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Abstract  

Prostate cancer is the most common tumour in men in developed countries and, often, it responds 

poorly to conventional treatments such as surgery, radiation or androgen deprivation. Monoclonal 

antibody (MoAb) therapy, for this kind of pathology, has grown tremendously in the past decades 

exploiting antibodies in their naked form or conjugated to cytotoxic payloads to form antibody drug 

conjugates (ADCs). In particular, prostate cancer is featured by the high expression of the 

prostate-specific membrane antigen (PSMA) which is an internal cell membrane 100 kDa 

glycoprotein already validated as a pathology marker due to its restriction in normal tissues. 

Several studies have been carried out conjugating biomolecules against PSMA to cytotoxic drugs 

such as monomethyl auristatin E (MMAE).  

Nano-based formulations are representatives of another technology with high potential in targeted 

drug delivery to enhance the bioavailability of drugs and, consequently, enhance the therapeutic 

window. 

Our research aimed to evaluate if fluorescent PEGylated silica nanoparticles, already optimized 

for in vitro immunoassays, might be used in selective cancer cell targeting and killing. The 

nanoparticles employed in this study were featured by a core-shell structure allowing the 

contemporary conjugation of the targeting molecule (anti PSMA antibody) and the cytotoxic 

payload (MMAE), thanks to the intrinsic fluorescence of the nanoparticles the fate of the construct 

might be monitored across time.  

The experimental approach chosen is a step-by-step one in which all the components of the final 

multimodal tool were designed, produced, proved for lot-by-lot repeatability and reproducibility 

and, successively, singularly tested on cellular models in three independent sessions. Once 

outlined their stand-alone performance a small new brick was added in the building of the final 

compound.  
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We observed that stand-alone nanoparticles were actively, rapidly and spontaneously internalized 

by cell lines without affecting their health state. We analyzed their intracellular localization, finding 

a specific tropism for mitochondria. We analyzed their intracellular localization, finding a specific 

tropism for mitochondria. Secondly, we conjugated nanoparticles to doxorubicin observing the 

conserved capability of the system to be internalized but, contemporary the partial loss of a 

satisfactory cytotoxic effect, probably due to the lack of a complete and efficient release of the 

active principle. Of note, the system seems to offer the advantage of reducing the release of 

CD44+ Extracellular vesicles. Subsequently, we conjugated the nanoparticles to anti PSMA 

antibody, and as the steric hindrance due to the presence of nanoparticles was significantly higher 

than the one due to the sole drug, we parallelly evaluated the same antibody linked to fluorescein, 

a small fluorescent molecule with a size comparable to those of the small drugs. After the assays 

on cells, we stated that no significant differences in fluorescence signal were attributable to the 

difference in size. In addition, thanks to a competitive analysis we confirmed the receptor-

mediated nature of the endocytosis observed.  

Finally, we obtained the multimodal tool by conjugating the antibody to MMAE and then the 

complex to nanoparticles. We compared its cytotoxic effect near to the antibody-MMAE and free 

MMAE. We found a lower cytotoxicity effect of the nanoparticle-based construct concerning free 

drug, likely because of the preservation of the previously observed receptor-mediated 

endocytosis.  

The results collected in this study confirmed nanomedicine as a powerful alternative to organic 

drug delivery systems. However, before silica can be routinely introduced in clinical settings[, 

some aspects, such as drug loading efficacy, spatial and temporal drug release, scalable 

manufacturing and long-term stability, need to be deepened. 
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1. INTRODUCTION 

1.1 Targeted drug delivery: antibody drug conjugates 

Cancer remains one of the major causes of human morbidity and mortality, despite the advances 

in understanding of etiological agents giving rise to cancer and mechanisms of oncogenesis. 

Cancer has many causes and is featured by high heterogeneity. Additionally, each cancer is 

unique in its pathophysiology and its cells have potential to adapt to survive. Animal bodies, 

normally, employ immune surveillance to remove aberrant cells as they arise but, when this system 

fails, the disease is developed [1] . Cancer treatment is made harder from the heterogeneity, cited 

above, but also from the ability acquired by tumour cells to escape the immune system causing 

disease spread and difficulties in the therapy establishment.  

Antitumour drug development has made great progress since the 20th century, however, 

traditional chemotherapy drugs, with strong cytotoxicity, face long-standing issues in terms of poor 

specificity and targeting effects. These drugs often kill the tumour cells but, accidentally, injure 

even normal cells causing severe adverse reaction, and side effects inducing low patient 

compliance [2] .  

Inspired by the Paul Ehrlich®s concept of ¯magic bullet°, the scientific world is moving towards 

devising new therapeutic tools able to selectively kill cancer cells, preserving other tissues. Several 

approaches have been taken into account to achieve this goal, one of the most used are antibody 

drug conjugates (ADCs), a specific class of targeted therapy. As antibodies against tumour-

specific antigens often lack therapeutic activity, they alternatively can be covalently conjugated to 

cytotoxic drugs. In principle, selective delivery of cytotoxic payloads should reduce the systemic 

toxicity typical of conventional small-molecule chemotherapeutics [3] . 

In ADC technology, the specificity of a monoclonal antibody (moAb) is exploited to home a 

chemically highly toxic agent directly into tumour cells, while administration of the unconjugated 

drug alone is not suitable due to its high toxicity. Therefore, ADCs can be further defined as 
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prodrugs, requiring the release of their toxic agent for their activation, that commonly happens 

after ADC internalization into the target cells [4] . 

ADCs were first evaluated in the late 50s using antibodies, targeting leukaemia cells, with the anti-

cancer drug methotrexate linked [5] . The first human clinical trial involving an ADC was reported 

in 1983 with encouraging results [6] . However, the development of antibodies and ADC drugs 

stagnated, and it took innovations such as hybridoma fusion and humanisation to overcome the 

issues of single antibody (Ab) species production and immunogenicity, opening a pathway for the 

development of antibody-based drugs. The process of ADC binding, internalization, cleavage, and  

cytotoxicity is described in figure 1. Briefly, the monoclonal antibody, moiety of the ADC, binds the 

target antigen on the surface of ill cells. The entire ADC complex is then internalized, the 

conjugated drug is released, and the cell is killed by the cytotoxic effect of the just released drug. 

This strategy has also been employed for overcoming multidrug resistance in target cells, an 

increasing challenge in today®s world [7]. As well as, the mechanism of ADC involves ¯bystander 

effect° and which enables this moAb based therapeutic to be efficacious even in tumours with low 

or heterogeneous expression of antigens. The bystander effect refers to the killing of proximal 

antigen-negative tissues by cytotoxic payloads which diffuse out from the expressing antigen cells 

[8] . 

 

Figure 1 - Schematic representation of ADC, showing the main components of an ADC and its cell cytotoxicity 

mechanism. Clinical efficacy of ADCs is determined by fine-tuning combination of tumour antigen, targeting antibody, 

cytotoxic payload, and conjugation strategy (a). ADC binds to tumour target cell surface antigens (b) leading to trigger 

a specific receptor mediated internalization (c). The internalized ADCs are decomposed to release cytotoxic payloads 

inside the tumour cell either through its linkage/linker sensitivity to protease, acidic, reductive agents or by lysosomal 

process, leading to cell death (d) [255] . 
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Four major antibody types have been developed up to now: murine, chimeric, humanized, and 

human. The guiding principle was to develop antibodies able to escape immunological rejection 

by the host while still maintaining their bioactive properties [9] . Most antibodies being developed 

today are either humanized (suffix, ¯-zumab°), generated by combining mouse hypervariable 

regions with human constant domains, or fully human (suffix, ¯-umab°), produced in transgenic 

mice or by using phage display technology. The humanized antibodies boast over 90% human 

sequences and are thus less foreign to the immune system than chimeric antibodies [10] . 

Antibodies have been conjugated to a variety of cytotoxic drugs, including small molecules that 

alkylate DNA (e.g., duocarmycin and calicheamicin), disrupt microtubules (e.g., maytansinoids 

and auristatins) or bind DNA (e.g., anthracyclines) [11] .  

There are several factors contributing to the overall efficacy of ADC therapies including tumour 

penetration and accumulation, target binding and cellular uptake, release of active catabolic 

products within the target cells, as well as the pharmacokinetic (PK) profile of the ADC complex. 

In addition to PK challenges, ADCs come with risks of toxicity and immunogenicity, which can be 

mediated by any of the components of the complex itself. On the other hand, expression of a 

target antigen on normal cells can lead to toxicity in healthy tissue and early cleavage of the linker 

leading to drug release resulting in more systemic toxicities [12] . Besides, from the bioconjugation 

point of view, conventional ADCs usually exploit the lysine or cysteine residues to conjugate the 

Figure 2 - (A) General Process for Synthesizing ADCs via Lysine Conjugation; (B) General Process for Synthesizing 

ADCs via Cysteine Conjugation [16] . 
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cytotoxic payloads on an antibody in a random manner, resulting in heterogeneity in drug loadings 

and conjugation positions as represented in figure 2.  

Therefore, the random conjugation strategy of an ADC apparently led to difficult quality control in 

preparation and challenging reproducibility in pharmacodynamics and pharmacokinetics [13] . The 

process presents a highly heterogeneous mixture of ADC molecules ranging from 0 to 10 

payloads/antibody with an average Drug Antibody Ratio (DAR) of 4 drugs/antibody [14] . Additional 

heterogeneity arises due to distribution of the payloads across a multitude of potential conjugation 

sites. As a result, the mixture contains hundreds of different ADC molecules, each one with its 

own unique pharmacological properties [15] . Site-specific conjugation processes, for constructing 

homogeneous ADCs, can be divided into three different categories. Two are focused on antibody 

modification (engineered amino acids and enzyme mediated), while the third category is focused 

on linker modification. These categories can be additionally subdivided according to the processes 

that are used in their preparation [16] . 

Nanoparticle formulations (nanomedicine) are part of another technology with high potential in 

drug delivery. Nanomedicine has been much prefigured as a formulation-based approach to 

enhance the bioavailability of drugs [17] . Indeed, non-targeted nanoparticles containing current 

chemotherapies have now reached the market: they are generally liposomes, polymeric or metal 

nanoparticles. One of the key clinical attributes to these formulations is their ability to reduce the 

toxicity profiles of the chemotherapeutics thus enhancing the therapeutic window for those agents 

[18] . The potentiality of nanotechnology in this field will be described later.  

1.1.1 Monomethyl auristatin E (MMAE) 

In ADC development two main classes of drugs are employed: microtubule disrupting agents and 

DNA-damaging drugs. In particular, Monomethyl auristatin E (MMAE) is a fully synthetic drug 

which inhibits microtubule polymerization and function, driving cells to cell-cycle arrest (G2/M 

arrest) and apoptosis. The family of auristatins are analogues of the natural antineoplastic product 
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dolastatin-10 (as represented in figure 3), and they are considered 100-1000 times more potent 

than doxorubicin and, for this reason, they cannot be used as drug themselves but exclusively as 

components of ADCs [19] .  Different conjugation strategies, including acid-sensitive or 

proteolytically cleavable linkers, as well as non-cleavable linkers, have been evaluated in auristatin 

ADCs. The proteolytically cleavable linkers guarantee ADCs stability in systemic circulation and 

allow their drug release exclusively in presence of intracellular proteases such as cathepsin B. 

Brentuximab vedotin is an ADC made of a chimeric anti-CD30 monoclonal antibody conjugated 

to MMAE by a valine-citrulline (val-cit) linker which is stable in the blood circulatory system but 

highly sensitive to lysosomal enzymes. Once bound to CD30, brentuximab vedotin is internalized 

and the val-cit peptide hydrolysed through lysosomal cathepsins, then the p-

aminobenzyloxycarbonyl (PABC)-MMAE undergoes to self-elimination to release the MMAE [20] . 

The PABC spacer is needed to keep away the cleavable linker from the drug to allow easy 

proteolysis. A maleimide moiety is used to attach the spacer to cysteine residues available after 

moAb reduction. Brentuximab vedotin has been approved in 2011 by the US Food and Drug 

Administration (FDA) for the treatment of relapsed Hodgkin lymphoma and systemic anaplastic 

large cell lymphoma (ALCL) [21] .  

