 

the two synthetic methods were detected, suggesting that the differences in particle 

size and shape were not enough important to affect the optical properties. Actually, 

the heterogeneity of size distribution of ZnO-st and ZnO-st-NH2 samples lied in a 

range of few nm (6-20 nm, as estimated from FESEM analyses), which is not 

broader enough to produce differences in the optical response, as confirmed by 

literature (Morales-Flores et al., 2013).  

 

 

Figure 2.10: (a) UV-Vis absorption spectra and (b) optical band gap (Eg) of pristine ZnO NCs obtained 

by conventional synthesis and microwave-assisted synthesis (solid lines) and their functionalized counterparts 

(dashed lines). 

The luminescent properties of ZnO NCs were analyzed through fluorescence 

spectroscopy, recording the emission and excitation spectra of pristine ZnO NCs 

obtained by conventional synthesis and microwave-assisted synthesis and their 

functionalized counterparts (Figure 2.11). 

In fluorescence excitation spectra (Figure 2.11a), the highest excitation was 

detected at around 380 nm and both pristine ZnO-st and ZnO-mw NCs showed 

comparable spectra (solid lines). Conversely, higher excitation intensities were 

detected for samples with amino-propyl groups (dashed lines), and in particular for 

ZnO-mw-NH2 NCs obtained by microwave-assisted synthesis and subsequently 

functionalized. 
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A similar behavior was observed also in fluorescence emission spectra (Figure 

2.11b), recorded with λEx=380 nm. All the NCs displayed a broad emission peak in 

the visible region between 500 and 700 nm, ascribable to a defectivity in the ZnO 

crystalline structure. Functionalized NCs showed an increase in fluorescent 

intensity with respect to pristine ZnO. 

As already observed for optical properties, these results showed no significant 

differences between the NCs obtained by the two synthetic procedures. However, 

fluorescence spectroscopy analyses highlighted that the presence of amino-propyl 

groups produced an enhancement of ZnO luminescent properties both in the 

excitonic emission and in the green fluorescence emission. This behaviour is in 

good accordance with literature data referring to amino-functionalized ZnO QDs 

and can be ascribed to the electron-donor effects of amine groups, able to enhance 

the intrinsic fluorescent properties of ZnO (S. Li et al., 2014). Thus, the 

functionalization with amino groups was proved to be helpful in the perspective of 

the application of ZnO NCs for bioimaging purposes. Moreover, their presence 

offers an additional advantage since they can be used for the attachment of further 

functionalizing moieties. 

 

 

Figure 2.11: (a) Excitation spectra (recorded at λEm=550 nm) and (b) emission spectra (λEx=380 nm) of 

pristine ZnO NCs obtained by conventional synthesis and microwave-assisted synthesis (solid lines) and their 

functionalized counterparts (dashed lines). 
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2.3.6 Biological effects of ZnO NCs on cancerous cells 

The comparison between the two synthetic procedure was concluded analysing 

their interaction and cytotoxicity toward KB cancerous cells. As already pointed 

out in the introductive section, the biological behaviour of the nanoparticles is 

deeply influenced by their morphology, size and surface properties resulting from 

the synthetic procedure. 

The biological tests were conducted only on amino-propyl functionalized ZnO-

st-NH2 and ZnO-mw-NH2 NCs. This choice was mainly dictated by the necessity 

to label the NCs with fluorescent dye for their visualization during the 

internalization assays, as already described in the Material and Methods section. 

However, the presence of amino groups could be further exploited for the 

attachment of targeting ligands or other functionalizing moieties and was proven to 

cause an enhancement of photoluminescent properties of ZnO NCs (see Figure 

2.11) and so it could be particularly valuable for biomedical applications. 

The viability of KB cells was evaluated through WST-1 assay, comparing the 

effect of ZnO-st-NH2 and ZnO-mw-NH2 at different concentrations after a 24 hours 

treatment. The results, reported in Figure 2.12:, highlighted big differences in the 

cytotoxic behaviour of the NCs obtained by the two synthetic procedures. In 

particular, conventionally synthesized ZnO-st-NH2 NCs (Figure 2.12a) exhibited 

a low reproducible cytotoxic response, with fluctuating toxicity and high standard 

error means, which hindered the identification of any significant dose-dependent 

toxicity. In contrast, ZnO-mw-NH2 NCs obtained by microwave-assisted method 

caused a decrease in KB cell viability in a concentration-dependent manner, as 

clearly shown in Figure 2.12b. The lower standard error means with respect to 

those obtained with NCs synthesized by traditional solvothermal method evidenced 

the major reproducibility of the treatment, which produced a significant (p≤0.001) 

decrease in cell viability at 20 μg/ml and 25 μg/ml compared to 10 μg/ml. Besides, 

the intermediate concentration of 15 μg/ml showed the highest variability, 

suggesting that this concentration was a sort of threshold between biocompatibility 

and toxicity of ZnO-mw-NH2 NCs, as also confirmed by the calculated IC50 value 

equal to 14 μg/ml. 
 

 

Figure 2.12: Cell viability of  KB cells after a 24 hours treatment with escalating concentration of (a) 

ZnO-st-NH2 NCs and (b) ZnO-mw-NH2 NCs. Results are expressed as percentages with respect to the control. 

** p≤0.001 and * p=0.05. 



 

38 

 

To have a better comprehension of the interaction between nanocrystal and 

cells, the cellular uptake of both ZnO-st-NH2 and ZnO-mw-NH2 was evaluated by 

flow-cytometry.  

For these tests, the non-toxic concentration of 10 μg/ml was used. The 

functionalized nanocrystals were labelled with a red emitting fluorescent dye 

(Atto633-NHS Ester, AttoTech) and its fluorescence was used to calculate the 

extent of internalization of NCs in KB cells after a 24 hours treatment. Briefly, flow 

cytometry allowed single cell analysis and the identification of the percentage of 

cells that internalized the NCs (positive cells) in the overall population was possible 

by the detection of fluorescent signal related to labelled ZnO-st-NH2 or ZnO-mw-

NH2 NCs.  

Representative results are reported in Figure 2.13, where the black curves 

represent the untreated cell baseline signal while the blue curves represent cells 

incubated with ZnO-st-NH2 (Figure 2.13a) and ZnO-mw-NH2 (Figure 2.13b). The 

percentages of positive cells were quantified setting a threshold upon untreated cells 

control histogram and were equal to 74 ± 9% for ZnO-st-NH2 and 98.0 ± 0.4% for 

ZnO-mw-NH2 NCs, with no significant differences between the two treatments. 

However, NCs produced by microwave-assisted method presented a considerably 

lower standard error, indicating a higher experimental reproducibility as already 

pointed out for cytotoxicity tests. In addition, the histogram related to ZnO-mw-

NH2 NCs showed a higher shift on the x-axis compared to that of conventionally 

synthesized NCs, indicating that a major number of ZnO-mw-NH2 NCs were 

internalized within single cells. 

 

 

Figure 2.13: Representative histograms of cellular uptake of (a) ZnO-st-NH2 NCs and (b) ZnO-mw-NH2 

NCs. Black curves represent the untreated KB cell baseline signal and blue curves represent cells after 24 hours 

incubation with 10 μg/ml of NCs. 
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2.4 Conclusions 

Physico-chemical and biological characterization of synthesized ZnO NCs 

confirmed the higher reproducibility and reliability of microwave-assisted synthetic 

approach compared to conventional solvothermal method. As reported in literature, 

in fact, the microwave-assisted heating could guarantee a homogenous heating of 

the precursors and a simultaneous nucleation of the NCs, producing crystalline 

particles with greater quality. 

In particular, the detailed physico-chemical characterization performed on both 

ZnO-st NCs and ZnO-mw NCs, highlighted that the two synthetic procedures 

allowed to obtain nanocrystals with analogous surface chemistry and crystal 

structure, as displayed by XPS and XRD analyses respectively. However, electron 

microscopy measurement displayed that ZnO-mw NCs obtained by microwave-

assisted synthesis possessed more homogeneous size and morphologies compared 

to conventional ZnO-st NCs.  

These dimensional and morphological differences were reflected by the 

colloidal and biological behavior of the nanocrystals. Indeed, ZnO NCs produced 

by microwave-assisted solvothermal synthesis presented a better colloidal stability, 

with narrower size distribution, lower polydispersity and higher inter-batches 

reproducibility with respect to the conventionally synthesized counterpart. In 

addition, ZnO-mw NCs possessed a more reproducible cytotoxic response toward 

KB cancerous cells, accompanied by a more efficient internalization.  

The presented results well evidenced the strong influence of synthetic 

procedure on the nanomaterials properties and applicative potential, showing that 

NCs produced by similar synthesis methods could present little physico-chemical 

differences which deeply affect their biological response. In particular, more 

homogenous and reproducible ZnO NCs produced by microwave-assisted method 

were characterized by a more efficient cellular interaction and cytotoxicity, 

highlighting the importance of synthesis control and optimization and the reliability 

of microwave-assisted procedure.  

Furthermore, the success of functionalization with amino-propyl groups was 

assessed. This surface functionalization had the practical role of enabling the 

attachment of dye molecules and the fluorescent detection of ZnO-NH2 NCs. 

However, the presence of amino-propyl groups conferred other interesting features 

to the NCs, like great colloidal stability and enhanced luminescent properties, useful 

in the perspective of application of ZnO NCs as bio-imaging tools. 
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Chapter 3 

Enhanced biostability of zinc oxide 

nanocrystals through surface 

functionalization 
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3.1 Introduction 

3.1.1 Nanoparticles ‘biological identity’ 

In the previous chapter was described the influence of the size, morphology and 

surface properties on the behaviour of nanoparticles in biological applications. 

These properties together define the so-called synthetic identity of the particles. 

However, once inserted in biological environment, nanoparticles physically and 

chemically interact with the surrounding media, affecting the material properties. 

In this way a new biological identity is defined and this will determine the 

physiological response. In particular, after the interaction with media components 

nanoparticles could be subjected to aggregation phenomena, protein adsorption and 

material degradation or speciation, as schematically represented in Figure 3.1 and 

explained in details in the next subsections. 

 

 

Figure 3.1: Schematic representation of interactions between inorganic NPs and media components. (a) 

Aggregation of NPs as consequence of the high ionic strength of the fluid in which NPs are immersed; (b) 

protein adsorption causing the partial stabilization of NPs aggregates and the formation of protein corona; (c) 

NPs transformation and dissolution due to the chemical interaction with media components. Figure from 

(Barbero et al., 2017).  

3.1.1.1 Colloidal stability of NPs in biological media 

A careful assessment of nanoparticles colloidal stability and aggregation extent 

in physiological media is of paramount importance for an effective evaluation of 

their biological effects both in vivo and in vitro. In fact, stable NPs possess a greater 

biodistribution in living organism, with prolonged circulation half-life and lower 

clearance by the immune system (Albanese et al., 2012). Aggregation phenomena 

deeply affect also the cellular response in vitro, regulating NPs uptake and 

subsequent cytotoxicity both directly, due to their dimensional increase, and 

indirectly, due to NPs altered diffusion and sedimentation rates (Moore et al., 2015). 

The behaviour of nanoparticles in solution is the result of the equilibrium 

between attractive intermolecular forces (i.e. Van der Waals forces) and repulsive 
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forces, directly connected to net surface charge of nanoparticles. The colloidal 

stability in simple systems can be efficiently modelled by Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory considering the physico-chemical properties of 

the nanomaterials (Moore et al., 2015). However, in case of more complex 

solutions, like physiological fluids and cell culture media, also the composition of 

the solution must be taken into account considering the effect of the high ionic 

content and the presence of reactive macromolecules. For instance, a high ionic 

strength contributes to NPs agglomeration directly acting on the electric repulsive 

forces and compressing the electrical double layer (Bian et al., 2011).  

In particular, concerning ZnO NPs studied in this PhD thesis, several literature 

reports show their aggregation in different biological environments, like 

physiological media or body fluids. The formation of large aggregates was 

described for ZnO NPs resuspended in phosphate buffer (Z. J. Deng et al., 2009), 

cell culture media (Mu et al., 2014), simulated saliva (Pokrowiecki et al., 2019) and 

lung interstitial fluid (Adamcakova-Dodd et al., 2014). Agglomerated ZnO NPs 

were also detected inside the cells through direct observation with TEM, obtaining 

an interesting insight on the influence of aggregation on cellular uptake. In fact, 

according to their intracellular location, it was proposed that single NPs and small 

aggregates were internalized through passive diffusion while larger aggregates were 

subjected to endocytic uptake mechanism (Condello et al., 2016). Another study 

reported the effect of ZnO NPs aggregation on their cytotoxic effect, indicating 

small aggregates as more cytotoxic (Tripathy et al., 2014). Moreover, aggregation 

could deeply influence the NPs dissolution rate and could both be affected or affect 

the protein absorption on the material surface, highlighting the great complexity 

and interconnection of these phenomena. 

3.1.1.2 Protein adsorption and formation of protein corona 

 Once injected in biological fluids, the nanoparticles promptly interact with 

media components forming a layer of adsorbed biomolecules, mainly proteins, 

called protein corona. As schematically represented in Figure 3.2, the protein 

corona could be divided into two layer: a first monolayer composed by high affinity 

proteins closely bound to NPs surface which constitute the ‘hard corona’ and a 

second layer of mildly bounded proteins, called ‘soft corona’. This outer layer is 

highly dynamic and its composition is mainly determined by the media formulation, 

comprising generally albumin and other abundant serum proteins (Westmeier et al., 

2017). 
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Figure 3.2: Schematic representation of the protein corona formation on NPs surface; figure from (Y. Li 

& Lee, 2020). 

As already mentioned in the introductive chapter, the formation of NPs-protein 

complexes deeply influences the distribution inside the body determining the 

nanoparticles interaction with immune systems along with their cellular uptake and 

intracellular distribution (Salvioni et al., 2019). Thus, the careful evaluation of 

protein corona formation and composition could be a valuable instrument to 

understand the nanoparticle biological behavior both in vivo and in vitro. Actually, 

some authors pointed out that the different fluids composition and especially the 

different proteins concentration could be responsible for the changes in materials 

behavior from in vitro to in vivo tests (Nierenberg et al., 2018). 

The formation of protein corona is governed by NPs-protein and protein-

protein interaction and, thus, it is strictly dependent from both NPs physicochemical 

properties and media formulation. Concerning the intrinsic characteristics of 

nanoparticles, the size, radius of curvature, hydrophobicity, charge and eventual 

surface functionalization are all factors that could influence the formation of protein 

corona. Among the media properties, the protein corona is of course influenced by 

protein composition and concentration as already described, but also by pH, 

temperature and time of exposure (Nguyen & Lee, 2017). 

A study on the proteins absorption on metal oxide nanoparticles reported that 

ZnO NPs effectively bind to several plasma proteins with important biological 

functions including immunoglobulins, lipoproteins, acute-phase proteins and 

proteins involved in complement pathways and coagulation (Z. J. Deng et al., 

2009). Moreover, the same authors indicated that, besides the particle composition, 

also their aggregation state could influence the type and amount of proteins forming 

the protein corona. Interestingly, the proteins adsorption could be also exploited to 

limit the ZnO NPs aggregation and sedimentation in biological media. Literature 

studies, in fact, indicated the addition of serum to cell culture media as an advantage 

which could improve the stability of ZnO NPs, producing more reliable cytotoxicity 

and uptake values (Anders et al., 2015). 
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3.1.1.3 NPs dissolution and chemical interaction with biological media 

The last aspect which contribute to define the biological identity of 

nanoparticles is their chemical stability in biological media. The chemical 

resistance, in fact, should be optimized to ensure a correct biodistribution and to 

control the therapeutic activity of the nanomaterial. 

Actually, the evaluation of ZnO NPs dissolution is particularly important since 

the release of Zn2+ ions is considered one of the main mechanisms of ZnO 

cytotoxicity, as widely explained in the previous chapter. As already mentioned, 

the dissolution rate is influenced by NPs physico-chemical features, like size and 

surface properties. However, also the media composition, pH and temperature play 

a crucial role. In vitro studies performed on ZnO nanowires exposed to different 

simulated body fluids highlighted that they dissolved very rapidly at acidic pH 

value of artificial fluid mimicking the lysosomal conditions (H. Müller et al., 2010). 

Similarly, the intracellular dissolution was tested by in vitro experiments. In this 

case a fluorescent probe sensible to Zn2+ ions was used together with dye specific 

for cellular organelles confirming the uptake of ZnO NPs and their dissolution 

inside the acidic environment of lysosomes (Condello et al., 2016).  

Concerning the chemical interactions between ZnO NPs and the components 

of media employed in biological tests, it is recognized that ZnO is highly reactive 

towards phosphate ions contained in different amount in all common cell culture 

media. In particular, the reaction between zinc and phosphate groups would lead to 

the formation of amorphous zinc phosphate species, involving not only the surface 

but the whole nanoparticle potentially causing the complete degradation of NPs in 

dependence of components concentration (Herrmann et al., 2014). The effect of this 

extracellular dissolution and reprecipitation on the cytotoxicity of ZnO NPs is 

complex and not fully elucidated. Indeed, some studies indicated that 

extracellularly released zinc tend to precipitate in form of poorly soluble zinc-

phosphate species reducing the Zn2+ ions to sub-toxic concentrations (Lv et al., 

2012). However, these newly formed zinc species could contribute to the 

cytotoxicity eliciting a toxic response (Turney et al., 2012). A similar interaction 

with carbonates species was also reported together with the Zn2+ complexation 

capacity of amino acid and other ligands contained in cell culture medium, which 

could regulate zinc extracellular levels (Mu et al., 2014). From these results it 

emerges the importance of the evaluation of ZnO NPs dissolution and speciation in 

biological media in order to ensure reliable estimates of their toxicity. 

3.1.2 Surface modifications for NPs stabilization 

For the effective application of nanoparticles in biomedical field, not only the 

comprehension but also the control of their interaction with media components is 

of paramount importance. As just described, the understanding of complex and 

interconnected mechanisms that define the NPs biological identity is fundamental 

for the correct evaluation of the physiological responses generated in cells, organs, 

tissues or living organisms. Nevertheless, the high reactivity with biologically 
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active molecules and the poor colloidal and chemical stability, reported for ZnO 

NPs but extendable to many other nanomaterials, is detrimental for their effective 

therapeutic application. In fact, an ideal therapeutic nanoconstruct would possess 

great blood stability and low immunogenicity among its main characteristic. In this 

perspective, NPs surface functionalization constitutes a valuable option to 

implement and optimize nanoparticles stability and compatibility in the biological 

environment. As widely reported in the literature, the main categories of 

functionalizing agents for nanoparticles stabilization in biomedical applications 

include synthetic and natural polymers and biological molecules like lipids or 

proteins (Limongi et al., 2019). 

3.1.2.1 Polymers functionalization 

The surface modification of different types of nanoparticles with hydrophilic 

and zwitterionic polymers is well established. Firstly, the functionalization of NPs 

surface with appropriate polymeric chains provide the creation of a physical barrier 

that hinder the particles contact and subsequent aggregation through steric 

stabilization. Moreover, polymer functionalization could also affect the protein 

adsorption on NPs surface, acting on the NPs biological identity and, thus, on the 

pathophysiological response. In particular, several polymer parameters, like 

grafting densities, chain length and flexibility, presence of charged groups and 

branches, could be opportunely modelled to guarantee a precise control on the 

formation of protein corona (Angioletti-Uberti, 2017). 

In the category of polymers, polyethylene glycol (PEG) is one of the most 

commonly used and it is considered the gold standard to prolong blood circulation 

of NPs in biomedical applications. PEG compounds with different chain length and 

molecular weights can be synthesized by polymerization processes starting from 

ethylene oxide. In addition, PEG terminal groups can be easily modified imparting 

a great versatility to the polymer and allowing its selective attachment to NPs with 

different surface chemistry or its further conjugation with additional functionalizing 

agents (Guerrini et al., 2018). PEG polymer is particularly suitable for biological 

applications thank to its hydrophilic nature which guarantees the formation of a 

strong hydration layer around the particles, providing short-range repulsive forces 

even in solution with extreme pH value and high ionic strength (Sakura et al., 2005). 

Moreover, PEG coating reduces the non-specific interaction of NPs with plasma 

proteins, limiting also the binding with opsonin and the subsequent recognition by 

mononuclear phagocytic system (Guerrini et al., 2018). This anti-fouling effect of 

PEG is normally called ‘stealth effect’, since it makes the NPs almost invisible to 

the organism, guaranteeing a lower immunogenicity and a prolonged half-life in 

bloodstream. However, the surface modification with PEG presents also some 

limitations, like a reduced NPs-cell interaction ascribable to the presence of PEG 

coating (Pelaz et al., 2015). In addition, the development of anti-PEG antibodies 

responsible for unexpected immune response is also accounted and attributed to the 

increasing use in pharmaceutical and clinical applications. 
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To overcome these issues, several researches are devoted to the development 

of alternative polymers with similar physico-chemical characteristics. Besides other 

hydrophilic polymers (like poly-glycerol, poly-vinylpyrrolidone, poly-hydroxyl 

propyl methacrylate, …) also zwitterionic polymers have attracted great attention 

(Thi et al., 2020). This class of materials, comprising for instance 

poly(carboxybetaine) or poly(sulfobetaine), possesses stealth feature. Moreover, 

thanks to their zwitterionic nature they possess interesting charge properties, 

presenting a neutral charge at physiological pH and a positive charge in tumor 

acidic microenvironment. The prevalence of cationic behavior near the negative 

membrane of cancerous cells could result in an enhanced cellular uptake of 

functionalized nanoparticles (P. Zhang et al., 2018). 

Nevertheless, also these newly-investigated materials presented multiple issues 

related to their biodegradability and difficult synthesis and reliability (Guerrini et 

al., 2018). In this context, the possibility to apply biological molecules like proteins 

or lipids for the NPs stabilization was also considered.  

3.1.2.2 Protein coating 

One of the advantages of using proteins for the colloidal and chemical 

stabilization of NPs in the biological environment is that they are naturally 

occurring biomolecules and are therefore stable under physiological conditions. 

The controlled adsorption of specific protein on NPs surface could provide steric 

and electrostatic stabilization to the hybrid system (Guerrini et al., 2018). In 

addition, the pre-coating with selected proteins would limit the further adsorption 

of biologically active proteins contained in the physiological media. For instance, 

nanoparticles pre-coated with an artificial corona of albumin presented a decreased 

adsorption of biological source proteins determining a lower immunogenicity 

(Barui et al., 2020). 

The major drawbacks of NPs functionalization with proteins are connected to 

the large increase of hydrodynamic diameters of the functionalized NPs and to the 

conformational stability of proteins which requests the use of buffers with high 

ionic strength, detrimental for the initial resuspension of NPs (Limongi et al., 2019). 

3.1.2.3 Lipid coating 

Another class of biologically relevant molecules used for nanoparticles 

stabilization are lipids.  

Lipids are different types of organic molecules with amphiphilic nature 

constituted by a hydrophilic polar head and a hydrophobic tail. The combination of 

different heads groups with different number of acyl chains possessing peculiar 

length and saturation level originates multiple classes of lipid molecules, like 

phospholipids, glycolipids, sphingolipids, sterols, etc, (Fahy et al., 2011). However, 

the generic chemical structure unites the different lipid classes and is responsible 

for the formation of their characteristic bilayer arrangement in aqueous biological 

environment. In this arrangement, in fact, the lipids self-organize themselves in 

order to protect the hydrophobic tails from the surrounding media. 



47 

 

Lipids are the main components of cellular membranes in which they have a 

structural role and act as a barrier protecting the intracellular milieu from the 

external environment. Considering their biological functions, lipids are therefore 

considered good candidates for the stabilization of NPs, providing a defensive and 

biocompatible barrier (Luchini & Vitiello, 2019). As already mentioned in the 

introductive chapter, several liposomes, i.e. spherical vesicles constituted by one or 

more lipid bilayer, are currently used as drug nanocarriers in clinical applications 

(Petre & Dittmer, 2007). More recently, lipids are proposed as stabilizing agents to 

improve the colloidal and chemical stability of inorganic nanoparticles in the 

biological environment. The lipid coating introduced on NPs surface goes under the 

name of supported lipid bilayer (SLB).  

In general, different types of phospholipids, applied either singularly or in 

mixtures, are the most widely used lipid molecules in biomedical applications. 

Indeed, they are the main constituent of plasma membranes and, moreover, they 

possess an amphiphilic behavior which ensures their good interaction with several 

kinds of NPs (Weingart et al., 2013). However, they are also reportedly used in 

combination with other types of lipids like cholesterol or sphingomyelin (Ip et al., 

2011).  

Concerning the preparation methods of SLB, they can be divided essentially in 

two main categories: vesicles fusion and solvent exchange method. A schematic 

representation of the two different procedures is shown in Figure 3.3. 

In case of vesicles fusion, liposome structures are created and reduced to 

appropriate size with sonication or extrusion and then put in contact with NPs in 

aqueous solution. The formation of SLB would involve the adsorption and the 

subsequent spontaneous rupture of vesicles on the nanoparticles surface (Figure 

3.3a). This process is strictly dependent from electrostatic interactions between 

liposomes and substrate and is deeply influenced by both vesicles properties (like 

lipid composition, size and osmotic pressure) and nanoparticles properties (like 

elemental composition, morphology, surface groups) (Jackman & Cho, 2020). This 

method is well documented for the formation of SLB on silica NPs (Mornet et al., 

2005) but it results ineffective with other types of nanomaterial with less favorable 

substrate-vesicles interactions. 

The other strategy is more versatile and is based on the self-assembly behavior 

of lipids. In the solvent exchange method, the liposomes are not preformed but the 

lipids are dispersed as monomers in organic solvents and put in contact with the 

NPs. The solvent is then changed, increasing the water fraction and causing the 

rearrangement of lipids molecules that would form a SLB onto the solid surface 

(Figure 3.3b). Indeed, the presence of NPs in solution offers a support for the lipid 

bilayer formation, acting as energetically favorable nucleation sites with respect to 

the formation of vesicles in the bulk phase (Hohner et al., 2010). The solvent 

exchange method is successfully applied to envelop different types of nanoparticles 

like mesoporous silica (Cauda, Engelke, et al., 2010), metal-organic framework 

(Wuttke et al., 2015) or gold substrate (Jackman & Cho, 2020) employing different 

lipids mixtures.  
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Figure 3.3: Schematic representation of the two main methods for the formation of supported lipid bilayer 

on NPs surface. (a)Vesicle fusion (figure from (Luchini & Vitiello, 2019)); (b) Solvent exchange method 

(figure modified from (Tan et al., 2013)). 