Figure 3 - Evolution from Dolastatin-10 to MMAE [21] . 
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1.2 Nanotechnology and nanoparticles 

1.2.1 Main features 

Modern years have witnessed an important growth of research and applications in the area of 

nanoscience and nanotechnology. Nanotechnology is one of the latest types of modern 

technology and it refers to the understanding and control of matter at dimensions between, 

approximately, 1 and 100 nanometres (in the range of billionth part of a metre as exemplified in 

figure 4), where unique phenomena enable novel applications [22] . Unusual physical, chemical 

and biological properties can emerge in materials at the nanoscale and these properties may 

importantly differ from those of bulk materials and single atoms or molecules [23] . The small size 

and large surface area account for the extensive use of nanotechnology in varied fields like 

electronics, energy, space, medicine, food and chemical sensors and in molecular manufacturing 

[24] . The above-mentioned definition suggests the presence of two conditions for 

nanotechnology. The first is an issue scale: nanotechnology is concerned with using structures by 

Figure 4 - Nanoscale integration of nanoparticles and biomolecules [253]. 
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controlling their shapes and sizes at nanometre scale. The second issue has to do with novelty: 

nanotechnology must deal with small things in a way that takes advantage of some properties 

because of the nanoscale [25] .  

In only a few decades, nanotechnology and nanoscience have become of central importance to 

industrial applications and medical devices, such as diagnostic biosensors, drug delivery systems, 

and imaging probes. For example, in the food industry, nanomaterials have been exploited to 

drastically increase the production, packaging, shelf life, and bioavailability of nutrients. A lot of 

different nanomaterials are nowadays used for diagnostic purposes as food sensors to detect food 

quality and safety [26] . Nanomaterials are being used to build a new generation of solar cells, 

hydrogen fuel cells, and novel hydrogen storage systems capable of delivering clean energy. 

However, the most significant advances in nanotechnology fall in the broad field of biomedicine 

and especially in cancer therapy because of its great potential to offer innovative solutions to 

overcome the limitations deriving by currently employed chemotherapy and radiotherapy 

approaches [27] . 

The exponential growth of nanotechnology has led to studies focusing on the associated risks of 

nanotechnology, in general. However, despite our increased exposure to nanomaterials, 

information regarding their safety is lagging behind as compared to the research on their 

applications. Current data on the toxicity of nanomaterials, in mammalian cells and tissues, 

suggest that studies are needed to focus on gaining additional insights underlying their toxicity, as 

well as developing strategies to minimize and prevent their toxicity. Such strategies need to take 

in consideration both acute and also chronic exposures to NPs and different exposure routes and 

environments [28] . 

1.2.2 Nanomaterials 

Nanoparticles (NPs) and nanostructured materials (NSMs) represent an active area of research 

and a techno-economic sector showing full expansion in a plethora of application fields. NPs and 
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NSMs have gained prominence in technological advancements due to their tuneable 

physicochemical characteristics such as melting point, wettability, electrical and thermal 

conductivity, catalytic activity, light absorption and scattering resulting in enhanced performance 

over their bulk counterpart. As represented in figure 5, several classification criteria can be applied 

to nanomaterials. Most current NPs and NSMs can be organized into four material-based 

categories. 

Carbon-based nanomaterials: found in morphology such as hollow tubes, ellipsoids or spheres. In 

this category are included fullerenes, carbon nanotubes, carbon nanofibers, carbon black, 

graphene and carbon onions.  

Inorganic-based nanomaterials: synthesized using metals such as Au or Ag, metal oxides such as 

TiO2 and ZnO and semiconductors such as silicon and ceramic.  

Organic-based nanomaterials: they are made mostly from organic matter (excluding carbon-

based nanomaterials). Thanks to the utilization of non-covalent interactions for the self-assembly 

and design of molecules, the organic nanomaterials can be transformed into desired structure 

such as dendrimers, micelles, liposomes and polymeric NPs.  

Composite-based nanomaterials: they include multiphase NPs with one phase on the nanoscale 

dimension that can either combine NPs with other NPs or NPs with larger or bulk-type materials 

or even more complicated structures. The composite NSMs may be any combination of carbon-

based, metal-based or organic-based nanomaterials with any metal, ceramic or polymer bulk 

materials [29] .  

Nanomaterials can be even classified on their dimensions. In 2007, Pokropivny made a new 

scheme of classification highly dependent on the electron movement along the dimensions in 

nanomaterials. For example, electrons in 0D nanomaterials are entrapped in a dimensionless 

space whereas 1D nanomaterials have electrons that can move on x-axis, which is less than 100 

nm. Likewise, 2D and 3D nanomaterials have electron movement along the x-y-axis and x-y-z-

axis respectively [30] .  
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Even nanoparticle origin is considered a classification criterion. Nanoparticles can thus be 

classified as natural or synthetic [31] .  

Recent papers outline the general properties of nanomaterials regarding risk assessment. These 

properties are based on the essential characteristics of the NPs that are directly related to their 

synthetic method [32] . According to toxicological data, the harmfulness of nanomaterials depends 

on various factors, including dose and exposure time effect, aggregation and concentration effect, 

Figure 5 - Schematic illustration of the classification of nanomaterials based on different criteria [254] . 
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particle size effect, particle shape effect, surface area effect, crystal structure effect, surface 

functionalization effect, pre-exposure effect [29] . Nanomaterials possess characteristics such as 

high chemical bioactivity and reactivity, cellular, as well as tissue and organ penetration ability, 

and greater bioavailability which are ways for potential toxicity. Thus, regulations via legislation, 

laws, and rules have been implemented by several government organizations to minimize or avoid 

risks associated with nanomaterials.  

Medical standards related to ethics, environmental safety, and medical governance have been 

modified to cover the introduction of nanomaterials into the biomedical field. Currently, the 

European Union (EU) and the US have strong regulatory bodies and guideline legislations to 

control the potential risk due to nanomaterials. According to the European Commission the term 

nanomaterial is ¯chemical substances or materials with particle sizes between 1 to 100 

nanometres in at least one dimension°. As the specifications of the materials and products meet 

the substance definitions of the European chemical agency (Registration, Evaluation, 

Authorisation and Restriction of Chemicals - REACH) and the European Classification of 

Chemicals (Classification, Labelling and Packaging - CLP), the provisions of these regulations 

apply [33] . In addition, the EU has formed the Scientific Committee on Emerging and Newly 

Identified Health Risks (SCENIHR), to estimate risks associated with nanomaterials [34] . 

1.2.3 Nanotechnology applied to medicine 

Following previous definitions, nanomedicine can be defined as the design and development of 

therapeutic and/or diagnostic agents in the nanoscale range, with the possibility, by moving within 

biological systems, to transport and deliver a variety of biomedical entities for the treatment, 

prevention and diagnosis of many diseases [35, 36]. 

There is an increasing optimism that nanomedicine will bring significant advances in the diagnosis 

and treatment of diseases. Potential advantages of engineered therapeutic nanomaterials are the 

ability to revert untoward physicochemical properties of bioactive molecules to desirable bio 
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pharmacologic profiles; improve delivery of therapeutics across biological barriers and 

compartments; control release of bioactive agents; enhance therapeutic efficacy by selective 

delivery of therapeutics to biological targets; and perform theragnostic functions by combining 

multimodal imaging and simultaneous diagnosis and therapy into multifunctional nanoplatforms 

[37] . 

The use of nanoparticulate pharmaceutical carriers to enhance the in vivo efficiency of many 

drugs, anticancer drugs first of all, has well established itself over the past decades in both 

pharmaceutical research and clinical setting. Numerous nanoparticle-based drug delivery and 

targeting systems are currently under development, their use wishes to minimize drug degradation 

and inactivation upon administration, prevent undesirable side effects, and increase drug 

bioavailability and the fraction of drug delivered in pathological sites [38] . 

 The size, the shape and the surface characteristics of nanoparticles have a key role in their 

biodistribution. In particular, the effects of size have been extensively studied with spherically 

shaped particles and some trends have been noted [39] . Particles smaller than 10 nm are rapidly 

Figure 6 - Schematic illustration of established nanotherapeutic platforms. 

Different nanomedicine products such as drug conjugates, lipid-based 

nanocarriers, polymer-based nanocarriers, inorganic nanoparticles, and viral 

nanoparticles are used in clinical cancer care [53] . 
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cleared from the circulation through extravasation or renal clearance and as particle size increases 

from nanometres to å15 µm, accumulation occurs primarily in liver, spleen and bone marrow [40] . 

Nanoparticle behaviour in the size range å10 nm and å15 µm varies widely in terms of 

biodistribution, and cellular uptake that, in this range, is strongly dependent on cell type [41] . 

Under normal circumstances, mechanical filtration by sinusoids in the spleen traps the 

nanoparticles, followed by their removal from the circulation by cells of the reticulo-endothelial 

system (RES) [42] . 

In the past three decades, several therapeutics based on nanoparticles have been successfully 

introduced for the treatment of cancer, pain and infectious disease (figure 6) [43] . The first 

generation of nanoparticles used for such applications are mainly based on liposomes and 

polymer-drug conjugates.  

The first liposome-based therapeutic, liposome-encapsulated doxorubicin (Doxil, OrthoBiotech ² 

now part of Johnson & Johnson), was approved by the US Food and Drug Administration (FDA) 

in 1995 for the treatment of HIV-related Kaposi®s sarcoma and was subsequently approved for the 

treatment of multiple myeloma and ovarian cancer. Due to the enhanced permeability and 

retention (EPR) effect, Doxil is ¯passively delivered° to tumours and entrapped doxorubicin is 

released and becomes available to tumour cells [44] . Polymer-drug conjugates have also been 

extensively investigated, and several of them have received regulatory approval. Polyethylene 

glycol (PEG), which can enhance the solubility and plasma stability of proteins, and reduce 

immunogenicity, has been the most widely studied polymer so far for this application. In 1994, 

PEG-L-asparaginase (Oncaspar, Enzon Pharmaceuticals) became the first nanoparticle 

therapeutic to receive FDA approval, for the treatment of acute lymphocytic leukaemia [45] .  

Liposomes and polymer-drug conjugates have provided the foundations for the field of advanced 

drug delivery based on nanomaterials, but several key barriers still remain. These barriers include 

elucidating the underlying mechanisms for the molecular interaction of nanoparticles with cells 
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based on surface chemistry and shape and developing more efficient methods for the delivery of 

cargo coupled with activated release [46] .  

In particular, nanomaterials, as previously anticipated, can be divided into organic and inorganic, 

of which inorganic nanomaterials include elementary substances, alloys, silica and quantum dots 

and organic nanomaterials include nanofibers, nanotubes, liposomes, and polymer nanoparticles 

[47] .  

Inorganic Nanoparticles 

In his studies, Ren found that selenium nanoparticles (SeNPs), prepared after using chitosan 

ascorbic acid to restore sodium selenite with oligosaccharide as the template, played an anti-

inflammatory role in rats affected by rheumatoid arthritis [48] .  

Mesoporous silica nanoparticles (MSNs), mainly taking advantage of their characteristics of large 

mesoporous surface and high specific surface area, interact with drugs and perform drug delivery 

through ionic bonding, hydrogen bonding, and electrostatic interactions. Pore volume and 

aperture are quite easy to be regulated to load drug and release it. Unfortunately, unmodified 

MSNs show easy aggregation, poor targeting, and poor dispersion in aqueous solutions, for this 

reason their application in tumour therapy has been, up to now, limited. To improve the situation 

Xiao et al. modified the hydrophobic alkyl chain (C18) on the surface of MSNs based on disulfide 

bonds, using its hydrophobic effect to coat amphiphilic polypeptide containing 

arginylglycylaspartic acid (RGD) ligand on the surface of MSNs, and finally obtained satisfactory 

stable nanocarriers [49] .  

Carbon quantum dots (CQDs) are a kind of carbon-based zero-dimensional material. Compared 

to conventional semiconductor quantum dots, they have many excellent properties such as small 

size, low toxicity, excellent water solubility and environmentally safe profile. Therefore, CQDs have 

a wide application prospect and outstanding application value in biomedicine and biomedical 

imaging fields [50] .  
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Organic Nanoparticles 

Liposomes are like a kind of self-assembled hollow balloon formed by phospholipid molecules. 

Due to their composition, similar to the cell membrane, and their excellent biocompatibility they 

can play a beneficial role in protection and releasing the loaded drugs, in particular those with a 

size between 20 and 200 nm [51] . 

Graphene oxide (GO) is generated from graphene nanomaterials under oxidation conditions. The 

surface and the edge of the material are rich in oxygen-containing groups allowing for the 

construction of GO nanomaterials by modifying these groups on the surface. In contemporary, 

GO has good water solubility and good biocompatibility. It has been widely used as a drug carrier 

in the biomedical field [52] .  

During recent years, various types of nanomedicine compounds have been used in clinical cancer 

care, including viral vectors, drug conjugates, lipid-based nanocarriers, polymer-based 

nanocarriers, and inorganic nanoparticles [53] . Otherwise, there is a plethora of materials still in 

the research stage which cannot be used in clinic practice.  Even during the recent crisis due to 

the new coronavirus (SARS-CoV-2), in the constant search for solutions, nanotechnology has 

shown itself as a valuable and relevant choice for both diagnosis and treatment (figure 7) [54] .  

 

Figure 7 - Percentage of nano-based products used against COVID-19 [256] . 
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Antibody Conjugated Nanoparticles 

Antibody conjugated nanoparticles (ACNPs) represent a relatively new approach that builds on 

the success and potential of both ADCs and nanotechnology. Conceptually, ACNPs are similar to 

ADCs in that the antibodies can be used to specifically target diseased cells, thus delivering 

surface linked or encapsulated cargo drugs. The first targeted nanoparticles appeared in the 

literature in 1980 and the first to enter clinical trials was in 2011 [55, 56]. A range of 

chemotherapies have been evaluated for encapsulation in nanoparticle systems. Early ADCs used 

existing standard of care chemotherapies such as methotrexate as their payload and suffered 

from a lack of potency [57] . Furthermore, it was found that the early linkers used had the potential 

to reduce payload potency. It was soon realised that the payload conjugated to the antibody 

required much higher potency in order to achieve efficacy. This is because considerably fewer 

drug molecules were internalised into the target cell (via receptor mediated endocytosis, as in 

figure 8, which becomes an efficacy-limiting factor) when compared to standard chemotherapy. 

However, with enhanced potency, increased toxicity can be a side effect. Drug to antibody ratio 

is an important factor influencing effectiveness of ADCs. It is thought that the optimal DAR for an 

ADC is approximately only 4:1 for the optimal balance between cytotoxicity and acceptable 

Figure 8 - Schematic representation of ADC and ACNP internalisation, breakdown and drug release (antibodies 

are illustrated at different scales in the left and right part of the picture) [56] . 
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pharmacokinetic profiles [58] . ACNPs, on the other hand, can potentially offer DARs over 100 and 

consequently improve the selective toxicity when the rate limiting step for drug uptake is receptor 

copy number on the cell surface. ACNPs may offer an approach to ensure internalisation of much 

higher concentrations of drug. There are only a limited number of ACNPs that have reached 

clinical trials and none of them has reached yet phase 3. While the passively targeted nanoparticle 

formulations that have reached the market, generally cause a more favourable pharmacokinetic 

profile than their free payload, it does require careful consideration of aspects of nanoparticle size, 

shape and surface charge [59] .The differences in ADC and ACNP internalization are represented 

in figure 8. 

1.2.4 AcZon fluorescent silica nanoparticles 

AcZon NPs are core-shell dye doped silica nanoparticles. Nowadays, silica nanoparticles 

represent one of the most widespread systems employed in nanotechnology research, 

development and applications. In the field of fluorescence, silica has proven to be an excellent 

platform, thanks to the fact that it is photo physically inert, and it is not involved in energy or 

electron transfer processes. As a consequence, all the photochemical properties of silica 

nanoparticles are conferred by the molecules doped inside the system and/or grafted on its 

surface [60] . On the contrary, photoactive materials may be subject to or cause 

photodecomposition (titania) or may induce the quenching of the luminescence of bound 

chromophores via electron or energy transfer processes (gold).Another advantage of silica is that 

it is intrinsically non-toxic, in particular if compared to other nanomaterials such as conventional, 

cadmium-based, quantum dots, which are still widely employed in bioanalytical applications, 

despite the well-known toxicity of their constituent materials, and their blinking behaviour, while 

preliminary experiments seem to support the benign nature of silica nanoparticles [61] . 

Lastly, from a synthetic point of view, besides the fact that it is rather inexpensive, silica is a very 

appealing material: the preparation of nanoparticles usually requires mild conditions and does not 

involve complicated purification procedures, while size is tenable, from 5 to 2000 nm, with a few 
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adjustments in the reaction conditions. Even the scale-up process is quite easy and affordable. 

Moreover, the design of these systems can be based on a modular approach, thanks to their 

extreme flexibility and versatility, making them adaptable for diverse applications. Despite these 

multiple advantages, silica nanoparticles tend to agglomerate in aqueous buffers such as cell 

culture media and biologic fluids. One of the most common approaches to increase colloidal 

stability of silica nanoparticles is the covalent attachment of a surfactant [62] .  

The synthesis is a modification of the sol-gel process, Stöber method, called micelle-assisted 

method schematized in figure 9. In this procedure, a surfactant is used to create nanoreactors in 

water solution within which all the reagents spontaneously arrange due to their hydrophobicity 

[63] . All the molecules which will become part of the nanoparticle (including dyes and 

functionalized PEG), are previously modified by the addition of trialkoxy silane groups 

(hydrophobic) to allow their inclusion in the synthetic procedure. Due to the addition of ammonia 

and silane precursor, the base-catalysed hydrolysis of all the trialkoxy silanes takes place and 

leads to the formation of fluorescent, monodisperse, nanoparticles.  

Shell is composed by two different PEGs:  

- H3CO-PEG-Si(OR)3, is the main component of the shell which allows stability and solubility in 

Figure 9 - Schematic representation of micelle assisted method employed for the synthesis of AcZon NPs [88] . 
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water;  

- H2N-PEG-Si(OR)3, is the functionalized form to provide reactive moieties to consent the 

successive bioconjugation with other species (e.g., Antibodies, peptides, oligonucleotides, 

aptamers, etc).  

The reaction takes place at controlled temperature because the reaction temperature together 

with the surfactant concentration are critical parameters for nanoparticle size determination. Once 

the reaction is over, the unreacted species are removed by means of dialysis, centrifugation, and 

sequential filtrations. The characterization of the nanoparticles has been one of the trickiest steps 

of all the development mainly because of the innovative nature of the nanomaterial itself. Currently, 

AcZon nanoparticles are characterized for their photo physical features using spectrofluorometer 

and spectrophotometer. The size is analyzed by dynamic light scattering (DLS) and size exclusion 

chromatography (SEC). Occasionally some samples are investigated with atomic force 

microscopy (AFM), transmission electron microscopy (TEM) and Nano Tracking analysis (NTA). 

The concentration of the nanoparticle is obtained as fixed residue after sample dehydration using 

vacuum centrifugation.  

Antibody-nanoparticle bioconjugation 

The aim of the site-specific bioconjugation of fluorescent dye-doped silica nanoparticles to 

antibodies is to combine the properties of the two involved species thus obtaining a new entity 

able to recognize specific antigens, as the starting antibody, and to be revealed by common 

fluorescence detectors, as the initial nanoparticle. This bioconjugation involves two preliminary 

steps: antibody reduction and nanoparticle activation. The antibody reduction is a modification of 

native cysteine side chain thiols exploiting the reduction of the solvent-exposed disulphides with 

dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP). This step is followed by the 

modification of the resulting thiols with maleimide activated nanoparticles. The resulting coupling 
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products were then purified from the unreacted species by means of two subsequent 

chromatography steps (see scheme in figure 10):  

Size Exclusion Chromatography: during this phase it is possible to separate the species with 

different sizes. In particular, unconjugated antibodies (about 150 kDa) are smaller if compared to 

the other species part of the mixture (free and antibody-conjugated nanoparticles). Because of 

this feature, unconjugated antibodies can enter the pores of the resins prolonging their retention 

time. On the contrary, bigger complexes, unable to enter the pores are faster eluted and easily 

separated as in the case of free and antibody-conjugated nanoparticles. 

Affinity chromatography: the previously purified mixture, currently containing the complex NP-Abs 

and free NPs, is applied on a Protein G or Protein A column. These particular resins show high 

affinity for the Fc region of antibodies which are exclusively owned by the NP-Ab complexes. 

Thanks to this double purification step the final conjugate is highly purified with increased 

specificity due to the absence of non-specific interactions, in applications such as flow cytometry.  

1.3 Prostate cancer 

Prostate cancer (PCa) is a major health issue which affects millions of men worldwide, with 

estimated 268.490 new cases in 2022 in the United States and about 1-3 million all over the world 

[64] . About 10 million men are presently living worldwide with a diagnosis of prostate cancer, and 

approximately 700.000 of these are living with metastatic disease. Metastatic prostate cancer 

Figure 10 - Schematic representation of nanoparticle-antibody conjugation and following double-purification step. 

Created on Biorender.com accessed on December 2022 
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accounts for more than 400.000 deaths annually, and this mortality is expected to more than 

double by 2040. In addition, the incidence of metastatic PCa diagnosis has been increasing, from 

3,9% in 2008 to 8,2% in 2018. Prostate cancer risk increases strongly with age and >85% of 

newly diagnosed individuals are >60 years of age [65] . The prognosis for an individual with 

prostate cancer is highly variable and dependent on tumour grade and stage at primary diagnosis. 

In countries with a high human development index, current early detection methods, such as 

prostate specific antigen (PSA) testing and digital rectal examination (DRE), enable diagnosis in 

most men at an early disease stage. Approximately 80% of men are diagnosed with organ-

confined disease, 15% with locoregional metastasis and 5% with distant metastasis [66] . Life 

expectancy for men with localized prostate cancer can be as high as 99% over 10 years because 

they are diagnosed at an early stage. Men who are diagnosed with late-stage disease (distant 

metastases) have poor overall survival of only 30% at 5 years [67] . Over the past two decades, 

substantial advances have been made in magnetic resonance imaging (MRI) techniques and 

reporting frameworks for improved diagnostic sensitivity and reliability [68] . Even molecular 

imaging using positron emission tomography/computed tomography (PET/CT) has gathered 

considerable traction in prostate cancer management over the past 5 years. Early interest in PET 

tracers based on [11C]choline or [18F]choline or on amino acid metabolism has been largely 

supplanted by small polypeptide ligands to the prostate specific membrane antigen (PSMA 

[FOLH1]) that is highly expressed by prostate cancer cells (as delineated in the following 

paragraph). More than 90% of intraprostatic primary lesions are [68Ga]Ga-PSMA-11-avid and 

avidity correlates with tumour grade, although the expression of PSMA can be heterogeneous 

both within and between patients [69] . Clinical management of patients with prostate cancer 

needs to account for various factors for appropriate risk-adapted and patient-oriented treatment, 

including varying clinical characteristics at different stages (localized, locally advanced and 

metastatic stage; castration-sensitive and castration-resistant status), histopathological and 

molecular features (neuroendocrine, cribriform or intraductal patterns and/or DNA repair 
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alterations) and patient characteristics (life expectancy, health status, family history and personal 

preferences). Generally, for localized non-metastatic disease, options include active surveillance 

and local ablation through surgical or radiotherapeutic intervention with or without anti hormonal 

treatment. The treatment landscape for metastatic prostate tumour has undergone remarkable 

changes in the past decades. For metastatic disease, androgen deprivation therapy (ADT) with 

luteinizing hormone-releasing hormone (LHRH) analogues for metastatic castration-sensitive 

prostate cancer (mCSPC) until disease progression followed by docetaxel plus prednisolone with 

continued ADT for metastatic castration-resistant prostate cancer (mCRPC) has been the gold 

standard since 2004 [70] . 

Prostate Specific Membrane Antigen (PSMA) 

 PSMA is a protease discovered in 1987 with the distinct properties of a biomarker for cancer 

targeting, cloned in 1993 for the first time. This 100 kDa membrane-bound protease is up to 1000-

fold overexpressed on prostate tumour cells and its expression level is directly correlated to grade 

and state of the disease (figure 11). PSMA expression is inversely modulated by androgen levels. 

Endothelial expression of PSMA in the neo-vasculature of a variety of non-prostatic solid 

malignancies have also been detected. As a consequence, PSMA has attracted significant 

attention as a target for the delivery of both imaging and 

therapeutic agents. Unique enzymatic activities have 

been identified for PSMA and various chemical scaffolds 

have been developed as inhibitors of this enzyme. This 

finding started a 30 year-long effort to develop diagnostic 

and therapeutic tools utilizing PSMA as a target up to 

current day. Numerous agents were developed, differing 

in structure, type, composition and using different 

approaches for imaging or treatment of PCa [71] . 