As clearly visible from the schematic representation, the supported lipid bilayer 

guarantees a very uniform coverage of NPs ensuring an effective barrier from 

surrounding media, in particular against protein adsorption. Several in vitro studies 

confirmed the enhanced colloidal stability of lipid-coated NPs (Durfee et al., 2016) 

as well as their improved biocompatibility, certified by the absence of hemolysis 

and blood aggregation (Zeng et al., 2015). In addition, the presence of lipid coating 

ensures a greater NPs internalization inside the cells and offers the possibility to 

further functionalize it for targeting purposes (Durfee et al., 2016).  
 

Considering these literature results, the high reactivity of ZnO nanomaterials in 

the biological environment result clear. Therefore, a careful evaluation of colloidal 

and chemical stability of synthesized ZnO NCs was performed. In particular, the 

aggregation extent, dissolution and reactivity with biological media components 

were analyzed through long-term biostability tests performed in cell culture 

medium, phosphate-buffered saline (PBS) and simulated body fluid (SBF), an 

artificial buffer solution which mimics the inorganic composition of human blood 

plasma. In order to improve the colloidal and chemical stability, different surface 

functionalization were also tested. Pristine ZnO NCs, characterized by a surface 

rich of hydroxyl groups typical of metal oxides NPs, were chemically conjugated 

with amino-propyl groups, imparting a more positive surface charge and a slight 

steric hindrance. The second functionalization procedure envisaged the 

combination of ZnO NCs with lipid molecules through a solvent exchange method, 

generating more stable and biocompatible lipid-coated nanoparticles. 
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3.2 Materials and Methods 

3.2.1 Preparation of ZnO, ZnO-NH2 and ZnO-DOPC NCs 

Pristine (ZnO) and amino-propyl functionalized (ZnO-NH2) nanocrystals were 

produced as already described in chapter 2 (Garino et al., 2019). 

Lipid-coated nanocrystals (ZnO-DOPC NCs) were prepared combining ZnO 

NCs with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids, 

Inc.) using the solvent exchange method. To prepare the lipid stock solution, 2.5 

mg of DOPC dispersed in chloroform were dried overnight under vacuum and 

redispersed with 400 μl of ethanol and 600 μl of bd water. 1 mg of ZnO NCs were 

then centrifuged to discard ethanol and the obtained pellet was resuspended with 

100 μl of lipid solution by pipetting. Finally, 700 μl of bd water were added, 

inducing the formation of a supported lipid bilayer at the NCs surface. For the 

biostability assays, the process was scaled up to obtain 100 mg of ZnO-DOPC NCs. 

3.2.2 ZnO, ZnO-NH2 and ZnO-DOPC NCs Characterization 

3.2.2.1 X-ray Diffraction 

The crystalline structure of the three types of NCs was analyzed by X-ray 

diffraction (XRD). 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 X’Pert diffractometer with the same settings described in Chapter 2. 

3.2.2.2 Electron Microscopy 

The morphology of the three types of NCs was analyzed with Filed Emission 

Scanning Electron Microscopy (FESEM Auriga and Merlin, Carl Zeiss) and 

Transmission Electron Microscopy (TEM, Tecnai F20ST, FEI). For both analyses 

the samples were diluted at a final concentration of 25 μg/ml and deposited on a 

silicon wafer or on a holey carbon-coated copper grid respectively. 

3.2.2.3 Energy Dispersive X-ray Spectroscopy (EDS) and Fourier 

Transformed Infrared (FT-IR) Spectroscopy 

Energy Dispersive X-ray Spectroscopy were performed on the same samples 

prepared for FESEM analyses by a microanalysis system (AZTec, Oxford 

Instruments, coupled to the FESEM Merlin, Carl Zeiss). 

To complete the compositional analysis, Fourier Transformed Infrared (FT-IR) 

spectra were recorded in transmission mode with a Bruker Equinox 55, registering 

the absorbance in the range of 4000-400 cm-1. 

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

Zeta-Potential measurements were performed using a Zetasizer Nano ZS90 

(Malvern Instruments). The three types of NCs were resuspended in bd water at 
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concentration 500 μg/ml and the pH was adjusted from 2 to 11 with HCl and NaOH 

1 M. The same instrument was used to determine the hydrodynamic size 

distribution of nanocrystals in ethanol and bd water, through Dynamic Light 

Scattering (DLS) technique. 

3.2.2.5 Fluorescence Microscopy 

To confirm the formation of the supported lipid bilayer on the NCs surface 

ZnO-DOPC NCs were characterized with fluorescence microscopy.  

For these experiments, the ZnO-NH2 NCs in ethanol were labelled with Atto 

550-NHS Ester (Atto-Tec) as described in Chapter 2. The labelling of lipid bilayer 

was obtained by adding 0.5 μg of Bodipy-FL-DHPE (Thermo Fisher Scientific), a 

lipid conjugated with a fluorescent probe, to the 2.5 mg DOPC stock solution before 

the evaporation of chloroform.  

The labeled sample were imaged with a wide-field fluorescence inverted 

microscope (Nikon Eclipse Ti-E) equipped with a super bright wide-spectrum 

source (Shutter Lambda XL) and a high-resolution camera (Zyla 4.2 Plus, 

4098×3264 pixels, Andor Technology) using a 60× immersion oil objective (Apo 

1.40, Nikon). Fluorescence images of red and green channels, corresponding to 

fluorescence of Atto 550-NHS Ester and Bodipy-FL-DHPE respectively, were 

acquired and then superimposed to evaluate colocalization. 

3.2.3 Biostability tests 

3.2.3.1 Media Composition 

The biostability assay was performed in cell culture medium (Eagle’s minimal 

essential medium, EMEM), supplemented with 10% fetal bovine serum (FBS) and 

in two buffer solutions: phosphate-buffered saline (PBS), commonly used in 

biological research, and simulated body fluid (SBF), a buffer solution that mimic 

the inorganic composition of human plasma. 

The detailed composition of PBS and EMEM, both purchased from Sigma-

Aldrich, are reported in Table 3.1 and 3.2. 

The SBF was prepared following protocol by Kokubo et al. (Kokubo et al., 

1990). Briefly the following reagents were dissolved in 500 ml of bd water, under 

continuous stirring: 7.996 g NaCl, 0.350 g NaHCO3, 0.224 g KCl, 0.228 g 

K2HPO4·3H2O, 0.305 g MgCl2·6H2O, 0.278 g CaCl2, 0.071 g Na2SO4, 40 mL HCl 

1 M e 6.057 g NH2C(CH2OH)3 (TRIS). The solution was heated up to 37°C and the 

pH was adjusted at 7.4 by titration with HCl 1 M. The solution was then made up 

to 1 L by adding bd water and stored at 4°C until use. The composition of the SBF, 

compared to that of human plasma, is shown in Table 3.3. 
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Table 3.1: Composition of  Phosphate-buffered saline (Sigma-Aldrich) 

Component 
Concentration 

[g/l] 

KCl 0.2 

KH2PO4 
0.24 

NaCl 
8.0 

NaH2PO4 (anhydrous) 1.44 

 

Table 3.2: Composition of Eagle’s minimal essential medium (EMEM M4655, Sigma-Aldrich). The 

presence of additional salts, electrolytes, plasma proteins and hormones derived from the addition of 10% FBS 

must be considered. 

Component 
Concentration 

[g/l] 

CaCl2 
0.265 

MgSO4 (anhydrous) 0.09767 

KCl 0.4 

NaHCO3 
2.2 

NaCl 
6.8 

NaH2PO4 (anhydrous) 0,122 

Amino Acids 0.8707 

Vitamins 0.0081 

D-Glucose 1.0 

 

Table 3.3: Ionic composition (mM) of Simulated Body Fluid (SBF) and human blood plasma (Kokubo 

et al., 1990). 

Ion SBF 
Blood 

Plasma 

Na+ 142.0 142.0 

K+ 5.0 5.0 

Mg2+ 1.5 1.5 

Ca2+ 2.5 2.5 

Cl- 148.8 103.0 

HCO3- 4.2 27.0 

HPO4
2- 1.0 1.0 

SO4
2- 0.5 0.5 

 

3.2.3.2 Biostability assay  

ZnO, ZnO-NH2 and ZnO-DOPC NCs were separated from ethanol or water by 

centrifugation, washed three times with bd water and resuspended in the 

aforementioned biological media at the concentration of 2 mg/ml (25 mg of NCs in 

12.5 ml of pre-heated solutions). The obtained suspensions were then kept at 37°C 
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under continuous stirring and at selected time points (1, 24, 72 hours and 25 days) 

5 mg of NCs, corresponding at 2.5 ml of solution, were collected and centrifuged.  

The supernatants were opportunely diluted in bd water for ICP/MS analyses. 

The pellets were washed twice with bd water and retained for further 

characterizations. XRD, electron microscopy, EDS and FT-IR analyses were 

performed on the samples collected after each time points to investigate changes in 

crystalline structure, morphology and composition respectively. 

DLS measurements on ZnO, ZnO-NH2 and ZnO-DOPC NCs redispersed in the 

three different biological media at the concentration of 500 μg/ml were also 

performed, monitoring the size distribution at t0 and over-time. 
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3.3 Results and discussion 

3.3.1 Preparation and characterization of pristine, amino-propyl 

functionalized and lipid-coated ZnO NCs 

3.3.1.1 Preparation of ZnO, ZnO-NH2 and ZnO-DOPC NCs 

In order to evaluate the influence of surface properties on the colloidal and 

chemical stability of ZnO nanomaterials in biological environment, three different 

types of ZnO nanocrystals with defined surface charge and chemistry were 

prepared. 

Pristine ZnO NCs were synthesized following the conventional solvothermal 

method described in detail in Chapter 2, that allowed to produce round nanometric 

crystals exposing neutral hydroxyl groups (–OH) at the surface.  

The obtained ZnO NCs were functionalized with amino-propyl groups, by 

chemical reaction with APTMS molecules. Briefly, according to the reactions 

between amino-silanes and metal oxides nanoparticles reported in literature 

(Mallakpour & Madani, 2015), the hydrolysis of methoxy groups of APTMS 

molecules occurred producing silanol groups that could react with –OH groups of 

ZnO to form covalent bonds. Functionalizing agent molecules were thus grafted on 

ZnO NCs surface, exposing new amino groups that imparted at ZnO-NH2 NCs a 

predominant positive surface charge. 

Finally, pristine ZnO NCs coated by a lipid bilayer (ZnO-DOPC NCs) were 

obtained through solvent exchange method as described in detail in the Materials 

and Methods section. Briefly, thanks to the favorable interactions between lipids 

and alcoholic solutions, DOPC molecules were stable as monomers in the 

ethanol/water stock solution. By increasing the water content, the lipids began to 

self-assemble into liposomes, characterized by a bilayer arrangement in which the 

polar heads were exposed on the outside and the hydrophobic tails of lipid 

molecules were in the inner region, protected from water. The presence of 

nanoparticles in solution offered an energetically favorable support to lipid self-

assembly and the bilayer was formed at their surfaces (Hohner et al., 2010).  

The success of DOPC lipid coating was firstly confirmed by fluorescence 

microscopy (Figure 3.4). The DOPC lipid shell was labeled by adding 1% Bodipy-

FL-DHPE (λExc=488 nm) to the lipid formulation while ZnO-NH2 NCs, 

exceptionally used as core nanomaterial to allow the attachment of fluorescent dye, 

were labeled with Atto550-NHS ester (λExc=550 nm). The two components were 

imaged in green channel (Figure 3.4a) and red channel (Figure 3.4b) respectively 

and then the images were superimposed (Merge, Figure 3.4c) highlighting an 

almost complete co-localization of the spots which confirmed the success of lipid 

shielding. Different experiments were performed and a conjugation yield of ~96% 

was estimated. 

A complete morphological and physico-chemical characterization of the three 

different types of nanocrystals was also performed as reported in the following 

sections. 
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Figure 3.4: Wide-field fluorescence images of (a) DOPC shell labeled with Bodipy-FL-DHPE (green 

chanel), (b) ZnO-NH2 NCs labeled with Atto550-NHS Ester (red channel) and (c) merge of the two channels, 

showing complete colocalization. Scale bar: 10 μm.  

3.3.1.2 Morphological and structural characterization 

Information on the size and morphology and on the crystalline structure of the 

three different types of ZnO NCs were obtained by electron microscopy (Figure 

3.5) and XRD measurements (Figure 3.6) respectively.  

FESEM, TEM and STEM images of pristine ZnO NCs (Figure 3.5a) showed 

well-dispersed nanocrystals with an almost spherical shape and a diameter of about 

14 nm. Microscopy images of both amino-propyl functionalized ZnO-NH2 NCs 

(Figure 3.5b) and lipid coated ZnO-DOPC NCs (Figure 3.5c) confirmed that the 

morphology of the particles was not modified by functionalization processes. 

However, ZnO-DOPC sample presented a slightly higher dimension (≥ 20 nm from 

FESEM image) and the presence of a sort of covering around the nanocrystals, 

ascribable at the formation of the lipid bilayer obtained by the solvent exchange 

method.   

 

 

Figure 3.5: Morphological characterization of (a) pristine ZnO NCs, (b) amino-propyl functionalized 

ZnO-NH2 NCs and (c) lipid-coated ZnO-DOPC NCs. From left to right: scheme of the particles, FESEM (scale 

bars 50 nm), TEM (scale bars 50 nm) and STEM (scale bar 20 nm) images. For FESEM images all the 

nanocrystals were coated by a thin layer of Pt. 
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X-ray diffraction pattern of pristine ZnO NCs (blue curve in Figure 3.6) 

confirmed the crystalline nature of the particles, corresponding to single-phase 

hexagonal wurtzite structure of ZnO (JCPDS card n° 36-1451). As expected, the 

same structure was maintained after both functionalization processes (red and green 

curves).  

In order to estimate the dimension of single crystallites, the Debye-Sherrer 

equation was applied to the broad (100), (101) and (002) diffraction peaks, 

obtaining an average particles size equal to 15 nm. This was in good accordance 

with size from FESEM and TEM images, evidencing that ZnO NCs were 

monocrystalline structures. 

 

Figure 3.6: XRD spectra of ZnO NCs (blue curve), ZnO-NH2 NCs (red curve) and ZnO-DOPC (green 

curve). 

3.3.1.3 Surface properties 

The surface composition of pristine and functionalized nanocrystals was 

investigated through FT-IR spectroscopy.  

As clearly shown in Figure 3.7a, ZnO and ZnO-NH2 spectra (blue and red 

curve respectively) presented several common features, due to similarities in their 

surface composition. In particular, both samples presented an intense mode at 440 

cm-1, typical Zn–O vibration and a peak at 3800 cm-1 along with a broad band 

between 3600 and 3200 cm-1, both ascribable to the stretching vibration of hydroxyl 

groups. However, it is worth to observe that the relative intensity of the last two 

peaks was lower for ZnO-NH2 NCs with respect to the pristine ZnO sample. This 

could be explained considering the reaction mechanism of amino-propyl 

functionalization, in which APTMS molecules form covalent bonds with hydroxyl 

groups of ZnO surface, decreasing thus the number of free –OH groups. Moreover, 

the ZnO-NH2 spectrum presented a peak near 3200 cm-1, characteristic of primary 

amines, and new bands at 1020 and 1100 cm-1, corresponding to symmetric and 

asymmetric of O–Si–O bond, which directly confirmed the presence of APTMS 

moieties on NCs surfaces. Finally, both ZnO and ZnO-NH2 spectra presented the 

typical vibration modes of C=O (1570 cm-1) and C–O (1420 cm-1) and the 
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symmetric and asymmetric stretching of –CH2 and –CH3 at 2860 and 2925 cm-1, 

respectively. These peaks were attributed to residual acetate groups deriving from 

synthesis precursor or to methoxy groups derived from the reflux conditions applied 

in the synthetic procedure. In case of ZnO-NH2 sample the –CHx stretching modes 

appeared more intense, due to the presence of propyl chain of functionalizing agent 

APTMS. 

ZnO-DOPC spectrum (Figure 3.7a, green curve) presented multiple intense 

peaks at 2860, 2925 and 1750 cm-1 ascribable to stretching vibrations of –CHx and 

C=O groups respectively, widely present in the phospholipidic hydrophobic tails. 

Contributions due to the phosphates groups present in the phospholipid heads were 

also detected at 1100 cm-1 (P=O stretching) and 1230 cm-1 (P–O stretching). The 

disappearance of the –OH broad band between 3600 and 3200 cm-1 and the 

attenuation of Zn–O vibration peak at 440 cm-1 further confirmed the success of 

DOPC shell formation at the ZnO surface. 

The effects of the functionalization processes on the NCs surface charge were 

evaluated through Zeta-Potential measurements (Figure 3.7b), performed in bd 

water varying the pH values between 2 and 11. 

 

 

Figure 3.7: (a) Fourier Transform-Infrared (FT-IR) spectra and (b) Zeta-potential measurements of 

pristine ZnO (blue curves), amino-propyl functionalized (red curves) and lipid-coated (green curves) NCs.  
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According to the literature, the surface charge of ZnO particles is basically 

governed by the hydroxyl surface groups (Degen & Kosec, 2000). The –OH groups 

tend to release chemisorbed protons at high pH values, inducing a negatively 

charged surface formed by ZnO- species. In contrast, at low pH values the protons 

of the medium are transferred at the nanocrystals surface, leading to the formation 

of positively charged ZnOH2
+ groups. The Zeta-Potential values obtained for 

pristine ZnO NCs (Figure 3.7b, blue line) were in good accordance with the 

described behavior and leaded to an isoelectric point (IEP) at pH 9.85, consistent 

with the values reported in literature (Degen & Kosec, 2000).  

Amino-propyl functionalized ZnO-NH2 sample showed a similar trend of Zeta-

Potential values (Figure 3.7b, red line), but they were shifted to higher positive 

values with an IEP around pH 11. At acidic pH values, this behavior could be 

ascribed to the protonation of amino groups, forming –NH3+ species and thus 

confirmed the success of functionalization procedure. 

In contrast, an important shift toward lower Zeta-Potential values were 

observed for ZnO-DOPC sample (Figure 3.7b, green line), that presented slightly 

positive or negative Zeta-Potential values at acidic or basic conditions respectively 

and IEP at pH 7.8. This flatter trend of Zeta-Potential can be explained considering 

the DOPC molecular structure, that comprehend both negative phosphate and 

positive amine head groups, responsible for the neutralization of the ZnO NCs 

surface charge. 

Taken together, the FT-IR and Zeta-Potential measurements allowed to analyze 

the different surface composition of the prepared NCs, confirming both the 

chemical functionalization with amino-propyl groups and the formation of DOPC 

phospholipid bilayer. 

3.3.2 Colloidal behavior in biological media 

The influence of the surface modifications on the colloidal stability was 

evaluated through Dynamic Light Scattering (DLS) technique, measuring the 

hydrodynamic size distribution of the three different types of NCs in various media.  

In particular, the colloidal behavior was investigated in bd water, PBS (i.e. 

Phosphate-buffered saline, a water-based buffer solution widely used as dispersant 

medium in biological applications), artificial physiological medium (Simulated 

Body fluid, SBF) and in cell culture medium completed with the 10% of fetal 

bovine serum (EMEM). As already described in details in the Material and Methods 

section, SBF is an inorganic buffered solution that simulate the inorganic 

composition of the human plasma (Table 3.3) while EMEM is a cell culture 

medium commonly used for cells and tissue culturing, composed by inorganic salts 

and biological components, derived also from serum addition (Table 3.2). 

Therefore, in the perspective of a biological application, DLS measurements in 

these two solutions were particularly interesting because allowed a preliminary 

evaluation of ZnO NCs colloidal and chemical stability in biological environment. 

In addition, DLS analyses of the different types of ZnO NCs were compared in 

order to understand how surface properties affect the NCs behavior in solution and 
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which surface modification produced the best colloidal behavior, with stable and 

well-dispersed nanocrystals. 

The obtained results are presented in Figure 3.8. As clearly shown in the top 

panel, all the three NCs resulted stable in bd water with monodisperse distributions 

centered at 44 nm for pristine ZnO NCs and at 88 nm and 120 nm for functionalized 

ZnO-NH2 NCs and ZnO-DOPC NCs respectively. As already mentioned, the 

increase of mean size could be caused by the presence of functional layer, formed 

in this case by lipids bilayer or APTMS molecules. 

In PBS, pristine ZnO NCs formed micrometric aggregates showing a drastic 

diminution of their colloidal stability, whereas lipid-coated ZnO-DOPC NCs 

remained highly stable confirming the hydrodynamic size obtained in bd water. 

The improvement of colloidal behaviour provided by the phospholipid shell 

was observed also in SBF and EMEM, in which ZnO-DOPC sample showed narrow 

size distribution centred at 66 nm and 108 nm respectively. In contrast, ZnO NCs 

and ZnO-NH2 NCs formed large aggregates in both media, although to a lesser 

extent for amino-propyl functionalized sample with respect to the pristine one.  

Overall, these data suggested that the DOPC lipid shell could efficiently 

prevent the aggregation phenomena, stabilizing the ZnO NCs. It could be assumed 

that lipid shielding limited the interaction between the nanocrystals and reactive 

media components preserving the chemical and colloidal integrity of ZnO NCs. 

 

Figure 3.8: Hydrodynamic size distributions of pristine ZnO NCs (blue curves), amino-propyl 

functionalized ZnO-NH2 NCs (red curves) and lipid coated ZnO-DOPC NCs (green curves) in: bd water, 

Phosphate-Buffered Saline (PBS),  Simulated Body fluid (SBF) and complete cell culture media (EMEM + 

10% FBS). ZnO-NH2 sample was not evaluated in PBS solution. 
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3.3.3 Biostability tests 

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

as well as the influence of surface modification were assessed through long-term 

biostability tests.  

For this assay, the three types of NCs were immersed in SBF, a simulated 

solution that mimics the inorganic composition of the human blood plasma, and in 

EMEM, cell culture medium widely used for biological research. In particular, this 

test was intended with the purpose of preliminarily evaluate the behavior of pristine 

and functionalized ZnO NCs during in vitro biological experiments or during their 

contact with plasma fluids, in a hypothetical injection for in vivo therapy. The 

temperature was kept at 37°C, to simulate physiological conditions, and the NCs 

were analyzed after different time points, varying between 1 hour and 25 days, in 

order to evaluate both the short term and the prolonged interaction between 

nanoparticles and media components. At the selected time points the ZnO, ZnO-

NH2 and ZnO-DOPC NCs were collected and fully characterized, assessing their 

colloidal, structural and chemical stability. 

3.3.3.1 Long-term colloidal stability 

To evaluate the persistence of the greater colloidal stability showed by the lipid 

coated sample, DLS measurements over time were performed. In particular, the 

recorded hydrodynamic dimensions were expressed as z-average size, i.e. the 

intensity-weighted harmonic mean hydrodynamic diameter of the ensemble 

collection of particles. This parameter was chosen since it is mathematically stable 

and very sensitive to the presence of aggregates. The z-average values of lipid-

coated ZnO-DOPC NCs and of the uncoated samples ZnO and ZnO-NH2 were 

monitored in real-time in both simulated and biological media. Figure 3.9a and b 

show the evolution of z-average of the three samples during the first hour of contact 

with SBF and EMEM respectively.  

As clearly visible, both pristine and amino-propyl functionalized NCs showed 

immediate aggregation when immersed in SBF medium (Figure 3.9a, blue and red 

lines), which persisted for the entire hour of monitoring. In details, the mean 

hydrodynamic diameters of pristine ZnO samples ranged between 3529 nm and 

4870 nm, while ZnO-NH2 NCs exceeded 3000 nm after few minutes. The formation 

of huge aggregates was also visually assessed, observing the presence of white 

fluffy precipitates on the bottom of the measurements cuvette and this high 

instability hindered the prosecution of the analyses for t > 60 minutes, since the 

further measurements did not meet the quality criteria requested from DLS 

technique. 

A similar behavior was observed in EMEM in which both ZnO and ZnO-NH2 

samples showed z-average values fluctuating around 1800 nm (Figure 3.9b, blue 

and red lines). However, the slightly less extent of aggregation allowed to extend 

DLS analyses and study the NCs colloidal behavior in complete cell culture media 

until 25 days (Figure 3.9c). In details, the pristine ZnO NCs (blue line) showed a 
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decrease in z-average values from 1800 nm down to 360 nm, accompanied by a 

decrease in the count rate signal which could be interpreted as aggregation and 

consequent precipitation of the nanocrystals. The amino-propyl functionalized 

ZnO-NH2 NCs (red line) showed an almost constant z-average value (~1100 nm) 

with no changes in the count rate signal, indicating that the sample was formed by 

large but still suspended aggregated NCs.  

In contrast, the lipid coated sample confirmed its better colloidal stability, 

remaining stable and well-dispersed also for prolonged period. In fact, ZnO-DOPC 

NCs showed small and constant z-average values, ranging between 194 and 314 

nm, during the first hour of immersion in both SBF and EMEM solutions (green 

lines in Figure 3.9a and b respectively). The analyses until 25 days (Figure 3.9c), 

performed only in EMEM for consistency with their uncoated counterparts, 

displayed that ZnO-DOPC NCs maintained constant value of z-average (~200-300 

nm) for the first 72 hours with a little increase up to 500 nm after 25 days. 

 

Figure 3.9: DLS analyses of ZnO (blue lines), ZnO-NH2 (red lines) and ZnO-DOPC (green lines) NCs 

for 1 hours in (a) SBF and (b) EMEM and (c) for longer time periods (25 days) in EMEM. Since no significant 

changes in the aggregation of ZnO-NH2 sample were detected in the first 72 hours, the analysis was not 

extended until 25 days. 

3.3.3.2 Effects on structure and morphology 

In order to investigate eventual changes in morphology possibly caused by the 

strong aggregation of nanocrystals and their interaction with media components, 

FESEM analyses of the three types of NCs collected at selected time points (1 hour, 

72 hours and 25 days) were performed. 
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As already highlighted by DLS measurements, both uncoated ZnO and ZnO-

NH2 samples showed a strong tendency to aggregation, forming spherical 

aggregates already after the first hour of immersion in SBF and EMEM solutions 

whose dimensions further increased over time. As an example, the evolution of 

pristine ZnO NCs in EMEM is reported in Figure 3.10. The images after 1 and 72 

hours revealed the presence of spherical aggregates of micrometric size but 

evidenced that the morphology of singles NCs was still recognizable (insets of 

Figure 3.10a and b). In contrast, after 25 days the nanocrystals appeared strongly 

aggregated and incorporated by a smooth matrix (Figure 3.10c and Figure 3.11d), 

possibly constituted by solution components precipitated around the ZnO NCs  As 

shown in Figure 3.11, which collects all the analyzed samples at the time point of 

25 days, a similar behavior could be described for ZnO NCs in SBF (Figure 3.11a) 

and for ZnO-NH2 NCs in SBF (Figure 3.11b) and EMEM (Figure 3.11Figure 

3.10e). In SBF both ZnO and ZnO-NH2 NCs showed well-defined spherical 

aggregates of micrometric size formed by almost indistinguishable single 

nanocrystals fused together. Similar to what has been described for pristine NCs, 

the ZnO-NH2 sample in EMEM formed large and compact clusters closely 

encapsulated by a smooth matrix. 

In contrast, ZnO-DOPC NCs maintained a well-distinguishable round shaped 

morphology at all the time points in both EMEM and SBF solutions. In particular, 

as clearly visible in Figure 3.11c, tiny and well-dispersed lipid-coated NCs could 

be observed after 25 days of immersion in SBF solution. Also in EMEM the ZnO-

DOPC NCs preserved their spherical morphology until 25 days, but the formation 

of small aggregates embedded in a soft matrix was also accounted (Figure 3.11f). 

However, the greater colloidal stability of lipid-coated samples in EMEM was 

confirmed at previous time points, as reported in Figure 3.10 in which ZnO-DOPC 

NCs appeared completely stable and well-dispersed until 72 hours (inset of Figure 

3.10e) in contrast with their uncoated counterpart. 

 

 

Figure 3.10: FESEM images after 1 hour, 72 hours and 25 days in EMEM; ((a)-(c)) pristine ZnO NCs; 

((d)-(f)) lipid-coated ZnO-DOPC NCs. Scale bars: 1 μm for larger panels and 100 nm for insets. 



 

62 

 

 

 

Figure 3.11: FESEM images of the three types of NCs after 25 days in SBF (left column) and EMEM 

(right column): (a) and (d) pristine ZnO NCs; (b) and (e) amino-propyl functionalized ZnO-NH2 NCs; (c) and 

(f) lipid-coated ZnO-DOPC NCs. 

Overall, the FESEM results confirmed the DLS data and highlighted the 

profound effects produced by the contact with biological media on ZnO and ZnO-

NH2 NCs, which were deeply aggregates and almost indistinguishable at prolonged 

time points. To investigate more in details the morphological and structural changes 

of nanocrystals, XRD analyses and Transmission Electron Microscopy were 

performed. 

The X-Ray diffraction patterns of the three types of NCs recorded before the 

immersion and after each time points of biostability assay in both SBF and EMEM 

are collected in Figure 3.12. All the analyzed samples possessed the (100), (002) 

and (101) reflections, typical of wurtzite ZnO crystalline structure at all the time 

points. However, both pristine and amino-propyl functionalized samples (Figure 

3.12, blue and red curves) showed a slight decrease of the relative intensity of the 

typical diffraction peaks. In addition, in some ZnO-NH2 samples was detected the 

presence of a sharp peak at 2θ ~ 32°, ascribable to NaCl crystals. Combining these 

results with compositional analyses (presented in details in the next section), XRD 

measurements suggested the interaction with media components and a possible 

partial dissolution of ZnO and ZnO-NH2 NCs.  
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 In contrast, the diffraction peaks of ZnO-DOPC sample at the different time 

points of biostability assay (Figure 3.12, green curves) displayed no differences, 

confirming the preservation of the original crystalline structure thanks to the 

presence of the DOPC lipid shell. 

 

Figure 3.12: XRD spectra of ZnO NCs (blue curves), ZnO-NH2 NCs (red curves) and ZnO-DOPC (green 

curves) before and after each time points (i.e. 1, 24. 72 hours and 25 days) of biostability assay in SBF (left 

column) and EMEM (right column). 

To fully analyze the crystalline structure, High Resolution Transmission 

Electron Microscopy (HR-TEM) was performed, comparing the three NCs samples 

before and after 25 days of immersion in SBF or EMEM solution. 

All HR-TEM images (Figure 3.13, first column) evidenced the presence of 

crystalline particles formed by singles crystalline mono-domains either before and 

after the biostability assay as further confirmed by Fast Fourier Transform (FFT) 

(Figure 3.13, first column insets referring to the areas marked with the white 

squares). These results showed that the crystalline structure was still preserved after 
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prolonged immersion in both SBF and EMEM solutions by all the three samples, 

suggesting that the dissolution hypothesized on the basis of XRD analyses was only 

partial as will be further discussed. 

In addition, HR-TEM images of ZnO-DOPC sample (first column of Figure 

3.13c) confirmed the formation of DOPC phospholipidic shell and its conservation 

for the whole duration of the test. In fact, the nanocrystals appeared immersed in an 

amorphous structure attributable to the lipidic shielding. To better appreciate this 

detail, Scanning Transmission Electron Microscopy (STEM) was performed 

(second column of Figure 3.13c), showing well-distinguishable single NCs 

completely surrounded by a smooth matrix identified as the lipid shell. In contrast, 

STEM images of ZnO and ZnO-NH2 samples (second column of Figure 3.13a and 

b) confirmed the occurrence of important aggregation phenomena during the 

biostability assay, that made single NCs less clearly identifiable. 
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Figure 3.13: HR-TEM images (first column), FFT analyses (inset) and STEM images (second column) 

of (a) pristine ZnO NCs, (b) amino-propyl functionalized ZnO-NH2 NCs and (c) lipid-coated ZnO-DOPC NCs 

before and after 25 days of immersion in SBF and EMEM. Scale bars are 5 nm. 

3.3.3.3 Chemical stability: interaction with biological media components and 

dissolution behavior 

To complete the characterization, differences in the chemical stability of the 

three types of nanocrystals were assessed. First of all, the interaction with the 

components of both simulated and biological media was investigated through 

Energy Dispersive Spectroscopy (EDS) and Fourier Transform-Infrared (FT-IR) 

Spectroscopy. 

EDS analyses of ZnO, ZnO-NH2 and ZnO-DOPC samples performed before 

the biostability tests (first columns of Table 3.4 and Table 3.5) confirmed the 

expected composition of NCs, constituted by zinc and oxygen along with carbon 

and sodium, ascribed to synthesis residues. In addition, the ZnO-DOPC sample 

showed an increase in the carbon content and the appearing of phosphorous, both 

ascribable to the DOPC lipid shell. After the contact with both SBF and EMEM 

solutions (sections headed 1h, 72h and 25days in Table 3.4 and Table 3.5), the 

presence of carbon, phosphorous, sodium, calcium and chlorine at the surface of all 

the three types of nanocrystals was evidenced. Confronting these results with the 

composition of EMEM and SBF reported in the Materials and Methods section 

(Table 3.2 and Table 3.3 respectively), the interaction between the nanocrystals 

and the media components resulted clear. In addition, for the samples in contact 

with EMEM the presence of sulphur, potassium and magnesium together with a 

higher content of carbon were detected. The presence of these elements, 

characteristic of various biomolecules and in particular of proteins and amino-acids, 

highly present in supplemented cell culture medium, supported the idea that the 

matrix observed around the nanocrystals (in particular ZnO and ZnO-NH2 samples) 

was made of such biomolecules.  
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Table 3.4: Results of EDS analyses (reported in atom %) performed on ZnO, ZnO-NH2 and ZnO-DOPC 

NCs before and after 1 hour, 72 hours and 25 days of immersion in SBF. 

 Before 1h 72h 25days 

 ZnO 
ZnO-

NH2 

ZnO-

DOPC 
ZnO 

ZnO-

NH2 

ZnO-

DOPC 
ZnO 

ZnO-

NH2 

ZnO-

DOPC 
ZnO 

ZnO-

NH2 

ZnO-

DOPC 

Zn 33.88 24.24 13.05 24.14 22.83 22.37 26.95 29.91 25.41 22.73 20.51 22.31 

O 51.53 41.3 33.55 43.85 46.56 50.11 47.68 45.03 51.74 41.20 32.23 48.77 

C 3.73 28.6 50.01 24.47 23.54 16.46 16.84 18.34 8.72 26.52 42.33 18.31 

Na 10.86 6.17 2.31 6.04 7.09 7,68 6.47 5.25 5.59 7.13 3.97 5.97 

P - - 1.09 1.42 - 2.99 1.93 1.48 5.98 2.27 0.97 4.03 

Cl - - - 0.10 - - - - 0.29 - - - 

Ca - - - - - 0.40 0.13 - 2.05 0.16 - 0.60 

 

 

Table 3.5: Results of EDS analyses (reported in atom %) performed on ZnO, ZnO-NH2 and ZnO-DOPC 

NCs before and after 1 hour, 72 hours and 25 days of immersion in supplemented cell culture medium (EMEM 

+ 10% FBS). 

 Before 1h 72h 25days 

 ZnO 
ZnO-

NH2 

ZnO-

DOPC 
ZnO 

ZnO-

NH2 

ZnO-

DOPC 
ZnO 

ZnO-

NH2 

ZnO-

DOPC 
ZnO 

ZnO-

NH2 

ZnO-

DOPC 

Zn 33.88 24.24 13.05 18.47 16.02 27.71 22.80 33.12 3.86 7.33 8.48 3.99 

O 51.53 41.3 33.55 41.69 39.51 42.22 41.41 44.07 37.25 23.15 21.40 19.12 

C 3.73 28.6 50.01 39.42 41.52 23.77 31.43 21.15 49.55 66.63 67.97 74.06 

Na 10.86 6.17 2.31 - 2.68 3.25 2.42 - 0,91 1.43 1.85 1.44 

P - - 1.09 - - 2.21 1.46 1.23 4.14 0.59 0.42 0.74 

Cl - - - - - - - - - - 0.04 0.05 

Ca - - - 0.43 - 0.83 0.49 0.44 3.93 0.50 0.37 0.35 

S - - - - - - - - 0.11 0.36 0.23 0.19 

K - - - - 0.27 - - - - - 0.03 0.05 

Mg - - - - - - - - 0.52 - - - 

 
 

Further confirmation about the surface modifications due to the interaction 

between NCs and media components was given by FT-IR spectroscopy (Figure 

3.14). Compared to the untreated samples, the spectra of all the three types of 

nanocrystals collected at the different time points of biostability assay showed an 

increase in either number or intensity of vibrational peaks. 

In particular, all the three types of NCs displayed an increasing peak at 1045 

cm-1, corresponding to the stretching vibration of P–O bond, along with the 

appearance of peaks at 1220 cm-1 and 1150 cm-1, both ascribable to the stretching 

of P=O bond, for prolonged time points (i.e. 72 hours and 25 days). These peaks 

suggested the formation of phosphate based precipitates on the NCs surface, 

derived from their interaction with phosphate compounds highly present in both 

SBF and EMEM solution. In addition, vibrations typical of the stretching of C–O 

bond appeared in the region between 1700 and 1500 cm-1, indicating the formation 

of carbonate precipitates. Actually, these peaks were more evident for the samples 

in contact with EMEM solution (right column of Figure 3.14), suggesting that these 

peaks were mainly related to the presence of carbon based structures derived from 

the biological medium. 
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Figure 3.14: FT-IR spectra of ZnO NCs (blue curves), ZnO-NH2 NCs (red curves) and ZnO-DOPC (green 

curves) before and after each time points (i.e. 1, 24. 72 hours and 25 days) of biostability assay in SBF (left 

column) and EMEM (right column). 

Concerning the –CHx groups, their stretching vibrations displayed constant 

intensities at all time points in both EMEM and SBF for the ZnO-DOPC sample 

(Figure 3.14, green curves). These, together with C=O peak at 1750 cm-1, 

confirmed the presence of the phospholipid layer at the NCs surface, which was no 

modified during the contact with simulated and biological media. 

Stretching vibrations of –CH2 and –CH3 groups at 2955, 2915 and 2855 cm-1 

were also present in the spectra of untreated ZnO and ZnO-NH2 NCs as already 

described. Although, at prolonged time points, the spectra of both uncoated NCs 

(Figure 3.14, blue and red curves) displayed an increase of the intensity of these 

peaks, accompanied by a specular decrease of the hydroxyl stretching vibrations 

between 3600 and 3000 cm-1. This behavior had two possible explanations, 
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depending on the medium composition. In case of SBF, the increase of –CHx 

stretching vibration was attributed to the interaction with the solution components 

and, in particular, with TRIS (i.e. Tris(hydromethyl)aminomethane chlorohydrate). 

The NCs partial hydrolysis and reaction with methyl groups of this buffer 

component resulted in the described changes of the –CHx and –OH peaks and could 

be a possible explanation of to the partial dissolution of both pristine and amino-

propyl functionalized samples, as further detailed below. 

The increasing trend was even more visible for ZnO and ZnO-NH2 samples 

immersed in EMEM solution. In this case, the –CHx peaks growth was attributed to 

interaction between the NCs and all the biomolecules, proteins and amino-acids 

present in the serum that formed a soft matrix enveloping the crystals as already 

observed in FESEM and TEM images. Also the gradual reduction of –OH band 

could be ascribed to the interaction with new bounded molecules.  

In contrast, a consistent increase of the hydroxyl broad band was observed for 

lipid-coated sample in both SBF and EMEM at all the time points. These variations 

could be the result of the physical absorption and coordination of water molecules 

on the surfaces of ZnO-DOPC NCs, promoted by the phospholipidic bilayer. A 

positive influence was attributed to this interaction, which could be responsible for 

the great colloidal stability displayed by ZnO-DOPC sample during the DLS 

measurements in water-based media. 

Finally, to assess the chemical resistance of the three types of ZnO NCs 

dissolution measurements were performed, analyzing the elemental concentration 

of the supernatants collected at different time points of biostability assay. In 

particular, the concentration of zinc, phosphorus and calcium in both SBF and 

EMEM was monitored through Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS) measurements. The monitoring of Zn level was a direct measurement of 

the NCs dissolution, which would release Zn2+ cations, while Ca and P were 

checked due to their reactivity toward ZnO nanomaterials. 

The results are reported in Figure 3.15 and showed similar extent of dissolution 

for the uncoated ZnO and ZnO-NH2 NCs (blue and red lines respectively) in both 

SBF and EMEM solutions. In particular, the major release of Zn2+ ions occurred in 

the first hour of assay and then the level underwent to slight fluctuations for the 

subsequent time points. The maximum recorded level of zinc cations was equal to 

180 ppm in SBF and 165 ppm in EMEM for ZnO NCs and to 121 ppm and 188 

ppm for ZnO-NH2 NCs in SBF and EMEM respectively. These amounts allowed to 

estimate the extent of dissolution that was included between the 7.5 and 11 mol% 

with respect to the initial amount of Zn in the NCs, confirming the occurrence of a 

slight dissolution of the uncoated nanocrystals already hypothesized from XRD and 

FT-IR data. 

In addition, a rapid decrease of phosphorus level of both SBF and EMEM in 

contact with ZnO and ZnO-NH2 NCs was observed. Specifically, the P 

concentration decreased from 30 ppm to ~1 ppm in SBF and from 40 ppm to <10 

ppm in EMEM, confirming the precipitation of phosphate species already 

evidenced by EDS and FT-IR analyses. 
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Concerning Ca2+ ions, their concentration was constant for the whole duration 

of biostability test in SBF, in good accordance with the EDS analyses that showed 

almost negligible percentages of calcium on both ZnO and ZnO-NH2 surfaces 

(Table 3.4). This behavior differed from what reported in literature for other 

nanomaterials, like silica or bioglass-based compounds that, when immersed in 

SBF, caused the co-precipitation of calcium and phosphate ions leading to the 

formation of hydroxyapatite compound on the material surface (Cauda, 

Schlossbauer, et al., 2010). However, numerous literature studies (Herrmann et al., 

2014, Lv et al., 2012) described the strong interaction between phosphate anions 

and ZnO nanoparticles, suggesting that this high reactivity could be detrimental for 

the combination of PO4
3- with calcium cations. In case of ZnO nanomaterials the 

sole formation of carbonate and phosphate-based precipitates occurred, as already 

observed. The absence of precipitated hydroxyapatite was also confirmed by XRD 

patterns, which presented only the peaks related to the wurtzite phase of ZnO 

(Figure 3.12). In EMEM the level of Ca2+ presented a slow decrease after 72 hours 

of contact with ZnO and ZnO-NH2 samples, in good accordance with the EDS 

analyses that evidenced the presence of calcium at the surface of NCs immersed in 

cell culture medium (Table 3.5).  

As expected, the lipid coated ZnO-DOPC NCs showed quite opposite behavior, 

with almost no release of Zn2+ ions in both SBF and EMEM solutions for the whole 

duration of biostability tests (green lines in Figure 3.15). These results confirmed 

the previous data, evidencing that the phospholipidic shell fully preserve the NCs 

structure preventing hydrolysis and dissolution. Also Ca2+ concentration was 

almost constant in both SBF and EMEM, together the P level in SBF. Instead, an 

oscillating trend accompanied by a reduction for longer time points was observed 

for the P level in EMEM, confirming the formation of phosphate-based precipitates 

already observed from FT-IR and EDS analyses. 

 

Figure 3.15: ICP-MS analyses reporting the concentration of zinc, calcium and phosphorus elements in 

(a) SBF and (b) EMEM at different time points of the biostability assay for the three types of NCs. 
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3.3.4 Colloidal and chemical stability in Phosphate-buffered saline 

As already detailed in the Introduction section, the interaction of ZnO with 

phosphate groups is widely reported in the literature and has a prominent role in the 

ZnO NPs colloidal and chemical stability in biological environment. However, in 

complex media, like SBF or EMEM, the effect of phosphates is combined with 

other interactions and it is difficult to discriminate the different contributions. 

In this perspective, additional biostability tests were performed using PBS 

solution, a buffer with a very simple composition constituted mainly by phosphates 

ions together with other elements that do not interact with ZnO NCs (see Table 

3.1). In particular, the aggregation and dissolution behavior was monitored for only 

one week, comparing pristine ZnO and lipid-coated ZnO-DOPC NCs.  

The DLS results, reported in Figure 3.16, confirmed again the positive effect 

of the lipid shell on the ZnO NCs colloidal stability. The z-average values of ZnO 

samples (Figure 3.16a, blue line) ranged between 1700 and 3700 nm, indicating a 

strong and rapid aggregation of the NCs in PBS solution, with the formation of 

micrometric aggregates. As already reported for SBF solution, the analysis was 

interrupted after 1 hour, since the following measurements did not meet the quality 

criteria requested from DLS technique. The moderate decrease of z-average over 

time suggested the partial precipitation of the largest aggregates. This hypothesis 

was strongly supported by the trend of the derived count rate (Figure 3.16b), that 

represents the scattering intensity in absence of the laser light attenuation filter. The 

decrease of this parameter indicates a diminution of particles in solution and, in 

presence of aggregates, is ascribable to sample precipitation. 

In contrast, the coated ZnO-DOPC NCs, showed constant z-average values and 

constant derived count rate (Figure 3.16a and b, green lines). In particular, the 

hydrodynamic diameters were comprised between 100 and 250 nm and were similar 

to the value of just prepared ZnO-DOPC NCs in bd water confirming the high 

colloidal stability of lipid coated NCs. 

 

 

Figure 3.16: Over-time monitoring of (a) z-average and (b) derived count rate of pristine ZnO NCs (blue 

lines) and coated ZnO-DOPC NCs (green lines) in PBS solution. 
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As already explained for the biostability assay in SBF and EMEM solutions, 

the chemical stability of the NCs was assessed through ICP-MS analyses 

monitoring the concentration of Zn and P elements in the supernatants collected at 

different time points. Obviously, the calcium concentration was not evaluated in 

this case, since it is not part of PBS formulation.  

The results are reported in Figure 3.17. The maximum level of zinc cations 

released from uncoated ZnO NCs was equal to 70 ppm. Compared to the previous 

results in both SBF and EMEM solutions (see Figure 3.15), the dissolution rate was 

slower, with a small increase in the first hour followed by a more consistent increase 

after 24 hours. Then, the Zn2+ concentration was almost constant up to one week, 

resembling to the behavior already observed for the other tested solutions.  

The decrease of phosphorous, which is almost constant over time, confirmed 

the previous results indicating a great interaction between the PO4
3+ groups and the 

surface of ZnO NCs. The protective action of DOPC lipid shell was also confirmed, 

registering a very low concentration of Zn2+ in the supernatants of ZnO-DOPC 

sample at all time points. 
 

 

Figure 3.17: ICP-MS analyses reporting the concentration of zinc and phosphorus elements in PBS at 

different time points for pristine ZnO and coated ZnO-DOPC NCs. 

Overall, the results of the analyses in PBS evidenced the great influence of 

phosphate groups on ZnO NCs colloidal and chemical stability. The DLS data 

displayed a high aggregation, also due to the high ionic strength of the buffer 

solution. ICP-MS measurements also confirmed the detrimental interaction of ZnO 

NCs with PO4
3+ groups that led to the release in solution of Zn2+ ions. However, the 

kinetics and the extent of the dissolution were relatively lower if compared to the 

those measured in SBF and EMEM, suggesting that the chemical instability could 

be also ascribed to the presence of other species in solution like carbonates or 

proteins. Furthermore, these results confirmed again the efficacy of phospholipidic 

shell in the prevention of ZnO NCs aggregation and dissolution. 
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3.4 Conclusions 

Biostability tests performed in different biological media confirmed the high 

colloidal and chemical instability of ZnO material in the biological environment 

and the efficacy of phospholipidic shell in the prevention of ZnO NCs aggregation 

and dissolution. 

In particular, both uncoated ZnO and ZnO-NH2 NCs presented high 

aggregation extents in the tested buffer solutions and cell culture medium 

accompanied by a high reactivity towards media components (particularly 

phosphate and carbonates species and proteins) with a subsequent partial 

dissolution. In contrast, lipid coated ZnO-DOPC NCs, obtained through simple 

solvent exchange method, showed significantly improved biostability. The 

presence of phospholipid bilayer around the NCs surfaces efficiently prevents their 

aggregation in biological media and their dissolution into potentially cytotoxic Zn2+ 

ions. Actually, the colloidal and chemical stabilization provided by the lipid 

shielding was confirmed also at prolonged time points, highlighting the high 

reliability of lipids surface functionalization. 

Overall, these results confirmed the opportunity to develop a hybrid 

nanoconstruct formed by ZnO NCs shielded by lipid bilayer as a more reliable 

therapeutic tool. The lipid coating, in fact, ensured the preservation of 

morphological, chemical and structural features of synthesized ZnO NCs even after 

a prolonged immersion in reactive biological media. Functionalization with lipid 

shell also imparted a great colloidal and chemical stabilization in both cell culture 

medium and simulated biological fluids suggesting a more predictable and 

controllable therapeutic effect both in vitro and in vivo. 
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Chapter 4 

Development of TNHs hybrid 

nanoconstructs constituted by zinc 

oxide nanocrystals shielded by 

extracellular vesicles  
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4.1 Introduction 

4.1.1 Extracellular Vesicles (EVs): definition and biological role 

4.1.1.1 EVs classification 

Extracellular vesicles (EVs) comprehend different types of cell-derived 

membranous structures composed by a lipid bilayer containing cytosolic material 

and nuclear components. EVs are secreted into surrounding environment by 

prokaryotes and different types of eukaryotic cells, including normal and diseased 

cells, and they are present in various biological fluids and involved in different 

physiological and pathological processes (Villata et al., 2020). According to a 

common and widespread classification method, the EVs are divided in two main 

subcategories, i.e. exosomes and microvesicles, based on their dimension and 

different biogenesis. Exosomes present dimensions ranging from 50 to 150 nm and 

an endocytic derivation. In particular, they are formed as intraluminal vesicles 

which are then released in the extracellular milieu after the fusion of multivesicular 

bodies with the plasma membrane. Microvesicles, instead, have size between 50 

and 500 nm, sometime extended up to 1 µm or even 10 µm in case of cancer-derived 

microvesicles oncosomes, and derive directly from the budding and subsequent 

fission of plasma membrane (Van Niel et al., 2018). In addition, other 

classifications report also a third category of EVs, named apoptotic bodies, which 

comprehend larger vesicles of about 1-2 µm released by cells during the apoptotic 

process and containing a portion of dying cells cytoplasm (Kanada et al., 2016).  

A schematic representation of the three described categories is shown in Figure 

4.1, whereby the differences in content and surface proteins, which reflect their 

different derivation, are also highlighted. For instance, microvesicles present 

cellular receptors and transmembrane proteins specific of the cell of origin (Lawson 

et al., 2016), whereas exosome are rich of proteins associated with the endosomal 

compartment (Théry et al., 2002). Conversely, apoptotic bodies normally contain 

cellular organelles and fragmented genomic DNA (Saraste & Pulkki, 2000). 

However, the current EVs isolation methods, that will be described in the next 

subsection, do not permit a complete separation and purification of the different 

vesicles subtypes. In particular, exosomes and microvesicles present very similar 

size ranges and densities and, therefore, their separation is almost unachievable. 

Thus, many studies especially in the fields of nanomedicine and drug delivery 

employ both exosomes and microvesicles generically identifying them as 

extracellular vesicles (EVs) (Marcus & Leonard, 2013). 

In addition, the identification of specific and univocal markers to discriminate 

the biogenesis of different EVs subtypes is really difficult and it is still missing. For 

this reason, recently, the International Society for Extracellular Vesicles (ISEV) has 

proposed new classification methods based on physico-chemical characteristics of 

EVs. For instance, EVs could be categorized as small (sEVs <100 or 200 nm) or 

medium/large (m/lEVs>200 nm) considering their dimension or as low/middle/high 

dense EVs considering their density (Théry et al., 2018).  
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Figure 4.1: Schematic representation of EVs subcategories, i.e. microvesicles, exosomes and apoptotic 

bodies, and their different formation mechanisms; figure from (Lawson et al., 2016). 