Figure 11 - Molecular structure of prostate-

specific membrane antigen (PSMA). 

Prostate-specific membrane antigen 

(PSMA) monomer has three domains The 

homodimeric form of PSMA has enzymatic 

activity as glutamate carboxypeptidase II or 

folate hydrolase. Created in Biorender.com 

accessed on September 2023. 
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The physiological role of PSMA differs depending on the tissue expressing it. In the nervous system 

-where it is called N-acetyl-alpha²linked acidic dipeptidase (NAALADase) - it is found to hydrolyse 

the peptide neurotransmitter N-acetyl-L-aspartyl-L-glutamate, the most abundant one of its kind. 

In the jejunal brush order - in this tissue it was termed folate hydrolase 1 - it is known to detach 

glutamates from the C-terminal end of folyl-poly-‎-glutamate to yield monoglutamate folate that 

can be absorbed and distributed over the body. The distinct function of PSMA in the prostate is 

yet not completely understood but it is assumed that it is important for the release of folates into 

the seminal fluid. PSMA is constitutively internalized via clathrin-coated pits similar to other 

internalized receptors such as the transferrin receptor. It is not completely unravelled whether the 

internalization detected in experiments is completely independent of binding or whether PSMA 

binds to an unknown ligand being present in the medium. However, the internalization rate of 

PSMA was found to be increased up to threefold after binding of specific ligands [72] .  

The identification and characterization of a PSMA active substrate with its structural and functional 

homology to glutamate carboxypeptidase 2 (also known as N-acetylated ƨ-linked acidic 

dipeptidase I) contributed to the development of small molecules, including PSMA ligands and 

inhibitors. PSMA inhibitors are classified into three families: phosphorus-based (including 

phosphonate, phosphate, and phosphoramidate), thiol-based, and urea-based. PSMA PET 

radiotracer agent development emphasized small urea based PSMA ligands which target PSMA 

extracellular active substrate recognition sites with high binding affinity to PCa cells, thus, showing 

rapid plasma clearance and high tumour background ratios. PSMA-targeted therapies have 

exhibited encouraging antitumour activities in PCa as shown in figure 12 [73] .  

The first antibody-binding PSMA was the murine monoclonal antibody 7E11-C5. Horoszewicz and 

his team produced the antibody by immunizing mice with LNCaP (Lymph Node Carcinoma of the 

Prostate) cells and found that it was exclusively bound to prostate epithelium and not to any of the 

other malignant or non-malignant samples tested. 7E11-C5, a mouse monoclonal antibody also 

known as Capromab, recognizes the intracellular domain of PSMA and therefore is only limited to 
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detect dead or necrotic cells in vivo. Despite this drawback, the FDA approved the diagnostic 

agent, called Prostascint® (Cytogen Corporation, Princeton, NJ) which was based on it, but its 

long-term use has not been achieved [74] .  

The strategy of using ADCs aims to eliminate cancer cells by coupling potent toxins, such as 

diphtheria toxin or ricin, or radionuclides, such as 123I, to an antibody as a vehicle, as previously 

described. The internalization of the conjugate enables the toxin to kill cells expressing the tumour 

marker. Depending on the specificity of the targeting molecule, off-target effects can be kept at 

low levels [75] .  

The first PSMA specific ADCs were developed in 2002 by Fracasso and colleagues. They studied 

three different antibodies (J591, PEQ226.5, and PM2P079.1) coupled to the ricin-A chain in 

regard to their cytotoxicity in monolayers and three-dimensional spheroids of PSMA-positive 

LNCaP cells. They found that out of these three antibodies, J591 coupled to the native ricin-A 

chain had the most potent binding capability. The corresponding cytotoxicity was PSMA-specific, 

and the construct was able to sterilize a 3D spheroid culture of LNCaP in a concentration of 31.7 

ng/mL [76] . 

Figure 12 - Schematic representation of PSMA molecular structure and effect of PSMA targeting radionuclide therapy 

to manage a PCa patient. (A) PSMA targeting radionuclide is injected into the bloodstream, the PSMA targeting 

radionuclide binds to the activity site on the cell membrane, the PSMA targeting radionuclide is internalized and releases 

radiation from within the cell damaging DNA and causing cell death. Adapted from [73]. 
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The first recombinant anti-PSMA single-chain antibody fragment (scFv) toxin conjugate was 

described in 2006. The conjugate was composed of a scFv, previously identified by phage display 

screening and a truncated version of the Pseudomonas exotoxin A (PE40). The researchers found 

an IC50 of 220 pM for the ADC on a PSMA-positive subline of LNCaP cells but it was ineffective on 

a PSMA negative cell line (DU145). In vivo experiments supported this finding as LNCaP tumour-

bearing mice treated with the ADC showed a strongly reduced tumour growth [77] . Each therapy 

presents therapeutic effects through different pathways [78] . A total of four registered trials were 

completed using PSMA-directed ADC treatments. Two of them with published results instead the 

remaining two without them. Petrylak and colleagues demonstrated an overall serum PSA level 

(the first cancer biomarker approved by the FDA for the diagnosis and screening of prostate 

cancer) decrease of җ50% in 14% of patients with a higher anti-tumour activity and overall survival 

in chemotherapy-untreated group of patients, underlying how anti-PSMA ADCs are important as 

early treatments [79]. Even the Milowsky®s team assessed a promising significant decline of PSMA 

in 8% of treated patients with PSMA-ADC, confirming PSMA as the elective target in prostate 

cancer therapies when compared to B7-H3, DLL-3, HER-2, STEAP-1, TF, TROP-2 other type of 

antigens preferentially expressed by PCa cells [80, 81].  
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2. AIM OF THE STUDY 

Antibodies are cost-effective tools widely employed in life science research [82] . Their conjugated 

forms are currently largely used for targeted therapy, immunophenotyping and in vivo diagnostic 

imaging of tumours [9, 83, 84]. Important innovations in site-specific antibody conjugation protocol 

allowed to produce homogeneous conjugates for clinical purposes. Besides, antibody-drug 

conjugates (ADCs) employed in tumour therapy are generally different from those employed for 

diagnosis. 

The aim of this study is to develop a multimodal tool for a proficient therapeutics and diagnostics 

evaluation of antibody conjugates in pre-clinical small animal models. The employment of 

fluorescent silica nanoparticles, beneficial in bioimaging, will 

allow, additionally, to investigate if this spherical nanoplatform 

provides a concentration effect of the drug. The confirmation of 

this concentration effect would apply this tool to a deep 

investigation as a potential therapeutic tool featured by the 

possibility of selectively targeting high doses of chemotherapy 

directly on the pathological site [85, 86, 87].  

The first chapter focused on the preparation and characterization methods of the species under 

investigation. Namely, Mouse anti-Human PSMA antibody and its conjugation to small fluorescent 

dyes, to nanoparticles, to the drug and in its final form, contemporary conjugated to drug and 

nanoparticles as in figure 13. Just a few words will be spent on nanoparticle synthetic procedure 

as it has been highly elucidated on previous papers from the same team [88] . In the second and 

third chapter we investigated the behaviour of stand-alone nanoparticles on mammalian tumour 

cell lines. These analyses were particularly important to preliminarily assess if the identified 

platform meets the safety requirements to be candidate as drug delivery vehicle [89] . Indeed, we 

also analyzed the subcellular localization of stand-alone nanoparticles, taking into account the 

 

Figure 13 - Symbolic representation 

of the multimodal tool developed in 

this study. 
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effects on cells of nanoparticles conjugated to doxorubicin, in absence of targeting molecules The 

fourth part was dedicated to understanding if the antibody cargo size has an impact on the 

internalization of the construct and the specificity of the internalization process. These points are 

definitely important as the presence of the nanoparticles dramatically increases the size of the final 

construct with respect to antibody drug conjugates already employed in therapy [90] . On the other 

hand, an internalization not driven by antibody specificity would cause the inefficacy of the 

targeting method proposed.  

In the last chapter we presented the comparison between the conventional ADC and the one 

object of this thesis project.   
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3. CHAPTER 1: Preparation and characterization of antibody 

conjugates 

3.1 From CB-PSMA hybridoma to anti human PSMA purified antibody: production 

and characterization 

The hybridoma CB-PSMA is property of AcZon srl and derives from Balb/c cells, from an 

immunized mouse, fused to NS0 mouse myeloma cells, according to Köhler and Milstein 

technique and stored in a nitrogen liquid bank [91] . Cells were thawed in a 12-well plate, according 

to the company standard operating procedure (SOP), in RPMI-1640 with stable L-glutamine 

(Euroclone, Italy) supplemented with 10% heat inactivated foetal bovine serum (FBS) (Sigma-

Aldrich, US) and 1% penicillin-streptomycin (Sigma-Aldrich, US). Once in the logarithmic growth 

phase, cells were transferred to T-flasks with a lower percentage of FBS (5%) up to viable cell 

total number was equal to 2x108 cells, counted using Trypan blue exclusion assay (Thermo Fisher, 

US) on a Neubauer chamber. Cells were then centrifuged, and the pellet was resuspended and 

seeded in a special flask named EZ-flask (KDBio, France), featured by a gas permeable membrane 

at the bottom of the flask, in 1 litre of complete medium. Hybridomas were left in the incubator in 

standard conditions (37 °C under a humidified controlled atmosphere with 5% CO2) and the 

supernatant, containing monoclonal antibodies, was harvested after 30 days from the inoculum 

(figure 14).  

Figure 14 - A) Ez-flask at day 0 after the inoculum B) Ez-flask at day 30 after the inoculum C) Cell image after 30 

days of incubation 
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The supernatant was centrifuged at 700 g x 5 minutes at room temperature and then filtered with 

0.22 µm polyether sulfone (PES) filters (Nalgene, US). The filtered supernatant was applied on 

MabSelectµ SuRe column (Cytiva, US) using a bidirectional pump for low-pressure protein 

purification (Bio-Rad, US). The monoclonal antibodies were eluted from the column using citrate 

buffer (0,1 M - pH 3.0) rapidly buffered with 15% volume of Tris-HCl (1 M ² pH 9.0), the whole 

production process is schematized in figure 15. The obtained mixture was dialyzed against 

phosphate buffer (10 mM NaPi/150 mM NaCl pH 7,35 (+/-0.05)) under stirring at 2/8 °C for, at 

least, 48 hours with a ratio sample:buffer higher than 1:20  [92] .  

Then the antibody was concentrated by ultrafiltration (PES membrane cut-off 50 kDa), and 

additionally cleansed by sequential centrifugation and filtration. The final productivity of the 

harvested supernatant was 25 µg/mL. The purity of the resulting antibody was assessed by SDS-

PAGE (Sodium Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis stacking 4%, resolving 

10%), under reducing and non-reducing conditions (figure 16), and by size exclusion 

chromatography on Superdex 200 (Cytiva, US) using a sample:resin ratio lower than 1% and a 

flow rate equal to 0.5 mL/min [93, 94]. The results from the quality control are summarized in table 

1.  

Method Purity degree 

Size exclusion chromatography (SEC) 100% (ref >90%) 

SDS-PAGE under non-reducing conditions 96.5% (ref >90%) 

SDS-PAGE under reducing conditions 95% (ref >90%) 

Table 1 - Results of quality controls of purified mouse monoclonal anti human PSMA 

Figure 15 - Schematic representation of MoAb production process: A) Hybridoma production B) Hybridoma 

storage in liquid nitrogen C) Thawing D) Expansion in T-flasks E) Transfer into EZ-flasks F) Affinity chromatography 

purification. Created in Biorender.com accessed on January 2023. 
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To confirm the expected isotype of the produced antibody, we applied the immunodiffusion 

Ouchterlony test. Briefly, a thin layer of agarose gel was poured in a Petri dish. Once the gel was 

polymerized, after one hour, the main hole was derived, in the centre of the plate, using a specific 

die and around it four smaller holes. In the central hole we added 10 µg of Mouse anti-Human 

PSMA previously purified and currently under investigation. In each one of the surrounding holes, 

the same quantity of purified secondary antibodies against different mouse antibody subclasses 

were pipetted (Goat Anti Mouse IgG1, Goat Anti Mouse IgG2a, Goat Anti Mouse IgG2b and Goat 

Anti Mouse IgM were purchased from Jackson ImmunoResearch Europe Ltd, UK). After an 

overnight at controlled temperature (2/8 °C) we clearly observed the precipitation band, in figure 

17, due to the immunocomplexes formation, in correspondence of the Goat Anti Mouse IgG1, 

confirming the IgG1 isotype of the purified antibody [95, 96] . 