4.1.1.2 EVs biological function: intercellular communication 

The first observation of small spheroidal membrane structures released by cells 

dates back to 1983 when two different research groups observed the production of 

these vesicles from maturing reticulocytes (Harding & Stahl, 1983; Pan & 

Johnstone, 1983). In the same years the terms exosomes (Johnstone et al., 1987) 

and microvescicles (Dalton, 1975) were coined, but the interest in these biological 

entities remained restrained. In fact, at first it was thought that exosomes and 

microvesicles were responsible for the disposal of unwanted cellular material and 

only after more detailed studies EVs were indicated as vehicles for cell-cell 

communication. In particular, an in vitro study conducted in middle 1990s 

demonstrated that exosomes secreted by B lymphocytes contained particular 

transmembrane proteins responsible for antigen presentation and that they were 

capable to induce immune response (Raposo et al., 1996). Starting from 2006, 

several groups reported that EVs could contain and transfer bioactive molecules 

present in the cytosol of originating cells (Ratajczak et al., 2006), including 

functional mRNA and miRNA which could be translated after the entrance in 

recipient cells, conferring new functionalities (Valadi et al., 2007). Detailed studies 

report about the different EVs contents which varies according to the physiological 

or pathological conditions of the cell of origin at the time of secretion (Giusti et al., 

2015). Thus, EVs could affect many processes of the recipient cells like 

differentiation, infections, immune response, and the initiation of a wide range of 

diseases (Roballo et al., 2019; Rodrigues et al., 2018). 

As already mentioned, EVs contain many functional molecules like different 

types of proteins, structural lipids, metabolites or nucleic acids derived from 

secreting cells. The bioactive material is located on the membranes of the vesicles 

or in their core, protected from extracellular environment by the lipid bilayer, and 

it is shuttled to neighboring or considerably distant recipient cells as schematically 

reported in Figure 4.2.  
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Figure 4.2: Schematic representation of EVs (i.e. exosomes and microvesicles) production by secreting 

cell and uptake by recipient cell. In particular, EVs can interact with target cell through (1) receptor-ligand 

interaction, (2) direct membrane fusion, (3) endocytosis and (4) subsequent release from endocytic 

compartment; figure from (Raposo & Stoorvogel, 2013). 

The interaction between EVs and recipient cells and the ultimate delivery of 

bioactive information involves different mechanisms. EVs can recognize particular 

target cells thanks to specific surface ligands and then they can remain stably 

associated with the plasma membrane of recipient cell or be internalized either by 

fusion or endocytic mechanisms (Raposo & Stoorvogel, 2013). During the 

internalization processes, EVs directly release their membrane components and 

cargos into recipient cells, while the combination of EVs with cell surface receptors 

may be responsible for the activation of different signaling pathways. In both cases, 

the interaction with EVs would cause functional changes in the recipient cells 

(Valadi et al., 2007). 

Since, the EVs-based intercellular communication could be associated with 

physiological but also pathological conditions like cancer, infectious and 

neurodegenerative diseases, EVs result interesting diagnostic biomarkers (Lane et 

al., 2018; Raeven et al., 2018). Moreover, the possibility to modify the EVs cargo 

encapsulating different therapeutic payloads allows their use as naturally derived 

drug delivery carriers, as will be discussed in the following sections. 

4.1.2 EVs isolation methods 

EVs can be isolated from in vitro cell culture supernatants and numerous 

biological fluids, including blood, saliva, urine, semen, bile, breast milk, 

cerebrospinal and ascitic fluid. However, several issues associated with EVs 

isolation, such as time-consuming processes, low yields, poor purity and 

reproducibility and lack of standardization, are among the major limitations for 

their applications.  
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The isolation methods currently applied rely on different properties of the 

secreted vesicles like size, density and antigen expression or on the change of their 

solubility in case of precipitation methods (Konoshenko et al., 2018). 

The most widely applied method is differential ultracentrifugation which 

allows the separation of the vesicles according to their different size and density 

with respect to other fluid components. Briefly, the ultracentrifugation protocol 

envisages the execution of several centrifugation steps at progressively increasing 

speed. The first steps allow the elimination of larger or denser components like 

cells, cells debris, apoptotic bodies and biopolymers aggregates while the final steps 

at the highest centrifugal speed (i.e. 100.000g) consent the recovery and wash of 

EVs. This procedure produces reasonably clean samples but large proteins 

aggregates might co-sediment with EVs (Théry et al., 2006).  

Purer preparation could be obtained through the application of density gradient. 

According to this method the samples are resuspended in sucrose- or iodixanol-

based solutions and ultracentrifuged. The EVs move according to their equilibrium 

density with respect to the medium and are thus separated from other components 

that possess different characteristic buoyancy (Rosado et al., 2019). At present, the 

density gradient ultracentrifugation is considered the gold standard method to 

obtain highly pure EVs samples. However, it is characterized by low recovery 

yields, complexity and long operating times. Moreover, also density gradient 

ultracentrifugation does not guarantee the separation of vesicles subtypes which all 

present similar sedimentation rates. 

Conversely, high purity and selectivity can be obtained through immunoaffinity 

methods, which exploit the bond between specific antibodies and EVs surface 

proteins to immobilize and capture the vesicles. The antibodies can be attached to 

different solid supports like magnetic beads, plates, columns or other carriers and 

they can be opportunely selected to interact with specific protein markers, therefore 

harvesting a single EVs subcategory (Carnino et al., 2019). The main disadvantages 

of immunoaffinity methods are the high costs and the limited efficiency, especially 

when handling blood or other body fluids which contain substances with high 

affinity for both antibodies and solid substrates. 

Other isolation techniques rely on the size of EVs, which are separated from 

other medium components after the passage through porous membranes or columns 

of porous beads in ultrafiltration and size exclusion chromatography respectively. 

Finally, EVs can be isolated using commercial kits containing mainly PEG or 

other superhydrophilic polymers. Appropriate buffers or polymer solutions cause 

change in solubility and aggregation of the vesicles, allowing their precipitation at 

low centrifugation speed. Obviously, this method would cause also the precipitation 

of protein contaminants that present similar solubility features but possess several 

advantages in term of costs, time and required equipment (Weng et al., 2016). 

Since every separation technique possesses its advantages and limitations, the 

choice of the most suitable EVs isolation method is mainly associated with their 

application. Indeed, in case of diagnostic purposes the recovery yield is the 

parameter to be optimized, while for drug delivery applications it is more important 
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to preserve the vesicles structure and to select an appropriate cellular source, able 

to ensure proper specificity and targeting ability. 

4.1.3 EVs in drug delivery applications 

4.1.3.1 EVs as naturally biomimetic nanocarriers 

Thanks to their cellular origin and biological role of intercellular messengers, 

EVs represent good candidates for the formulation of specific, non-immunogenic 

and stable delivery vehicles for different therapeutic payloads. 

For instance, EVs possess natural stability in blood and other biological fluids 

and an intrinsic ability to cross different biological barriers, ascribable to their small 

size and particular structure which ensure optimal extravasation capability and 

tissues penetration (Sander A.A. Kooijmans, Schiffelers, et al., 2016). Moreover, 

their lipid bilayer allows the loading of either hydrophilic and hydrophobic 

compounds, stable in the EVs core or membrane respectively (Luan et al., 2017). 

In this perspective, EVs can be assimilated to liposomes, i.e. synthetic lipid vesicles 

widely applied as nanocarriers for drugs and inorganic nanoparticles. As described 

in the previous chapter the lipid bilayer could provide a suitable defensive barrier 

to preserve the colloidal and chemical stability of different materials in the 

biological environment. However, in addition to this protective feature, EVs 

possess further characteristics with respect to synthetic liposomes, like low 

immunogenicity, absence of toxicity and better biocompatibility (Meng et al., 

2020). Actually, in a perspective of personalized drug delivery systems, it was 

reported that EVs collected directly from patient blood or tissues (i.e. autologous 

EVs) could provide a well-tolerated and safe therapeutic option (Batrakova & Kim, 

2015). More in general, EVs are characterized by a prolonged blood circulation and 

immune-privileged status. Several studies, in fact, reported the presence of 

particular receptors on EVs surface which inhibit their interaction with 

mononuclear phagocyte system (MPS), ensuring a lower clearance and a better 

biodistribution (Antimisiaris et al., 2018). Finally, some in vitro studies indicate 

that EVs could possess also intrinsic tropism and could be selectively distributed to 

particular organs and tissues, thanks to their peculiar molecular composition 

precisely controlled by the cellular source (Rana et al., 2012). 

Thanks to these promising features, EVs have been recently evaluated as 

carriers for the delivery of different therapeutic cargos like low molecular drugs, 

nucleic acids, genes and nanoparticles. For instance, cell-derived membrane 

vesicles are proven to efficiently mediate the intercellular distribution of 

hydrophobic compounds, providing new options for the delivery and penetration of 

chemotherapeutics across biological barriers (Haney et al., 2020). In vitro and in 

vivo studies on nanoconstructs composed by EVs and doxorubicin, a common 

chemotherapeutic agent for the treatment of different cancer types, confirmed the 

targeted delivery of the drug to breast cancer cells reducing the side effects and, 

thus, enhancing the therapeutic efficacy (Hadla et al., 2016). Similar results were 

obtained using EVs loaded with Paclitaxel, a chemotherapeutic drug used for the 



79 

 

treatment of multi-drug resistant cancers. The encapsulation in EVs ensured an 

increased release of the cargo and a higher targeting ability with respect to the free 

drug (Kim et al., 2016). A comparative study demonstrated the superior delivery of 

RNA by cell-derived EVs with respect to synthetic liposomes due to the lower 

clearance of EVs and their potentially favorable internalization mechanism, which 

protect the payload from lysosomes degradation (Kamerkar et al., 2017). Recent 

studies in the field of cancer nanomedicine reported also the combination of EVs 

with inorganic nanoparticles. For instance, iron oxide NPs were encapsulated in 

EVs and efficiently delivered to cancer cells for both imaging and therapeutic 

purposes based on the magnetic properties of NPs (Silva et al., 2013). EVs were 

also reportedly combined with gold NPs (Srivastava et al., 2016; Betzer et al., 2017) 

or metal-organic frameworks (Illes et al., 2017), in order to exploit the stabilization 

effect and the biomimetic features of the vesicles together with the imaging 

properties and the high drug loading capacity of inorganic nanocarriers. 

4.1.3.2 EVs loading methods 

EVs can be loaded with different therapeutic cargos and exploited as 

biomimetic drug delivery vehicles. However, due to their role as intercellular 

messengers, the cell-derived vesicles naturally enclose proteins and other bioactive 

molecules that may reduce the EVs intrinsic loading potential. Indeed, the efficient 

encapsulation of external cargos is one of the major challenges in the application of 

EVs as drug delivery systems, together with the maintenance of their integrity and 

functionalities after the loading processes (Kibria et al., 2018). Thus, the 

development of efficient and conservative loading strategies is of paramount 

importance.  

As schematically represented in Figure 4.3, the current loading strategies 

comprehend several options essentially divided in (1) endogenous methods, which 

envisage the modification of progenitor cells with the desired cargo and the 

subsequent isolation of loaded EVs, and (2) exogenous methods in which the EVs 

are modified after their isolation. Furthermore, post-isolation exogenous methods 

can follow two main approaches, i.e. passive or active encapsulation. In case of 

passive encapsulation, EVs and therapeutic cargos are simply co-incubated to 

achieve the loading while active methods involve the application of different 

external stimuli to permeabilize EVs membrane and favor the cargos entrance 

(Sutaria et al., 2017). 
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Figure 4.3: Schematic representation of EVs loading strategies, categorized as (1) modification of 

progenitor cells (i.e. endogenous methods) and (2) post-isolation loading methods (i.e. exogenous methods); 

figure from (Rufino-Ramos et al., 2017). 

A brief description of the principal loading strategies reported in literature are 

presented in the following subsections with particular attention to post-isolation 

methods, more interesting for the purposes of this PhD thesis. 

 

Modification of progenitor cells 

Endogenous loading methods involve the modification of progenitor cells 

which will then secrete EVs loaded with the desired therapeutic payload. This 

mechanism envisages the engineering of parent cells through incubation or 

transfection with therapeutic agents, which are internalized by cells and inserted 

into the different types of vesicles during their biogenesis. The modified cells would 

then produce pre-loaded EVs (Elsharkasy et al., 2020).  

As represented in Figure 4.3, this method is primarily reported for the 

encapsulation of nucleic acids, proteins or drug molecules. For instance, EVs 

containing therapeutically active miRNA (Kosaka et al., 2010) and siRNA (Shtam 

et al., 2013) were efficiently produced following the transfection of parent cells. In 

addition, the production of EVs pre-loaded with chemotherapeutic agents like the 

already mentioned paclitaxel was also achieved (Pascucci et al., 2014). The 

internalization of drug molecules in secreting cells could be obtained by incubating 

the compounds directly dispersed in cell culture medium or transported by 

nanocarriers. The use of nanocarriers would allow the delivery of drug in 

appropriate cellular compartments, reducing unwanted lysosomal degradation and 

enhancing EVs loading (Lee et al., 2015). Finally, endogenous loading methods 

were recently reported also for solid nanoparticles. For instance, EVs pre-loaded 

with hollow gold (Sancho-Albero et al., 2019), iron oxide (Mulens-Arias et al., 

2018) or porous silica NPs (Yong et al., 2019) were isolated from opportunely 

treated cells, allowing imaging and therapeutic applications. 
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The major drawback of endogenous loading methods relies on the low 

efficiency, since only a small fraction of therapeutic agents present in the parent 

cells would be transferred to the secreted EVs (Armstrong et al., 2017). 

 

Post-isolation loading methods 

As already mentioned exogenous or post-isolation loading methods can be 

divided in two subcategories, i.e. passive and active loading methods. 

Passive method basically consists in the co-incubation of EVs and cargos 

without the addition of any external reagent. The two components would interact 

on the basis of their physicochemical properties, exploiting, for instance, the 

presence of concentration gradients or the hydrophobicity of payloads to efficiently 

cross the EVs lipid membrane (Luan et al., 2017). Passive co-incubation is normally 

performed at room temperature or at 37°C with different duration times ranging 

from few minutes to several hours. Thanks to its intrinsic simplicity, this method is 

widely applied in the literature for the encapsulation of different entities, like drugs, 

macromolecules and inorganic nanoparticles. For instance, the hydrophobic 

chemotherapeutic agents doxorubicin and paclitaxel were loaded into isolated EVs 

thanks to their lipophilic nature, obtaining a targeted and sustained release in cancer 

cells (Smyth et al., 2015; Kim et al., 2016). Similarly, rapid passive incubation 

allowed the encapsulation of hydrophobic curcumin inside EVs, increasing its 

biostability, solubility and cellular delivery (Zhuang et al., 2011). The co-

incubation strategy was applied also for the loading of EVs with inorganic 

nanoparticles like the already mentioned drug-conjugated gold NPs (Srivastava et 

al., 2016) or metal-organic frameworks (Illes et al., 2017). In these cases, the 

encapsulation within the EVs was achieved through a fusion method similar to the 

one cited for pre-formed liposomes, comprising a first step of close interaction 

between vesicles and nanoparticle and the subsequent engulfment of NPs through 

the rearrangement of lipid bilayer. In addition, glucose-coated gold NPs were 

reportedly loaded into EVs through an energy-dependent mechanism mediated by 

a glucose transporter located on vesicles membrane helping the particle 

encapsulation (Betzer et al., 2017).  

The main advantages of the passive co-incubation method are its simplicity and 

the preservation of EVs membrane integrity, while it is adversely characterized by 

low loading efficiencies. Conversely, active loading methods try to overcome this 

limitation applying an external stimulus to facilitate the cargo entrance. As 

schematically depicted in Figure 4.3, several options are currently analyzed, 

including electroporation, saponin treatment, application of freeze-thaw cycles, 

sonication and extrusion. These methods are primarily applied in presence of large 

or hydrophilic cargos, which cannot easily diffuse through EVs lipid bilayer as 

envisaged by passive incubation method (Vader et al., 2016). 

Briefly, electroporation consists in the creation of temporary pores in the EVs 

membranes, following their resuspension in a conductive solution and the 

application of an electric field which causes the destabilization of phospholipid 

bilayer. This technique was primarily reported for the encapsulation of exogenous 
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RNA (Wahlgren et al., 2012; Alvarez-Erviti et al., 2011), but it was also applied for 

the encapsulation of doxorubicin (Y. Tian et al., 2014) or small hydrophilic 

molecules used for photodynamic therapy (Fuhrmann et al., 2015). Moreover, 

superparamagnetic iron oxide NPs of about 5 nm were efficiently loaded in EVs 

through electroporation methods, opening the promising possibility to monitor 

loaded-EVs with magnetic resonance imaging (Hood et al., 2014). The main 

disadvantage of electroporation method is the complexity of operating parameters 

that need to be carefully optimized also as a function of EVs type (Pomatto et al., 

2019). Furthermore, both EVs and cargos aggregation are frequently reported 

(Sander A.A. Kooijmans et al., 2013).  

The membrane destabilization can be also achieved by the application of a 

mechanical stimulus, like mechanical shear forces exerted on EVs-cargos solution 

by means of sonicator probes or extruders equipped with porous membranes. 

Actually, the extrusion method could be applied directly to the isolated EVs (Haney 

et al., 2015; Fuhrmann et al., 2015) or starting from the whole cells, as depicted in 

Figure 4.3. According to the second strategy, several extrusion steps through 

progressively smaller pores were carried out on the cells previously incubated with 

cargos producing loaded vesicles composed by fragment of cellular membranes 

mimicking the EVs (Jang et al., 2013). Concerning the sonication method, the 

reduction of membrane microviscosity caused by the application of ultrasounds 

ensured high loading efficiencies of nucleic acids (Lamichhane et al., 2016), 

paclitaxel (Kim et al., 2016) and catalase enzyme (Haney et al., 2015). However, 

since both sonication and extrusion methods are based on the disruption and 

reconstitution of the lipid membranes, major EVs aggregation is reportedly 

associated to these type of procedures. In addition, the preservation of membrane 

biomimicry and the drug retention have to be carefully assessed after these 

treatments (Luan et al., 2017). 

Another active loading strategy envisages the chemical permeabilization of 

EVs membrane through saponin treatment. Indeed, saponin surfactant is able to 

dissolve cholesterol molecules forming pores which would allow the cargo 

penetration. A comparative study evidenced the high loading efficacy of saponin-

assisted encapsulation with respect to passive incubation or other active methods 

(Fuhrmann et al., 2015). Anyway, due to saponin potential toxicity, the amount of 

detergent must be precisely controlled and the loaded-EVs carefully purified before 

their application (Sutaria et al., 2017). 

 Finally, the application of sequences of freeze-thaw cycles is also evaluated. 

EVs-containing solutions are often frozen for preservation and storage, but repeated 

freezing and thawing could lead to membrane damage caused by ice crystals 

formation. In addition, the lipid bilayer would be stressed by the expansion of the 

liquid contained in the lumen during freezing and this would cause membranes 

strain and, eventually, rupture, facilitating the encapsulation of external cargos 

(Seneviratne et al., 2020). Literature studies reported the effective encapsulation of 

chemotherapeutic agents (Goh et al., 2017) and catalase enzyme (Haney et al., 

2015) as well as the fusion between EVs and synthetic liposomes (Sato et al., 2016) 

through the application of repeated freeze-thaw cycles. As for other active methods, 
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the main drawbacks of freeze-thaw strategy are the aggregation and potential loss 

of membrane integrity, which could be mitigated by reducing the number of cycles. 
 

The high stability, the extended blood circulation and low immunogenicity 

together with the possibility of their efficient loading with different therapeutic 

cargos, made EVs one of the most promising drug delivery systems. In this context, 

relies the development of the hybrid nanoconstruct, called TNH (i.e. 

TrojaNanoHorse), described in this chapter. Briefly, TNHs nanoconstructs were 

obtained combining therapeutically active ZnO NCs and EVs derived from KB 

cancerous cells through an optimized passive co-incubation method. The 

experimental results reported in Chapter 3 already demonstrated that the shielding 

with synthetic supported lipid bilayer could efficiently prevent ZnO NCs 

aggregation and degradation in biological environment. However, with respect to 

synthetic lipids, the use of cell-derived vesicles would guarantee not only the 

biostability but also the improvement of the biocompatibility of TNH hybrid 

nanoconstruct. Thus, 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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4.2 Materials and method 

4.2.1 ZnO NCs synthesis and characterization 

4.2.1.1 Synthesis of amino-propyl functionalized ZnO NCs  

The ZnO NCs were synthesized through microwave-assisted method and 

functionalized with amino-propyl groups as described in Chapter 2 (Garino et al., 

2019). The nanocrystals were labeled by conjugation with Atto647-NHS Ester 

(AttoTec) or Atto550-NHS Ester (Attotec) as already described. 

4.2.1.2 ZnO NCs Characterization 

Electron Microscopy 

The morphology of the amino-propyl functionalized ZnO NCs was evaluated 

by conventional and High-Resolution Transmission Electron Microscopy (TEM 

and HR-TEM). The sample was prepared by diluting ZnO NCs in ethanol (99%, 

Sigma-Aldrich) and depositing one drop of the obtained solution on a holey carbon-

coated copper grid. The deposited sample was then dried overnight and analyzed 

using a FEI Tecnai F20 ST transmission electron microscope operating at 200 kV. 

Selected Area Electron Diffraction (SAED) pattern was also acquired in order 

to confirm ZnO NCs crystalline structure. 

 

X-ray diffraction 

The crystalline structure of the amino-propyl functionalized ZnO NCs was also 

analyzed by X-ray diffraction (XRD) 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 X’Pert diffractometer with the same settings described 

in Chapter 2. 

 

Dynamic Light Scattering (DLS) and Nanoparticle Tracking Analysis (NTA)  

The hydrodynamic size distributions of ZnO NCs dispersed in different media, 

i.e. ethanol, bd water, PBS and physiologic solution, were determined by Dynamic 

Light Scattering (DLS) technique using a Zatasizer Nano ZS90 (Malvern 

Instruments). The samples were analyzed at concentration 100 μg/ml and sonicated 

10 minutes before the acquisition. Zeta-Potential measurements in bd water, PBS 

and physiologic solution were acquired with the same instrument. 

Size distribution of ZnO NCs in bd water was also measured by Nanoparticle 

Tracking Analysis (NTA) technique, using Nanosight NS300 (Malvern 

Panalytical), equipped with a λ=505 nm laser beam and a NanoSight syringe pump. 

The samples were appropriately diluted to meet the ideal particles per frame value 

(20-100 particles/frame) and measured by capturing three videos of 60 seconds with 

an infusion rate of 30 and a camera level value between 11 and 15. The collected 



85 

 

videos were then analyzed by the NTA 3.3 software (Malvern Panalytical), setting 

the detection threshold at 5. 

4.2.2 EVs extraction and characterization 

4.2.2.1 EVs production and extraction 

The EVs used in this study were extracted from conditioned media of KB cells 

(ATCC® CCL17). KB cells were cultured in Eagle’s minimal essential medium 

(EMEM, Sigma), supplemented with 10% heat inactivated fetal bovine serum 

(FBS, Sigma), penicillin (100 units/ml) and streptomycin (100 μg/ml). After 48 

hours, the media was removed and the cells were washed with PBS and resuspended 

in fresh media supplemented with EVs-depleted FBS.  

Depleted FBS was produced by overnight centrifugation at 100,000g, 4°C; the 

supernatants were collected and used to complement cell culture media up to the 

final concentration of 10%. 

The cells were cultured in EVs-free medium for 48 hours and then the 

conditioned supernatants were collected for EVs isolation, performed according to 

a sterile ultracentrifugation protocol, optimized from Thery et al. (Théry et al., 

2006). Before each isolation, the cell viability was assessed and only samples with 

viability >95% were processed in order to reduce the possibility of apoptotic bodies 

recovery. 

In details, the collected cell culture medium was centrifuged at 130g at 4°C for 

10 minutes to remove dead cells. The supernatant was then centrifuged at 2,000g at 

4°C for 20 minutes to remove cell debris and subsequently recollected, aliquoted in 

ultracentrifuge tubes (32 ml Optiseal tubes, Beckman Coulter) and ultracentrifuged 

at 10,000g at 4°C for 30 minutes using a OptiMax Ultracentrifuge (Beckman 

Coulter) equipped with a MLA-50 rotor. The supernatant was recollected and 

ultracentrifuged at 100,000g at 4°C for 70 minutes to pellet EVs. Finally, a washing 

step was performed resuspending the EVs-containing pellet in cold, 0.1 μm-filtered 

PBS and ultracentrifuging again at 100,000g at 4°C for 60 minutes. The final pellet 

was then resuspended in 600 μl of PBS or physiologic solution, divided in aliquot 

of 50 μl and stored at -80°C for further use. 

To perform analysis involving fluorescence, the EVs were labeled with 

DiOC18(3) 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO, Invitrogen) and 

DiDC18(5) 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine perchlorate 

(DiD, Invitrogen) with a λEx of 488 nm and 648 nm, respectively. 

 Briefly, stored EVs were thawed out at 37°C in a water bath and then labelled 

by adding 0.5 μl of dye (10 μM in DMSO) for each EVs aliquot, containing 

averagely 7·109 particles. The solution was kept at 37°C, in dark and under agitation 

(180 rpm) for 30 minutes and then washed once with PBS by ultracentrifuging at 

100,000g at 4°C for 60 minutes. The obtained pellet was finally resuspended in cold 

0.1 μm-filtered PBS or physiologic solution. 
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4.2.2.2 EVs characterization 

Electron Microscopy 

The morphology of the EVs extracted from KB cells was evaluated by Field 

Emission Scanning Electron Microscopy (FESEM) and Trasmission Electron 

Microscopy (TEM).  

For FESEM analyses, performed with a Merlin field emission scanning electron 

microscope (Carl Zeiss), the samples were diluted in 0.1 µm-filtered PBS and 

deposited on silicon wafer.  

For TEM, the vesicles were diluted in a solution 1:1 v/v of bd water and 

physiologic solution. One drop of the obtained dispersion was deposited on a holey 

carbon-coated copper grid, dried overnight at room temperature and then analyzed 

using a FEI Tecnai F20 ST transmission electron microscope operating at 80 kV. 

Energy Dispersive X-ray Spectroscopy was also performed on the same sample. 

 

Nanoparticle Tracking Analysis (NTA) and Zeta-Potential measurements 

Concentration and size distribution of EVs dispersed in PBS and physiologic 

solution were analyzed by Nanoparticle Tracking Analysis (NTA) technique. The 

samples were diluted 1:100 and analyzed with the same instrument used for 

nanocrystals characterization (i.e. Nanosight NS300, Malvern Panalytical). The 

camera level was set at 15 or 16 and the detection threshold at 5. 

Zeta-Potential measurements were performed with Zetasizer Nano ZS90 

(Malvern Instruments), by diluting the EVs aliquot (50 μl) in 950 μl of PBS or 

physiologic solution. 

4.2.3 TNHs construction and characterization 

4.2.3.1 TNHs optimization 

The optimization of the coupling process between amino-propyl functionalized 

ZnO NCs and EVs was carried out by varying several parameters, i.e. the mixing 

method, the duration and the temperature of the reaction, the dispersing medium 

and the ratio between the components. 

In general, 50 μl of fluorescently labelled EVs dispersed in PBS or physiologic 

solution were added to 50 μl of bd water containing different amount of labeled 

ZnO NCs, as further detailed in the discussion section. At the end of the coupling 

procedure, the samples were centrifuged at 5,000g for 5 minutes to recover the EVs 

coupled with ZnO NCs, contained in the pellet. The pellet (TNH Run 1) was 

resuspended in 100 μl of 1:1 v/v of bd water and PBS or physiologic solution. The 

supernatant, containing uncoupled EVs, was mixed with a new aliquot of ZnO NCs 

repeating the incubation and centrifugation steps; the obtained second pellet 

constitute the TNH Run 2. 
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4.2.3.2 TNHs characterization 

Fluorescence Microscopy 

The coupling efficacy was evaluated through fluorescence microscopy using a 

wide-field fluorescence-inverted microscope (Eclipse Ti-E, Nikon) equipped with 

a super bright wide-spectrum source (Shutter Lambda XL), a high resolution 

camera (Zyla 4.2 Plus, 4098x3264 pixels, Andor Technology) and a 60× immersion 

oil objective (Apo 1.40, NIkon). The images were analyzed with colocalization tool 

of NIS-Element software (NIS-Element AR 4.5, Nikon). In brief, the spots in red 

and green channels (corresponding to ZnO NCs and EVs respectively) were 

counted and then a merge of the two images were performed, counting only the 

spots in which the two fluorescence were superimposed. The percentage of 

colocalization with respect to the ZnO NCs (%co-ZnO) was then calculated doing 

the ratio between the number of colocalized spots and the total number of red spots. 

 

Electron Microscopy 

The morphology of TNHs obtained with the optimized protocol was studied 

with TEM analyses, operating at the same condition described for EVs. 

Energy Dispersive X-ray Spectroscopy was also performed on the same 

sample, to confirm the presence of Zn. 

 

Nanoparticle Tracking Analysis (NTA) and Zeta-Potential measurements 

Size distribution of TNHs obtained with the optimized protocol were measured 

by NTA technique with Nanosight NS300 (Malvern Panalytical) and compared to 

pristine EVs and ZnO NCs, prepared following the same protocol. The samples, 

diluted in 1:1 v/v of bd water and physiologic solution to reach ZnO NC 

concentration of 15 μg/ml or the corresponding EV concentration, were analyzed 

setting the camera level at 15 and the detection threshold at 5. 

Zeta-Potential measurements of TNH obtained with the optimized protocol 

were performed with Zetasizer Nano ZS90 (Malvern Instruments), diluting the 

sample in 1:1 v/v of bd water and physiologic solution to reach the volume of 1 ml. 

4.2.3.3 TNHs for biological tests 

The optimized protocol derived from the initial parameter screening was 

amended for the biological assays to respect the experimental conditions needed for 

tests on KB cancer cells. 

Cells were treated with 1 ml of solution containing ZnO NCs at concentrations 

5, 15, 25 and 50 μg/ml. In the first run, EVs were coupled with half of ZnO NCs 

and, after the centrifugation, the pellet was directly resuspended in 635 μl of cell 

culture medium. The supernatant, made by 365 μl of mixed bd water and 

physiologic solution containing empty EVs, was coupled with the second half of 

ZnO NCs. At the end of the second run, no centrifugation was performed and TNH 

Run 1 and Run 2 were reunited, reaching the final volume of 1 ml.  
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Details on solution composition and on ZnO NCs and EVs quantity for each 

treatment are reported in Table 4.1. 

EVs and amino-propyl functionalized ZnO NCs which have followed all the 

steps of TNH formation protocol without the addition of nanocrystals and vesicles 

respectively were also prepared as control samples. 

Table 4.1: Amounts of ZnO NCs and EVs and volumes of solutions used for the preparation of TNHs at 

different concentrations for the biological tests on KB cells. 

Treatment 

Run 1 

(90’ @ 37°C,  

180 rpm) 

 
Centrifugation 

(5’000 g, 5min) 

Run 2 

(90’ @ 37°C,  

180 rpm) 

5 µg/ml 

2.5 µg ZnO NCs in 25 µl H2O 

+ 31.5 µl EVs in physiologic 

solution (conc: 1.9·1011 part/ml) 

+283.5 µl 

physiologic 

solution 

-Pellet  

+ 635 µl EMEM Supernatant 

+ 2.5 µg ZnO NCs 

in 25 µl H2O -Supernatant: 

at Run 2 

15 µg/ml 

7.5 µg ZnO NCs in 25 µl H2O 

+ 94 µl EVs in physiologic 

solution (conc: 1.9·1011 part/ml) 

+221 µl 

physiologic 

solution 

-Pellet  

+ 635 µl EMEM Supernatant 

+ 7.5 µg ZnO NCs 

in 25 µl H2O -Supernatant:  

at Run 2 

25 µg/ml 

12.5 µg ZnO NCs in 25 µl H2O 

+ 157.5 µl EVs in physiologic 

solution (conc: 1.9·1011 part/ml) 

+157.5 µl 

physiologic 

solution 

-Pellet  

+ 635 µl EMEM Supernatant 

+ 12.5 µg ZnO NCs 

in 25 µl H2O -Supernatant:  

at Run 2 

50 µg/ml 

25 µg ZnO NCs in 25 µl H2O 

+ 315 µl EVs in physiologic 

solution (conc: 1.9·1011 part/ml) 

- 

-Pellet  

+ 635 µl EMEM Supernatant 

+ 25 µg ZnO NCs 

in 25 µl H2O -Supernatant:  

at Run 2 

 

4.2.4 Biological Tests 

4.2.4.1 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 the treatments 

solution containing ZnO NCs, TNHs or EVs at concentration 5, 15, 25 or 50 μg/ml. 

After 24 hours of incubation, WST-1 cell proliferation assay was performed. 

Briefly, 10 μl 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. 

4.2.4.2 Cell internalization assay 

The internalization of ZnO NCs, TNHs at EVs in KB cells was investigated by 

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

For these experiments ZnO NCs labelled with Atto647-NHS Ester and EVs 

labelled with DiO were used.  
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3×104 cells/well were seeded in a 24-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 treatments solution containing ZnO NCs, TNHs 

(concentration 5, 15 and 25 μg/ml) or EVs (concentration corresponding to 15 

μg/ml of TNHs). 

After 24 hours of incubation the cells were washed twice with PBS, trypsinized, 

pelleted (130g for 5 minutes) and resuspended in 500 μl of PBS for the analysis. 

For each sample were recorded 104 events positioned in a gate designed to exclude 

cells debris. The red laser (λEx=642 nm) was used for the excitation of the labelled 

NCs and the blue laser (λEx=488 nm) for EVs. The detected fluorescence was 

analyzed with Guava Incyte software (Merck Millipore); the results were expressed 

in percentages of positive events calculated with respect to a threshold set upon 

untreated cells (control) histogram. 

Both cytotoxicity and cell internalization assays were performed at least in 

triplicate and values were expressed as mean ± SEM (standard error of mean). For 

statistical analyses, he experimental data were analyzed using Sigmaplot 14 (demo 

version, Systat Software Inc.) performing one-way or two-ways ANOVA. ***p 

value < 0.001 and *p value < 0.05 were considered significant. 

4.2.4.3 Live cell fluorescence microscopy 

To further characterize the interaction of ZnO NCs, TNHs and EVs with KB 

cancer cells, live cell fluorescence microscopy was performed using a wide-field 

fluorescence-inverted microscope (Eclipse Ti-E, Nikon) combined with an 

incubator gas chamber (Okolab) equipped with a CO2 sensor, a temperature unit 

and an active humidity controller.  

For these experiments ZnO NCs were labelled with Atto647-NHS Ester and 

EVs were labelled with DiO, when used for the TNHs construction, or DiD, when 

used alone. 

3×104 cells/well were seeded in a 4 well chamber slide (Nunc Lab-Tek II CC2 

Chamber Slide System) and grown for 24 hours in standard conditions. The medium 

was then replaced with 500 μl of treatment solutions containing 15 μg/ml of ZnO 

NCs or TNHs or the corresponding number of EVs. After 24 hours of incubation 

the cells were washed twice with PBS. For the labelling of cell membrane, 2.5 μl 

of Wheat Germ Agglutiinin (WGA) conjugated with Alexa Fluor 488 dye (λEx=495 

nm), were added to the cells. After 10 minutes incubation cells were washed twice 

with Live Cell Imaging solution (LCI, 1×, Molecular Probes) and then imaged.  
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4.3 Results and discussion 

4.3.1 TNH therapeutically active core: ZnO NCs  

The ZnO NCs were synthesized through the microwave-assisted solvothermal 

synthesis method described in Chapter 2, that allowed to produce homogenous and 

reproducible particles with controlled physico-chemical and biological properties. 

The obtained NCs were further functionalized with APTMS molecules as described 

in details in Chapter 2. The amino-propyl groups were primarily required for the 

anchoring of fluorescent dyes (i.e. Atto550-NHS Ester or Atto647-NHS Ester), 

necessary for subsequent characterizations. In addition, as already shown in 

previous chapters, the presence of amino-propyl groups allowed to improve the 

NCs colloidal stability and imparted a higher positive surface charge, advantageous 

for the interactions with negatively charged EVs as described in details below. 

Therefore, the nanocrystals used for the TNHs construction, characterizations and 

biological tests described in this chapter must be intended always as amino-propyl 

functionalized NCs, even if called ZnO NCs for brevity. 

The morphology and structure of the obtained ZnO NCs were studied through 

Transmission Electron Microscopy that showed tiny and round-shaped particles, 

presenting some hexagonal edges and an average diameter of around 17 nm (Figure 

4.4a). The crystalline nature of the obtained particles was confirmed by HR-TEM 

analyses (Figure 4.4b), showing that NCs were formed by single crystals without 

evident defects and with lattice d-spacing typical of the ZnO hexagonal wurtzite 

structure. The crystalline phase of ZnO NCs was also confirmed by Selected Area 

Electron Diffraction (SAED, Figure 4.4c) and X-Ray Diffraction (Figure 4.4d), 

both showing the typical features of ZnO hexagonal wurtzite phase. 

The hydrodynamic size distribution of ZnO NCs in different solutions was also 

assessed with DLS and NTA techniques. In particular, NTA measurement (Figure 

4.4e) was performed in bd water, showing well-dispersed nanocrystals with a 

narrow monomodal distribution centered at 99 nm. The same behavior was 

observed from DLS measurements (Figure 4.4f) which displayed well-dispersed 

ZnO NCs in both ethanol and bd water with hydrodynamic diameters of 91 nm and 

103 nm respectively. Instead, the colloidal stability was largely decreased for 

nanocrystals dispersed in mixture of bd water and salt-rich solutions, i.e. Phosphate 

Buffered Saline (PBS) or physiologic solution (0.9%w NaCl). As known, these 

solutions are necessary to preserve the osmolarity and thus the integrity of EVs 

membranes but they were disadvantageous for the ZnO NCs stability in solution, 

causing NCs aggregation. In particular, shifts toward hydrodynamic diameters 

equal to 550 nm in physiologic solution and 720 nm in PBS were detected (Figure 

4.4f, dotted lines). 
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Figure 4.4: Characterization of ZnO NCs. Transmission Electron Microscopy images ((a) TEM and (b) 

HR-TEM; scale bars are 10 nm); (c) Selected area electron diffraction pattern; (d) X-ray diffractogram; (e) 

NTA measurement of nanocrystals dispersed in bd water and (f) DLS measurements of nanocrystals dispersed 

in different media. 

4.3.2 TNH biomimetic shell: EVs extracted from KB cells 

The EVs were extracted from conditioned supernatants of KB cells, according 

to the protocol created by Thery et al. (Théry et al., 2006) with some modifications, 

as fully detailed in the Materials and Methods section. The obtained final pellet, 

properly stored at -80°C, were characterized through Electron Microscopy, 

evidencing the presence of round-shaped vesicles with quite constant diameters of 

about 100 nm (TEM and FESEM images in Figure 4.5a and b respectively). 

EVs elemental composition was analysed with Energy Dispersive 

Spectroscopy (EDS, Figure 4.5c) and the presence of carbon and oxygen was 

obviously detected, due to the lipidic nature of the vesicles, together with high 

amounts of sodium, calcium and chlorine, ascribable to buffer solution used as 

dispersant medium. 
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Finally, NTA measurements were performed in order to analyse the EVs size 

distribution in solution and to measure their concentration, expressed in 

particles/ml. Several measurements (27 experiments) were performed, analysing 

EVs derived from different extractions to ensure the good reproducibility of the 

protocol. Representative results are reported in Figure 4.5d, showing narrow and 

monomodal size distributions centred at 110 nm for EVs dispersed in both PBS and 

physiologic solution. The measured EVs concentrations were ranging between 1.1 

× 1010 part/ml and 2 × 1011 part/ml. 

 

 

Figure 4.5: Characterization of EVs extracted from KB cells. (a) TEM image at 80 kV and magnification 

of a detail in the inset (scale bar: 1 μm); (b) FESEM image (scale bar: 100 nm); (c) Energy Dispersive 

Spectroscopy analysis performed in the region reported in (a); (d) NTA measurements of EVs dispersed in PBS 

(dashed line) or physiologic solution (solid line). 

4.3.3 TNHs construction and characterization 

The encapsulation of ZnO NCs into the EVs derived from KB cells was 

performed using a co-incubation method, i.e. by simply mixing the two components 

in solution without the application of external stimuli. As already detailed in the 

Introduction, this method could guarantee a good preservation of EVs integrity but 

is often accompanied by low loading efficiencies. Therefore, the influence of 

several operating parameters was analysed in order to find the better combination 

and maximize the coupling efficiency. 

The results of the coupling optimization are reported in the next section. In 

particular, during the screening of operating parameters the obtained TNHs were 

characterized through fluorescence microscopy, which allowed to detect the 

fluorescent signals of labelled ZnO NCs and EVs and evaluate their colocalization. 
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The coupling efficiencies were then expressed as percentages of colocalized spots 

with respect to the red signal of labelled ZnO NCs (%co-ZnO), as reported in details 

in the Materials and Methods section. The percentages with respect to the EVs 

(%co-EVs) and the overall percentages (%TNHs) were also monitored (data not 

shown), but the %co-ZnO was used as reference variable for the optimization of the 

coupling process. In fact, the main goal of the TNHs construction was to increase 

the biocompatibility and the colloidal and chemical stability of ZnO NCs thanks to 

the shielding of biological EVs. In this perspective, the limiting variable was the 

amount of uncoupled ZnO NCs, evaluable as complement of the %co-ZnO. 

The morphology, composition and colloidal stability of the TNHs obtained with 

the optimized protocol were then fully characterized through Electron Microscopy, 

NTA and Zeta-Potential measurements. 

4.3.3.1 Optimization of ZnO NCs and EVs coupling process 

The coupling protocol between ZnO NCs and EVs was optimized exploiting a 

combination of thermodynamic, kinetic and electrostatic mechanisms directly 

related to the EVs and NCs properties. The ZnO colocalization percentages 

obtained during the screening of the operating parameters are summarized in Table 

4.2 and are an average of the %co-ZnO of the two runs performed as described in 

details in the Materials and Methods section. 

The first tested parameter was the mixing method, confronting an orbital shaker 

set at 180 rpm with a tube-rotator working at the fixed speed of 20 min-1. The %co-

ZnO obtained with the tube rotator was very low, probably due to the continuous 

turning upside-down of the test-tube containing the coupling solution. This motion 

could cause the spread of EVs and ZnO NCs on the tube walls, reducing the 

probability of contact between the TNHs components. Almost double percentages 

were obtained using the orbital shaker (highlighted in green in the second row of 

Table 4.2), identified as the best mixing method and thus used in all the subsequent 

experiments. 

The second operating parameter investigated in this screening process was the 

temperature, which was varied between 4°C, room temperature and 37°C. The best 

coupling efficiency was reached at 37°C, showing a significant increment with 

respect to lower temperatures (second set of data in Table 4.2). These results could 

be explained considering the coupling as a thermodynamic process, favored by the 

increase of temperature that directly act on the fluidity of phospholipid membrane 

of EVs and determine the effective encapsulation of solid ZnO NCs. Therefore, the 

inferior colocalization percentages at lower temperatures were ascribed to the 

superior rigidity of EVs, while the physiologic temperature of 37°C ensured an 

optimal membrane fluidity and permeability. 

Considering the duration of co-incubation procedure, variable between 5 

minutes and several hours according to previous literature studies (Luan et al., 

2017), two runs of co-incubation of 90 minutes each were initially performed and 

then compared with longer incubation times, i.e. 8 hours and 24 hours. For both 

extended incubations, a single run was performed due to the already prolonged time 
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of processing. As reported in Table 4.2, the best %co-ZnO was achieved for the 

two runs of 90 minutes and these values were not improved by extending the 

process length. This behavior suggested that the kinetic of the process was relatively 

fast, allowing the incorporation of ZnO NCs into the EVs membrane already at the 

shorter times. In addition, the effect of the progressive aggregation of ZnO NCs in 

the suspension medium was also considered. Indeed, aggregation would negatively 

affect the availability of NCs in solution over time.  

The fourth parameter evaluated was the ratio between the EVs and ZnO NCs. 

The two components were mixed considering their concentration in number (i.e. 

particles/ml), supposing that a single EVs could encapsulate several ZnO NCs. In 

particular, in a first set of experiments the ZnO NCs were added at the beginning of 

the process (t0) with number ratio equal of 50:1 or 500:1 with respect to the EVs. 

The increment of NCs concentration was performed in order to enhance the 

probability of collision between the two components and, thus, the coupling. 

However, very low colocalization percentages were obtained with the higher NCs 

amount (see Table 4.2). This result could be explained considering the tendency of 

ZnO NCs to aggregate in the used solution, which would be promoted by the 

increase of their concentration. Therefore, another approach to increment the ZnO 

NCs:EVs number ratio avoiding the simultaneous addition of high amount of 

nanocrystals and their subsequent aggregation was tempted. In this case, the ZnO 

NCs were added in 50:1 ratio consecutively at time t0, 1 hour and 2 hours, for a 

final ratio equal to 150:1. Though, also this strategy did not improve the coupling 

efficiency (Table 4.2) and the initial protocol consisting in the addition of the ZnO 

NCs in a ratio 50:1 at the beginning of the two runs was identified as the best option. 

Furthermore, if considering the percentages of colocalized EVs (data not shown) a 

limit in the EVs loading was clearly observed. In fact, the %co-EVs was always 

below the 40%, with no appreciable improvement connected to the variation of ZnO 

concentration. 

Finally, the influence of the dispersing medium was evaluated. As detailed in 

the Materials and Methods section, the ZnO NCs were always resuspended in bd 

water, while the EVs were dispersed in PBS or physiologic solution. A modest 

improvement of the colocalization percentage was obtained with the coupling 

performed with EVs dispersed in physiologic solution (last line of Table 4.2). In 

fact, even if the coupling occurred in a diluted solution of 1:1 in volume of bd water 

and PBS or physiologic solution, the buffer composition affected both the colloidal 

stability and the surface properties of ZnO NCs. As already illustrated in Figure 

4.4f, the hydrodynamic size distributions measured by DLS showed a strong 

aggregation of the nanocrystals in contact with salt-rich solutions, that was slightly 

lower for physiologic solution with respect to PBS. More interesting were the 

effects of buffer composition on the Zeta-Potential values. In fact, EVs displayed a 

negative Zeta-potential value (-9.53 mV) in both media in good accordance with 

literature results (Fuhrmann et al., 2015), while the ZnO NCs showed a shift from 

negative value (-15.5 mV) in PBS/water to positive Zeta-Potential (+12.3 mV) in 

physiologic solution/water mixture. This results suggested that also the electrostatic 

interactions played an important role in the coupling process. In particular, the 
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opposite surfaces charges detected in physiologic solution favored the interaction 

between the two components, giving the final improvement to the coupling 

efficiency. 

The screening of the operating parameter allowed to define the optimal 

coupling protocol that enclosed the best options highlighted in green in Table 4.2 

as schematically represented in Figure 4.6. 

 
Table 4.2: Percentages of ZnO NCs colocalized with EVs (%co-ZnO) by varying the operating 

parameters; the best choice for each parameters and the corresponding percentage are highlighted in green. 

Mixing 
Method 

Temperature Time 
ZnO NCs:EVs 
number ratio 

Medium %co-ZnO 

Tube rotator 
RT 90’ 50:1 PBS 

11 

Orbital shaker 21 

Orbital shaker 

4°C 

90’ 50:1 PBS 

20 

RT 21 

37°C 47 

Orbital shaker 37°C 

90’ 

50:1 PBS 

47 

8h 31 

24h 38 

Orbital shaker 37°C 90’ 

50:1 

PBS 

47 

500:1 at t0 11 

50:1 x 3 22 

Orbital shaker 37°C 90’ 50:1 
PBS 47 

NaCl 0,9% 50 
 

 

Figure 4.6: Scheme of the optimized coupling process between ZnO NCs and EVs extracted from KB 

cells for the TNHs construction. 

As already stated, the obtained TNHs were firstly characterized through 

fluorescence microscopy, in order to evaluate the coupling efficiency quantified as 

colocalization between the fluorescence signals of labelled ZnO NCs and EVs. 

Figure 4.7 shows an example of fluorescence images of TNHs obtained by the 

optimized protocol using ZnO NCs and EVs labelled with a red emitting dye 

(Atto550-NHS Ester, Figure 4.7a) and a green emitting lipophilic probe (DiO, 

Figure 4.7b), respectively. The merge of the two images (Figure 4.7c) showed a 

good colocalization between the red and green spots, confirming the success of 

TNHs construction. In particular, applying the defined optimal protocol, an average 

ZnO colocalization percentage (%co-ZnO) of 59% was obtained after the Run1. 

This was lowered after the Run 2 (%co-ZnO=22%), possibly due to the reduction 

of residual EVs in the supernatants. However, combining Run 1 and Run 2, a final 
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colocalization percentage of about 40% was calculated, overcoming the coupling 

efficiencies obtained by similar studies (Haney et al., 2015, Kim et al., 2016). 
 

 

Figure 4.7: Wide-field fluorescence images of (a) ZnO NCs labeled with Atto550-NHS Ester (red 

channel) (b) EVs labeled with DiO (green channel) and (c) merge of the two channels, showing TNHs as 

colocalized yellow spots. Scale bar: 10 μm. 

4.3.3.2 TNHs characterization 

More details on the TNHs morphology were obtained through Electron 

Microscopy. The freshly-prepared samples were imaged at 80 kV, without any 

further fixation or staining with contrasting agents. TEM images, reported in Figure 

4.8 from (a) to (d), displayed single or partially overlapped round-shaped EVs 

together with more dense crystalline structures of about 15 nm, corresponding to 

ZnO NCs. To better visualize the two different components and their spatial 

arrangement, TEM images were provided both in bright field and dark field modes, 

clearly showing that ZnO NCs were quite homogenously distributed all over the 

EVs volumes or near their surfaces. The crystalline nature and phase of the more 

dense structures was confirmed by SAED measurements (Figure 4.8e), showing 

the typical d-spacing of ZnO nanomaterials already described during the 

characterization of pristine ZnO NCs (see Figure 4.4c). In addition, the 

compositional analyses performed through Energy Dispersive Spectroscopy 

(Figure 4.8f), confirmed both the presence of EVs, detecting all the elements 

typical of biological samples, and of Zn element. The appearance of Zn peak, not 

detected in the EDS spectrum of uncoupled vesicles (see Figure 4.5c as reference), 

further confirmed the successful TNHs construction. 

Additional analyses were performed with TEM operating at 200 kV. The higher 

accelerating voltage, applied to freshly-prepared samples without fixation or 

staining, caused the progressive melting of the EVs biological structures deposited 

on the TEM grid (Figure 4.9a and b). The degradation of the organic phase allowed 

the appearance of denser structures corresponding to ZnO NCs, that appeared 

clearly visible and arranged in a circular fashion, recalling the morphology of the 

EV in which they were encapsulated (inset in Figure 4.9b). 

Overall these results clearly demonstrated the effective interaction between the 

EVs and ZnO NCs during the optimized coupling procedure, leading to the 

construction of TNHs composed by EVs encapsulating or retaining at their surfaces 

the ZnO NCs. 
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The success of the coupling procedure was also studied analyzing the 

modification of surfaces properties in response to EVs shielding through Zeta-

Potential measurements. As already mentioned, the EVs presented a negative Zeta-

Potential equal to -9.5 mV, while ZnO NCs had a positive Zeta-Potential value 

equal to +12.3 mV in the coupling mixture of bd water/physiologic solution. 