Figure 16 - SDS-PAGE of Mouse anti PSMA antibody A) under non reducing conditions B) under reducing (bME) 

conditions. Analysis performed using GelAnalyzer 19.1 (www.gelanalyzer.com) by Istvan Lazar Jr., PhD and Istvan 

Lazar Sr., PhD, CSc 



 

42 

 

3.2 Fluorescent silica nanoparticles: synthesis and characterization 

The nanoparticles employed in these studies were AcZon core-shell fluorescent silica 

nanoparticles. The inner matrix was composed of silica and allows the covalent bound of 

fluorescent molecules. The external shell was made of polyethylen glycol (PEG) and allowed for 

water solubility and bioconjugability thanks to the presence of amine groups. Two different species 

of nanoparticles were synthetized, differing one from each other for the fluorescent dyes hosted 

in the silica core, according to the procedure previously described by Pellegrino et al [88] . NFG575 

(  ˂exc max 566 nm; ˂  em max 585 nm) were employed for stand-alone nanoparticle studies. 

NTB520 (˂ exc max 498 nm; ˂  em max 520 nm) were used for bioconjugation experiments (figure 

18).  

Nanoparticles were characterized for their ponderal concentration using vacuum centrifugation 

(Heidolph, Germany), the polydispersity index was evaluated using dynamic light scattering (DLS) 

(Malvern Panalytical, UK), the morphology was assessed by transmission electron microscopy 

(TEM, Jeol, US), the surface was investigated with Fourier-transform infrared spectroscopy (FTIR) 

 

Figure 17 - Ouchterlony test was performed on the purified Mouse anti-

Human PSMA. The precipitation line in correspondence of Goat anti Mouse 

IgG1 well confirmed the isotype of the produced antibody. 
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(Perkin Elmer, US). No significant and unexpected differences were observed between the two 

kinds of nanoparticles and characterization results are reported in image 19 (for NTB520) and in 

table 2 (for both NPs).  

 NTB520 NFG575 

Max excitation wavelength 498 nm 566 nm 

Max emission wavelength 520 nm 585 nm 

Relative molecular weight 423 kDa 401 kDa 

Hydrodynamic radius 37 nm 35 nm 

 ypotential 0.0325 mV -0.0489 mV 

Ponderal concentration 6,4 mg/mL 6,2 mg/mL 

Table 2 - Summary of the main NP features 

 The images collected from the TEM analysis show a strong degree of aggregation in addition to 

something similar to a coating covering the whole sample, probably due to the presence of 

surfactant residues in NP mixture which form this layer once the samples were dried during its 

preparation for microscopic analysis [97] . The relative molecular weight was assessed using size 

exclusion chromatography dealing with nanoparticles as they were globular proteins. The resin 

used was Superose 6 (Cytiva, US) [98] . The DLS analysis was employed to evaluate the 

hydrodynamic radius and y potential which was near to zero as this kind of nanoparticles are stable 

Figure 18 - On the left, absorption and emission spectra of NFG575. On the right, absorption and emission spectra 

of NTB520. 
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in water solution due hydrogen bonds formed by PEG chains [99] . The FTIR spectra, executed on 

functionalized and not functionalized nanoparticles, reflect the composition of the nanoparticles 

themselves [100].  

The number of dyes (F) entrapped in each NTB520 nanoparticle (NP) resulted 15.8 and was 

estimated according to spectrophotometric measurements according to the formula: 

А

А
 where Аὓ ὃ  z  and Аὓ

 

  
ρzπππ 

Figure 19 - Characterization of NTB520 by A) DLS and Z potential B) Transmission electron microscopy C) FTIR 
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The quantification of the reactive amines available on nanoparticle surface was obtained using a 

colorimetric indirect method based on the stoichiometric ratios of the reaction between NH2 

groups, available on NP shell, and the isothiocyanate of fluorescein isothiocyanate (FITC, Sigma 

Aldrich, US). This reaction took place with a molar ratio of 10 and after 1 hour of incubation in 

anon basic environment, the unreacted FITC was removed by desalting on Sephadex G25 column 

(Cytiva, US). The maximum absorption wavelength of FITC was directly proportional to the amine 

groups available on nanoparticles for further conjugations. 

3.3 Anti human PSMA conjugation to small fluorescent dye conjugation  

To deeply characterize the impact of the antibody-cargo size on the internalization, we decided to 

conjugate the same monoclonal antibody, Mouse anti-Human PSMA, to fluorescein 

isothiocyanate (FITC) which is a derivative of fluorescein widely used in flow cytometry employed 

also for nanoparticle characterization, as previously described. The conjugation of FITC to 

antibodies is a well-established, non-site-specific, process as it exploits the  ʁ amines naturally 

present on lysine residues at high pH [102]. Briefly, the storage buffer of the purified antibody 

(phosphate buffer) is substituted by carbonate buffer pH 9.5 (50 mM NaHCO3/Na2CO3) using 

Centricon Plus-70 Centrifugal Filter 100 kDa (Merck Millipore, US). The correct amount of FITC 

was added to the antibody solution and gently stirred for 60 minutes. The unreacted species were 

 

Figure 20 - Schematic representation of antibody-FITC labelling 
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removed by desalting on a PD-10 column with Sephadex G25 medium with a sample/resin volume 

ratio lower than 10% (figure 20).  

The final molar ratio between the fluorochrome and the protein (F/P), was 4.8, in conformity to 

company internal standards, assessed using the formula reported below: 

ὓέὰὥὶ
Ὂ

ὖ

ςȢχχzὃ

ὃ πȢσυzὃ
 

where 2.77 is the ratio between IgG Ƭ (at 280 nm) and fluorescein Ƭ (at 495 nm), instead the 

product  0.35 * A495  is the correction factor due to the absorbance of FITC at 280 nm [102, 103]. 

3.4 Anti human PSMA fluorescent silica nanoparticle conjugation  

Briefly, the conjugation of the Mouse anti-Human PSMA to fluorescent silica nanoparticles exploits 

the reduction of antibody interchain disulfide bonds to form reactive cysteine residues for coupling 

with maleimide groups to generate a thiosuccinimide product as in figure 21 [104] .  

Nanoparticles were activated by their prearranged conjugation to an 8.3 Å heterobifunctional 

crosslinker, named succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC, 

Setareh Biotech, US), featured by a N-hydroxysuccinimide (NHS) ester and a maleimide group, 

to react with cysteines on reduced antibodies and, on the other end, to NH2 groups on NPs. 32 

mg of NTB520 (corresponding to 5 mL), previously transferred by ultrafiltration in 50 mM NaPi/1 

mM EDTA pH=8, were made to react with 10 mM of SMCC, dissolved in DMSO, for 60 minutes 

at room temperature. The mixture was, then, purified by SEC using 50 mM 2-(N-

 

Figure 21 - Reaction of a maleimide with a thiol [252]. 
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morpholino)ethanesulfonic acid (MES)/2 mM EDTA pH 6.0, to remove the unconjugated 

crosslinker. Afterwards, activated and non-activated nanoparticles were investigated by means of 

Figure 22 - Transmission Electron Microscope analysis of stand-alone NPs (left) and SMCC-conjugated NPs. The 

aggregation is probably due to the sample dehydration needed prior to electron microscope analysis. 
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transmission electron microscopy (figure 22).  

The morphological analysis showed an enhancement of the aggregation status of the 

nanoparticles once pre-conjugated with SMCC, probably due to additional interactions caused by 

spacer arms. Anyway, this aggregation present, to a lesser extent, even in non-activated 

nanoparticles, might be attributed to the sample preparation, especially to its dehydration, needed 

for electron microscope analysis. No evidence of this aggregation was shown in dynamic light 

scattering analysis when nanoparticles were in their original condition, in aqueous solution.  

On the other hand, the disulfide bonds in the hinge region of the antibody were cleaved using a 

mild concentration (20 mM) of 1,4-dithiothreitol (DTT, Sigma-Aldrich, US) for 60 minutes, under 

stirring, in the dark, to control the reaction. A desalting on Sephadex G25 medium column was 

used to separate reduced and non-reduced antibodies. 

The reduced antibody and the activated nanoparticles were incubated, with a molar ratio NP:Ab 

equal to 2, for 60 minutes at room temperature, in the dark, under gentle agitation. This molar 

ratio resulted the best one to obtain an average of 1 nanoparticle conjugated to each antibody 

and to reduce the quantity of unreacted antibodies in the mixture. An excess of N-Ethylmaleimide 

(NEM, Sigma-Aldrich, US) was added, under agitation to stop the conjugation reaction. NEM 

forms stable, covalent, thioether bonds with sulfhydryl groups (e.g., reduced cysteines), enabling 

them to be permanently blocked to prevent disulfide bond formation. To remove the free species, 

antibodies and nanoparticles, from the conjugated pool a two-step purification protocol was 

adopted. The mixture was firstly purified by size exclusion chromatography on Superdexµ 200 

high resolution gel filtration for molecular weights between 10 and 600 kDa (globular proteins) 

(Cytiva, US), packed on a XK16 column (Cytiva, US) mounted on AKTA purifier 10 HPLC System 

(Amersham, UK). This first step allowed for the separation of free nanoparticles and conjugated 

nanoparticles from free antibodies due to the significant difference in mass. Conjugated and free 

nanoparticles, bigger in size than free antibodies, were less retained by the resin and were eluted 

in a shorter time (part A of figure 23). Then, the resulting pre-purified mixture was applied on an 
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affinity chromatography column packed using Protein G Sepharose Fast Flow 4 (Cytiva, US) as 

resin. The adopted stationary phase was a recombinant protein G lacking albumin-binding region 

crosslinked to an agarose matrix. The protein G has a strong affinity for the Fc antibody fragment 

so only the species with Fc fragment were retained by the resin (part B of figure 23). The 

conjugated was eluted from the column using a glycine solution (0.1 M, pH 2.40 ± 0.05) 

immediately buffered with Tris-HCl (1 M, pH 9.5 ± 0.1) in a proportion equal to the 10% of each 

eluted fraction volume and then dialyzed against phosphate buffer using regenerated cellulose 

membrane with a cut-off of 50 kDa (VWR, US) for, at least 24 hours. The conjugate was then 

concentrated using Amicon stirred cell Merck Millipore, Ireland) and PVDF cut-off 50 kDa 

Figure 23 - A) SEC chromatogram in which the Ab-NP conjugate, higher in size, is eluted before the free Ab which is 

smaller and NEM which is a contaminant. The blue line represents the absorption at 280 nm and the red one at 498 

nm B) Protein G chromatogram in which free NPs don't bind to the resin instead of the conjugate eluted at low pH. The 

blue line represents the absorption at 280 nm and the red one at 498 nm. 
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membrane (VWR, US) and centrifugate at 3000 g for 30 minutes at 4 °C to discard the eventual 

pellet.  

In accordance with spectrophotometric characterization, about one nanoparticle has been 

conjugated to each antibody (NP/Ab ratio 1:1) corresponding to dye/Ab ratio of 15.8:1. These 

data are obtained using the formulas below: 

А

А
 where Аὓ

ᶻ

  and A498 is the maximum absorption at the specific 

wavelength and epsilon (ʁ) the molar extinction coefficient of the species at the specific 

wavelength.  

3.5 Anti human PSMA MMAE conjugation and biochemical characterization 

One of the most important features in ADC preparation is the rigorous control of the drug molecule 

bound for each antibody. If a low number of molecules might result in an inefficient treatment, it is 

proved that an elevated DAR could lead to ADC instability. The conjugation protocol applied is a 

site-directed cysteine-based conjugation historically used to obtain homogeneous ADC. To 

control the final DAR, we applied the Ellman®s assay, developed in 1959, to strictly quantify -SH 

 

Figure 24 - Calibration curve to correlate TNB absorbance at 412 nm to free sulfhydryl groups. 
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groups available on antibodies after reduction [105] .  

The Mouse anti-Human PSMA was transferred by ultrafiltration in the reduction buffer (NaPi/EDTA 

pH 8.0) at final concentration of 2.5 mg/mL. 3 equivalents of the reducing agent TCEP were added 

at controlled temperature (37 °C in a thermostatic bath) as this condition was assessed as most 

favourable in previous experiments (data not shown) [106]. After 1 hour of incubation the Ellman®s 

assay was performed to quantify the free sulfhydryl groups available for bioconjugation. A sample 

of the reduced antibody was incubated, 15 minutes, room temperature, in the dark, with 10 µL of 

a 4 mg/mL solution of DTNB (Sigma Aldrich, US). The yellow-colored compound, 5-thio-2-

nitrobenzoic acid (TNB), derived from the reaction of the free sulfhydryl groups with the Ellman®s 

reagent (5,5'-dithiobis-(2-nitrobenzoic acid) ² DTNB), is observed spectrophotometrically by 

measuring absorbance at 412 nm. Interpolating this value on a previously constructed calibration 

curve using known quantities of cysteine (figure 24), we obtained an average of 5.3 free -SH 

groups on each antibody. To conjugate 1 molecule of drug for each -SH group, we decided to 

adopt the molar ratio of 6 for the conjugation of the antibody to MMAE.   

We selected a ready to conjugate form of the drug: VcMMAE (mc-vc-PAB-MMAE, 

MedChemExpress, US) in which MMAE is linked via the lysosomal cleavable dipeptide valine-

citrulline (vc) to the maleimidocaproyl (mc) which is one of the most used maleimide-type linkers 

exhibiting an excellent reactivity with sulfhydryl groups. 

The conjugation reaction took place at room temperature, in 60 minutes under rotating stirring. At 

the end of the incubation period, the reaction was stopped by the addition of an excess, 20 

equivalents calculated against MMAE, of cysteine (Sigma Aldrich, US). 

To eliminate the unreacted drug and the free cysteine, the conjugated was dialyzed against 

phosphate buffer for 24 hours at 2/8 °C using a regenerated nitrocellulose membrane with a cut-

off of 50 kDa (Spectrum Labs, The Netherlands). After the recovery from dialysis, Ellman®s assay 

was repeated to assess the presence of free sulfhydryl groups which weren®t significantly found. 

A size exclusion chromatography was performed to evaluate the presence of free species, which 
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weren®t detected as depictable from chromatograms in figure 25. In accordance to the calibration 

kit ranging from 1,35 to 670 kDa (Bio-Rad, US) employed to evaluate molecular weight with size, 

the conjugated is featured by a molecular weight of 223 kDa higher than the unconjugated 

antibody so likely related to the conjugated form (elution volume of purified antibody 2.61 mL ² 

calibration kit referral for 158 kDa gamma globulin is 2.56 mL - against 2.46 mL of the conjugated 

one) [107] .  

The DAR quantification was particularly tricky due to the nearness of the maximum absorption of 

the antibody (280 nm) and MMAE (248 nm) which were not clearly separable due to the 

interference of the used buffer. Considering the contribution at 280 nm of exclusive pertinence of 

Figure 25 - A) The SEC chromatogram of unconjugated anti PSMA shows a single peak with elution volume of 2.61 

mL and absorption exclusively at 280 nm (blue line). B) The SEC chromatogram of anti PSMA-MMAE shows a single 

peak with elution volume of 2.46 mL with absorption at 280 nm (antibody max Abs wavelength ² blue line) and 248 

nm (max MMAE wavelength ² red line). 
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the antibody, from absorption spectrum in figure 26, 

in accordance to the method described by Cruz and colleagues, considering the molar weights of 

antibody and MMAE (respectively 150 kDa and 1316.63 g/mol), the related extinction molar 

coefficients (ʁ ) at 280 nm (antibody 21000 M-1cm-1 and MMAE 1500 M-1cm-1 ) and 248 nm 

(antibody 77500 M-1cm-1 and MMAE 15900 M-1cm-1 ) we calculated a A280/248=1.75 corresponding 

to a DAR equal to 2.8 consistent with DARs reported for similar ADC synthesis methods  [108, 

109, 110].  

 3.6 Multimodal tool development: anti human PSMA double conjugation to MMAE 

and fluorescent silica nanoparticles 

To obtain the multimodal tool, we decided to apply a combination of the conjugation procedures 

previously developed in this study for NP-antibody and MMAE-antibody conjugations.  

Briefly, the Mouse anti-Human PSMA conjugated to MMAE was newly reduced with 3 equivalents 

of TCEP for 30® with the aim of obtaining new -SH groups available for nanoparticle conjugation. 

We decided to employ TCEP instead of DTT, used in the NP-Ab conjugation, to avoid the 

purification step which would cause an additional decrease in the final yield. The availability of free 

Figure 26 - Overlayed absorption spectra of unconjugated anti PSMA (red line) and anti PSMA MMAE (green line). 

Thanks to the ratio between the Abs at 280 nm and 248 nm is possible to calculate the DAR. 
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reactive sulfhydryl groups was confirmed, as expected, by Ellman®s reaction. Then the re-activated 

antibody was mixed with SMCC-activated nanoparticles in a molar ratio NP:Ab 2:1, for 60 minutes, 

in the dark under stirring. The reaction was stopped by adding an excess of NEM and the obtained 

products were submitted to the multimodal chromatography optimized protocol (size exclusion 

chromatography and protein G affinity chromatography as in figure 27) to ensure the highest purity 

as possible.  

Figure 27 - A) SEC chromatogram in which the Ab-MMAE-NP conjugate, higher in size, is eluted before the free Ab-

MMAE which is smaller and NEM which is a contaminant. The blue line represents the absorption at 280 nm and the 

red one at 498 nm. B) Protein G chromatogram in which free NPs don't bind to the resin instead of the conjugate 

eluted at low pH. The blue line represents the absorption at 280 nm and the red one at 498 nm 
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3.7 Anti human PSMA fluorescent conjugates quality control 

Currently, the intended use of fluorescent antibodies in AcZon, in both conventional and 

nanoparticle-based forms, is flow cytometry so, to assess the conjugates compliance and 

determine their functionality, after the check of biochemical parameters with internal standard, 

immunophenotyping flow cytometry assays were set up [111, 112]. 

The obtained conjugates were controlled on the LNCap cell line (ATCC- CRL-1740µ) which 

strongly expresses PSMA antigen [113]  [114] . LNCap, clone FGC (fast growing clone) were 

purchased by ATCC (ATCC CRL -1740) and cultured in strict compliance with supplier®s 

instructions. Cells were seeded in a boosted RPMI-1640 medium (Pan Biotech, Germany) 

containing 2 mM L-Glutamine, 1 mM pyruvate, 4.5 g/L glucose, 10 mM HEPES, 1.5 g/L NaHCO3. 

This medium was supplemented with 10% of non-heat inactivated FBS and 1% 

penicillin/streptomycin.  This cell line formed weakly adherent monolayers that were easily 

managed by tapping, shaking, or pipetting to detach. The reattachment of these cells was slow 

and about 70% of the initial cells adhere to the growth surface within 48 hours according to 

literature and manufacturer instructions. Trypsin/EDTA 0.25% was exclusively used when a 

monodispersed cell suspension was required, as before flow cytometry tests to avoid any possible 

damage to membrane antigens, as PSMA. After the trypsin/EDTA 0.25% treatment, clusters were 

mechanically disrupted by intensive pipetting, cell suspension was washed twice with room 

temperature Hanks® Balanced Salt solution (HBSS, Biosigma Italy)/1% FBS and counted with 

Neubauer chamber (three different aliquots, the concentration obtained was the average of the 

counts). To eliminate large aggregates, cell suspension was filtered using cell strainers with 30 

µm mesh size (Partec, Germany). Filtered cell suspension was aliquoted in flow cytometry tubes 

to have between 1*105 and 1*106 cells, in 100 µl per each tube. Then, cells were stained using 

previously prepared 10 µL- scalar dilution of each conjugate to be tested, from 200 µg/mL to 6 

µg/mL (with an additional dilution factor of 1:10). The incubation took place at controlled 2/8 °C 

temperature, in the dark, for 60 minutes. The samples were washed twice with HBSS/1% FBS and 
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then resuspended in 300 µL of HBSS and acquired on the flow cytometer Novocyte 3000 (Agilent, 

US). Mouse IgG1 isotype control conjugated to FITC was used to assess the non-specific binding 

of dyes to cells at the same concentrations of the corresponding conjugates. Three samples with 

untreated cells were used to set the autofluorescence of cells themselves.  

One of the parameters considered was the functionality of the conjugates, that is the conjugate 

concentration at which all the antigens are saturated (plateau of the curve obtained plotting 

conjugate concentration on x-axis and fluorescence intensity on y-axis). In particular, Peter Smith 

Jones and co-workers after the in vitro characterization of three different radiolabelled anti PSMA 

antibodies determined that 600.000/800.000 binding sites/cell are available on LNCaP. 

Interestingly, they found that not all cell PSMA are contemporary exposed on cell surface 

suggesting a recycling mechanism [115].  

In accordance with the data collected, a final concentration (on cells) equal to 5 µg/mL of 

conjugated anti-PSMA is able to saturate all the binding sites available on viable LNCaP (figure 

28). The fluorescence intensity of the nanoparticle-based conjugate is higher than the one of the 

FITC-conjugate thanks to the amplification effect due to nanoparticle sphericity. This important 

feature is at the heart of the possibility to employ this class of nano-based tools to improve the 

therapeutic window of highly cytotoxic drugs.  

Figure 28 - Overlayed cytograms of LNCaP cell line stained with 5 µg/mL of isotypic control (green), Mouse anti-

Human PSMA-FITC (blue), Mouse anti-Human PSMA-NTB520 (red) 
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4. CHAPTER 2: Preliminary studies on stand-alone fluorescent 

silica nanoparticle effects on mammalian tumour cell lines 

4.1 Introduction 
 

Last decades witnessed an intensive spread of nanomaterials which are increasingly becoming 

part of consumer goods, electronics and biomedical tools due to their unique properties and 

applicability [116] . This expansion leads to more careful assessment of their safety [117] . 

Nanoparticles (NPs) acquire different physicochemical properties in biological fluids, such as cell 

culture medium but also blood. The surface of nanoparticles might be modified by the spontaneous 

coating of biomolecules, particularly proteins, which form the so-called ¯protein corona° [118] . As 

the cellular uptake of NPs strongly depends on physical properties (e.g., size and shape), chemical 

properties (e.g., surface charge) it is highly important to determine NP behaviour in absence of 

targeting proteins on the shell [119, 120].  

When nanoparticles come in touch with cellular membranes, they can interact with their 

components and enter the cell, mainly through endocytosis. Endocytosis leads to the inclusion of 

NPs in membrane invaginations following their transformation in endocytic vesicles [121]. 

Understanding the cellular uptake of nanoparticles is mandatory to a variety of possible fields of 

application ranging from in vivo diagnosis to targeted therapy, because the underlying uptake 

pathways determine a specific nanoparticle®s function, intracellular fate, and biological response 

[122, 123]. Thanks to their small size, NPs can easily penetrate the cells and this is one of the 

main reasons for their wide use in biomedical applications, as they can penetrate cell membranes 

and exert their functions [124] . However, as a double-edged blade, the major risk in nanoparticle 

employment comes just like from this feature [125] . Multiple different cellular entry pathways are 

available for NPs during cell exposure [126] . In addition, several factors seem to affect 

nanoparticle uptake, just to cite a few: their size, shape and surface properties [127, 128].  
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According to this heterogeneity, in this study, we wanted to understand the effect induced by high 

fluorescent PEGylated silica nanoparticles at different concentrations in diverse standard cell lines 

and, in the second part, to analyse how these nanoparticles were preferably internalized. The 

assay used for the cell death assessment was the Trypan blue exclusion assay followed by cell 

count through hemocytometer. To elucidate the preferential uptake route, three different 

endocytosis inhibitors (amiloride, chlorpromazine, genistein), each one specific for a different 

uptake pathway, were alternatively used at their inhibiting, not cytotoxic, concentration [129, 130, 

131]. Finally, to deeply understand the fate of nanoparticles once internalized, we analyzed, by 

fluorescence microscopy, the permanence of fluorescence in cells supposing a decrease, across 

time, due to cell doubling, and consequent nanoparticle sharing among daughter cells, and 

contemporary washout mechanisms. To investigate the eventual presence of washout 

mechanisms, we examined exhausted cell culture media by spectrofluorometer [132, 133, 134]. 

4.2 Materials and methods 

4.2.1 Fluorescent silica nanoparticle synthesis and characterization 

Fluorescent silica nanoparticles were synthetized and characterized as described in the previous 

chapters.  