Interestingly, the TNHs showed a negative surface charge, with a Zeta-Potential of 

-13.2 mV, very close to the one obtained for uncoupled EVs and far from the 

positive value of ZnO NCs. The slight variation measured between TNHs and 

uncoupled EVs could be ascribed to the rearrangement of phospholipids in the 

vesicles membranes, and specifically of their polar heads bearing negative 

phosphate groups. This effect was already reported in literature regarding EVs 

loaded with photosensitive components (Fuhrmann et al., 2015) and was attributed 

to the insertion of ZnO NCs in the EVs membrane. Therefore, this result confirmed 

the occurrence of a very close interaction between ZnO NCs and EVs, probably 

leading to an actual internalization. 

 

 

Figure 4.8: Characterization of TNHs through Electron Microscopy. TEM images at 80 kV of TNHs 

(from (a) to (d); scale bars are 30 nm). Pictures in (b) and (d) are the same of (a) and (c), respectively, with 

inverted colors. (e) Selected area electron diffraction pattern and (f) Energy Dispersive Spectroscopy, 
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Figure 4.9: TEM images at 200 kV of TNHs. Scale bars: 100 nm in both (a) and (b). The inset in (b) 

report a higher magnification of the area indicated with the white square, showing the details of ZnO NCs and 

their circular arrangement. 

 

Finally, the colloidal stability of TNHs prepared by the defined optimal 

protocol was analyzed through NTA technique, confronting their colloidal behavior 

with that of their pristine components. In fact, as already observed in Chapter 3 for 

the synthetic lipid-coated samples, the encapsulation of ZnO NCs in the EVs 

shielding could guarantee an improvement of nanocrystals biostability, preventing 

their aggregation in salt-rich biological solutions.  

The hydrodynamic size distributions of ZnO NCs, EVs and TNHs dispersed in 

bd water and physiologic solution (1:1 in volume) are reported in Figure 4.10a, b 

and c respectively and confirmed what expected. In particular, by comparing the 

size distribution of the ZnO NCs in presence of physiologic solution (Figure 4.10a) 

with the one obtained redispersing the NCs in only bd water (see Figure 4.4e), the 

aggregation caused by the salt-rich solution resulted clear. In fact, here the ZnO 

NCs presented a multimodal hydrodynamic distribution and the aggregation was 

testified by the appearance of peaks at high size values, i.e. 273 nm and 561 nm. 

In contrast, TNHs samples resulted quite well-dispersed in the bd water and 

physiologic solution coupling mixture, showing a size distribution centered at 115 

nm with minor peaks at 157 nm and 398 nm (Figure 4.10c). This clearly resembled 

the almost monomodal distribution of uncoupled EVs (Figure 4.10b), further 

confirming the success of coupling procedure and the effective stabilization of NCs 

provided by the EVs shielding. 
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Figure 4.10: NTA measurements of (a) ZnO NCs (b) EVs and (c) TNHs dispersed in 1:1 v/v of bd water 

and physiologic solution. 
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4.3.4 TNHs biological effect 

After the optimization of the preparing procedure and the physico-chemical 

characterization, the biological effects of the obtained TNHs with respect to their 

pristine components were evaluated. 

The cytotoxic effect of TNHs and ZnO NCs on KB cancerous cells was 

compared through WST-1 assay, testing the cells proliferation after a 24 hours 

treatment with different concentrations. Details on the treatments preparation are 

reported in the Material and Methods section (Table 4.1) and the obtained results 

are showed in Figure 4.11a, expressed as proliferation percentages referred to the 

untreated control. In particular, ZnO concentration of 5, 15, 25 and 50 μg/ml were 

tested and both TNHs and ZnO NCs showed a similar dose-dependent cytotoxicity 

with a significant inhibition of cell viability at 50 μg/ml (p ≤ 0.001). An initial 

reduction of cell viability, with a high variability, was measured already at 25 μg/ml 

(p ≤ 0.001 with respect to 5 μg/ml). Although, no significant differences between 

the TNHs and uncoated ZnO NCs were detected, suggesting that the EVs shielding 

provided during the TNHs construction did not affect the intrinsic toxicity of ZnO. 

 To exclude an eventual contribution of EVs to the detected cytotoxicity and 

assess their full biocompatibility, the same assay was performed treating the KB 

cells with the amount of uncoupled EVs corresponding to 5, 15, and 25 μg/ml 

treatments. This test was mainly performed in a perspective of theranostic 

application of TNHs, hence the higher and most toxic concentration, i.e. EVs 

corresponding to 50 μg/ml of NCs, was excluded. The results are shown in Figure 

4.11b, confirming that EVs alone did not affect the cells viability at all the tested 

concentrations. 
 

 

Figure 4.11: Cell viability of  KB cells after a 24 hours treatment with escalating concentration of (a) 

ZnO NCs and TNH and (b) corresponding quantities of EVs. Results are expressed as percentages with respect 

to the control. 
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To further elucidate the interactions between the TNHs and the cancerous cells, 

the cellular uptake of the developed hybrid nanoconstruct with respect to the 

pristine components was analyzed. 

With this purpose, flow-cytometry analyses were performed, evaluating the 

TNHs, ZnO NCs and EVs internalization after a 24 hours treatment. Considering 

the cytotoxicity results, the concentration of 5, 15 and 25 μg/ml, which guaranteed 

a good cell viability, were tested. The ZnO NCs and EVs were labelled with red or 

green emitting fluorescent dye, as described in detail in the Materials and Methods 

section, and the level of internalization was expressed as percentages of positive 

events detected in the corresponding channel with respect to the untreated control. 

For the TNHs both red and green signals were collected, as shown in Figure 4.12. 

 

 

Figure 4.12: Cellular internalization of pristine ZnO NCs (red bars), EVs (green bars) and TNHs (red and 

green dashed bars, related to ZnO and EVs components respectively). The uptake was evaluated through flow-

cytometry assay after a 24 hours treatment with different concentration of ZnO NCs or TNHs (i.e. 5, 15, 25 

μg/ml) and with the amount of pristine EVs corresponding to 15 μg/ml. Results represent the percentages of 

positive events (fluorescent cells) with respect to untreated control and are expressed as mean ± SEM. *p<0.05. 

Concerning the red signal related to the ZnO component, the results showed a 

higher extent of internalization for the TNHs sample with respect to the pristine 

ZnO NCs without the EVs shielding (red bars in Figure 4.12). In particular, a 

significant difference between the two treatments was detected at the lower dosage 

of 5 μg/ml (p < 0.05). At higher dosages the difference was no more appreciable 

due to the really effective internalization displayed also by the single ZnO NCs, 

which was already near to 100%. 

In contrast, the green signal corresponding to the lipidic part of TNHs or to the 

uncoupled EVs (tested only at the intermediate concentration of 15 μg/ml), showed 

lower internalization levels and no differences between the samples or dosages 

(Figure 4.12, green bars). These results could possibly be explained considering 

the green autofluorescence of KB cells, which possessed a high background signal 

in the green channel responsible of the partial overcasting of samples green 

fluorescence. 
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This assumption was confirmed by fluorescence microscopy analyses, 

performed with a wide-field fluorescence microscope equipped with appropriate 

filters able to cut the typical cytoplasmic autofluorescence and fully detect the DiO 

green fluorescence. These tests were performed on cells treated with 15 μg/ml of 

ZnO NCs and TNHs or the corresponding amount of EVs for 24 hours.  

Exemplificative images derived by selected z-stack are shown in Figure 4.13. The 

cellular membrane was opportunely labelled to better assess its interaction with the 

nanoconstructs and represented in green while, to guarantee an optimal 

visualization, ZnO NCs and EVs were depicted in false colours, i.e in purple and 

orange respectively.  

As clearly displayed, both uncoupled ZnO NCs (Figure 4.13a) and EVs 

(Figure 4.13b) were efficiently internalized by KB cells and preferentially 

accumulated in the cytoplasmic perinuclear area, where they are distinguishable as 

single spots or small aggregates. Considering different regions of interest (ROIs), 

it was noted that EVs exhibited a higher uptake level with respect to ZnO NCs. 

A similar internalization behaviour was shown by TNHs sample (Figure 

4.13c), with both purple and orange spots present in the cellular cytosolic space. 

The magnification reported in Figure 4.13d clearly shows the presence of yellow 

spots, corresponding to THNs, colocalized with cellular membrane demonstrating 

the entering of the nanoconstructs inside the cells. Although, a poor colocalization 

between the two signals were detected inside the cells in which were present several 

purple spots together with few colocalized structures (yellow spots). This could be 

explained assuming a partial loss or destabilization of the TNHs lipidic shielding 

during the crossing of the membrane for cell internalization. According to this 

hypothesis, the ZnO would be released as pristine nanomaterial inside the 

cytoplasmic space, greatly explain also the similarities observed between the 

cytotoxic response of TNHs and uncoupled ZnO NCs. In addition, literature results 

(T. Tian et al., 2010) reported that EVs are commonly degraded and recycled for 

cell physiological function after their internalization, supporting the idea that the 

EVs shielding could be disrupted after TNHs internalization. 
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Figure 4.13: Fluorescence Microscopy z-stack images of (a) ZnO NCs, (b) EVs and (c) TNHs 

internalized in KB cells after a 24 hours treatment; (d) Magnification of the area indicated with the white square 

in (c), showing the colocalization between ZnO NCs and EVs. Cells membranes were labelled with WGA-

Alexa488 (in green); ZnO NCs and EVs were labelled as described in detail in the Material and Methods section 

and represented in purple and orange, respectively. Scale bars: 10 μm. 
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4.4 Conclusions 

The results reported in this chapter refer to the development and 

characterization of Trojan nano-horses (TNHs) hybrid nanoconstructs composed by 

a therapeutically active core of ZnO NCs shielded by cell-derived lipid vesicles 

(EVs). The synthesized ZnO NCs were efficiently encapsulated in EVs extracted 

from KB cancerous cells through an optimized co-incubation protocol, which 

harnesses the combination of thermodynamic, kinetic and electrostatic mechanisms 

to guarantee the best interaction between the two components. In particular, the 

influence of several operating parameters (including temperature, duration, 

concentration of the components and dispersing medium) was evaluated allowing 

the definition of a final coupling procedure. The optimized coupling efficiency, 

evaluated with respect to ZnO component, was equal to 40% overcoming the 

loading efficiencies obtained by similar literature studies.  

Further characterizations allowed to visualize the morphology of obtained 

TNHs nanoconstructs, composed by several ZnO NCs encapsulated within a single 

EV. The improvement of the colloidal stability in biological media of the EVs-

shielded sample was also assessed, confirming the results preliminarily obtained 

with synthetic lipid-shell. Indeed, the biological origin of EVs would allow also the 

improvement of biomimetic and biocompatible features of TNHs hybrid 

nanoconsructs in the perspective of therapeutic applications.  

In vitro tests performed on KB cancerous cells showed the dose-dependent 

cytotoxic effect of TNHs nanoconstructs, confirming their potential use as 

therapeutic nanotools for cancer treatment. Actually, TNHs samples displayed a 

similar toxicity with respect to uncoated ZnO NCs, highlighting that EVs shielding 

did not affect the intrinsic toxicity of pristine ZnO. In addition, the interaction 

between hybrid TNHs nanoconstructs and cancerous cells was studied evaluating 

their internalization with flow-cytometry and fluorescence microscopy. These tests 

confirmed that TNHs were efficiently internalized and in higher extent with respect 

to uncoated ZnO NCs. This enhancement was ascribed to the presence of the lipid 

shell constituted by EVs that stabilize the NCs in biologic environment and favour 

their delivery in target cells. 
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Chapter 5 

Optimization of TNH nano-

construct: active loading method 

and functionalization with 

targeting ligands 
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5.1 Introduction 

5.1.1 Toward EVs clinical application: challenges and perspectives 

Thanks to their primary role on cell-cell communication, EVs are currently 

widely investigated in the field of cancer therapy and diagnosis. When generated in 

pathological conditions EVs carry diseased-related genetic material as well as 

specific surface proteins which reflect the cell of origin and make EVs promising 

biomarkers for cancer diagnosis and prognosis (Lane et al., 2018). Concerning the 

therapeutic applications, and in particular their use as drug delivery vehicles, EVs 

possess several interesting features. As discussed in the previous chapter, EVs are 

highly stable in biological environment, biocompatible, low immunogenic, with a 

prolonged circulation time and an intrinsic ability to cross biological barriers 

(Sander A.A. Kooijmans, Schiffelers, et al., 2016). Furthermore, they can be loaded 

with different exogenous cargos both during their formation, i.e. through parent 

cells engineering, or after the isolation (Sutaria et al., 2017). 

These promising properties have made exosomes, and more generally EVs, 

subject of an increasing number of research studies with an exponential growth 

from their discovery to the present and a deep connection with cancer nanomedicine 

(Munson & Shukla, 2018). According to the US-NIH clinical trials database 

(www.clinicaltrials.gov) 249 clinical trials on EVs or exosomes are currently 

registered, 107 of which are connected to cancer disease employing cell-derived 

vesicles for both diagnostic and therapeutic purposes. 

However, the effective application of EVs in the clinical field is still hindered 

by several issues. As already mentioned in Chapter 4, the low yields of EVs 

isolation methods and the small efficiencies in cargo-loading are some of the main 

limitations. Furthermore, concerning their encapsulation, another major issue is to 

achieve an efficient loading while preserving the overall structure and integrity of 

EVs which guarantee, for instance, the low immunogenicity and targeting ability of 

the vesicles (Batrakova & Kim, 2015).  

In the perspective of a clinical application, several studies point out the 

necessity to institute standardized procedures and regulatory points for the 

production of EVs-based formulations. A position paper of the International Society 

of extracellular vesicles (ISEV) reiterates this need, suggesting that EVs-based 

therapeutics could be classified as biological medicinal products and follow the 

related existing regulatory framework with the addition of specific guidelines. 

Briefly, in the perspective of a progression toward EVs clinical application, it was 

recommended to carefully consider the EVs source and standardize the isolation, 

characterization and storage procedures. In addition, the importance of the 

reproducibility and consistency of cargos loading, the need of quality control of 

produced lots and the evaluation of in vivo toxicology and distribution of EVs were 

emphasized (Lener et al., 2015). 

 Concerning the cellular source, no consensus has been reached on the most 

appropriate type of cells to produce EVs for drug delivery applications. For 

instance, EVs produced directly by cancerous cells are considered, even though 

http://www.clinicaltrials.gov/
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with some concerns (Sun et al., 2018). Indeed, tumor-derived EVs possess an 

intrinsic targeting ability and organotropism which are mainly determined by their 

integrin profile and could be exploited for the specific delivery of different 

therapeutic agents. Actually, the targeted co-delivery of therapeutic miRNAs and 

imaging agents using tumor-derived EVs was proved (Jc Bose et al., 2018) while 

another recent study showed that drug-loaded cancerous EVs were able to 

selectively home their parent tumors thanks to the presence of particular proteins 

and lipids in the EVs membrane (Qiao et al., 2020). However, tumor-derived EVs 

possess also a role in cancer progression and, thus, their application as delivery 

platforms presents several concerns. Recent studies demonstrated that tumor-

derived EVs are responsible to mediate the interactions between cells of tumor 

microenvironment, modulating the development and progression of cancer (Sun et 

al., 2018). EVs derived from cancerous cells could stimulate the formation of new 

tumor vessel and the migration of endothelial cells even without their actual uptake, 

thanks to the presence of specific growth factors on the vesicle membrane (Ko et 

al., 2019). Similarly, tumor-derived EVs could directly suppress the anti-tumor 

immune response through the interaction of specific surface molecules (Taylor & 

Gercel-Taylor, 2011), while the delivery of oncogenic contents could induce the 

acquisition of inflammatory phenotype by recipient cells (C. Chen et al., 2017). 

Furthermore, the pro-tumor activity of EVs is not limited to the tumor 

microenvironment, but involves also distant organs that could be reached by 

circulating tumor-derived vesicles. Indeed, EVs have a main role in the metastases 

promotion since they are responsible for the formation of pre-metastatic niches, i.e. 

the induction of favorable environmental conditions for the subsequent arrival and 

outgrowth of tumor cells (Peinado et al., 2017). Interestingly, the integrin 

expression profiles of tumor-derived EVs directly determine their distribution in 

specific organs or tissues and, thus, the organotropic metastasis (Bebelman et al., 

2018). Finally, tumor-derived EVs possess also a role in mediating drug resistance 

in different types of cancers and through multiple mechanisms. Cancerous EVs 

could directly bind or encapsulate the therapeutic agent limiting its bioavailability 

or act as carriers of RNA, enzymes and regulatory proteins able to transform 

recipient cells in drug-resistant cells (Namee & O’Driscoll, 2018). 

Considering the outlined duality, the application of tumor-derived EVs as drug 

delivery systems require a more careful evaluation of their specificity, functionality 

and safety profile while less hazardous alternatives are intensively investigated, 

including EVs derived from food, like fruits (Rome, 2019) and bovine milk 

(Munagala et al., 2016), or from healthy cells. For instance, EVs derived from 

dendritic cells, macrophages or mesenchymal stem cells are widely investigated for 

either immunotherapy and drug delivery applications (Meng et al., 2020) 

Another issue experimented in the progression toward a clinical application of 

EVs concerns the in vivo biodistribution of exogenously administered vesicles. In 

fact, even though EVs are generally considered biocompatible and stable in blood 

circulation thanks to their biological nature, recent researches indicated that their 

pharmacokinetics profile is not completely favourable (Takakura et al., 2020). The 

development of progressively sophisticated imaging and detection tools allowed the 
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extensive study of biodistribution of exogenously administrated EVs. Several 

studies demonstrated that the biodistribution of systematically administrated EVs 

is a very dynamic process, with a rapid phase of clearance and preferential 

accumulation in liver, spleen, and lungs, organs rich in macrophages, within 

approximately 30 minutes upon administration. This is followed by an elimination 

phase via hepatic and renal filtration that leads to a total removal of EVs from 

circulation in 1 to 6 hours upon administration (Lu et al., 2018). The in vivo 

distribution patterns of EVs is also influenced by their administration route. For 

instance, a study compared intravenous, intraperitoneal and subcutaneous injection 

showing that the administration route significantly affects the tissue distribution of 

infused EVs and determines also the total detected amount of vesicles (Wiklander 

et al., 2015). Similarly, intravenously-injected EVs showed a rapid clearance and a 

minimal tumor accumulation, while intratumorally administered vesicles remained 

associated with tumor tissues in a greater extent with respect to synthetic liposomes 

(Smyth et al., 2015). Considering the limited specificity and the short in vivo half-

life of EVs, many research efforts are devoted to the engineering of vesicles 

membrane with appropriate additional functionalities which would provide a 

valuable improvement of their circulation time and targeting ability (Susa et al., 

2019). 

5.1.2 EVs surface functionalization 

The therapeutic application of EVs could deeply benefit from different 

modification strategies which enable the functionalization of their surface with 

specific moieties. The engineering of EVs membrane is mainly devoted to improve 

their circulation kinetics and target specificity, allowing a more effective delivery 

of encapsulated therapeutic payloads. As schematically represented in Figure 5.1, 

the functionalization of EVs membrane is obtained by the insertion of several types 

of natural ligands or synthetic molecules employing different modification 

techniques. 

 

Figure 5.1: Schematic representation of the different types of functionalizing moieties used to modify the 

EVs surface for therapeutic applications. In general, the modifications are mainly devoted to (1) enhance the 

EVs targeting specificity and (2) improve EVs circulation kinetics; figure modified from (Dang et al., 2020). 
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5.1.2.1 Surface functionalization techniques 

As already mentioned for cargo-loading methods, the functionalization 

strategies are mainly classified as indirect methods, in which the parent cells are 

engineered to produce functionalized EVs, or as post-isolation methods, that 

envisage the direct modification of EVs after their extraction (Susa et al., 2019).  

The indirect approach, also called biological approach, normally involves the 

genetic engineering of parent cells with chimeric gene or protein that are composed 

by the actual functionalizing protein fused with a gene or protein typical of EVs. 

The chimeric entity will be encoded and expressed by engineered cells and, thanks 

to the presence of the EVs-related portion, it will be included in the EVs during 

their biogenesis (Dang et al., 2020). 

Conversely, the post-isolation techniques include the direct modification of 

EVs membrane exploiting either chemical and physical interactions. Indeed, the 

EVs surface is characterized by the presence of reactive groups, mainly amine 

groups, which are able to react with the functionalizing molecules or opportune 

chemical linkers and form stable covalent bonds. The chemical functionalization of 

EVs follows essentially the click chemistry approach and comprises efficient one 

or two-steps reactions, like azide-alkyne cycloaddition, thiol-maleimide reaction, 

EDC-NHS reaction or amidation (Rayamajhi & Aryal, 2020). As reported in 

literature, one of the major advantages of this approach resides in the precise control 

of the amount of linked moieties, avoiding the overmodification of vesicles 

membranes which would lead to the loss of EVs properties and functionalities 

(Smyth et al., 2014). Although, reaction conditions and reagents must be 

thoughtfully regulated in order to avoid inappropriate osmolarity, temperature or 

pressure which would lead to EVs disruption or aggregation (Antimisiaris et al., 

2018). The post-isolation physical modifications of EVs, instead, involve the 

formation of non-covalent bonds under milder reaction conditions. These strategies 

are based on electrostatic interactions, receptor-ligand binding and on the post-

insertion of lipophilic or lipid-conjugated compounds into the EVs membrane 

through hydrophobic interactions (Armstrong et al., 2017), For instance, a recent 

study compared the EVs functionalization with PEG moieties obtained through 

either chemical approach or physical insertion of lipids conjugated with PEG 

molecules. The characterization of the two preparations highlighted that the 

physical incorporation via lipid post-insertion allowed a facile and effective surface 

modification, while the direct covalent conjugation of PEG with primary amine of 

EVs proteins resulted in vesicles aggregation (Choi et al., 2019). 

Finally, the engineering of native EVs functional groups was also considered 

as valuable tool to improve their distribution and targeting capability. For instance, 

carbohydrate structures linked to lipids and proteins as glycans or as repeating 

glycosaminoglycan chains in proteoglycans possess roles in EVs cellular 

recognition and uptake and, thus, their modification was recently explored 

(Williams et al., 2018). 
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5.1.2.2 Functionalization for extended circulation half-life 

Concerning the improvement of in vivo half-life and biodistribution of 

exogenously administered EVs, several functionalizing moieties are adopted 

(Figure 5.1). With respect to synthetic vesicles, EVs derived from certain cellular 

source are naturally equipped with CD47, an endogenous transmembrane protein 

which could interact with particular regulatory protein on macrophages membrane 

(i.e. signal regulatory protein α, SIRPα) guaranteeing phagocytosis evasion and 

protecting EVs from clearance (Yoosoo Yang et al., 2018). However, the EVs 

pharmacokinetic profile is still not completely favorable and could benefit from the 

modification with apposite functionalizing moieties. As already mentioned, PEG 

polymer is commonly employed to prevent opsonization and increases the systemic 

circulation of synthetic liposomes and nanoparticles. The PEG functionalization 

was efficiently applied also to natural EVs, reducing their recognition by 

mononuclear phagocytic systems and extending their circulation kinetics from 10 

minutes to 60 or even 240 minutes after intravenous injection (S. A.A. Kooijmans 

et al., 2016). To date, PEG functionalization of EVs was obtained through different 

modification methods like direct covalent bonding or physical post-insertion of 

PEG-conjugated lipids (Choi et al., 2019). 

Furthermore, EVs stabilization in vivo could be obtained through the direct 

manipulation of components of vesicles membrane. The modification of specific 

glycans and, in particular, the enzymatic removal of sialic acid from EVs surfaces 

resulted in a great improvement of their circulation time after intravenous 

administration (Royo et al., 2019).  

5.1.2.3 Functionalization with targeting ligands 

Even though EVs harbor intrinsic homing properties and a preferential 

accumulation within specific organ and tissues, this natural targeting ability is often 

not sufficient to achieve an adequate targeted delivery for therapeutic purposes. In 

this perspective, the modification of EVs surface with specific targeting ligands is 

widely explored. In particular, concerning the application of EVs in the treatment 

of cancer disease, three main modification approaches were applied conferring 

targeting capabilities by the introduction of appropriate targeting entities directed 

against (i) antigens or (ii) receptors present on the surface of target cells or against 

(iii) specific molecules present in the tumor microenvironment (Meng et al., 2020). 

As represented in Figure 5.1, the utilized moieties comprehend several types of 

ligands including single domain antibodies, monoclonal antibodies, peptides and 

various types of proteins and glycans which can mediate the binding and subsequent 

receptor mediated endocytosis (Dang et al., 2020).  

The surface modification of EVs for targeting purposes could be obtained by 

the indirect engineering of parent cells or by the direct modification of isolated EVs 

through either chemical or physical methods. For instance, click chemistry 

reactions were exploited to conjugate different targeting peptides to alkine- (Smyth 

et al., 2014) or azide-functionalized (Lee et al., 2016) EVs membranes. Moreover, 
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a physical approach involving the adsorption of cationic lipids and the development 

of electrostatic interactions was used to attach a negatively charged fusogenic 

peptide to EVs (Nakase et al., 2011). Furthermore, a very common approach 

envisaged the use of PEG chains as cross-linkers. In this approach, EVs membranes 

are primarily functionalized with PEG and then the second distal end of polymer 

chain is conjugated to appropriate targeting ligands, originating promising 

functionalized EVs with stealth properties and targeting abilities (S. A.A. 

Kooijmans et al., 2016).     

Particularly interesting for this PhD thesis purposes is the EVs functionalization 

with antibodies. Several literature studies reported the EVs functionalization with 

targeting antibodies through parent cell engineering. The obtained targeted EVs 

guarantee an efficient delivery to specific cancer cells (J. H. Wang et al., 2018) and 

an improved cell association even under flow conditions (Sander A.A. Kooijmans, 

Aleza, et al., 2016). Moreover, multivalent targeted EVs caused antitumor 

immunity, inducing the crosslinking between T cells and cancer cells (Q. Cheng et 

al., 2018). An efficiently prolonged circulation time and targeting specificity was 

obtained also through the physical post-insertion of a lipid conjugated with PEG 

and a targeting nanobody (S. A.A. Kooijmans et al., 2016).  
 