4.2.2 Cell lines 

The experiments were carried on four different cell lines with different features, adherent cell lines: 

COLO 320DM (ATCC CCL-220, LGC Standard, United Kingdom), MCF7 (ATCC HTB-22, LGC 

Standard, United Kingdom) and suspended cell lines: MOLT-4 (ATCC CRL-1582, LGC Standard, 

United Kingdom), Jurkat (Clone E6, ATCC TIB-152, LGC Standard, United Kingdom).  

All the cell lines were cultivated using RPMI 1640 with stable L-glutamine (Euroclone, Italy) with 

1% penicillin/streptomycin (Sigma Aldrich, US) and 10% heat-inactivated foetal bovine serum 

(Sigma Aldrich, US). After thawing, cells were cultivated under standard conditions (37 °C under 
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a humidified controlled atmosphere with 5% CO2) and sub-cultured when the confluence reached 

80/90% and/or the color of the culture medium turned on dark yellow.  

The day prior to the treatment, adherent cells were detached using trypsin-EDTA solution (Sigma 

Aldrich, US) and counted through the Neubauer chamber (Sigma Aldrich, US) under a light 

microscope Optiphot 2 (Nikon, Japan). 800.000 cells were seeded in each chamber of 4-well 

glass chamber slide (Sigma Aldrich, US) and incubated in standard conditions for, at least, 24 

hours prior to the treatment. The same number of suspended cells instead was seeded in each 

well of 12-well plates.  

4.2.3 Cytotoxicity assessment 

To assess the effects of nanoparticles on cells, different incubation times (1-4-24-48 hours without 

medium replacement) and concentrations (0.072-0.72-3.6 mg/mL) were tested [135].  The 

incubations took place in the incubator at standard conditions. To avoid any possible confounder 

effect, nanoparticles were dialyzed against sterile phosphate buffer (0,01 M NaPi/0,15 M NaCl pH 

7.35±0.05) using a cellulose membrane with a 100 kDa cut-off (Spectrum Chemical, US) for 48 

hours to eliminate any trace of preservative and filtered with 0.22 µm polyether sulfone (PES) filters 

(Euroclone, Italy) under a sterile environment, to avoid microbial contamination. For each 

experimental point a negative control was added using the same number of cells cultured in 

complete medium.  

To prevent any possible interference due to the contemporary presence of the phenol red in the 

culture medium and the intrinsic fluorescence of the nanoparticles, we decided to use the Trypan 

blue exclusion assay to assess cell viability. Another thing to consider, is the well-known protein 

corona formation happening at high protein concentration when proteins surround nanoparticles 

affecting cellular uptake process and, for this reason, we decided to administer the treatment in 

presence and absence of 10% heat-inactivated foetal bovine serum, naturally rich in proteins, in 

the culture medium [136] .  
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Briefly, at the end of each incubation time, cells were checked for their health status by inverted 

microscope. The exhausted medium from adherent cells was removed and collected in a 

centrifuge tube. Cell layer was washed twice with room temperature (RT) phosphate buffer and 

detached using trypsin-EDTA solution. Before the first washing step, the exhausted medium was 

added to the trypsin-detached cells. This passage is fundamental to include any detached dead 

cell. Suspended cells were washed twice in RT phosphate buffer using 300 g RT 5 minutes 

centrifuge to discard the old solution. The cell suspensions were then diluted 1:10 in Trypan Blue 

0.4% (Thermo Fisher, US) and counted with Neubauer chamber under a light microscope (three 

different aliquots, the average number was used for further calculations) [137] . Cell viability was 

calculated using the formula: 

ὅὩὰὰ ὺὭὥὦὭὰὭὸώ
ὸέὸὥὰ ὧὩὰὰίὨὩὥὨ ὧὩὰὰί

ὸέὸὥὰ ὧὩὰὰί
ρzππ 

The survival rate was calculated using the formula: 

ὛόὶὺὭὺὥὰ ὶὥὸὩ
ὸὶὩὥὸὩὨ ὧὩὰὰ ὺὭὥὦὭὰὭὸώ

όὲὸὶὩὥὸὩὨ ὧὩὰὰ ὺὭὥὦὭὰὭὸώ
ρzππ 

4.2.4 Internalization route analysis 

To better understand which endocytic pathway was the most exploited by cells to internalize 

fluorescent SiNPs, we employed three different inhibitors, each one specific for an uptake route. 

Amiloride, was used to inhibit macropinocytosis by lowering sub membranous pH and preventing 

Rac1 and Cdc42 signalling; chlorpromazine was employed to induce clathrin disassembly during 

clathrin-mediated endocytosis; and genistein to block the tyrosine kinase activity involved in 

caveolin mediated endocytosis as in figure 29 [138, 139, 140]. 

All the reagents were purchased from Sigma Aldrich (US). Each inhibitor was solubilized according 

to supplier instructions, aliquoted and stored at -20 °C until its use when they were thawed and 

resuspended to their inhibiting, not cytotoxic, concentration as reported in table 3.  
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The exhausted medium was removed from each chamber and replaced by fresh one. The 

appropriate volume of each inhibitor was added to its specific chamber, except for the negative 

control where fresh complete medium was used. Cells were then put in the incubator, in standard 

conditions, for 30 minutes. When the pre-incubation time was over, the nanoparticles were added 

to each well at the final concentration of 150 µg/mL. We selected a quite low concentration, with 

Inhibitor Solubilized in 
Storage 

concentration 

Final 

concentration 

in culture 

medium 

Amiloride Sterile water 5 mg/mL 30 µg/mL 

Chlorpromazine Sterile water 2.5 mg/mL 5 µg/mL 

Genistein 
Sterile dimethyl 

sulfoxide 
0.4 mg/mL 30 µg/mL 

Table 3- Inhibitor concentrations of storage and use 

Figure 29 - Schematic diagram of the main internalization pathways studied and related inhibitors. Created on 

Biorender.com accessed in December 2022 
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respect to those tested for cytotoxicity, to be able to appreciate even small variations. The co-

incubation with inhibitors and nanoparticles lasted 2 hours in the incubator. At the end of the 

incubation time cells were washed as previously described for the cytotoxicity assay. Just prior to 

the analysis, cell nuclei were counterstained using Hoechst 33342 (Thermo Fisher, US) at a final 

concentration of 8 µg/mL in phosphate buffer. Then the Hoechst 33342 was removed, slides 

mounted, and cells were observed under Optiphot 2 fluorescence microscope exploiting the 

appropriate filters. The images were taken using NIS Elements software (Nikon, Japan) with 

settings standardized on the negative control sample, which was supposed to have the highest 

signal. The fluorescence intensity was quantified using ImageJ software (National Institutes of 

Health, US) and expressed as Corrected Total Cell Fluorescence (CTCF) by subtracting the 

contribution of background from the integrated fluorescence density within the regions of interest 

(ROIs) drawn around cells, using the formula reported below [141] .  

ὅὝὅὊὍὲὸὩὫὶὥὸὩὨ ὨὩὲίὭὸώὃὶὩὥ έὪ ίὩὰὩὧὸὩὨ ὧὩὰὰίὓzὩὥὲ ὪὰόέὶὩίὧὩὲὧὩ ὦὥὧὯὫὶέόὲὨ 

The reduction in the uptake due to the inhibitor effects was calculated stating the negative control 

as 100% of internalized nanoparticles.  

4.2.5 Washout and nanoparticle holding 

Previously, during a preliminary analysis on the spectrophotometer (Cary 600, Agilent, US) we 

 

Figure 30 - Absorption spectra of nanoparticles in water (pink) and cell culture medium (green) 
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noticed that Phenol Red (pH indicator present in the cell culture medium used), in its basic form, 

absorbs light at the same wavelength of the employed nanoparticles, NFG575 (figure 30). Due to 

the importance of this indicator during cell culture procedures, we decided to avoid the 

employment of Phenol Red free medium. As Phenol Red in its acid form absorbs at a shorter 

wavelength, as in figure 31, we chose to exploit this feature.  

Briefly, according to the study of Rovati and colleagues we found that at pH lower than 5.0 Phenol 

Red completely turned into its acid form [142].  

We used acetate buffer AcOH/NaOAc 500 mM to prepare a standard curve of nanoparticles 

diluted in cell culture medium, figure 32, in which Phenol Red was completely transformed in its 

acid form and, for this reason, irrelevant during the analysis on the spectrofluorometer (FP-6200 

Jasco, Japan) using 520 nm as excitation wavelength (non-inflection point in absorption 

nanoparticle spectrum). Since the final aim of the experiment was to highlight the released 

nanoparticle amount (supposed as a small part) we employed low nanoparticle concentration. The 

concentration of the released nanoparticles was obtained by interpolating emission value from 

exhausted cell media to this curve.  

Figure 31 - Absorbance spectra of phenol red at different pH values (A) Absorbance versus pH and Boltzmann 

interpolation function [142] 
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To avoid possible confounding effects, due to the diversity of treatment, this assay was performed 

exclusively on adherent cell lines, Colo-320 and MCF7. In particular, we supposed that the 

centrifuges needed to separate cells from released NPs in the exhausted medium could affect the 

final value if compared to the simple removal treatment operated by pipetting on adherent cell 

lines. Cells were cultured as previously described. After 24 hours from seeding, cells were treated 

with highest concentration of nanoparticles used for cytotoxicity assessment (3.6 mg/mL) for an 

overnight in standard conditions, in which the negative control phosphate buffer was used in the 

same quantity of the replaced nanoparticles. Once the incubation was over, the treatment was 

removed and replaced by the same quantity of complete fresh, nanoparticle free, medium in all 

those wells needed for washout analysis after 24 and 48 hours from the treatment. To evaluate 

the percentage of retained nanoparticles, we stated as 100% the quantity of administered 

nanoparticles minus the quantity found in the exhausted medium at T0. For the following analysis 

points, the quantity of nanoparticles revealed by the spectrofluorometer were subtracted from the 

internalized amount. For each time point (T0, T24, T48), exhausted medium was analyzed by 

spectrofluorometer, whereas cells by fluorescence microscope. Images were analyzed as 

previously described, for uptake inhibition, in paragraph 4.2.4. To monitor the expected dilution of 

Figure 32 - Standard curve of nanoparticles in buffered cell culture medium 
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intracellular fluorescence due to cell doubling, additional wells were seeded and treated under the 

same conditions. At the same time points, cells were detached by trypsin/EDTA and counted 

(Neubauer chamber and Trypan blue method). Negative controls were performed to monitor, 

basal fluorescence signals.  

4.2.7 Statistical analysis 

All the data shown are the average of the results of three different, independent experiments. The 

statistical significance was assessed through t student test [143] .  

4.3 Results 

4.3.1 Nanoparticle effects on cells 

The nanoparticles were rapidly (fluorescence is appreciable after one hour) and actively 

internalized by all the cell lines considered. The localization was almost exclusively cytoplasmic 

and wasn®t influenced by the presence or absence of FBS in the culture medium (figure 33). No 

statistically significant cell death induction was observed in any one of the conditions analyzed in 

this study (figure 34 and 35).  

Figure 33 - Cytoplasmic localization of fluorescent SiNPs in MCF7 (A), Colo 320 (B), MOLT-4 (C), Jurkat (D) after 1 hour 

of incubation in presence of FBS, 100X oil immersion magnification. 
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Figure 34 - Survival rate after nanoparticle treatment of the adherent cell lines MCF7 and COLO 320. The dotted lines are with FBS in 

the treatment, the diagonal lines without it. Error bars represent standard deviation between three independent replicates. 
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Figure 35 - Survival rate after nanoparticle treatment of the suspended cell lines MOLT-4 and Jurkat. The dotted lines are with FBS in 

the treatment, the diagonal lines without it. Error bars represent standard deviation between three independent replicates. 
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4.3.2 Preferential uptake pathway 

High variability was shown among the cell lines when treated with endocytosis inhibitors. In 

particular MCF7, an adherent breast adenocarcinoma cell line, seemed to be insensitive to each 

one of the inhibitors employed in this study, suggesting that all the endocytic pathways analyzed 

are selectively activated under specific conditions to compensate for the inhibited one. In COLO 

320, an adherent colorectal adenocarcinoma cell line, a significant uptake reduction was due to 

the effect of genistein and amiloride. It is likely that both caveolin dependent endocytosis and 

macropinocytosis represent the major internalization routes exploited by this cell line.  

In both the suspended cell lines, Molt-4, a T lymphoblast cell line and Jurkat, acute T cell leukaemia 

cells, a single uptake pathway, clathrin dependent and caveolin dependent, respectively, 

appeared to be the most important because the intracellular fluorescence strongly decrease when 

they were inhibited. All these data were graphically gathered in figure 36. 

 

Figure 36- Quantification of nanoparticle uptake in different cell lines treated with different inhibitor respect to the 

same cell lines without inhibitors. Error bars represent standard deviation between three independent replicates. 
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4.3.3 Washout and nanoparticle retention analysis 

Even after 48 hours from nanoparticle treatment removal, the fluorescence of cells is still 

appreciable by fluorescence microscopy confirming their possible employment as cell tracers. 

Nevertheless, the exhausted media analyses performed using spectrofluorometer highlight the 

presence of nanoparticles. Interpolating the values of fluorescence intensity of the discarded 

media, properly buffered to separate nanoparticles and Phenol Red peaks, we observed a slight 

decrease in the percentage of retained nanoparticles mainly due to washout effect which is 

statistically significant (p<0.01) after 24 and 48 hours from treatment removal. Despite the 

statistical significance of the nanoparticle release, the percentage of retained nanoparticles was 

still high. This behaviour was shown on both tumour cell lines considered, MCF7 and COLO320 

(figure 37). 

 

In addition to cell peculiar release mechanisms, the internal cell nanoparticle fluorescence s might 

decrease due to cell replication, providing the nanoparticle sharing among daughter cells. The 

 

Figure 37 - The nanoparticle percentage of retention measured by spectrofluorometry on MCF7 (red horizontal lines) 

and Colo-320 (blue vertical lines). Error bars represent standard deviation between three independent replicates. 
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analysis of CTCF after 24 and 48 hours confirmed the spectrofluorometric analysis. A slight 

decrease in single cell fluorescence was observed, without statistical significance, even after 24 

hours and became more evident after 48 hours from the treatment removal (figure 37). This 

feature was common to the two analyzed cell lines. A symmetry is appreciable between the CTCF 

line (decreasing) and the cell count line (increasing) confirming that part of the decrease in single 

cell fluorescence might be due to cell replication (figure 38).  

Despite the decrease in single cell fluorescence stated by both spectrofluorometry and 

fluorescence microscopy, the total fluorescence signal due to the internalized nanoparticles is still 

well detectable by fluorescence microscopy and differences are not appreciable by the naked eye 

(figure 39). 

 

 

Figure 38 - Corrected Total Fluorescence (CTCF) analysis of single cell after nanoparticle treatment removal 

(continue lines) in relation to cell population grown (dotted lines). Error bars represent standard deviation between 

three independent replicates. 

Figure 39 - MCF7 cell line after 48 hours from nanoparticle treatment removal (100X oil 

immersion magnification). On the right the merged image with Hoechst used as nuclear 

staining. 
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4.4 Conclusions 

This preliminary set of experiments had the aim to understand the mechanisms underlying the 

fluorescent silica nanoparticle internalization and consequent cell management. It is likely that 

PEGylated fluorescent silica nanoparticles employed in this study don®t cause cell death in any of 

the cell lines taken into account, even at high concentrations and for long incubation periods 

confirming previous studies [144, 145]. In addition, no differences in the behaviour were shown in 

presence or absence of a protein excess represented by FBS in the culture medium. It appears 

that the presence of PEG, surrounding the nanoparticle silica matrix, avoids protein corona 

formation not affecting nanoparticle internalization [146, 147]. These findings suggest the possible 

future employment of these nanoparticles as vehicles for targeted delivery of drugs but also as 

contrast agents.  

On the other hand, the data collected through the inhibition assays appear to confirm the huge 

variability in the internalization pathway among different cell lines reported in literature [148] . 

According to our study there is not a common and shared uptake pathway among different cell 

lines. It seems that each cell line doesn®t exploit an exclusive internalization route but, once the 

main route is blocked, it activates others in substitution [149, 150]. 

This variability could be one of the causes of the failure in the translation of nanomedicine between 

cell models and clinical trials, in addition to the higher complexity of living beings with respect to 

in vitro cell lines. Hence, it is highly important to fully understand all those aspects which have 

possible impact on nanoparticle pharmacodynamics and pharmacokinetics [151] . 

The slight decrease of internal fluorescence related to nanoparticles across time, is due to the 

contemporary effect of cell washout and replication. It will be crucial to figure out the mechanisms 

at the basis of nanoparticle exocytosis to deeply evaluate their employability as drugs vehicle in 

tumour cells and tissues highly featured by efflux systems [152]. Up to now little effort has been 

made to study the exocytosis of nanoparticles but it will surely be a key feature from a double point 

of view: safety assessment and drug efficacy [153, 154, 155]. As reported in literature, when cells 
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divide, the internalized nanoparticles are shared between the resulting daughter cells in an 

asymmetrical way: one daughter cell receives more nanoparticles than the other daughter cell 

[134, 156]. This difference in distribution has to be considered when dealing with highly dividing 

cells, such as cancer cells, since the NP load per cell might vary significantly. This variation is 

additionally dependent on cell doubling time which is characteristic of each cell line and highly 

susceptible of changes [157, 158]. Anyway, we cannot overlook that Borquin and colleagues, as 

opposed to our thesis, demonstrated that the nanoparticle load decrease across time is 

exclusively due to cell replication and not to exocytosis. However, we agree that the fate of NPs 

after internalization is not fully understood [159] . 

The safety profile of NPs as well as their tolerance and their scalability into large scale production 

can be considered important factors in clinical applications.  

Even if promising aspects emerged from this study, the high variability among nanomaterials and 

their interactions with cells need to be studied more in depth to understand and predict, as much 

as possible, the effect of nanomedicines on living beings [160, 161, 162].  
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5. CHAPTER 3: Preliminary studies on antibody-conjugated 

fluorescent silica nanoparticle (ACNPs) effects on mammalian 

tumour cell lines.  

5.1 Introduction 

The independent receptor-mediated endocytosis (RME) is one of the most effective internalization 

mechanisms exploited by nanomaterials. In particular, ligands surrounding nanoparticles bind to 

receptors available on target cells and, at a later time, the bond complex enters the cells due to 

membrane invagination [163] . This feature is highly significant for different applications such as 

drug and gene targeted delivery. Several nanoparticle characteristics have an influence on the 

effectiveness of this mechanism: Freund and Lin proved the presence of a threshold radius (Rth) 

of about 15/30 nm, for spherical nanomaterials, below which endocytosis would never take place 

[164]. Decuzzi and Ferrari, instead, proved that the contribution of non-specific interaction is as 

crucial as the one from specific interactions. Particularly, they found that wrapping time, threshold 

and optimal nanoparticle radius increase together with the repulsive interactions between particles 

themselves and cells causing difficulties in the internalization. Conversely, attractive non-specific 

interactions would raise the endocytosis [165].  

Prostate-specific membrane antigen (PSMA) is a well characterized integral cell membrane 

glycoprotein (å100 kDa) selectively expressed by tumour cells, especially in prostate cancer 

(PCa). This antigen undergoes clathrin dependent endocytosis and accumulates in endosomes 

when antibodies bind it [166, 167]. In this study we wanted to assess the differences between 

receptor mediated endocytosis and non-specific one and if these differences might be induced by 

the size of the antibody-payload. In particular, the apparent molecular weight of fluorescent silica 

nanoparticles was about 423 kDa, determined by SEC, the molecular weight of fluorescein (FITC) 

389,381 g/mol which is considered comparable to the one of MMAE, 1316.63 g/mol, extensively 

used in targeted drug delivery and adopted in this work. We compared the internalization of free 
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nanoparticles with antibody-conjugate ones and with antibodies conjugated with smaller entities 

(FITC). Mouse anti-Human PSMA was alternatively conjugated to NTB520 (nanoparticle-based 

dye) and to fluorescein having a size 1000-fold smaller than the compared nanoparticle-based 

tracer. The three species were tested on MCF7, PSMA-negative breast cancer cell line, and 

LNCaP, highly PSMA-expressing cell line. The analyses were carried on with two different and 

independent sessions of experiments using competitive and non-competitive fluorescence 

microscopy assays [168] . 

5.2 Materials and Methods 

5.2.1 Antibody conjugates and their characterization 

Fluorescent silica nanoparticles were synthetized, characterized and conjugated as described in 

the previous chapters as well as fluorescein (FITC) conjugates. 

To obtain the most comparable conditions, we calculated the concentration of conjugated 

nanoparticles in the anti-human PSMA NTB520 product combining the absorbance at 498 nm 

(distinguishing feature of NTB520) to the ρȾὤ factor which is related to the nanoparticle molecular 

weight. The concentration of nanoparticles in the undiluted related conjugate was 0.75 mg/mL 

corresponding to 0.26 mg/mL of antibody. We combined the results obtained in previous 

experiments as flow cytometry antibody titration and spontaneous nanoparticle uptake, to set 

nanoparticle concentration employed in these experiments at 75 µg/mL which corresponded to 

26 µg/mL of conjugated antibody, sufficient to saturate the antibody-binding sites on LNCaP [169]. 

Due to the intrinsic absence of the nanoparticles in the anti-human PSMA conjugated to 

fluorescein, we decided to use the same nanoparticle-conjugate antibody concentration. All the 

experimental conditions are summarized in table 4. 
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Sample Ab concentration NP concentration 

NTB520 Not applicable 75 µg/mL 

Ms. Anti Hu. PSMA NTB520 26 µg/mL 75 µg/mL 

Ms. Anti Hu. PSMA FITC 26 µg/mL Not applicable 

Table 4 - Applied experimental conditions 

All the samples, stored in absence of stabilizing agents, were dialyzed against sterile phosphate 

buffer using 50 kDa regenerated cellulose membrane (Spectrum Labs, The Netherlands), at 2/8 

C for, at least, 48 hours under magnetic stirring using a sample:buffer ratio equal to 1:2000. This 

passage is needed to eliminate the antimicrobial agents (sodium azide in conjugates and Proclinµ 

950 in stand-alone nanoparticles) inducing cell death. After the recovery, the samples were filtered 

under a sterile environment using 0.22 µm PES filters and diluted to the final concentration using 

a complete medium.  

To confirm the specificity of the internalization, an additional competitive experiment was 

performed, for this purpose, we diluted purified MoAb anti PSMA, dialyzed to eliminate 

preservatives, at the same conjugated concentration (26 µg/mL) and we employed it in a 

competition, applying to the samples the same quantity of its conjugated forms [170] . 

5.2.2 Cell lines 

MCF7 and LNCaP cell lines were cultured as described in the previous chapters.  

The day before the experimental session, cells were detached using the classical protocol with 

trypsin/EDTA and counted, in triplicate, using the Neubauer chamber. Four chambers of a 4-well 

glass chamber slide for each cell line were seeded with 100.000 of MCF7 cells and 200.000 of 

LNCaP cells (according to the different doubling time) in the smallest medium volume possible. 
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After a few hours passed in the incubator in standard conditions (37 °C under a humidified 

controlled atmosphere with 5% CO2), when the adhesion process was clearly begun, the volume 

of each well was made up to 100 µL of complete RPMI-1640 supplemented with 10% of heat-

inactivated FBS and 1% penicillin/streptomycin, in case of MCF7, and boosted RPMI-1640 

supplemented with 10% of non-inactivated FBS and 1% penicillin/streptomycin, cells were allowed 

to adhere overnight.  The day of the treatments, in all the wells cells were viable, adherent at 

70/80% confluence (figure 40).  

 

5.2.3 Internalization assessment 

All the treatments were prepared under a sterile environment by diluting samples, at the final 

concentration, in cell line dedicated medium. 

The exhausted medium was removed from each well, cell layers were gently washed three times 

with sterile phosphate buffer to eliminate dead cells and cellular debris eventually present. The 

treatments were applied in a final volume of 100 µL/well and incubated in standard conditions for 

1 ² 4 ² 24 hours.  

In the competitive assay, the treatments were prepared using 50 µL of the product to be assayed 

(i.e., Ms. Anti-Hu. PSMA FITC, Ms. Anti-Hu. PSMA NTB520, NTB520) and 50 µL of the competitor 

 

Figure 40 - MCF7(A)breast cancer cell line and LNCaP (B) prostate adenocarcinoma cells were seeded in 4-well 

glass chamber slide the day before the experiment. 




















































































































