To address some of the discussed issues, the TrojaNanoHorses (TNHs) 

construction procedure was revised in order to impart more suitable features for an 

eventual future therapeutic application. Primarily, to overcome the safety concerns 

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

changed. In particular, the target of the experiments described in this chapter were 

lymphomas cells (Daudi cell line) and the EVs were extracted from B lymphocytes, 

their normal counterpart. Moreover, to optimize the EVs loading efficiency, two 

new coupling procedures were tested. These relied on the application of a different 

number of freeze-thaw cycles as active stimulus to destabilize EVs membranes. The 

obtained TNHs were characterized in terms of encapsulation efficiency, colloidal 

stability and morphology. Finally, to improve the TNHs selectivity, a 

functionalization method to decorate the EVs surface with anti-CD20 antibodies 

was designed and preliminarily validated. 

 

 

 

 

 

 

 

 

 

 



 

112 

 

5.2 Materials and methods 

5.2.1 ZnO NCs synthesis and characterization 

The ZnO NCs were synthesized through microwave-assisted method and 

functionalized with amino-propyl groups (Garino et al., 2019) and fully 

characterized as already described in previous chapters. For experiments involving 

fluorescence optical signals, the nanocrystals were labeled by conjugation with 

Atto647-NHS Ester (AttoTec) or Atto550-NHS Ester (Attotec) dye as already 

described. 

5.2.2 EVs extraction and characterization 

5.2.2.1 EVs production and extraction  

The EVs used in this study were extracted from conditioned media of B 

lymphocyte cells (IST-EBV-TW6B, purchased from cell bank IRCCS AOU San 

Martino IST).  

For the EVs extraction, cells were cultured in advanced Roswell Park Memorial 

Institute (RPMI 1640, Gibco), supplemented with 20% depleted fetal bovine serum 

(FBS, Gibco), 1% of L-Glutammine 200 mM (Lonza), penicillin (100 units/ml) and 

streptomycin (100 μg/ml) for 72 hours. 

Cells culture medium was collected for EVs isolation, performed according to 

a sterile ultracentrifugation protocol, optimized from Thery et al. (Théry et al., 

2006) as already described in Chapter 4. Before each isolation, the cell viability was 

assessed and only samples with viability >90% were processed in order to reduce 

the possibility of apoptotic bodies recovery. 

For the characterizations involving fluorescence, the EVs were labelled using 

Wheat Germ Agglutinin (WGA) conjugated with Alexa Fluor 488 dye (λEx= 495 

nm, Thermo Fisher) or Alexa Fluor 647 (λEx= 650 nm, Thermo Fisher). Briefly, 

stored EVs were thawed out and diluted 1:2 with physiologic solution and then 

labeled by adding 1 μl of WGA (100 μg/ml in PBS) for each EVs aliquot. The 

solution was kept under agitation (180 rpm) in dark at 37 °C for 30 minutes and 

then purified from unbound dye molecules by ultrafiltration with centrifugal filter 

(Amicon Ultra 0.5 with molecular weight cut off of 50 kDa, Merck). 

5.2.2.2 EVs characterization 

Transmission Electron Microscopy 

EVs morphology were analyzed trough Transmission Electron Microscopy 

(TEM) using a Jeol JEM 1011 electron microscope operating with an acceleration 

voltage of 100 kV and equipped with a 2 Mp charge-coupled device (CCD) camera 

(Gatan Orius SC100). The sample of EVs diluted in physiological solution were 

sonicated for few minutes and then a drop was deposited on a copper grid 150 mesh, 

previously coated with an amorphous carbon film and plasma treated to remove 
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hydrocarbon residues. The EVs sample was then stained, treating the sample grid 

with a 1% uranyl acetate solution in water for 30 seconds before the specimen dried. 

 

Nanoparticle Tracking Analysis (NTA) 

The concentration and the size distribution of the EVs was measured by 

nanoparticle tracking analysis (NTA) technique with a NanoSight NS300 (Malvern 

Panalytical) equipped with λ=505 nm laser beam and a NanoSight syringe pump.  

All the samples were diluted in a final volume of 500 μl of 0.1 μm-filtered 

physiologic solution to meet the ideal particles per frame value (20-100 

particles/frame) and measured by capturing three videos of 60 seconds with an 

infusion rate of 50 and a camera level value between 14 and 16. The collected 

videos were then analyzed by the NTA 3.4 software (Malvern Panalytical), setting 

the detection threshold at 5. 

 

Bradford Assay 

The protein content of EVs extracted from B-lymphocytes was measured by 

Bradford assay. The Bradford assay is a colorimetric assay, based on the use of 

Comassie Brilliant Blue, a dye which after the binding with proteins changes its 

color from red (maximum absorbance, Amax=470 nm) to blue (Amax=590 nm). 

Briefly, Bradford reagent (Bio-Rad) was diluted 1:5 in bd water and added to 

EVs samples (diluted 1:2 in 0.1 μm-filtered PBS) and to serially diluted bovine 

serum albumin (BSA) standards, with known concentration. The absorbance at 590 

nm was detected with the Multiskan GO microplate spectrophotometer (Thermo 

Fisher Scientific) and the protein concentration of EVs samples was extrapolated 

comparing their absorbance values with the calibration curve made on BSA 

standards. All samples were analyzed in triplicate.  

 

Analysis of EVs surface markers 

The analysis of membrane protein expression was performed through flow 

cytometry. In details, 5 μg of pristine EVs measured by Bradford assay, were 

adsorbed on 10 μl of aldehyde/sulphate latex beads (4% w/v, 3 μm, Thermo Fisher). 

EVs and beads were incubated for 15 minutes at RT, then PBS was added to reach 

the final volume of 1 ml and the incubation was continued on a test tube rotator for 

2 hours at room temperature. To saturate the remaining binding sites on latex beads, 

110 μl of glycine (1 M in PBS) were added to each samples and let stand at RT for 

30 minutes. The samples were then washed three times by centrifugation (4,000rpm 

for 3 minutes) and redispersed in 500 μl of PBS with 0.5% (w/v) BSA. EVs 

immobilized on latex beads were therefore incubated with CD63-PE or CD81-APC 

antibodies and with the respective non-specific isotype antibody (Biolegends) for 

30 minutes at 4°C. After two washing steps, the samples were analyzed with Guava 

Easycyte 6-2L (Merck Millipore). For each sample were recorded 5,000 events 

positioned in a gate designed on unstained beads+EVs to discard debris and buffer 

impurities. PE signal was excited with blue laser (488 nm) and the emission was 

detected through band pass filter Yellow-B (583/26 nm). APC signal was excited 



 

114 

 

with red laser (633 nm) and detected with band pass filter Red-R (661/15 nm). 

Results were analyzed with Guava Incyte software (Merck Millipore) and 

expressed in percentages of positive events calculated with respect to a threshold 

set upon isotype control. 

5.2.3 TNHs construction and characterization 

5.2.3.1 TNHs construction by freeze-thaw method 

For the TNHs construction, 10 μg of labelled amino-functionalized ZnO NCs 

were combined with an amount of EVs corresponding to 5 μg of protein measured 

by Bradford assay. The encapsulation process was performed in a solution 1:1 (v/v) 

of 0.1 μm-filtered bd water and physiologic solution, with a final concentration of 

75 μg/ml for ZnO NCs and 37.5 μg/ml for EVs. 

Two different procedures, both based on repeated freeze-thaw cycles, were 

used. In Method 1 (samples named TNH-11:2), the EVs, opportunely labeled and 

dispersed in the proper amount of physiologic solution were added to the same 

amount of water containing half aliquot of ZnO NCs. The mixture was then rapidly 

frozen in liquid nitrogen for 3 minutes and thawed at RT for 15 minutes. The freeze-

thaw cycle was repeated 5 times, then the second half of ZnO NCs were added and 

a second set of 5 cycles were performed. Finally, the TNH samples were incubated 

under agitation (180 rpm) at 37 °C for 1 hours.  

In Methods 2 (samples named TNH-21:2), EVs alone dispersed in physiologic 

solution were subjected at 2 freeze-thaw cycles and then mixed with bd water 

containing the corresponding whole amount of ZnO NCs. The obtained mixture 

was then incubated under agitation (250 rpm) at 45 °C for 10 minutes and then at 

37 °C for 2 hours. A further overnight incubation at RT was also performed.  

Another set of experiments were performed combining only 5 μg of amino-

functionalized ZnO NCs with an amount of EVs corresponding to 5 μg of protein. 

The TNHs construction was performed at ZnO and EVs concentration equal to 37.5 

μg/ml following the Method 2 procedure (samples named TNH-21:1).  

In order to redisperse the obtained TNHs in cell culture media for biological 

tests, a final step of centrifugation was added. The samples of TNH-2 were 

centrifuged at 5,000 g for 5 minutes, suspended in the desired media and redispersed 

by vortexing for 3 minutes. 

5.2.3.2 TNHs characterization 

Fluorescence Microscopy 

The coupling efficiency was evaluated through fluorescence microscopy using 

a wide-field fluorescence-inverted microscope (Eclipse Ti-E, Nikon) with a 100× 

immersion oil objective (Nikon). The samples were imaged and analyzed with 

colocalization tool of NIS-Element software (NIS-Element AR 4.5, Nikon) as 

described in Chapter 4. 
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Electron Microscopy 

The morphology of TNHs was studied by TEM analyses, operating at the same 

condition described for pristine EVs. In this case the samples were observed both 

with and without staining to appreciate the presence of ZnO NCs, more clearly 

visible in absence of the contrasting agent. 

Energy Dispersive X-ray Spectroscopy was also performed on the same 

samples to analyze the elemental composition of obtained nanoconctructs. A JEM-

1400 Plus with thermionic source (LaB6) was used operating at 120 kV. 

 

Nanoparticle Tracking Analysis (NTA) 

The size distribution of TNHs was measured by NTA measurements. The 

samples were diluted 1:5 in bd water and physiologic solution 1:1 (v/v) and the 

camera level and detection threshold during acquisition and analysis were set at 16 

and 5 respectively. 

 

CD20 surface expression 

In order to prosecute the engineering of the TNHs with the insertion of targeting 

ligand, the surface expression of CD20 was analyzed through flow cytometry. The 

test was performed on both EVs and TNHs samples following the protocol already 

described for the surface EVs markers with some variation. The incubation on the 

tube rotator was performed overnight at 4°C. In this case CD20-PE antibody and 

the respective not specific isotype control were used (Miltenyi), exciting the 

fluorophore with blue laser (488 nm) and detecting the emission signal through 

band pass filter Yellow-B (583/26 nm). 

5.2.4 Functionalization of EVs surface with targeting ligands 

5.2.4.1 Functionalization of EVs surface with Rituximab 

The surface of pristine EVs was functionalized with a recombinant monoclonal 

chimeric antibody directed against CD20 antigen (Rituximab). To optimize the 

functionalization protocol, pristine EVs were used. In details, 5 μg of EVs, 

measured by Bradford assay, were labelled with Wheat Germ Agglutinin (WGA) 

conjugated with Alexa Fluor 488 (λEx= 650 nm, Thermo Fisher) as previously 

described. After ultrafiltration with centrifugal filter (Amicon Ultra 0.5 ml 50 kDa, 

Merck), the samples were resuspended in approximately 100 μl of 0.1 μm-filtered 

PBS and incubated with 40 μl of Rituximab (1 mg/ml in PBS, Creative Biolabs, 

Cat. n° TAB-016) for 1 hour at RT on a test tubes rotator. Then, 20 μl of secondary 

antibody (1.5 mg/ml in bd water, F(ab')2 fragment Goat Anti-Human IgG, Immuno 

Jackson. Cod N°109-156-008) conjugated with Coumarin (λEx=350 nm), were 

added and second incubation step (1 hour at RT) was performed. Finally, a second 

aliquot of Rituximab (40 μl) was added and a third 1 hour incubation at RT was 

performed. 
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A sample which has followed all the described steps without the addition of 

Rituximab was also prepared as control in order to exclude the aspecific adsorption 

of secondary antibody. 

5.2.4.2 Characterization 

Fluorescence Microscopy 

The success of antibodies conjugation was evaluated through fluorescence 

microscopy using a wide-field fluorescence-inverted microscope (Eclipse Ti-E, 

Nikon) with a 100× immersion oil objective (NIkon). Fluorescence images of green 

and blue channels, corresponding to fluorescence of WGA-Alexa Fluor 488 

(λEx=495 nm) and Coumarin conjugated secondary antibodies (λEx=350 nm) 

respectively, were acquired and then superimposed to evaluate colocalization. 

 

Nanoparticle Tracking Analysis (NTA) 

The size distribution of functionalized EVs was measured by NTA technique, 

analyzing the EVsCD20 and the relative control after each incubation step with 

Rituximab or secondary antibody. The samples were diluted 1:13 in PBS and the 

camera level and detection threshold during acquisition and analysis were set at 15 

and 5 respectively. 
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5.3 Results and discussion 

5.3.1 TNHs components: ZnO NCs and EVs extracted from B 

lymphocytes 

The ZnO NCs used for the TNH construction were synthesized through 

microwave-assisted method and functionalized with amino-propyl groups as 

reported in previous chapters, obtaining round-shaped particles of about 20 nm with 

wurtzite crystalline structure and a positive surface charge as already described in 

details. 

The nanoconstruct studied in this phase was intended for the treatment of Daudi 

cancerous cells and EVs isolated from B lymphocytes were used, in order to address 

safety issues related to the cell of origin. Actually, recent literature studies 

evidenced that tumour-derived EVs carry signalling messenger and biological 

substances secreted from parent cells that could be involved in the development, 

progression and metastasis of cancer (Sun et al., 2018). Tumour-derived EVs, in 

fact, possess specific glycoproteins that are probably responsible for the modulation 

of the microenvironment facilitating the growth of metastatic cancer cells (Hoshino 

et al., 2015). Thus, EVs derived from healthy cells are considered a better option 

for the construction of safe and effective drug delivery systems. 

The EVs were extracted from B lymphocytes supernatants applying the already 

described differential ultracentrifugation protocol and fully characterized. The size 

distribution and the concentration expressed in particles/ml were measured through 

NTA technique, analysing the samples obtained from different extractions. An 

example of the derived size distribution is shown in Figure 5.3a, displaying a single 

and narrow peak, centred at ~120 nm. The average particles concentration, obtained 

considering 20 different extractions, was equal to 1·1011 ± 1·1010 particles/ml. 

The average EVs protein concentration was also evaluated through Bradford 

assay. The test was performed on the extracted vesicles without any lysis pre-

treatment considering the same samples analysed with NTA technique and 

obtaining an average concentration equal to 160 ± 11 μg/ml. 

The morphology of EVs was analysed by Transmission Electron Microscopy 

(TEM), contrasting the sample with uranyl acetate. Representative image are 

reported in Figure 5.3b and c, showing a mixed population of round-shaped 

structures with size distribution in good accordance with NTA measurements. The 

smallest entities were identified as proteins and lipoproteins derived from the FBS 

added to the cell culture media during the EVs production, which could co-

precipitate during the extraction procedure (Bachurski et al., 2019). The presence 

of larger vesicles with dimensions of ~100 nm or slightly larger and the typical cup-

shaped morphology of stained EVs (Jung & Mun, 2018) was also clearly accounted. 

The composition of the sample was analysed through EDS analysis, performed 

on the area reported in Figure 5.2c. The elemental maps (Figure 5.2d) showed the 

presence of carbon, oxygen, nitrogen and phosphorous, typical elements of lipidic 
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vesicles membrane, together with a consistent amount of sodium ascribable to the 

physiologic solution used as dispersant medium. 

 

 

Figure 5.2: Characterization of EVs extracted from B lymphocytes through differential 

ultracentrifugation. (a) NTA measurements of EVs dispersed in physiologic solution; (b) and (c) TEM image 

of EVs negatively stained with uranyl acetate (scale bar 50 nm); (d) EDS elemental maps of the area and the 

reported in (b). 

Finally, the immunephenotypic characterization of the extracted EVs were 

studied through flow-cytometry, analysing the expression of typical membrane 

proteins, i.e. CD63 and CD81. These two tetraspanins belong to the first category 

of markers that must be tested in any preparation to demonstrate the presence of 

EVs according to MISEV2018 guidelines (Théry et al., 2018).  

Representative graphs of the obtained results are reported in Figure 5.3a and 

b, showing the expression of CD63 and CD81 respectively. Both red curves, 

corresponding to the signals related to the EVs conjugated with anti-CD63 or anti-

CD81 labelled antibodies, showed a shift toward higher fluorescence with respect 

to the isotype control (blue curves) and untreated control (black curves), indicating 

the expression of both antigens. In particular, a more marked shift was observed for 

CD81, indicating its major expression. Actually, this behaviour was in good 

accordance with literature results which indicate that CD63 tetraspanin marker is 

less abundant on B-cells derived exosomes (Andreu & Yáñez-Mó, 2014). 
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Figure 5.3: Characterization of EVs extracted from B lymphocytes through differential 

ultracentrifugation. Expression of (a) CD63 and (b) CD81 evaluated by flow-cytometry (black curves: 

untreated control; blue curves: isotype control; red curves: EVs with anti-CD63-PE or anti-CD81-APC). 

5.3.2 TNHs construction and characterization 

5.3.2.1 Definition of EVs:ZnO NCs ratio 

The ratio between the ZnO NCs and EVs used for the TNHs construction was 

defined on the basis of theoretical calculations. In particular, the number of 

nanocrystals which could be geometrically encapsulated within a single vesicle was 

calculated considering the EVs and ZnO NCs as hard spheres with diameter of 100 

nm and 20 nm, respectively. A packing density of ~74% was considered, assuming 

the maximum possible density corresponding to cubic close packing arrangement 

(Conway & Sloane, 1999). With these hypotheses, it was calculated an amount of 

about 93 ZnO NCs per EVs. Since the size of synthesized ZnO NCs ranged between 

15 and 20 nm as experimentally observed from TEM and FESEM analyses, it was 

approximately assumed that each EVs could contain up to 100 nanocrystals.  

This number ratio was then transformed in a mass ratio. Briefly, the number of 

vesicles corresponding to a fixed amount of EVs protein was calculated making the 

ratio between the mean concentration in particles/ml and μg/ml, obtained from NTA 

and Bradford techniques respectively. Moreover, the number of ZnO NCs was 

transformed in μg considering the particles volume (i.e. the volume of a sphere with 

diameter equal to 20 nm) and the ZnO density (ρZnO=5.606 g/cm3). Considering for 

example 5 μg of EVs protein, the resulting theoretical amount of ZnO NCs was 

equal to ~7.3 μg. 

In order to favor the probability of collision and thus the interaction between 

the two components, an excess of ZnO with respect to the theoretical amount was 

envisaged. More in details, 10 μg of ZnO NCs each 5 μg of EVs were used, defining 

an experimental ratio EVs:ZnO NCs equal to 1:2.  
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5.3.2.2 Coupling efficiency and colloidal stability 

Preliminary experiments were conducted applying the optimized co-incubation 

protocol defined in Chapter 4 to EVs derived from B lymphocytes. However, the 

resulting coupling efficiencies were considerably lower with respect of those 

previously obtained with EVs derived from KB cells. In particular, the percentages 

of colocalized ZnO NCs evaluated by fluorescence microscopy ranged between 8% 

and 27%, showing a low degree of encapsulation and a high variability and, thus, 

making the obtained nanoconstruct not ideal for biological applications. The 

different results could be ascribed to a different rigidity of the lipid membrane. 

Literature studies, in fact, reported that EVs extracted from non-cancerous cells 

lines contained more cholesterol than tumour-derived vesicles (Pfrieger & Vitale, 

2018) and in particular EVs extracted from human B-cells presented a large 

enrichment of sphingolipids and cholesterol in their membrane (Wubbolts et al., 

2003). Indeed, cholesterol deeply influence the membrane fluidity, interfering with 

the movement of phospholipid fatty acid chains and reducing the permeability of 

biological membranes. 

The obtained results and these observations encouraged the transition from 

passive co-incubation method to the application of an active method. The new 

methodology was based on the application of freeze-thaw cycles as active stimulus 

to induce the destabilization of EVs membrane and consequently promote the 

encapsulation of ZnO NCs. Literature studies reported the encapsulation of drug 

molecules like catalase (Haney et al., 2015) or doxorubicin (Goh et al., 2017) 

through the application of three freeze-thaw cycles while fusion between EVs 

membrane and synthetic liposomes was achieved performing up to ten cycles to 

guarantee an effective engineering of the EVs (Sato et al., 2016).  

Considering these literature results, two distinct methods to encapsulate the 

ZnO NCs within EVs derived from B lymphocytes were developed. The first 

procedure (Method 1) involved the use of the higher reported number of freeze-

thaw cycles (i.e. ten cycles), while the second procedure (Method 2) reduced the 

number of cycles at two and added a short incubation at high temperature (45°C), 

to ensure a higher fluidity of the already weakened EVs membranes. A detailed 

description of the two methods and the characterization in terms of coupling 

efficiency and colloidal stability of the obtained TNHs are reported below. 

 

Freeze-thaw Method 1 

The first tested procedure, schematized in Figure 5.4 envisaged the application 

of 10 freeze-thaw cycles, performed by rapidly freezing in liquid nitrogen the 

solution containing the nanocrystals and the EVs for 3 minutes and then thawing it 

for 15 minutes at room temperature. As already observed for the TNHs produced 

with EVs derived from KB cells, the addition of the ZnO NCs in two steps was a 

valuable option, allowing the containment of NCs aggregation which could be 

promoted by concentration increments. Thus, half aliquot of NCs was added at the 

beginning of the procedure and the second half after 5 cycles. The coupling 

procedure was terminated performing an incubation of 1 hour at 37 °C, in order to 
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restore the EVs membrane. According to literature results, in fact, the application 

of physiologic temperature could guarantee a great recovery of the microviscosity 

of the vesicles membrane after the application of an active stimulus (Kim et al., 

2016). 
 

 

Figure 5.4: Scheme of the first coupling procedure (Method 1) combining ZnO NCs and EVs extracted 

from B lymphocytes for the TNHs construction 

The efficiency of the coupling procedure was evaluated through fluorescence 

microscopy as widely explained in Chapter 4 and in the Materials and Methods 

section, analyzing several regions of interest (ROIs) of 5 different samples. The 

TNHs obtained with Method 1 (denominated TNH-11:2) presented an average 

coupling efficiency with respect to ZnO equal to 48% ± 14% (Table 5.1). This was 

an appreciable result considering the value initially obtained with passive co-

incubation method and the encapsulation efficiencies reported in literature which 

normally do not exceed 20-30% (Kim et al., 2016, Haney et al., 2015).  

As already performed in the previous chapter, the colloidal stability of the 

obtained TNHs was analyzed by NTA measurements (Figure 5.5). In particular, 

the hydrodynamic size distribution of TNHs dispersed in the coupling mixture of 

bd water and physiologic solution was measured and compared with those of the 

single components. For consistency, also pristine EVs and ZnO NCs were subjected 

to the whole coupling protocol. 

Both the singular components and the TNHs showed a behavior similar to the 

one observed for TNHs obtained using EVs from KB cells (see Figure 4.10). The 

ZnO NCs (Figure 5.5a) presented a wide size distribution with multiple peaks 

centered also at high size values between 200 and 300 nm, confirming again the 

nanocrystals aggregation caused by the prolonged contact with physiologic 

solution. In addition, the formation of aggregates could be also justified considering 

the numerous freezing cycles which could negatively influence the materials 

stability in solution. For instance, the tendency of EVs to aggregate in consequence 

of freeze-thaw cycles is well documented in literature (Luan et al., 2017). However, 

the EVs subjected to the whole Method 1 procedure displayed a good size 

distribution (Figure 5.5b). This was quite similar to the one registered for 

unmodified EVs (see Figure 5.2) with a major peak at ~100 nm and other minor 

peaks at 142 nm and 212 nm, evidencing very low extents of aggregation. Also, 

TNHs sample resulted well-dispersed in the bd water and physiologic solution 

coupling mixture (Figure 5.5c), resembling the distribution of pristine EVs. This 
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result confirmed the success of coupling procedure and the effective nanocrystals 

stabilization provided by the EVs shielding. 

 

 

Figure 5.5: NTA measurements of (a) ZnO NCs (b) EVs and (c) TNH-11:2 dispersed in 1:1 v/v of bd 

water and physiologic solution. 

Freeze-thaw Method 2 

Literature data indicated that a high number of freeze-thaw cycles could affect 

EVs number and protein concentration as consequence of their degradation (Y. 

Cheng et al., 2019). In this perspective, in Method 2 the number of cycles were 

reduced at 2 prolonging instead the duration of co-incubation step, to ensure a high 

coupling efficiency combining active and passive loading methods. 

In details, in the second coupling procedure, the number of freeze-thaw cycles 

was reduced to 2 and they were performed without the addition of ZnO NCs in 
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order to reduce also the mechanical stresses possibly induced by the presence of 

nanocrystals in the solution. The entire aliquot of NCs was added after the second 

cycle and the obtained mixture was subjected to a quick heating step (45°C for 10 

minutes) to promote the higher fluidity of the already weakened EVs membranes. 

The process was completed with an incubation of 2 hours at 37°C and a further 

overnight (O/N) incubation at room temperature. The coupling efficiency was 

evaluated after both incubation steps and the samples were indicated as TNH-21:2 

2H and TNH-21:2 O/N respectively. Before the characterization a final 

centrifugation step was performed in view of biological tests that would require the 

redispersion of the samples in appropriate cell culture medium. The results, reported 

in Table 5.1, indicated the implementation of the O/N incubation as the best option 

with an average value of %co-ZnO = 49% ± 13%. A scheme of the defined Method 

2 procedure is reported in Figure 5.6. 

 

 

Figure 5.6: Scheme of the second coupling procedure (Method 2) combining ZnO NCs and EVs extracted 

from B lymphocytes for the TNHs construction. 

A second set of experiments was performed reducing the amount of ZnO NCs 

to 5 μg every 5 μg of EVs, i.e. with an EVs:ZnO NCs ratio equal to 1:1 (TNH-21:1 

O/N). The selected amount was lower than the calculated maximum theoretical 

value of 7.3 μg to evaluate the possibility of maximizing the coupling percentages 

working with a defect of NCs. Literature studies, in fact, evidenced an intrinsic limit 

in the EVs loading connected to the fact that the vesicles already contain proteins, 

nucleic acid and other biological materials which relatively restricts their loading 

capacities of exogenous cargos (Batrakova & Kim, 2015). In addition, the decrease 

of NCs concentration would allow to contain their aggregation in solution, 

contributing to an easier encapsulation by EVs. However, the obtained percentages 

(Table 5.1) indicated that the ZnO NCs diminution was not an effective solution to 

overcome the EVs loading limit. Conversely, the coupling efficiency were even 

lower with respect to the previous results, evidencing that the higher concentration 

of ZnO NCs was able to guarantee a major interaction and, thus, a better coupling.  

Table 5.1:  Percentages of ZnO NCs colocalized with EVs (%co-ZnO) obtained by Method 1 and the 

three described variants of Method 2. In particular, the number of incubation steps and the ratio between EVs 

and ZnO NCs were varied. 

TNH-11:2 TNH-21:2-2H TNH-21:2-O/N TNH21:1-O/N 

48% ± 14% 40% ± 11% 49% ± 13% 27% ± 14% 
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To complete the preliminary characterization, the colloidal stability of the best 

nanoconstruct among those obtained by Method 2 (i.e. TNH-21.2 O/N) was assessed 

through NTA measurements. Also in this case, uncoupled EVs and ZnO NCs 

subjected to the entire coupling protocol were tested and compared with TNHs, 

analyzed both before and after the centrifugation step.  

Both single EVs and ZnO NCs showed results completely similar to those 

obtained for Method 1, confirming the aggregation of nanocrystals in contact with 

physiologic solution and the good distribution of EVs, centered at ~100 nm (data 

not shown). The TNH-21:2 O/N before the centrifugation step (Figure 5.7a) resulted 

well-dispersed, resembling the hydrodynamic distribution of pristine EVs with only 

minor peaks at larger diameters (i.e. 150 and 315 nm). The distribution of TNH-21:2 

O/N after the centrifugation step (Figure 5.7b), instead, was slightly broader with 

a major peak centered at ~140 nm and a secondary peak at 250 nm, suggesting a 

partial aggregation due to the application of the centrifugal force. However, the size 

presented by centrifuged TNHs could still be suitable for biological applications 

and constitute a great improvement with respect to randomly-aggregated ZnO NCs 

confirming the stabilization effect provided by the EVs lipid shell. 

  

 

Figure 5.7: NTA measurement of TNH-21:2 O/N dispersed in 1:1 v/v of bd water and physiologic solution 

(a) before and (b) after the centrifugation step. 
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5.3.2.3 TNHs characterization: morphological and compositional analyses 

To analyze in detail their morphology and elemental composition, the samples 

with the higher percentages (i.e. TNH-11:2 and TNH-21:2 O/N) were both 

characterized with Transmission Electron Microscopy (TEM) and Energy 

Dispersive Spectroscopy (EDS). 

The results related to the TNHs obtained by Method 1 are reported in Figure 

5.8. The sample was imaged both with and without negative staining to ensure a 

good visualization of both components of the nanoconstruct. As already mentioned, 

negative staining is considered the best method for EVs imaging, allowing to 

identify the typical cup-shaped structure ascribable to an artifact of the drying 

process (Jung & Mun, 2018). However, the presence of heavy metal could partially 

prejudice the visualization of ZnO NCs, that would not possess enough contrast 

whit respect to the uranyl acetate used as contrasting agent. For this reason, the 

sample was imaged also without staining, to show the presence of ZnO NCs and 

their position inside the vesicles.  
 

 

Figure 5.8: TEM images of TNH-11:2 (a) with and (b) without negative staining of uranyl acetate (scale 

bars 50 nm); (c) EDS analysis of unstained TNH-11:2, reporting the STEM image of the analyzed area and the 

related elemental maps. 

The image with the negative staining (Figure 5.8a) showed that the vesicles 

adequately maintained their original morphology even after multiple freeze-thaw 

cycles. Conversely, the image without the staining (Figure 5.8b) clearly showed 

the presence of numerous ZnO NCs within a single round-shaped vesicle or small 

aggregates, confirming their effective encapsulation. The success of the coupling 

was also confirmed by EDS analyses, performed on the unstained sample, that 

displayed the presence of Zn element together with C, O, P and N elements typical 
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of EVs phospholipidic membrane. Furthermore, Na and Cl elements, ascribable to 

contamination of physiologic solution, were detected. The STEM image of the 

analyzed area together with the obtained EDS maps are reported in Figure 5.8c. As 

clearly shown in the picture, the analysis was performed on a small aggregate of 

vesicles, partially disrupted as a consequence of measurement conditions and 

absence of any fixation or contrast. However, this partial degradation allowed the 

leakage of EVs content and the clear detection of Zn signal. From elemental maps, 

Zn resulted near or included in the region delimited by C, O, P and N elements 

which are part of vesicle membranes, suggesting a successful encapsulation of ZnO 

NCs within the EVs.   

Concerning the TNHs obtained by Method 2 (TNH-21:2 O/N), only images of 

the stained sample were reported (Figure 5.9a and b). Actually, an attempt of 

analysis without the negative staining was also performed, but without appreciable 

results. The sample, in fact, contained spherical salts aggregates with dimensions 

similar to those of the vesicles, probably formed during the prolonged incubation 

steps. Thus, the formation of typical cup-shaped structure provided by the negative 

staining with uranyl acetate allowed the certain recognition of the EVs, 

guaranteeing an accurate analysis of the sample. The reported images clearly show 

that EVs subjected to Method 2 procedure maintained their original morphology. 

The presence of ZnO NCs was confirmed through EDS analysis performed on the 

area reported on the related STEM image (Figure 5.9c). The object presented the 

characteristic concave shape and the signals of O, C and P elements, typical 

components of vesicles membranes. Zn signal was also detected, confirming the 

presence of the NCs and suggesting their effective encapsulation within the EVs.  
 

 

Figure 5.9: (a) and (b) TEM images of TNH-21:2 O/N with negative staining of uranyl acetate (scale bars 

50 nm); (c) EDS analysis of TNH-11:2, reporting the STEM image of the analyzed area and the related elemental 

maps. 
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Overall, TEM analyses further confirmed the efficiency of the two 

implemented loading methods. Indeed, the presence of Zn element, absent in 

pristine EVs (see Figure 5.2), was accounted in the EDS maps of both samples 

suggesting that both Method 1 and 2 guaranteed an efficient encapsulation of the 

ZnO NCs. In addition, the EV original morphology was adequately preserved by 

both methods, even though the presence of small aggregates was detected in TNH-

11:2 sample. Conversely, TNH-21:2 O/N sample contained single vesicles with a 

better preserved spherical morphology, as expected considering the minor 

invasiveness of the procedure which apply only two freeze-thaw cycles. Moreover, 

in a perspective of further functionalization or applications, the TNH-21:2 O/N could 

be selected as the best option since its good coupling efficiency and colloidal 

stability are accompanied by a convenience in terms of operating times, which 

would allow a greater flexibility for subsequent manipulations.  

5.3.3 Functionalization with targeting ligands 

The surface of EVs was functionalized with Rituximab, a recombinant 

monoclonal chimeric antibody directed against CD20 antigen. Rituximab is a 

genetically engineered IgG1-κ immunoglobulin composed by murine variable 

binding regions and human constant regions and it was the first monoclonal 

antibody approved by FDA for therapeutic use in 1997. Originally, it was approved 

for the treatment of B-cell non-Hodgkin’s lymphoma, but its use is now extended 

for the treatment of various pathological conditions. The therapeutic action of 

Rituximab involves different mechanisms, inducing the apoptosis of targeted cells 

either directly or through the recruitment of immune effector functions mediated by 

the human Fc portion of the antibody (Maloney, 2012). However, for the purposes 

of this PhD thesis, Rituximab was mainly selected for its specificity toward CD20 

antigen and constitute the targeting moiety of the TNH hybrid nanoconstruct. 

Indeed, CD20 antigen is a general marker for B cells on various developmental 

stages and it is expressed also by the majority of B-cell lymphomas with a variable 

intensity of expression, depending on the types and differentiation of neoplastic 

cells (Prevodnik et al., 2011). In particular, several studies reported the CD20 

expression by Daudi cells (Dorvignit et al., 2012; Singh et al., 2014), which are the 

therapeutic object of the nanoconstruct developed in this PhD thesis. 

The proposed functionalization technique is fully based on antigen-antibody 

interactions, as schematically represented in Figure 5.10, and relies on the 

expression of CD20 antigen also on the lymphocytes-derived EVs. As already 

mentioned, in fact, the produced vesicles reflect the protein expression of their 

parent cells and, thus, EVs extracted from B lymphocytes should contain CD20 

transmembrane protein. Briefly, a Rituximab primary antibody was anchored to 

CD20 antigens present on EVs surface. Then, a secondary antibody directed against 

the Fc human constant region was added and employed as cross-linker to connect a 

second Rituximab antibody, this time directed against the CD20 antigens present 

on Daudi cells surface. To limit the steric hindrance and the overall dimensions of 

the created functionalizing assembly, a secondary antibody constituted only by 
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F(ab’)2 fragment (i.e. the two antigen binding portions linked by disulphide bonds) 

was chosen. Furthermore, the use of a F(ab’)2 fragment with respect to a whole 

secondary antibody would also reduce the potential immunogenicity avoiding the 

Fc mediated immune activation (Bates & Power, 2019). 

 
 

 

Figure 5.10: Schematic representation of the strategy of functionalization of EVs derived from B 

lymphocytes, using Rituximab primary antibody as targeting agent and a F(ab’)2 fragment of a secondary 

antibody direct against the Fc human region as cross-linker. 

5.3.3.1 EVsCD20 and TNHsCD20 characterization 

Firstly, to investigate the feasibility of the proposed functionalization strategy, 

the surface expression of CD20 antigen was verified through flow-cytometry. In 

particular, pristine EVs derived by B lymphocytes and TNHs nanocontructs 

obtained by either Method 1 and 2 were analysed. Representative results are 

reported in Figure 5.11a, b and c respectively. All three red curves, corresponding 

to the signals of samples treated with anti-CD20 labelled antibody, showed a shift 

toward higher fluorescence with respect to the isotype control (blue curves) and 

untreated control (black curves), confirming the presence of CD20 antigen in all the 

tested samples. Furthermore, the percentages of positive events calculated setting a 

threshold upon the isotype control were compared, in order to evaluate eventual 

differences in the intensity of surface expression. In particular, the experiments 

were performed in triplicate and the obtained mean ± SEM (reported in the caption 

of Figure 5.11) were confronted, evidencing no significant differences. 

Overall these results, confirmed the presence of CD20 transmembrane protein 

on EVs derived from B lymphocytes and highlighted that both the implemented 

loading method efficiently preserved the surface expression of CD20 protein. 

 

 

Figure 5.11: Representative flow-cytometry evaluation of the expression of CD20 protein on the surface 

of (a) pristine EVs, (b) TNH-11:2 and (c) TNH-21:2O/N (black curves: untreated control; blue curves: isotype 

control; red curves: sample with anti-CD20-PE antibodies). Percentages of positive events with respect to 

isotype control were calculated in triplicate and expressed as mean ± SEM: EVs = 16 ± 8 %: TNH-11:2 = 18 ± 

5 %; TNH-21:2O/N = 24 ± 3 %. 
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Given the similarity of CD20 surface expression between EVs and TNHs 

nanoconstructs, the functionalization procedure with targeting antibodies was 

firstly optimized and verified only on pristine EVs (sample named EVsCD20). In 

particular, the optimization of functionalizing procedure concerned the definition 

of the most suitable amount of antibodies, added in three consecutive incubation 

steps performed at room temperature for 1 hour. A rough estimate of the CD20 

amount present on the surface of extracted EVs was made considering half of the 

protein content measured by Bradford assay equal to CD20 transmembrane 

proteins. Then, it was found that the addition of a large excess of Rituximab (i.e. 

4:1 molar ratio with respect to the assumed antigen concentration) was the most 

suitable option, guaranteeing an adequate antigen-antibody interaction. The cross-

linker secondary antibody F(ab’)2 fragment was subsequently added in a molar ratio 

1:1 with respect to the Rituximab and finally a second aliquot of Rituximab was 

added in the same amount as the first.  

The success of the functionalization was preliminary evaluated through 

fluorescence microscopy and NTA measurements. 

For fluorescence microscopy experiments (Figure 5.12), the EVs membranes 

were labeled with WGA conjugated with Alexa Fluor 488 dye (λEx= 495 nm), while 

a secondary antibody F(ab’)2 fragment labeled with Coumarin dye (λEx=350 nm) 

was used to image the cross-linked assembly of antibodies. The two components 

were imaged in the green channel (Figure 5.12a) and blue channel (Figure 5.12b) 

respectively and then the two images were superimposed (Figure 5.12c). The 

resulting merge evidenced the presence of several colocalized spots, confirming a 

good extent of EVs membranes functionalization with targeting antibodies.  
 

 

Figure 5.12: Wide-field fluorescence images of EVsCD20 (from (a) to (c)) and control (from (d) to (f)) 

samples. (a) and (d) green channel corresponding to EVs labeled with WGA-Alexa Fluor 488; (b) and (e) blue 

channel corresponding to Coumarin dye conjugated to secondary antibody F(ab’)2 fragment; (c) and (f) merge. 

Scale bar: 10 μm. 
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A control sample which had followed the whole functionalizing procedure, but 

without the addition of Rituximab primary antibody, was also analyzed (Figure 

5.12 from d to f). In this case, EVs were properly detected in the green channel 

(Figure 5.12e) but no blue fluorescence connected to Coumarin labeled secondary 

antibody was detected (Figure 5.12e). This allowed to exclude any aspecific 

adsorption of the F(ab’)2 fragment, confirming that the blue signal in the EVsCD20 

sample was due to the effective conjugation of antibodies to vesicles surface.  

The presence of functionalizing antibodies on the EVs surface was also 

preliminary investigated through NTA measurements. Also in this case, both 

EVsCD20 and the relative control sample obtained without the addition of the 

primary antibody were analyzed. Specifically, the two samples were measured at 

the end of each incubation step, i.e. after the addition of: (i) first Rituximab (Figure 

5.13, top panel), (ii) secondary antibody F(ab’)2 fragment (Figure 5.13, middle 

panel) and (iii) second Rituximab (Figure 5.13, bottom panel).  

 

Figure 5.13: NTA measurements of antibody-functionalized sample (EVsCD20, blue lines) and control 

sample (EVs, grey lines) after each incubation step performed during the functionalization procedure. From top 

to bottom: samples after the addition of first aliquot of Rituximab (top panel), secondary antibody F(ab’)2 

fragment (middle panel) and second aliquot of Rituximab (bottom panel).  

The three measurements allowed to monitor the evolution of the hydrodynamic 

size of the samples during the functionalization process. The EVs control sample 

(grey lines in Figure 5.13) maintained a constant dimension equal to ~110 nm after 

all three incubation steps, showing no evident surface modification or aggregation 

phenomena. Conversely, the size distribution of EVsCD20 sample (Figure 5.13, blue 

lines) showed a shift toward higher hydrodynamic size. In particular, the mode 

value moved from 114 nm after the first incubation step to 135 nm after the third 

step. This increment could be ascribed to the presence of cross-linked antibodies on 
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EVs surface causing an increment of the steric hindrance and, consequently, of the 

mean hydrodynamic size. As clearly observable, a minor peak at low hydrodynamic 

size (~40 nm) was also detected after the addition of the secondary antibody and 

the second aliquot of Rituximab. These peaks were tentatively attributed to residual 

unbound antibodies present in solution which have to be carefully removed before 

the application of targeted EVsCD20.   

Overall, fluorescence microscopy and NTA measurements preliminarily certify 

the feasibility of the engineering step of EVs with a specific antibody, confirming 

from a semi-quantitative point of view, the successful interaction between the 

antibody and its binding site on the vesicles membrane. The complete preservation 

of the expression of CD20 protein on the surfaces of the vesicular component of 

TNH nanoconstruct was also assessed through flow-cytometry, enabling the 

opportunity to transfer the functionalizing procedure to the optimized hybrid 

nanoconstructs.  

Indeed, the final evaluation of the success of the proposed functionalizing 

procedure and of the suitability of the selected targeting moiety would come from 

in vitro tests, which, however, are beyond the purpose of the present PhD thesis. 

The study of the cytotoxicity and interactions with either normal and cancerous cell 

models in vitro would provide a preliminary insight of the specificity and 

therapeutic efficacy of the developed TNHs. Specifically considering the 

modification with targeting moieties, internalization assay of nanoconstructs with 

and without anti-CD20 antibody (i.e. TNHs and TNHsCD20) would allow to analyse 

their selectivity, comparing the intrinsic targeting properties of unmodified EVs 

with the preferential accumulation conferred by the insertion of specific molecules 

for the active targeting.  
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5.4 Conclusions 

The results presented in this chapter report on the further optimization of TNH 

hybrid nanoconstruct in terms of safety, loading efficiency and selectivity. The 

TNHs developed in this phase were intended for the treatment of lymphomas cancer 

cells (Daudi cell line) and the employed EVs were extracted from healthy B 

lymphocytes, in order to address the safety concerns related to the application of 

tumor-derived vesicles. 

The encapsulation of synthesized ZnO nanocrystals was obtained through an 

active loading procedure, based on the application of freeze-thaw cycles as external 

stimulus to destabilize the lipid membrane of the biovesicles and favour the 

entrance of the nanocrystals. In particular, two procedures (i.e. Method 1 and 

Method 2) characterized by a different number of freeze-thaw cycles were tested 

and the obtained TNHs were characterized. Both methods ensured the production 

of TNHs with promising loading efficiencies, high colloidal stability and preserved 

morphology. However, the Method 2 procedure, which envisaged the application 

of only two freeze-thaw cycles and prolonged co-incubation steps, was identified 

as the best option. Indeed, the loading efficiency obtained through the application 

of Method 2 comprehensive of the overnight incubation step (TNH-22:1 O/N) was 

equal to 49% ± 13%, overcoming the loading efficiencies obtained in the previous 

chapter. Furthermore, the Method 2 ensured the minimization of potential 

morphological and compositional degradations connected to the repeated freezing 

and thawing, applying a reduced number of cycles. This is also accompanied by a 

convenience in terms of operating times, which would allow a greater flexibility for 

subsequent manipulations. 

Finally, to improve the TNHs selectivity, a functionalization method for the 

decoration of EVs surface with specific targeting antibodies was tested. The 

selected targeting moiety was Rituximab, a recombinant monoclonal chimeric 

antibody directed against CD20 antigen, a common marker of lymphomas cells. 

The proposed functionalization technique, fully based on antigen-antibody 

interactions, was preliminarily verified on pristine EVs. The possibility to transfer 

the functionalization protocol to TNHs was also verified, assessing the expression 

of CD20 protein on EVs surface after the application of both loading methods. 
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Main conclusions and future 

perspectives 

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

innovative hybrid nanoconstruct (TrojaNanoHorse – TNH) 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 

lipid bilayer constituted by biologically derived EVs. 

The first part of the experimental work concerned the production of ZnO NCs 

with the evaluation of two synthetic approaches. More in details, the developed 

microwave-assisted synthesis allowed the obtainment of single-crystalline ZnO 

nanoparticles with homogenous physico-chemical properties. Compared to the 

conventional solvothermal synthetic approach, the microwave-assisted synthesis 

ensured a more efficient and reproducible biological response. The stability of the 

synthesized ZnO NCs in the biological environment was then evaluated, evidencing 

their tendency to aggregation and their high reactivity toward biological media 

components. Indeed, the control of the NCs colloidal and chemical stability in 

biological environment is of paramount importance for the development of 

effective and reliable therapeutic tools. Thus, the possibility to efficiently stabilize 

the ZnO NCs through surface functionalization was evaluated. In particular, ZnO 

NCs coated with a shell made by DOPC synthetic phospholipids were tested, 

evidencing that the presence of lipid bilayer efficiently prevented the nanocrystals 

aggregation and preserved their morphological, chemical and structural features 

even after prolonged contact with simulated and biological fluids.  

These results built the rationale for the development of TNH hybrid 

nanoconstruct, made by ZnO NCs encapsulated within EVs. The EVs, in fact, are 

cell-derived lipid vesicles and, thus, their shielding would guarantee the ZnO NCs 

stabilization while their biological origin would impart additional biomimetic and 

biocompatible features. Indeed, the application of EVs as innovative drug delivery 

systems is widely investigated but the development of efficient and conservative 

encapsulation strategies is still a major challenge. The combination of synthesized 

ZnO NCs and EVs derived from KB cancerous cells was obtained through a passive 

co-incubation method, optimized to maximize the interaction between the two 
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components. The obtained TNHs presented satisfying coupling efficiencies, 

overcoming those obtained by similar literature studies, and the TEM analyses 

confirmed the efficient encapsulation of several ZnO NCs within a single EV. The 

improvement of the colloidal biostability of the EVs-shielded NCs was also 

assessed, in good accordance with the preliminary results obtained with synthetic 

lipid bilayer-shells. Moreover, in vitro tests on KB cancerous cells confirmed the 

efficacy of the produced nanoconsruct. The presence of the EVs-shielding, in fact, 

promoted the cellular internalization of ZnO NCs while preserving their intrinsic 

cytotoxicity.  

Considering some of the common issues reported in the literature, the TNH 

construction was further optimized in terms of loading efficiency, selectivity and 

safety concerns related to the EVs cellular source.  The therapeutic target of this 

second TNH were Daudi cells, a cancerous cell line derived from Burkitt 

lymphoma, but tumour-derived vesicles were substituted with EVs derived from 

normal B lymphocytes. In fact, even though tumour-derived EVs could possess a 

convenient intrinsic specificity toward their parent cells, recent literature studies 

evidenced that they could also carry biological substances involved in the 

development, progression and metastases of cancer. Thus, EVs derived from 

healthy cells are considered a better option for the construction of safe and effective 

drug delivery systems. To increment the loading efficiency, the transition from a 

passive co-incubation to an active method was envisaged. In particular, the 

developed procedure was based on the application of freeze-thaw cycles as active 

stimulus to induce the destabilization of EVs membrane. Indeed, the freeze-thaw 

active method effectively promoted the encapsulation of ZnO NCs and the obtained 

coupling efficiency was near to 50%. Finally, to further improve the selectivity of 

the proposed TNH nanoconstruct, the functionalization of EVs surface with 

targeting moieties was studied. In fact, even though EVs harbor an innate specificity 

and preferential accumulation, their intrinsic targeting ability is often not sufficient 

and surface modifications are widely explored to achieve an adequate targeted 

delivery. As already specified, the therapeutic target of TNH nanoconstruct is the 

Daudi cell line. Thus, monoclonal antibodies directed against CD20 protein, a 

common marker of lymphomas cells, were selected as targeting moieties. More in 

details, Rituximab, a therapeutic monoclonal antibody already approved by FDA, 

was used. The proposed functionalization technique, fully based on antigen-

antibody interactions, relied on the expression of CD20 antigen also on the surface 

of lymphocytes-derived EVs. The success of targeting functionalization was 

preliminarily verified on pristine EVs, but the possibility to transfer it to TNHs was 

also investigated, assessing the preservation of CD20 protein expression on the 

surface of final TNHs nanoconstructs. The final evaluation of the selectivity and 

therapeutic efficacy of the optimized TNH would come from in vitro tests, which 

are beyond the purpose of the present PhD thesis. The described optimized 

procedure allowed the production of TNHs characterized by high coupling 

efficiency, very good colloidal stability, preserved morphology and surface protein 

expression, as well as the possibility of specific surface modification. All these 

features should indeed favour an effective interaction with cells. 
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Overall, the results presented in this PhD thesis constitute a proof of concept 

for the creation of a hybrid nanoconstruct which would allow the stabilization of 

ZnO NCs in the biological environment. The produced TNH nanoconstruct 

harnesses the ZnO cytotoxic potential and the natural biostability and delivery 

features of EVs, proposing a strategy for the development of more reliable and 

effective therapeutic tools for the in vitro treatment of cancer cells. A further 

improvement would derive from the purification of the TNHs nanoconstruct from 

uncoupled ZnO NCs, achievable, for instance, through methods developed for the 

EVs isolation, like immunoaffinity capture or density gradient. In fact, even though 

the optimized coupling efficiencies were satisfactory and higher with respect to 

similar literature studies, a fraction of uncoated ZnO NCs was still present. The 

non-homogeneity of the product could complicate the interpretation of the obtained 

results and slow the transfer toward actual therapeutic applications.  

Moreover, a more careful investigation of the TNH stability in different 

biological media together with the evaluation of its chemical stability and 

interaction with media components would deeply help to understand its behaviour 

in biological systems. For instance, the study of protein corona composition would 

allow to unravel the biological identity of the developed nanoconstruct, predicting 

its biodistribution, interaction with immune system, cellular uptake and 

intracellular distribution, also with respect to uncoated ZnO NCs. A more detailed 

investigation of the toxicity mechanisms and of the interactions of TNHs 

nanoconstructs with cells are also required before their translation toward 

subsequent applications. Indeed, insight into the internalization mechanism and 

intracellular trafficking as well as the distinction between the different possible 

pathways of ZnO-induced cell death would provide a better comprehension, control 

and optimization of TNHs therapeutic action. 

Even if not directly analyzed in this thesis, TNH hybrid nanoconstruct could 

possess other valuable features like interesting optical properties, suitable for 

diagnostic purposes, and a high biocompatibility, guaranteed by the biological 

nature of EVs. Considering in vivo applications, in fact, EVs could constitute 

promising drug delivery systems characterized by lower immunogenitcity and 

prolonged blood circulation with respect to synthetic particles. However, several 

literature studies evidenced that also the EVs biodistribution profile is not 

completely favourable and that their therapeutic application could deeply benefit 

from the engineering of EVs membrane. As explained, a procedure for the EVs 

surface engineering with targeting ligands was here preliminary investigated, but 

the validation of the selectivity and therapeutic efficacy of the final TNH 

nanoconstruct by in vitro tests is still required. However, it is worth to mention that, 

by choosing different targeting ligands, the implemented TNH nanoconstruct could 

be in principle adapted for the treatment different types of cancer, indicating an 

interesting versatility.  

Finally, the transfer of the developed procedures to EVs directly derived from 

patient blood or tissues (i.e. autologous EVs) could constitute a promising step 

toward the creation of a fully biocompatible system for the delivery of 

therapeutically active ZnO NCs in personalized nanomedicine applications.
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